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PREFACE

The workshop on "Future of Nuclear Physics in Europe with Polarized Electrons
and Protons" was held at the "Institut de Physique Nucléaire" in Orsay, France, from
July 4th to 6th, 1990. It has demonstrated the community's interest in the extensive use
of spin degrees of freedom in order to improve our understanding of nucléons and nuclei
structure.

Polarization observables have to be measured in order to study in detail baryonic
resonances, strangeness production three body forces, structure functions, etc...
Polarized electron and photon beams are or will be available in a near future in Europe.
Holland and Germany have their own facilities and France and Italy are collaborating to
build a laser back scattered photon beam at the European Synchrotron Radiation Facility
in construction at Grenoble.

It has been reported during the workshop that significant progresses have been
made recently in the technology of polarized electron sources, polarized targets and
polarimeters. The relèvent tools are therefore now available to complete extensive
experimental programs.

Many discussions among the participants have attempted to coordinate the
experimental efforts and new collaborations have been initiated. For example for the
measurment of the GDH sum rule related to the spin content of the proton.

We are very indebted to the International Organizing Committee, to the CEA-DSM
and CNRS-IN2P3 for their financial support and to the IPN Orsay which hosted the
meeting. We would like to express particular thanks to Frédérique DYKSTRA who took
care of all practical problems.

J.-P. DIDELEZ and G. TAMAS
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Nucléon Form Factors

J. Jourdan
Department of Physics, University of Basel

Basel, Switzerland

July 3, 1990

Abstract

The electromagnetic form factors of the nucléon are fundamental quantities
relevant for an understanding of both nucléon and nuclear structure. Some of
the form factors in particular the neutron charge and magnetic form factors
are known with comparatively poor accuracy due to both experimental sys-
tematical errors and the exploration of observables sensitive to uncertainties
in the theoretical description. The proposed approaches for the future, using
polarized electrons promise an order-of-magnitude type improvement.
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1 Introduction

One of the fundamental properties of the nucléon is its electromagnetic structure described
by the electric Ge and magnetic GTO form factors. Over the last 30 years a sizeable effort of
research both experimentally as well as theoretically has been devoted to an investigation
of these form factors.

Empirical and theoretical models based on Vector Meson Dominance [1], [2] (VMD)
give predictions for the form factors in the low momentum transfer range. At large
momentum transfer the form factors give important information about the quark structure
within the nucléon and therefore about the nature of the strong force. Today QCD is
believed to be the correct theory to describe the strong interaction and the structure
of hadrons. To compare QCD inspired calculations to the form factors quantitatively
accurate data are necessary. In addition precise measurements of the form factors are
also important in the low momentum transfer region (1 - 3/m"1) were they are used as
an input to models describing the structure of nuclei.

Experimentally the form factors have been studied using elastic électron-nucléon scat-
tering with gradually increased energy and thus extended the experimental knowledge
to higher four momentum transfer Q2. On the other hand the precision of data in par-
ticular for the neutron are far behind the progress made in momentum transfer. Only
with alternative ways of measuring the form factors can one improve this lack of preci-
sion. Possibilities for a new generation of experiments are now offered with the new CW
electron accelerators with polarized electrons.

2 Form factor measurements with polarized elec-
trons

Traditionally experimental information on the form factors have been gained through
elastic e-N scattering. The cross section for elastic scattering of an electron of incident
energy E, scattering angle 0, and final energy E' can be written in terms of Ge and Gm

as

d(T - к E /Gl + TGm

- mott( "s
a-mou is the Mott cross section and т = — Ç2/4M2 with M the nucléon mass. Mea-

surements at different scattering angles at the same Q"1 allow then the separation of the
two form factors which is the well known Rosenbluth separation. This method works well
if the longitudinal and the transverse contributions are of similar size. However if either
component is very small the extraction of its form factor leads to a large amplification of
the error which limits the accuracy of todays data.

It was suggested already in 1969 by Dombey [3] that the scattering of polarized elec-
trons on polarized nucléon targets could be used to determine the form factors of the



nucléons. The procedure consists of measuring the part of the e - N elastic cross section
that corresponds to the interference between the Coulomb and the transverse component
of the nucléon current. The resulting asymmetry in the cross section is measured when
the beam or the target polarization is reversed.

The relation of the asymmetry to the form factors can easily be calculated if one
discusses the case of scattering of a longitudinally polarized e from a free, polarized
nucléon [4]. For a nucléon with spin oriented in the scattering plane perpendicular q, the
cross section is given by

<r = <r0(l + P,.Pt.A) (2)

where a-0 is the cross section for unpolarized electron and nucléon, Pe and P( are the
polarization of electron and target, and A is the asymmetry

_ " ra-re.

~ * * ( )

with

where the ± refers to the helicity of the incoming electron. Equation 3 demonstrates that
the asymmetry depends on the product Ge -Gm. Knowing Gm, which is easier to measure
than Ge, allows to extract Ge without the usual Rosenbluth separation that is inefficient
for extracting a very small longitudinal contribution in the presence of a large transverse
one.

The same interference term can be measured using a polarized electron beam only and
in addition measuring the recoil polarization of the scattered nucléon. In this case the
full cross section for polarized electrons on a unpolarized nucléon including both first and
second scattering is

where d^n is the double scattering cross section with unpolarized electrons and nucléon,
Pe the polarization of electron, РЦ the recoil polarization of the nucléon ф the azimuthal
angle between the two scattering planes and Ay is the analyzing power of the second
scattering reaction. The recoil nucléon polarization Р г is

-2jT(l+TGmGetg*e/2
r, = -r^.—

2(1+

Again we can see that Px depends on the product Ge • Gm- As before the small component
can be extracted from the interference term with a minimum of systematic errors.

Although the two approaches look very similar there are major experimental differences
and a priori it is not clear which one to choose. In the first approach the main investment
is a polarized target with as high as possible polarization whereas in the second approach
a polarimeter using a reaction with high analyzing power is needed.



3 The proton electric form factor Gep

The magnetic proton form factor Gmp has been measured up to Q2 ~ 30(GeV/c)2 [5].
The quality of data on Gmp is excellent with uncertainties <2% up to Q7 ~ 10(GeV/c)2.
This is understandable as Gmp dominates the cross section at high energies. The situation
for Gep is quite different. Figure 1 displays the current knowledge of Gep. Accurate data
with uncertainties <2% exist only for Q2 < l(GeV/c)2. Even the most recent published
data [6] with precise cross section measurements have relative errorbars up to 24% at
Q" = 3(GeV/c)2 which is a clear demonstration of the limitations in the traditional
method employed. An improvement can only be made when using one of the previously
described methods.

In the first approach of H(e, e')p a polarized NHs target is needed. The basic principle
of operation is to cool the sample to low temperature < VK in a high magnetic field (2.5
- 5 Tesla) with RF power supplied to the sample. Estimates based upon the experience of
existing systems show that the state of the art performance of such a target would allow
for a maximal beam current of ZOOnA; the heat extraction is the major limitation. Using
a realistic target thickness of 1.5cm results in a luminosity of order lO^rm"2*?"1. The
polarization of the protons in such a target is of order 0.7. However a dilution factor of
3/17 has to be taken into account due to the presence of the nitrogen in the target. The
effective target polarization pt is then about 0.12.

In the second approach a standard liquid hydrogen target can be used. The luminosity
envisioned at CEBAF in this case using a high power liquid hydrogen target and a beam
current of 100 \iA is of order 1039cm~2s~1. For a measurement in the Q2-range of 1-
4(Ge V/c)2 the polarization of the recoiling nucléon with kinetic energies of 0.5-2.2 GeV has
to be determined. Presently the most prominent analyzing reaction is elastic scattering
off carbon were data exist up to energies of 1.2 GeV. Based on resonable extrapolations
to higher energies scattering angle averaged analyzing powers Av of this reaction are of
the order 0.12. If a fraction of ~ 1 % of recoiling protons is detected in the polarimeter a
comparison of the two approaches favors the second one by ~10.

In fact it has been shown [7] that a measurement of Gep in the Q2-range of 1.5-4
(GeV/c)2 with relative statistical esrror bars of 2.5% are feasible in a one month experiment
at CEBAF. This is an order of magnitude improvement over the present knowledge. It
has been shown [7] that if not only Px is measured but also Pz the proton polarization
perpendicular to Px which only depends on the well known Gmp, the polarimeter can
directly be calibrated without the need of a calibration at a nucléon facility.

4 The neutron electric form factor Gen

Due to the absence of a free neutron target, even less precise data exist for the neutron
form factors. Most of the measurements are one or two decades old and come from elastic
or quasielastic e-d scattering. In addition to divide out the electric and magnetic compo-
nents, the large contribution of the proton has to be subtracted which requires a precise



understanding of the deuteron structure, contribution of meson exchange currents (MEC),
relativistic effects and final state interactions (FSI). The large theoretical uncertainties in
the interpretation of data prevented in particular an exact determination of Gen.

Until very recently Gen was known with a systematic error of ±100%. Only the slope
of Gen at Q2 = 0 is accurately known from n-e scattering. Most of the information
came from older experiments using elastic e-d scattering. Gen is obtained after removing
the deuteron structure from the elastic charge from factor and subtracting the dominant
contribution from the proton. The resulting errorbars are large due to the uncertainties in
both operations and the smallness of Gm A major improvement has been made in a recent
experiment of a Saclay-Basel collaboration [8]. In this experiment the elastic deuteron
form factor A(q) has been precisely measured for Q2 < 0.8(GeV/c)z. The todays advanced
understanding of the deuteron structure, MEC and relativistic effects allowed with much
higher accuracy to extract Gen. Figure 2 and 3 show the data of the older experiments
and the improvement made with the Saclay measurement for one particular choice of
corrections and NN potential. However the main uncertainties arise still from the input
needed to calculate the deuteron structure in particular the NN potential used to calculate
the deuteron wave function. A careful discussion of the uncertainties is given in [8]. The
overall systematic uncertainty is about 30% which is a factor of 2-3 improvement over the
previous data.

Again to significantly improve the accuracy a new approach that is much less sensitive
to the systematical errors originating from the theoretical input to the analysis and the
methods employed is needed. Several ways have been considered using D or 3He targets
or measuring the neutron recoil polarization. I would like to discuss the D(e, e'n) reaction
as this reaction has some superior features.

A polarized electron beam is scattered off a vector polarized deuteron target and de-
tected in queisieluscic kinematics. The neutron is detected in parallel kinematics to identify
the scattering process. Theoretical studies done [9] have shown that a measurement of
the asymmetry in this reaction provides a clean determination of Gm. The asymmetry is
not sensitive to the deuteron structure and FSI in parallel kinematics and the uncertainty
due to MEC is small.

Such an experiment has been proposed by a University of Virginia / Basel collaboration
[10] for CEBAF. The asymmetries in the Q2-range considered (0.5-2(GeV/c2)) are quite
large ~ 0.1 for resonable assumptions in Gm and are easily measurable with a minimum
of systematic errors. Only the electron spin has to be flipped to measure A.

The major investment in such a measurement is the construction of a polarized
target. Presently available polarized ND3-targets accept a beam current of ~ InA a value
that one hopes to push to 10 nA with improved cooling. Figure 4 shows the running times
as a function of Q2 with resonable assumptions for Gen, beam and target polarization etc.
and a 15% relative statistical error in Gen.

One of the unique features of this measurement is that the apparatus can be checked
through the measurement of the corresponding reaction D(e, e'p) for a determination of
the much better known Gep.



Contrary to the measurement of Gep the considered approach has significant advan-
tages over the determination via recoil polarization measurement. Whereas in the de-
scribed measurement the neutron detector must not have a known detection efficiency
a polarimeter has to be calibrated very accurately for every measured C2-point with a
known transportable neutron detection efficiency. Also a check via measurement of Gep is
not possible. It is also not clear that the superior luminosity possible in a recoil measure-
ment leads to a better figure of merit given that only a small fraction of the fermi cone
can be used for the second scattering.

One of the major uncertainties which enter in both approaches is the knowledge of
Gmn which has to be known to extract from the asymmetry a value for Gen. Therefore
I would like to discuss Gmn as well although an improvement of its knowledge does not
require polarized electrons.

5 The neutron magnetic form factor Gmn

The neutron magnetic form factor generally is believed to be known with adequate accu-
racy. A closer study [11] of the data [12], [13] [14] [15] [16] [17] [18] [19] available reveals,
however, that the data on Gmn are very poor. Figure 5 shows the world supply of data.
In most of the q2-range, G^,, is known to no better than ±20%. Individual data points
of Figure 5 often have error bars <20%. However disagreement between different sets of
data due to systematical errors stemming from the theoretical ingredients is such that
one indeed cannot claim to know G2^ to better than 20%.

Three methods have been employed in the past:

• Inclusive quasielastic scattering off deuterium. A separation of the longitudinal and
transverse cross section yields the magnetic contribution, a subsequent subtraction
of the proton part yields the neutron magnetic form factor.

• Coincidence experiments d(e,e'n). Such an experiment requires neutron detection,
with a detector of a known absolute efficiency. It has been attempted only twice
[12] [15], at large Q2.

• Quasi-coincidence experiments d(e, e'p). In order to avoid the (difficult) detection of
neutrons, one detects the absence of a recoil proton in the direction of q. Having ex-
cluded (e,e'p) one assumes that the reaction that did occur was quasifree scattering
off a neutron.

The three methods cited suffer from various uncertainties in the interpretation of the
data.

For the first method, (e,e'), the separation of longitudinal and transverse cross sec-
tions leads to the well-known blow-up of experimental error bars for the small contribution,
which, for small Q, is the magnetic one. The subtraction of the dominant proton magnetic



contribution further enhances the systematical error on the neutron magnetic cross sec-
tion. In addition, theoretical uncertainties are considerable as integration of the inclusive
cross section over the "full" quasi-elastic peak is not possible. The fraction of strength
one misses in the wings of the quasi-elastic peak depends sensitively on the deuteron wave
function, and on a calculation of FSI and MEC that give important contributions in the
wings. If the measurement is limited to the top of the quasi-elastic peak, where these
effects are small, the cross section depends significantly on the deuteron momentum space
density at K~0.

The second method, d(e,e'n), has only been used at high transfer, q>3fm- 1 [15] [12]
The experiments mainly suffer from a poor knowledge of the neutron detection efficiency,
which is determined via the 7 + p —» ir+ + n reaction using bremsstrahlung gamma's.

The third method requires an excellent understanding of the reaction mechanism, with
control over all (small) processes that can lead to the absence of a proton in the direction
of q. MEC and FSI effects need to be understood, if one wants to use the full quasi-
elastic peak including the wings. If one restricts the data to the ones nea.r the top of the
quasi-elastic peak, one again is sensitive to the deuteron wave function.

To follow the concepts of the last chapters the best way to improve the situation is
to avoid subtractions of large numbers and to find a sensitive observable that is insensi-
tive to a theoretical input. For Gmn this is not a measurement of an asymmetry but a
measurement of the ratio of the d(e)e'n)/d(e,e'p) cross sections under identical kinematic
conditions. This ratio measures basically the ratio С^тп1О2

тр and to first order the con-
tribution of the deuteron structure MEC and FSI cancel leaving a correction of the order
of few percent.

The complications are again shifted to the experiment in that a neutron detector
for every Q2 point has to be calibrated accurately, n-beams of good quality are today
available at facilities like PSI which allow an accurate determination of a neutron detection
efficiency. With the associated particle method for n-p scattering detecting the recoil
proton accuracies on the percent level are feasible.

A first part of such an experiment of a Basel-Utrecht-NIKHEF-UvA collaboration [20]
was recently performed at NIKHEF at Q ~2 fm"1. At this momentum transfer using a
LD2-target the experiment showed that (e,e'n) experiments even with a duty factor of 1%
are possible.
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POLARIZED ELECTRON PHYSICS AT ELSA

T. Reichelt, Univ. Bonn

Looking at the new high duty cycle electron accelerators which are operating or
under construction, we may distinguish two classes:

1. Pulsed machines for acceleration, which feed a stretcher ring
and

2. Machines, which operate in a CW mode from the very beginning

Examples for the first class are the ELSA machine in Bonn, the South Hall Ring
machine at MIT/BATES and the AMPS project at NIKHEF. To the second class be-
long the MAMI accelerator in Mainz and the CEBAF machine.

This has important consequences for the operation with polarized external beams:
CW machines can afford - at least for a certain class of experiments - CW sources
with even a modest average current, but high polarization. The Rice helium source
has for example been reported to achieve 80 % polarization at 1E-6 A current.

Pulsed accelerators, however, need a pulsed source, which implies necessarily
relativly high peak currents. For having for instance a 10E-8 A current on the
target at the ELSA machine, we need an average current of about 5E-6 A at the
source, corresponding to a peak current of 50 mA. The only working candidate for
a source, the performance of which has been demonstrated at accelerators so far.
is the GaAs-source. Taking for example the BATES source (1), we need a factor of 5
more peak current at Bonn. This seems to be achievable with today's laser
technology.

We have to be aware, however, that the ELSA machine is the only accelerator
system, where acceleration and stretching is made in circular structures. It is well
known from proton synchrotrons, e+,e- storage rings and also from previous mea-
surements, made at the Bonn 2.5 GeV synchrotron (2), that in circular machines
depolarization of he injected polarized particles may occur due to induced spin flip
transitions. This happens, when the oscillating particle experiences time dependent
disturbing fields, which contain Fourier-components at frequencies close to the
spin precession frequency.

Such disturbing fields are mainly generated by radial fields due to imperfections in
the guiding field and the quadrupoles, whereas the oscillation of the moving
particle is essentially the revolution in orbit and the betatron oscillation. Two types
of resonances occur: the imperfection resonances - every 440 MeV - and the
intrinsic resonances depending of the betatron tune. For the 2.5 GeV synchrotron
we h a v such a resonance at 1500 MeV and in the ELSA ring one at 2027 MeV".

The depolarizing effect of these resonances depend on:

- strength of the imperfections (field errors, alignment errors)
- betatron amplitudes
- crossing condition

In the Bonn measurements both types of resonances could be observed. Note, that
the measurement of the imperfection resonances can give a very precise calibration
of the synchrotron energy. It has also been shown, that the polarization is
essentially maintained, when the resonance is crossed very quickly, in agreement
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with the Froissart-Stoa formula (3).

If we limit ourselves at the moment to an energy of 2 GeV, intrinsic resonances can
completely be avoided, if the beam transfer from the synchrotron to the stretcher
ring is made below 1.5 GeV and acceleration to the final energy is made in the
ELSA ring, sacrificing some duty cycle, but hopefully maintaining polarization. In
this scheme 4 imperfection resonances remain, the effects of which have to be
eliminated by realigment of the magnets and/or correcting fields. Preliminary tests
have been encouraging.

How do we have to proceed for getting a 10 nA beam of polarized electrons at the
target?

A two step set-up is considered:

1. Use the existing GaAs source with a 50 Hz, 0.5 W Dye-Laser. Study the
behaviour of polarized electrons in the synchrotron and the stretcher ring in more
detail, as well as extraction, spin rotation of the extracted beam and polarimetry.

2. Install a new source by making use of new technical developments especially in
the laser sector and improve the transmission from the linac to the synchrotron.

What kind of experiments are we aiming at?

To my opinion we should concentrate on the work conerning the use of polarized
hydrogen targets (protons and dénierons) together with a polarized electron beam
or • at in a first step - an unpolarized photon beam.

DHG SUM RULE

A very attractive experiment in this context is the measurement of the Drell-Hearn-
Gerassimov sumrule. After having installed a beam of polarized electrons.the
intensity of which should not depass InA, monochromatized, circularly polarized
photons can be produced by tagging the bremsstrahlung beam at the end point
energy. Note, that with a photon beam no heat load is produced in the polarized
target.

Recently a substantial progress has been achieved in operating such targets in the
frozen spin mode (see e. g. Dutz' talk). The design limit of the ELSA machine being
3.5 GeV, the potential is there to cover nearly the whole resonance region. A high
enough energy is essential to make such a measurement conclusive. We realize
that the measurement of the Drell-Hearn-Gerassimov sumrule is a major contri-
bution to the understanding of the nucléon, it is worth the effort and should be
undertaken by a broad collaboration within the European Community.

NEUTRON ELECTRIC FORM FACTOR

A second important experiment, which we will do at Bonn, is the measurement of
the neutron electric form factor. Longitudinally polarized electrons are quasi-
elastically scattered on neutrons, which are transversely polarized to the virtual
photon in the scattering plane. It has been shown, that under such conditions the
beam asymmetry is proportional to the product Gen*Gmn and nearly independent
of the deuteron physics (4). Besides a beam of polarized electrons we need a
polarized deuterium target. Such a target, based on the micro-wave pumping of
cooled deuterated ammonia in a strong magnetic field, has already been used in an
experiment, in which the elastic scattering of unpolarized electrons has been
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observed (5). A clear target asymmetry could be measured, which allowed the
separation of the monopol and quadrupol electric formfactor of the deuteron.
Although error bars are still large, this experiment has shown, that a solid state
polarized deuteron target can satisfactorily be operated in an electron beam.

Crucial for the Gen experiment is to have sufficient luminosity. The luminosity
with an electron beam is limite d by the cooling power of the cryostat. At Bonn a
new cryostat is under construction which will sustain a heat input from the beam
of 30 mW at a temperature of 200 mK. This will give a luminosity of
8E33/cm**2*sec. Neutrons will be detected in conventional TOF spectrometers
with very good time resolution. The time resolution is needed for the discrimination
of unwanted neutrons originating from quasielastic scattering in nitrogen and
helium. The inclusion of these neutrons in the measured sample would dilute the
target polarization and thus increase statistical errors. Preliminary test on
scattering unpolarized electrons on nitrogen and deuterium have shown that an
effective neutron polarization of 45 % can be obtained.

To demonstrate the feasibility of the Gen-experiment I would like to give some
numbers specific to the future Bonn apparatus:

beam energy 2 Gev
momentum transfer **2 0.43 Gev**2
beam polarization 30 %
target polarization 45 %
luminosity 8E33/cm**2*sec

Using Galster's parametrisation for the neutron formfactor we end up with a
measurable asymmetry of 1 %. Experiments with polarized electrons have shown,
that systematic errors can be controlled well beyond this level. So we are confident
that the errors in our experiment will be mainly due to statistics. Using our
existing 2msr magnetic electron spectrometer and a neutron detection efficiency of
30 % we need a beam time of 200 h for a 20 % accuracy.

SYSTEMATIC e(pol.)*p(pol) WORK

An important advantage of using the deuteron as a neutron target - compared for
instance to a He-3 target - is the fact that systematic studies can also be made on
the proton. Changing the target from ND3 to NH3 and using the same set-up
comparative measurements can be performed on the bound and unbound proton.
Thus the model dependency of Gep'Gmp measured on deuteron can be checked
experimentally. The achievable proton polarization in NH3 has been measured to
exceed 90 %, the expected asymmetry is much larger than for the neutron and the
detection of protons is of course much easier. Using the sketched set-up Gep*Gmp
can be measured with 5 % accuracy within 8 h of beam time. Arenhovels
calculations predict, that at small angles of the recoiling nucléon relative to the
virtual photon the measured asymmetry is independent of any deuteron model.
This, however, is no longer true for larger angles. By looking at these off-axis
protons a discrimination between different deuteron models can therefore be made.

References:

(1) NIM A 278 (1989) 293
(2) NIM 228 (1985) 230

NIM 140(1974) 47
(3)NIM 7 (1960) 297
(4) Z. f. Physik A 334 (1989) 363
J. Phys. G 15(1989) 1223
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Abstract

MAMI B has successfully produced a 855 MeV electron beam in august 1990.
The first two polarisation experiments will be devoted to the measurement of the
electric formfactor GE<n of the neutron in a range of momentum transfer Q3 =
5 - 15/m"a using 2D(e,e'n) and 3He(e,e'n). The necessary ë'-source, spin rotator,
éT-polarimeter, 327e-target and n-polarimeter are under construction.

Since the pioneering work of Lyman, Hanson and Scott [Ly51] the electromagnetic struc-
ture of nucléons and nuclei has been intensively studied by elastic and inelastic electron
scattering. A large amount of information on the electromagnetic structure of nucléons
and nuclei has been collected in terms of two formfactors which were accessible in sin-
gle arm experiments at accelerators with low duty cycle. The advent of high duty cycle
machines has opened up the area of coincidence experiments, both in and out-of-plane,
allowing the measurement of four exclusive structure functions with a corresponding gain
of information. The study of neutron properties though in principle accessible in single
arm experiments is also strongly facilitated; since it is only available in the deuteron or
other very light nuclei as a suitable target the occurance of an electron-neutron reaction
must be tagged explicitely in a coincidence arrangement. The planned measurement of
the magnetic formfactor of the neutron GM,U at MAMI B as proposed by Sick et al. [Jo90]
for the Al collaboration is one example.

Polarisation degrees of freedom still increase the number of observable structure func-
tions, the most significant being the 5th. There is another virtue of polarisation which
is quantitative rather than principal in nature. The effect of small amplitudes which in
principle appear also in single arm experiments can be boosted by interference with larger
ones to measurable asymmetries. One such example is the C2/E1 ratio of the N —* A
transition amplitude which is a measure of the nucléon and/or A deformation. Parity vi-
olation experiments also belong to the class of polarisation experiments. Though mostly
inclusive they also take advantage from a high duty cycle because higher event rates may
be accepted.
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At MAMI В the most important prerequisites for this class of experiments as an
e*-source, including a spin rotator and a polarimeter, a polarised target and a neutron
recoil polarimeter will be provided by the collaboration A3. To begin with polarisation
experiments this collaboration concentrates on the measurement of the electric formfactor
of the neutron ОЕ,П via the 2D(e,e'n) and uHe(e, e'n) reactions.

Our present knowledge of this fundamental quantity is relatively poor. The most pre-
cise data come from non-accelerator experiments on the nonmagnetic (i.e. electrostatic)
interaction beween neutrons and electrons where the coherent scattering of thermal neu-
trons off atoms has been measured [Kr73,Ko88]. The data were expressed in terms of
< r* > and fix the slope dGE,n/dq2 at q2 = 0 quite precisely. It was realised by Foldy
[Fo58] (though sometimes forgotten) that the intrinsic charge distribution as given by the
scattering length о„е = 1.32±0.04*10~3/m [Ko88] or the Dirac formfactor F\ contributes
only a minor fraction to this slope or radius, the major part coming from the Zitterbe-
wegung of the anomalous magnetic moment of the neutron (ane>Foidv = 1-468 * 10~3/m).
Because of

6F, ~
p

~ 0.03 + 0.01 (currently for the neutron)

a measurement of Fi<n with improved accuracy clearly needs both, a measurement oiGE,n

and GM>n-
For many years the best intermediate energy data on СЕ,П came from elastic e-d

scattering [Ga7l]. Contrary to the quasifree neutron knockout where the Rosenbluth term
G2E,n + T * G\i,n K observed one gets the isoscalar formfactor СЕ,П + GE,P by unfolding
the deuteron wavefunction, unfortunately subject to a corresponding model dependence.
This large uncertainty also applies to an otherwise accurate recent measurement [P190J of
the longitudinal deuteron structure function A(Q2) so that the final error in СЕ.П is still
greater than ~ 50% .

In the search for a more sensitive observable with less model dependence Arnold,
Carlson and Gross [Ar81] proposed to measure the spin transfer in n(e*,e'n) where the
interference between electric and magnetic formfactor shows up in the transverse polari-
sation px of the recoiling neutron as

Px - * * а ъ
More generally the asymmetric part of the cross section for e-n scattering depends

on the relative orientation of the electron helicity pi to the transverse and longitudinal
polarisation p x and pz of the neutron, either in the initial or in the final state

T)tg(9/2)GBGMPl + 2т *

Arenhovel has studied [Ar87] the spin transfer for the quasifree knockout in 2D(e, e'n)
and found large sensitivity to Gfi,n and little dependence on the model for the deuteron and
the NN-interaction. This statement can (and of course should) be checked experimentally
by measuring the electric formfactor of the proton GE,P via 2D(e,'p).
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While at other places an equivalent experiment *D(e, e'n) is prepared [Jo90] we decided
on 2D(e> e'n), i.e. to build a neutron recoil (and time-of-flight) polarimeter. As large solid
angles are required we do not consider a LHj converter for spin analysis. It has been
shown by Madey et al. [Ma85] that plastic scintillator (CH) can also be used as analyser
when the n + p reaction is selected from the dominating carbon breakup by comparing
the kinematical energy transfer (Pn — Pni)

2/2mp with the observed energy deposit (via
pulseheight) Тгесо,ч in the scintillator. According to our Monte Carlo simulations the
unfavourable ratio of 1/5 for the relative occurence of (n + p —> n + p)/(n + С —» X 4-
charged) reactions in the raw data sample can thus be enriched to ~ 1 — 2. The analysing
power depends on the n-p scattering angle #„» and reaches ~ 50% at 6n> — 30°, thus 0n/
and ф„, have to be fixed, either by the detector solid angle or, as we do, by reconstruction
from the event data.

Further requirements originate from the need to measure the complete kinematic of
the 2D(e,e'n) process: for a 3-body final state (e'np) there remain 9 — 4 = 5 variables
to be observed after application of energy and momentum conservation. Our choice is
the direction (вп,Фп) and the energy of the neutron Tn as well as the direction of the
emerging electron. Thus we can use a nonmagnetic e-detector with large solid angle (Pb-
glass calorimeter, s.fig.l); its resolution suffices to reject тг-production, i.e. guarantees a
3-body final state. It will be complemented by a Cherenkov detector which rejects high
energy photons from vr° decay and defines the fiducial target volume in the case of the
3 Я е experiment. The neutron polarimeter consists of two walls of plastic scintillator bars
with veto detectors, all of them with phototubes on either side.

In a Monte Carlo simulation we tracked realistic events (without background, how-
ever) through the detector and reconstructed from its simulated response the kinematical
observables; by comparison with the true Monte Carlo values we found typical resolutions
of SE ~ ±10 MeV for the electron energy, 8Q* ~ ±0.2/m- 2 and 6TP ~ ±0.15 MeV for the
energy of the spectator proton in a range Q2 = 8 — 12/m~2 and for a beam energy of 850
MeV. This gives us confidence in the detector design and the reconstruction procedure.
In the case of 3He(ete'n) which is discussed by W.Heil in these proceedings [He90] the
detector operates in time-of-flight mode only, i.e. without spin analysis.

The e*-source using circularly polarised light shining on a GaAs crystal is currently
under test [Au90]. The emerging longitudinally polarised electrons will be transferred to
a spin rotator consisting of two pairs of spherical capacitors and solenoids [St90] so that
any desired spin direction in space can be adjusted. After passage through the microtron
the spin will have rotated ~ 100 times. A dedicated M011er polarimeter [Er90] allows a
measurement of the polarisation of the high energy beam on the target axis. Thus, by
readjustment of the spin rotator the beam polarisation on the target can be set at will.

We plan to have first test runs in spring '91 to study the ê'-polarisation, eventual depo-
larisation of the 3He in the beam and the background to explore the maximum luminosity
at which clear (e'nn1) triple coincidences can be seen. First СЕ,П runs are intended for the
fall of '91; typical kinematical parameters and run times for a desired statistical accuracy
of SGE,n/GE,n — Ю% per Q2 bin of 1 fm~2 are shown in tab. 1.



Cherenkov ,
detector /

electron detector
16*16 lead-glass array
à 40-40-290 mm3

ДГ2 ~ 100 msr
Д0 s ±8°
Д V? ^ ±8°

= 6ist ±0.2°

I a 1.90 m

-О
Iй-т ^
3Не target

neutron polarimeter
Au c± 250 msr
Ai? ~ ±17°

±f ±13°

2 layers of plastic scintillators
cm3

rers of plastic scintillators

300 cm;3

ig^L The set-up for the measurment of the electric formfactor of the neutron GE,*
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Kinematical parameters and run-time estimates
for planned *D(e, e'n) and *He(e, e'n) experiments

Q'/fm-2

5
5
10
15

Eo/MeV
500
850
850
850

e<
59°
32°
50°
69°

««
49°
61°
48°
37°

Tn/MeV
106
107
203
310

P»
12%
9%
13%
15%

da Inborn
dQi / fm-'

15

16

3

0.8

run time/h
50
60
200
700

For the year '92 we envisage the continuation of data taking, the calibration of the n-
polarimeter, the mentioned GE,P cross check and apparatus improvements where neces-
sary. First results are hoped for '92.
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/. Introduction

There are many interesting reactions with neutral particles like neutrons or 7i°'s in the exit

channel, for instance, the 4Не(е,е'л°р)3Н reaction. Compared to charged particles detection of

these neutral particles entails low efficiencies and/or solid angles, typically 10% for neutrons

and much less for energetic тс° particles, and in general resolutions of a few MeV. These

drawbacks can be circumvented by detecting instead of the neutral particle the (charged) residual

nucleus (we consider only kinematically complete experiments), i.e. in the example given above

the triton is detected instead of the outgoing тс°. This method has some limitations: a) the

detected nucleus should have no bound excited states (or only at high excitation energies as the

missing-energy resolution is at best about 5 MeV), b) the kinetic energy of the undetected

particle must be smaller than the pion rest mass (=140 MeV), as otherwise an undetected pion

may be produced (in practice putting a window in the missing-mass spectrum can reduce

contributions from such processes considerably), c) targets must be thin, d) if the detected

nucleus is a spectator, it has only its initial momentum in the nucleus, see fig.l for an example

for ^He. Hence the momentum detection limit should be as low as possible. In practice c) and

d) mean low mass for the detected recoils and in many cases gas-jet or similar targets at an

internal beam in a storage ring. The limitation to low-A systems is not a serious one as many

interesting questions can and maybe should first be studied on these systems.

In this contribution the possibilities of recoil detection for some interesting physics questions are

discussed. Concrete examples are based on the situation and plans at NIKHEF-K. Section 2

discusses two types of recoil detectors. Several possible experiments in the regime of one- or

two-nucleon knock-out reactions and quasi-free pion production are described in section 3. The

use of polarised electrons for the specific case of TI° production on the proton is discussed in

section 4, while section 5 gives a short summary.
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2. Recoil detectors.

There are two options for recoil detection: an (existing) magnetic spectrometer with a special

focal-plane detector suitable for the detection of low-energy particles, or a specially designed

recoil detector. At NIKHEF-K the first option has been in operation to study the 4He(e,e'n)3He

reaction [1] by detecting the low-energy 3He recoils. A low-energy drift chamber [2] was

developed that allows to detect 3He particles inside the spectrometer vacuum with energies

down to 4.5 MeV (170 MeV/c). Even with this value only a small part of the momentum

distribution (see fig.l) can be studied.

Fig. 1. p-t (n-3He) momentum distribution in 4 Hc.

100 2OO 300

—». p ( MeV/c )
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A special recoil detector for the detection of p, d, t, ^He and 4He particles is being designed by

the Free University in Amsterdam in collaboration with NIKHEF-K. It will be used with ultra-

thin (gas-jet) targets at the internal beam of the Amsterdam Pulse Stretcher AmPS. The general

layout is sketched in fig. 2. It consists of a 5 x 15 cm 2 low pressure (5 torr) MWPC followed

by two layers of silicon strip detectors ( 5 x 5 cm2) and a scintillator. The MWPC provides ДЕ,

timing and x-position information, the first silicon detector energy E and y-position, the second

Si detector E and x for more penetrating particles that do not give acceptable signals in the

MWPC, while the scintillator acts as an E or veto detector for high-energy protons. The global

specifications are: energy range 0.5 - 30 MeV, particle identification by AE/E and time of flight,

energy resolution about 100 keV, angular resolution 1° (3 mm/17 cm) and solid angle about

250msr(15cm 2 at 17cm).
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Fig. 2. Lay-out of ihc proposed recoil detector

3. Physics examples

3.1 The (virtual) photon - neutron coupling

In the latest years much information has been obtained on and with the (e,e'p) reaction [3]. The

question arises how the (e,e'n) reaction behaves. A study has been initiated to investigate this

on 4He. This case is especially interesting as it has been found [4] that in some kinematics the
4He(e,e'p) 3H reaction is strongly influenced by contributions from the two-step process
4He(e,e'n)(n,p)3H. As charge scattering from the proton is much stronger than scattering from

the neutron magnetic moment, it is expected that the 4He(e,e'n)3He reaction gets a large

contribution from the 4He(e,e'p)(p,n)3He process. Hence, before one can draw contusions

about the photon-neutron coupling, one has to study the latter process. This has been done for

pm-values of 175 and 210 MeV/c by Daman et al. [1], who performed a 4He(e,e' 3He)n

experiment using the special detector in the QDQ spectrometer mentioned before. The results are

shown in fig. 3. Due to the limited solid angle of the spectrometer and the necessary thin target

the statistics were very low and the background was high.

The reaction can be studied in the full pm-range by detecting the neutron, but care has to be

taken to achieve the 5 MeV resolution needed to distinguish the 3He-n two-body channel from

the three-body break-up channel. Further one looses efficiency in the neutron detection and the

background may be a problem at the forward angles where the neutron has to be detected.
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Fig. 3. Results of the 4Hc(e,c'3He)n experiment. The solid line is the DWIA prediction;

the dashed and shaded ones include the contributions from the (e,c'p)(p,n) process.

Using recoil detection (see fig. 4), which is possible for pm > 75 MeV/c (see fig.l) thereby

covering 80% of the yield, has many advantages: by detecting the ^He particle one is certain to

select the two-body final channel, so there are no resolution problems and the efficiency of the

recoil detection is 100%. Further the (e,e'p) reaction can be measured at the same time (plus

some other reactions, see 3.2 and 3.3), thereby reducing systematic uncertainties in the

comparison. Finally and perhaps most importantly, especially when using polarized electrons, it

is relatively easy to move the recoil detector out of plane, which allows to study the RTT a n d

R L T structure functions, of which the latter is completely determined by final-state interaction

effects. The relative contributions of direct knock-out vs. (e,e'p)(p,n) charge-exchange can thus

be studied in detail.

3H<2(3H)

Fig. 4. Kinemalical situation for 4Hc(c,e'3Hc)n experiments.
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3.2 Two-nucleon knockout

The reaction A(e,e'NN)A-2 is of interest if one wants to study nucléon-nucléon correlations,

evidence for which has been found in (e,e'p) experiments at high values of Em and pm [5], or

the pure nucleonic decay channel of а Д produced in a nucleus. In either case (pn) knockout is

an important channel. In NN correlations the spin statistical factor makes pn dominant over pp

or nn. Further a transverse photon couples mainly to a pn pair as pp and nn have no dipole

moment. This makes it interesting to compare the longitudinal/transverse character of pp and pn

knockout. Finally the production and subsequent decay of а Д is mainly on a T=0 pn pair.

The study of this important channel is hampered, however, by experimental difficulties in

detecting the neutrons with sufficient solid angle, efficiency and resolution and low enough

background. Also here recoil detection can be very helpful. Obvious reactions in this case are
6Li(e,e'pn)4He, 4He(e,e'pn)2H and 3He(e,e'pn) ]H. The reaction on 4 He seems unique for

recoil detection as the resolution when detecting the proton and neutron is certainly not good

enough to separate the two important final channels: 2 H and pn break-up, where the first probes

the T=0 correlations and the second (just above threshold) the T=l correlations. Again going

out of plane is relatively easy. Further it can be remarked that this reaction can be studied at the

same time as other reactions on 4He (see 3.1 and 3.3).

3.3 Electro-pion production

The production by the electromagnetic interaction of pions on nucléons is very fundamental as it

is the simplest process in which a new hadron is produced from a baryon. As such it is directly

related to the quark structure of both the nucléon and the pion, a useable theory for which is still

lacking unfortunately. On the half-phenomenological level the process can reasonably well be

described in the Д-region as a resonance process, but outside that region (and for the non-

resonant multipoles) one has to resort to a pure phenomenological description.

The interest in pion production has been stimulated recently by the observation that the ^(y.jrP)

cross section at threshold deviates from the L(ow) E(nergy) T(heorem) prediction [6]. For this

reason it is of interest to study the тг̂  production on the nucléon also with virtual photons. This

has the virtue that four structure functions play a role instead of one only in photoproduction:

о = Ком (VL^L + VT^T + VLTRLTCOS<J> + уттКттсо52ф),

and moreover all structure functions are functions of Q2. The longitudinal strucure function RL

is especially interesting as the тг° carries no charge.
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The ' Ж е . е ' л ^ Н reaction can ideally be studied by recoil detection. This not only yields

effectively 100% л° detection, but near threshold also the recoiling protons are contained in a

narrow cone around the transferred momentum ky, which fits within the acceptance of e.g. a

magnetic spectrometer. This means that the full фц dependence is measured, which allows to

separate the structure functions. This method is used at NIKHEF-K for an experiment in the

fall of 1990 [7]. The proton energies are high enough that the standard detection system can be

used.

Studying л° production on the neutron is much more difficult. One way is to measure coherent

TC° production on the deuteron by detecting the recoil deuteron: 2H(e,e'd)7c°. The deuteron

energies are lower than for the proton case, so part of the kinematics require a special detector.

The study of coherent л ( ) production on heavier systems like 3 He and 4 He or of quasi-free

production on A=2-4 systems can fruitfully (and only) be done with the recoil detector

described in section 2. The issues one wants to study in these reactions are possible

modifications of the production amplitudes when a nucléon is bound [8], and the interaction of

a produced pion or Д with bound nucléons (e.g. as described by the Д-hole model [9]).

Especially for the latter the л° channel is most important, as it is dominantly resonant, whereas

the charged pion channels are 50% non-resonant.

RECOIL

Fig. 5. Typical kinematic situation for 4He(e,e'rtN) measurements.

The kinematical situation for e.g. the 4Не(е,е'я°р)3Н reaction is sketched in fig. 5. With the

recoil detector this process can be studied for missing momenta above 60 MeV/c (see fig. 1).

It may be useful to remark that the 4Не(е,е'тгр)3Не reaction, which in principle can be

measured with an external beam and target, quite often can only be studied with recoil detection,

since in many kinematical situations either the pion goes into the direction of the electron

spectrometer, or the proton has to be detected at a forward angle, which gets increasingly

difficult because of the high luminosity 110] for angles below about 40°. This is illustrated in
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Fig. 6. Monte-Carlo simulation of the

kincmaiical situation for а 4Нс(е,с'т:~р)

measurement.

fig. 6, which shows a Monte-Carlo simulation of this reaction. On top of this recoil detection

has no (resolution) problems in separating the 3He from the break-up final state.

4. Polarization

As an example of the use of polarised electron beams we discuss the 'Ще.е'тс^'Н reaction

near threshold. As polarization observables are more sensitive to details of the reaction than

cross sections one can sensitively compare e.g. the results on free nucléons with those on

nucléons bound in a nucleus in a quasi-free scattering experiment.
If only s- and p-waves of the pion are taken into account the 'Же.е'л) reaction is described by

the following multipoles [ 1 1J : LO+, EO+, M I + , MI-, E]+, EI-, of which the first three are the

most important ones near thershold. In terms of these multipole matrix elements the four

structure functions from section 3.3 can be written [12] as:

RL = l / 2 l L 0 + l 2

R T = l E 0 + ! 2 + 2

RTL = - 2 sin0*K Re(L*0+Mi+) ,

where Q*n is the CM pion emission angle and Pj and ?2 are Legendre polynomials.

With polarised electrons a fifth structure function enters the cross section as a n =

where h is the helicity of the incoming electron. RLT is given by

and thus is a sensitive measure for the LO+ multipole.
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5. Summary

It has been shown that with a special detector for low-energy light ions many interesting

reactions on light nuclei (A<4) can be studied, especially reactions with а яР particle in the final

state. As the detector is relatively small it can easily be positioned out of plane, which is of

importance in experiments with polarised electron beams.
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1. INTRODUCTION

In electromagnetic physics polarization remains largely unexplored. This is because

the cross sections are relatively small and the experiments are technically complicated.

There are two technical ways to realize polarized electromagnetic physics: external elec-

tron beams with solid state targetsfA ' f f 7 e 'S a u 8 1l, and the technique of internal t a rge t s^" 8 8 ' .

Both schemes are actively pursued and here I will discuss the option of polarized internal

gas targets in electron storage rings. More specifically, I will restrict myself to measure-

ments of the electromagnetic response of the 3He nucleus. The three-body system has

proven to be a unique meeting place for nuclear experiment and theory. Both 3 H and 3He

have been studied in great detail using electromagnetic and hadronic probes and the data

have been compared to exact solutions of the Schrodinger equation for various realistic NN

potentials. The three-body system shows a wealth of exciting phenomena. Among the ones

studied are the role of mesons, isobar currents, the three-nucleon interaction, sub-nucleon

effects, and the admixture of virtual Д'з, S' and D-state in the nuclear ground state.

Spin-dependent electron scattering from 3He can enhance our knowledge especially of

the small components of the nuclear system. One has access to these small amplitudes

as they enter the spin observables through their interference with larger, and in general

better known, amplitudes. In addition one can make for 3He the observation that its spin

is mainly carried by the spin of the neutron, as to a good approximation the spins of the

* Present address: Department for Nuclear Physics, University of Wisconsin^ Madison,

Wisconsin 53706, USA.
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protons are paired off. This opens the possibility to measure the charge and magnetic
form factors of the neutron through spin-dependent quasi-elastic electron scattering off
3He. Already two groups attempted such a difficult measurement and I will report on the
results of the MIT-Caltech collaboration. But let me first discuss the technical aspects of
spin-dependent electron scattering. Then the various asymmetries obtained in inclusive
and exclusive experiments will be discussed. The emphasis will be on the sensitivity of the
measured asymmetries on the underlying physical processes.

2. TECHNICAL ASPECTS

The physics program discussed here has been recently presented'5™89} to the MIT-

Bates PAC. We intend to carry out a series of measurements of spin-dependent electron

scattering from 3He in the MIT-Bates South Hall Ring. The CW polarized stored electron

beam and a polarized 3He internal target will be used. The target is shown in Fig. 1 and

consists of an optically pumped source which directs a flux of polarized 3He atoms into a

storage cell.

Figure 1. The MIT-Bates 3He internal target showing the target and pumping cell, the
vacuum chamber and the Helmholtz coils.

A prototype is presently being developed at MIT by a collaboration of MIT and

Caltech. With this target scheme high precision results with small systematic errors can

be expected, because of the absence of a target dilution factor and the ability to reverse

the target spins in several seconds. We anticipate a target polarization of 50 % and a

electron beam polarization of 40 %. Assuming a feed rate of 3 x 1017 atoms/s and a
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circulating electron beam current of 40 mA we will operate at a luminosity of about 1033

cm~2 s"1. In order to enable a physics program at such a luminosity we intend to employ

a large-acceptance detector. As shown in figure 2 this non-focussing toroidal spectrometer

will be configured in the forward direction for scattering angles between 15 and 90° with

an azimuthal acceptance of ± 22.5°. The resulting solid angle will be about 1.3 sr and the

momentum acceptance about 80 %.

Figure 2. The phase I of the planned MIT-Bates large-acceptance spectrometer. The

toroidal coils, support structure, the 3He polarized target, the MWDC's, Cherenkov de-

tectors and scintillator detectors are shown.

3. PHYSICS PROGRAM

The large-acceptance detector will allow simultaneous measurement of the asymme-

try over a large kinematic range. The utilization of both spin and coincidence at 100%

duty factor in the measurement of electron scattering from the three-body system is un-

precedented. The experimental approach of polarized internal target and large-acceptance
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detector is unique among existing and planned electromagnetic facilities. The experimen-

tal configuration outlined will be designed such as to be compatible with other polarized

internal gas targets.

It is proposed to measure spin-dependent electron scattering from 3He and the analysis of

the data vvill focus on measurement of the asymmetry for inclusive scattering, 3He ("?, e'p),

and 3He (~ё*, е'тг*). It is certain that the physics discussion presented here represents only a

fraction of the ultimate potential accessible with the proposed experimental configuration.

3.1 Inclusive Electron Scattering

The inclusive scattering of electrons from 3He includes a wide range of phenomena

- quasi-elastic scattering and the excitation of the Д(1232) state in the nucleus. Due to

the special character of three-body nuclei the study of inclusive scattering phenomena is

particularly significant. The study of the quasi-elastic peak is of particular importance

since this emphasizes the S-state for which the spin of 3He is carried by the neutron.

Thus, we can measure its form factors, G £ and G ,̂/. Recently two such measurements

have been performed at the MIT-Bates Linear Accelerator Center using different external

target techniques. At present only results are available^0090! from the Caltech/MIT

collaboration and these will be presented next.

This experiment constitutes the first generalized Rosenbluth separation using polar-

ization degrees of freedom on the 3He nucleus. The experiment measured the asymmetry in

the inclusive quasi-elastic scattering of longitudinally polarized electrons from a polarized
3He external gas target. The energy of the polarized electron beam was 574 MeV. This

value was chosen for the experiment because the g — 2 precession of an electron extracted

from the source after acceleration and transport into the experimental hall is 2ir radians.

Thus, electrons with longitudinal polarization extracted from the polarized electron source

have longitudinal polarization at the target. The source of polarized electrons was a crystal

of GaAs optically pumped by a Kr ion laser. The average current on target during the

experiment was typically 11 ^A. The electron polarization, pe , was determined to be 0.41

± 0.04 by measurement of Moller scattering from a removable foil upstream of the target.

To carry out this experiment a new type of polarized external gas target has been

developed(M'W9l. The polarization of the pumping cell was continuously measured by

detection of the circular polarization of the 667 nm line in the discharge. The polarization

of the atoms in the target cell was inferred from the known polarization in the pumping

cell and the time constants of"the coupled system. The average target polarization during

the experiment was 0.24 ± 0.02 and the spin was directed along the momentum transfer.
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Electrons scattered from the polarized 3He target were detected at quasi-elastic kine-

matics in the One Hundred Inch Proton Spectrometer (OHIPS). The spectrometer was

configured at an angle of 51° and a central momentum of 467 MeV/c for an average

four-momentum transfer Q2 of 0.2 (GeV/c)2.

The scattering asymmetry was measured for three different configurations of target

direction and the results are given in Table 1. A total of 1495 ^ A-hours of charge was

collected. Combining all the data yields for the asymmetry A = -3.49 ± 1.23 % ± 0.54 %.

The Faddeev calculation of Blankleider and Woloshyn yields A = -4.3 ± 0.2 % at these

kinematics. Similar calculations by Friar, Gibson and Payne yield A = -4.5 ± 0.2 %. The

results of the experiment are well described by these conventional models.

Table 1. Results of asymmetry measurements.

Charge

yuA-hours

310

342

S26

в*

degrees

0.9

7.9

172.1

Ф*
degrees

180

180

0

A

%

-3.5 ± 2.4

-2.1 ± 2.7

4.2 ± 1.7

It represents the first demonstration of a powerful new technique in electromagnetic

nuclear physics. In addition, the measured asymmetry supports the picture of the polarized
3He nucleus as an effective polarized neutron. The results provide strong motivation to

proceed with further experiments on spin-dependent electron scattering from 3He.

From the results shown in Table 1 it can be seen that it will be difficult to per-

form experiments with high statistical accuracy when using magnetic spectrometers with

limited solid-angle and momentum acceptance. In Fig. 3 we show the expected perpen-

dicular asymmetry for 1000 hours of data taking when using the proposed MIT-Bates

large-acceptance spectrometer. The entire Q2-range shown can be measured in one data

taking run due to the large angular and momentum acceptance of the proposed spectrom-

eter. The perpendicular asymmetry is expected to be sensitive to the interference of the

charge and magnetic form factors of the neutron. The figure shows the asymmetries if G£

= 0, if the neutron form factor in 3He is modified as predicted by Meissner(Me'89l, and the

prediction of Gari and KrumpelmantGar85). It is seen that there is a large sensitivity to

the value of the neutron charge form factor over the range 0.05 < Q2 < 0.8 (GeV/c)2. In

particular we note that the zero of the asymmetry can be determined by a fit to the data

and this is very sensitive to the value of the neutron charge form factor. From the figure
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Figure 3. The asymmetry for quasi-elastic electrons detected with scattering angles
having the same sign as the angle between the target spin and incident beam direction as
a function of momentum transfer. The solid line corresponds to the parametrization of GJ
by GaJster, t ie dashed line shows the result for Gf = Q, the dash-dotted line represents
the Gari-Krumpelman case and the dotted curve snows the result according to Meissner's
calculation. The statistical error bar for 1000 hours of running is also shown.

it is evident that the combination of polarized 3He internal target and large-acceptance

detector constitutes an increase of the figure of merit of such an experiment by at least

two orders of magnitude compared to present experimental facilities.

At the peak of the delta region the measured asymmetry should be sensitive to the ad-

mixture of D-states in the nucléon. This can be caused by the tensor component in the

interaction between quarks and is closely related to the fact that (?£• is not zero. In addi-

tion, in the 3He nucleus, there are possible contributions to the asymmetries in the delta

region due to the delta-nucleon interaction. Thus a measurement of the asymmetries in

this region can be related to the properties of the bound delta-nucleon system.

The existing limited data on Si+/Ml + , EI+/MI+ have been obtained in p(e, е'р)тг° coinci-

dence experiments^'671! on a proton target. We have estimated the inclusive cross-section

at the Д-resonance by using the data of [AlbTl]. The asymmetry has been calculated for

the target spin at 66° with respect to the incident electron beam direction assuming^''7 1 '

= 0.1 and - 0.01.

The results are shown in Fig. 4. The solid line corresponds to the asymmetry with

= 0.1. The dashed line corresponds to ^ ± - = 0. The statistical error bar for 500 hours of
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running is also shown. We see that the ratio -j^- can be measured over the Q2-range from

0.04 to 0.46 (GeV/c)2 with a statistical precision of better than 3 %, if the target spin

is oriented at 24° along the transferred three-momentum. It is clear that a more realistic

estimate of the asymmetry which includes the many-body aspects of the 3He nucleus is

required. However, it is evident that the asymmetry in the Д-region can be measured with

high statistical precision.

I
CO
(0

0.01

0.00

-0.01

-0.02

-0.03
0.1 0.2 0.3 0.4 0.5

Q2

time.
Figure 4. The asymmetry versus the squared momentum for 500 hours of beam

In the wings of the quasi-elastic peak the cross section is sensitive to the higher momentum

components of the 3He wave function and this includes an important contribution from

the D-state. Thus a measurement of the asymmetries in the low energy-loss side of the

quasi-elastic peak is sensitive to the spin couplings of neutron and protons in 3He. Such

a measurement is very useful in the interpretation of the results at the quasi-elastic peak.

Finally, in the "dip" region between the quasi-elastic and delta peaks one expects that the

spectrum is dominated by isovector meson-exchange currents which are two-body effects.

This region is not well understood in heavier nuclei and a detailed study of the contributions

of longitudinal and transverse virtual photons can be made.
3 He is a tightly bound system and it is possible that the charge distribution of the neutron

bound in 3He could be modified. Unlike the proton, the neutron charge distribution is

dominated by effects of the pion cloud. It is possible that the cloud is modified in a tightly

bound nucleus and this effect has been estimated using the framework of a chiral тгрш
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Lagrangian !We '89l, In this calculation it is estimated that the neutron form factor could

be modified by about 25% at Q2 = 0.8 (GeV/c)2.

3.2 The Spin-Dependent Proton Momentum Distribution through the Reaction (e,e'p)

Calculations'^189) show that there are significant corrections to the above picture

which arise from the small (ss 1.5 %) polarization of the protons. The proton polarization

is induced by small mixed symmetry S' and D-state wave function components. However,

their contribution is amplified by the electron-proton cross section and can amount to

50 % of the measured asymmetry at low transferred momentum. To obtain the neutron

form factors one has to correct the measured asymmetries for these effects. The S'-state

arises from the (np-pp) difference force. Due to the space-isospin correlation the protons

in the 3He nucleus will be aligned. Asymmetries caused by the small S'-state components

are sensitive to the spatial configuration of the nucléons and therefore may be a precise

measure of contributions from three-body forces.

M

'С
. * - >
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e
W
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-0.02 —

100 200 300 400
Missing momentum [MeV/c]

Figure 5. The asymmetries for thereaction 3He(e*, e'p)2H versus missing momentum
for a transferred three momentum of 400 MeV/c. The error bars show the statistical
accuracy that can be obtained in 1000 hours of beam time. The dashed (solid) curve
corresponds to the parallel (perpendicular) asymmetry.

The tensor force will have the effect of aligning the protons opposite to the nuclear

spin. The density matrix for the proton spin is governed by the quantity Д' = ' s^^vS-I.

The determination of observables connected with the D-state component in the ground

state of 3He has been a long-standing few body problem. Observables connected to the
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small L = 2 wave function components, such as the the D? parameter and the asymp-

totic normalization ratio 77 have only been studied with hadronic transfer and capture

reactions. However, both experimental methods, transfer and capture reactions, probe

only the tail of the nuclear wave function and suffer the same limitations, such as the

assumption of a single-step process and the applicability of DWBA. Rather, the approach

proposed here is to measure the asymmetry in 3He("e+, e'p) scattering. In this manner the

spin-dependent momentum distribution of the proton can in principle be mapped out as

function of the missing momentum in the range between 0 and 400 MeV/c. In Fig. 5 we

show the expected longitudinal and transverse asymmetries for the reaction 3He(T*,e'p)

for the missing-momentum interval from 0 to 400 MeV/c. It is seen that the measurements

can be made within a reasonable time frame. The asymmetries at zero missing momen-

tum are sensitive to the mixed symmetry S'-state, whereas at high missing momenta the

asymmetries are dominated by the contributions from the D-state. This, in addition to

the dependence of the D-state momentum distribution on the angle between the momen-

tum and the nuclear spin may enable a separation of S' and D-state contributions. It is

clear that the influence of FSI and MEC effects should be considered, especially at high

missing momenta. This point, and the sensitivity of the asymmetries to various different

NN potentials will be discussed by Laget in his contribution'La99()l to this workshop.

S.S Measurement of the asymmetries in the reaction (e*, е'тг*)

At Stanford, Saclay and MIT the four elastic form factors of the three-body isospin

doublet have been measured up to momentum transfers of 25 fm~2. A conventional theo-

retical description using only nucléons has been shown'0'688] to fail in describing the data,

i.e. the diffraction minima occur at incorrect positions. A dramatic improvement of the

theoretical description occurs when mesons and A's are included.

It is important to carry out experiments which constrain the non-nucleon degrees of

freedom in 3He. In particular, it would be significant to constrain the probability of a

Д-component in the nuclear ground state, Рд. The successful theoretical descriptions

of the elastic form factors put this at about 2%. Measurement^''88! of the asymmetry

in 3Не,("ё"*,е' тг±) scattering at the Д(1236)-гезопапсе can probe Д-components in the

ground state of 3He. In order to estimate the level of sensitivity the cross-sections for

TT± production on 3He have been determined from a fit to the data on р(е,е'р)тг° on the

proton'5"*71) and by assuming isospin conservation. For a constant incident energy of 880

MeV the recoil direction for Д-peak kinematics will be directed between -18° and -30° for

electron detection between 15° and 90°. Thus, the average recoil momentum direction is at
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-24°. The target spin will be arranged normal to the average recoil momentum direction,

i.e. at -114°. In this way в* will vary from 90° by ft; ± 6° for Д-peak kinematics. The

electron will be detected in the 0e-bins as given in Table 2 at the Д(123б) resonance within

± 50 MeV of the peak and within ф = ± 22.5°. The variation in W over the Д ( » 1190

MeV to 1290 MeV) gives rise to a variation in 6q across the Д. Thus, on the pion side for

each 0e-bin there corresponds a kinematic region in в„.

Table 2: Asymmetries for charged-pion electroproduction

0e-bin

degrees

15-20

20-25

25-30

30-35

35-40

40-50

50-60

60-70

70-80

80-90

«?2>

(GeV/c)2

0.042

0.066

0.096

0.128

0.163

0.216

0.287

0.352

0.411

0.463

AjV=1236

-0.38

-0.47

-0.58

-0.65

-0.60

-0.55

-0.26

-0.24

-0.24

-0.24

Д А —

-0.065

-0.066

-0.075

-0.085

-0.078

-0.072

-0.052

-0.048

-0.048

-0.048

) Д Asoohour*

0.011

0.013

0.016

0.018

0.022

0.019

0.025

0.030

0.037

0.044

MeV/c

328

340

351

364

377

396

420

441

459

475

PN

MeV/c

87

117

148

180

211

256

310

357

396

428

For parallel kinematics the spin-dependent part of the cross-section has three terms -

WTL(n), WT'(l), and WTL'(s). If we neglect non-resonant contributions then WTL(n) =

0 and we consider only the М 1 + , Si+, and EI+ amplitudes. The asymmetry then has the
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A = - V

1 ( 4 v ^ R e i 4 L s i n ^ + 4 cos**)-

form

This has been calculated for each ве bin using a fit to the data of Siddle. The asymmetry

at the Д peak is given in column 3 of Table 2. The asymmetry due to the transverse

longitudinal term is large, « -0.25 to -0.6, in the kinematics of the proposed experiment.

As the invariant mass of the hadronic system varies over the Д peak the recoil momentum

direction changes. This results in a change in the asymmetry as в* deviates from 90° and

the large transverse term contributes. The effect of this variation on the asymmetry is

given in column 4 of Table 2. We see that it is typically about a 15 - 20 % effect. The

statistical error in the asymmetry obtained in a 500 hour run is given in column 5. We see

that at low Q2 the longitudinal-transverse asymmetry can be measured with a fractional

error of 3 % while the error increases to 20 % at high Q2 , However, the model used to

estimate the asymmetry is naive and more realistic calculations are required.

We note that by directing the target spin normal to the scattering plane the imaginary part

of a transverse-longitudinal interference term can be isolated. By Watson's theorem this
117

must vanish for resonant amplitudes. Thus, it serves as a calibration for the non-resonant

^45 contributions to the transverse longitudinal interference term. Again, it is clear that

reaction mechanism effects such as FSI and MEC effects as well as contributions from non-

180 resonant terms will come into play and therefore have to be studied both experimentally
as well as theoretically.

211
4. CONCLUSION

256
Development of polarized 3He targets for external beams has been in progress by

310 members of the collaboration for several years. In the last six months we have started an

effort at MIT-Bates to develop a prototype source of polarized 3He atoms to feed into a
О Э 4

storage cell for use in a storage ring. Members of the collaboration are also involved in

39g an approved experiment [Coo88J at the IUCF cooler ring, where it is planned to undertake

installation of an internal polarized 3He target in 1991. Furthermore, part of our group

428 is actively involved in the proposed HERMES experiment at DESY. It is important to

point out that there is a large degree of overlap between the proposed Bates, IUCF and

HERMES polarized 3He internal target activities.

s - As the luminosity of the experiments will be small (w 1033 cm~2s~1 ) a large acceptance

) = detector is essential in order to measure the small cross section components in a reasonable

the running time. The proposed detector is a toroidal non-focussing spectrometer which covers
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approximately one steradian in angular acceptance and «80 % in momentum acceptance.
Because of its large acceptance scattered particles are detected over a broad kinematic
range. A collaboration has been formed in order to realize the detector. The first phase
of this device, instrumented as shown in Fig. 2, would allow us to carry out the physics
program as I discussed it here. A fully instrumented detector would add a physics program
centered around multi-nucleon knockout reactions.

The experimental configuration of polarized internal gas target, 100% duty factor
polarized electron beam and large acceptance detector proposed here to measure spin-
dependent electron scattering would be a powerful tool in understanding the nucleus at
intermediate energies. It would provide a unique capability for the Bates laboratory.

The proposed experimental configuration will permit a program of measurements using
polarization observables and coincidence detection of many particles in the final state
over a very large kinematic range. The experiment would be a study of the three-body
system with unprecedented detail. In particular, several aspects of the measurement are
sensitive to the small components of the three-body ground-state wave functions. It is very
important to note that the proposed experimental configuration would permit experiments
with other polarized internal gas targets, e.g. proton, deuteron, and heavier nuclei, by using
the appropriate source of polarized atoms.

The proposed physics was strongly endorsed by the PAC and they envision that the
large-acceptance detector will play a crucial role in this program. The time line of the
project is as follows: a conceptual design report (CDR) should be available at the beginning
of 1991. A technical advisory panel (TAP), which has been appointed by the MIT-Bates
directorate, will judge the CDR early 1991. Note that a preview will take place in the fall
of 1990. Pending on the advise of the TAP a proposal will be submitted to the Department
of Energy.

Physics proposals using the BLAST detector will be submitted to the MIT-Bates
proposal advisory committee (PAC) in the beginning of 1991. The goal of our collaboration
is to start data taking in 1993.
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NUCLEON RECOIL POLARIZATION IN QUASI-ELASTIC

ELECTRON SCATTERING WITH TWO-BODY CURRENTS t

0
S. Boffi, C.Giusti, F.D.Pacati and M.Radici

Dipartimento di Fisica Nucleare e Teorica dell'Università,
Istituto Nazionale di Fisica Nucleare, Sezione di Pavia,

Pavia, Italy

ABSTRACT

б The nucléon recoil polarization is considered in (e, e'N) reactions
with polarized electrons. The theoretical framework is based on
the one-photon exchange approximation, with an the electromag-

' netic current of the target nucleus built with one- and two-body
contributions coming from meson-exchange currents and isobar
configurations in intermediate nuclear states. Specific calculations
are presented for the different structure functions, the polarization
and the transfer polarization coefficient of both the proton and the
neutron knockout. The }6O target nucleus is taken as an example
to set the scale for possible experiments. The sensitivity to final
state interactions, mesonic effects and isobaric configurations is
discussed.

The reaction where an electron with helicity h and momentum po is scattered to a
final momentum p'0 , while a polarized nucléon, with spin s' and momentum p', is knocked
out from an unpolarized target was studied in the one-photon exchange approximation and
in the DW1A frame in réf. 15 . If the nucléon polarization is explicited, the coincidence
cross section can be written as

da1*'3'

where сто is the unpolarized differential cross section, P is the outgoing nucléon polar-
ization, A the electron analyzing power and P' the polarization transfer coefficient. The
unpolarized cross section can be written in terms of four structure functions 1)~3);

сто = К [2et/ig0 + /ijf, + \/«L( 1 + 0 /IQI c°s <* - e/i"_, cos 2 a j , (2)

where the kinematical factor К is

t presented by M.Radici.
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= u2 — qz, with w = po - Po and q - po —p'0, is the four-momentum transfer, and

1 (4)
4v

measures the polarization of the virtual photon exchanged by the electron scattered at an
angle 9. In eq. (2)

«b«=-Jye, (5)

and a is the angle between the scattering plane of the electron and the/»', g plane.
The electron analyzing power is

A = — x/e t( 1 - 0 Aft sin a. (6)
ao

In eqs. (2) and (6) the spin-independent structure functions /i£v and /IQ" only depend
on the kinematical variables w, q, p' and the angle 7 between p1 and q. They are built as
bilinear products of the hadronic matrix elements of the electromagnetic current, i.e. the
Fourier transform of the matrix elements of the nuclear charge-current operator ̂  between
initial and final nuclear states:

r) • eg,!*,). (7)

The unit vectors

eo = (1,0,0,0),

*±, = ( 0 , T l /V2,-i/V2,0) (

define the longitudinal (m = 0) and transverse (m = ±1) components of the charge-
current density with respect to the (virtual) photon.

The vector polarization P and the polarization transfer coefficient P ' in eq. (1) in-
volve thirteen new structure functions, depending on w, q,p' and 7 as well as on the po-
larization direction of the outgoing nucléon. Explicit expressions for the components of
P and P' are obtained by projecting onto a basis of unit vectors, e.g. L (parallel top').
N (in the direction of q x p') and 5 = $ x L . They are 1J

PN = 2- [2eLh£ + Aft + \A t ( 1 + e) A# cos a - eAf_i cos 2a] , (9)

К г
= — \Ль( 1 + u) /i£i'5 sin a - еЛИ sin 2 a , (10)

do L J
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Fig. 1. The fifth (longitudinal-transverse interference) structure function AJJj

(in fm3 and multiplied by ( 2 л ) 3 ) vs. the missing momentum pm (in McV/c)

for an emitted unpolarized proton of 150 MeV and a residual pi/2 hole in 16O

with constant (<?,w). Solid and dashed lines for the JA optical model potential

of réf. 16) and bound state from réf. I 7 \ dotted and dot-dashed lines for bound

and scattering states obtained with the GR potential of réf. 1 S ) . Solid and

dot-dasned lines include the effect of iwo-body currents produced by MEC and 1C.

£
сто

cosa] .
J

(П)

(12)

The structure functions which are multiplied by sin a or sin 2 a do not contribute to
the cross section in coplanar kinematics. As a consequence in coplanar kinematics

A = Q, P-<r = P - # , P'-N=0, (13)

and therefore only the components PN, P's and P'L survive.
Furthermore, without final state interactions, A andP vanish identically. This occurs

for A because the corresponding bilinear products of the matrix elements in eq. (7) are
real in this case, and P = 0 because of rotational invariance around q.

The nuclear charge-current density operator;,, considered here is the sum of the usual
one-body charge-current operator, № (see e.g. réf.3)), and a two-body current operator,
j ( 2 ) . Expressions for the two-body current matrix elements are derived from the chirally



invariant effective lagrangian with pseudovector coupling of réf. 4J . They are obtained by
a nonrelativistic reduction of the lowest order Feynman diagrams with one pion-exchange
and/or isobar excitation in the nucléon intermediate state 5). To the order l/m2 of the
nucléon mass m, the pair current,/ p vanishes identically, and the currents due to the pion-
in-flight diagram (/ *) and to the contact diagrams (/' c) coincide in this approximation with
the result obtained in refs. 6) >7) with pseudoscalar coupling.

In the above nonrelativistic approximation the two-body current operator, ;£2), has
only the spatial part, j (2) =y *+j c+j д . This implies that at this Isvel the two-body current
can contribute only to the transverse helicity amplitudes in eq. (7). In the framework of
réf. 8) one can write the helicity amplitudes in a one-body representation, i.e. 9>-">

= jdpdp'!>(p' -p-

- fdk}^(P'

(14)
The integral over k accounts for the fact that knockout occurs only on one of the pair
of nucléons interacting through the two-body current, the other one remaining inside the
target nucleus. This form derives from the assumption of a Fermi gas model for the resid-
ual nucleus. Thus the integrand is weighted by the corresponding momentum distribution
n( k ) = 0( kp — k) : this allows performing a major part of the integral analytically with a
large reduction of computing time. As a consequence of the above assumption, the knock-
out process is effectively produced by a modified one-body current which has a different
dependence on q and/; with respect to the IA current.

In eq. (14), Sa(E) is the spectral strength associated with the removal process at the
excitation energy E of the residual nucleus described by the additional quantum numbers
о; ФЕО(Р) is a solution of a Feshbach optical potential H(E) referred to the residual
nucleus state and belonging to the eigenvalue E\ x^Ea (P) describes the distorted ejectile
wave function with incoming wave boundary condition and is an eigenfunction of Wf ( E+
w) belonging to E + ш. As such, XBÔ^P) a n ^ Фва(р) are not orthogonal. However,
the orthogonality defect of the model wave functions can be handled in principle and is
anyway negligible in (e, e'p) reactions 8 ) .

Specific calculations have been performed for the 1 6 O target nucleus with an emitted
nucléon of 150 MeV and an incident electron of 700 MeV. This choice allows comparison
with previous calculations 3).9).12)-i4) and represents a typical example for future exper-
imental investigation both on proton and neutron knockout from shells with different total
angular momenta (;' = j , | ) .

As in réf. 3), a phenomenological optical potential is taken for the scattering state
XEO )( / ?)- Two potentials are used: the one (GR) of réf. 1S), which has been derived both
for bound and scattering states in a consistent way, and the one (JA) of réf. 16), combined
with the phenomenological bound state wave functions (ES) of réf. 17).

The spectroscopic factor Sa(E) has been assumed to be unity, because it is not rele-
vant when considering polarization observables.
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The effect of MEC and 1C in the unpolarized case was investigated in refs. 1 0 ^ 1 1 > .
As a general result, сто is rather insensitive to MEC and is reduced by 1C by an amount
increasing with g2, which in the present kinematics is about 15-20%. In fact, сто is the sum
of two important and almost equal-sized contributions from /igo and A",. As Ago is not
affected by two-body currents in the present approach, the overall reduction of сто comes
from a large effect (~ 35%) of 1C on Aft. MEC and 1C also modify Ag, and Ay_,, but
these interference structure functions are small and dominated by FSI which overwhelm
the contribution of two-body currents.

When dealing with polarization observables the role of FSI has to be investigated first,
because one knows that A and P are very sensitive to FSI'*, while / " is less affected by
FSI. This is confirmed here in figs. 1 and 2, where structure functions are given which are
relevant for Л, PL and P'L. A large FSI-dependence is shown by A},",, MEC and 1C being
only a correction to the curve obtained with a particular optical model potential. When
the proton polarization is along L (fig. 2) both the sign and the magnitude of the structure
functions which are vanishing in PWIA, such as Ag] and Af_], are largely determined by
the type of optical model potential used in the calculation; thus the still remarkable effect
of 1C, which is in the range between 10 and 40%, is completely overwhelmed by FSI.
Those structure functions which do not vanish in PWIA, such as A0

;( and A'/f, are much
less sensitive to FSI. When FSI are switched on, their shape is only little modified and
their magnitude is reduced as an expected consequence of the absorbed outgoing flux; in
particular Aft is considerably large and its size is reduced by 20-30% when 1C are also
included. This behaviour occurs also for structure functions with a proton polarized along
L.

The different weight of the structure functions in the polarization observables, pro-
duced by a variation of the angle a when going out of plane, is exhibited in fig. 3, where
P'L and P's are given for the pi/2 proton hole as an example. Their behaviour vs. a is
dictated by the two dominant structure functions A$ and Aft.

The polarizations PL and Ps for р\/г and рз/2 proton holes are small and quite
similar, but with a reversed sign. PN at a = 0° is plotted in fig. 4, where its FSI-
dependence and the very small effect of MEC and 1C are confirmed. The opposite sign
between р\/г and рз/2 holes stems from a general behaviour of P when dealing with a
spin-orbit /-doublet and is determined by an effective polarization of the bound proton 1 8 ) ,
which is produced by the combined effect of spin-orbit coupling and optical potential.

When spin degrees of freedom are taken into account the spin-dependent structure
functions for neutron knockout qualitatively behave as those for proton knockout. The
only major difference arises in the longitudinal-transverse interference terms. They have
a much smaller size as a consequence of the overall zero charge of the neutron and in
some cases (A0

U, , A0Y, h'j(, /IQI ) t n e ' r s ' 6 n ' s opposite to the corresponding proton structure
function. Otherwise FSI, MEC and 1C produce similar effects for neutrons as well as for
protons.

The components of P and P' are ratios between a combination of the appropriate
structure functions and CTQ . Therefore, the sensitivity to the different effects derives from
the corresponding sensitivity in both the numerator and the denominator: in general the
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effect of MEC and 1C acting here in the same direction on both the numerator and сто is
largely smoothed in the ratio. However, while the present results confirm the strong de-
pendence of the outgoing nucléon polarization P and of the electron analysing power A
on FSI already stressed in réf. 1), the transfer polarization coefficient P1 appears to be a
candidate to test two-body currents. In particular, P'1 is sizeable and sensitive to 1C for
an emitted proton as well as for a neutron. A measurement of P'L is desirable; although
difficult, it is possible19) because in general it is mixed by the magnetic field of the spec-
trometer with a contribution of PN,P'N and Pl\ however, at a = Q°,PL = P'N = O.and
therefore one can disentangle the contribution of P'L by flipping the electron helicity. At
a = 90°, P'N and P'1 are both large, but with opposite sign; their determination requires
two independent measurements.

In any case, a measurement of nucléon recoil polarization is desirable as an important
piece of information to ascertain the validity of the present results which basically confirm
the one-body mechanism and the DWIA approach.
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SPIN CORRELATIONS IN PHOTO- AND ELECTRO-DISINTEGRATION
OF THE FEW-BODY SYSTEMS

J.M. Laget
Service d'Expérimentation en Physique Nucléaire
CEN Sac!ay, 91191 Gif-sur-Yvette Cedex, France

Abstract; Recent progresses in handling polarized beams of elec-
trons and photons allow to undertake the systematic study of the
spin observables in hadronic matter. The main axes are given.

1. INTRODUCTION

Contrary to hadronic probes, the study of spin observables with
electromagnetic probes is not a domain of intense activity. Very few
results exist!

However, this situation is being evolving quickly. Why?

First, the systematic measurement of the unpolarized cross sec-
tions, with intense electron beams during the past twenty years, has
led to a good understanding of the structure of nuclear systems and of
the dominant reaction mechanisms. To go further, and to understand in
more details the structure of hadronic systems, requires the measure-
ment of spin observables.

Second, two major technical progresses have been done during the
past decade. On the one hand, linearly and circularly polarized real
photon monochromatic beams are obtained by backward scattering of high
energy electrons on a laser. This technique is already used at Frascati
and Brookhaven, and will be used at higher energies at the European
Synchrotron Radiation Facility (ESRF) at Grenoble. On the other hand,
more than twenty years of work have led to a generation of reliable
polarized electron sources. They were mainly used in parity violating
experiments where the requirement of stability is quite strong. While
polarizations of 50% is currently obtained for large peak currents, we
may expect to reach in the near future polarizations of the order of 80
to 90% for continuous beams in the range of

The sensitivity of selected spin observables to the nuclear dyna-
mics has been already discussed in refs. 1 and 2. I give here only a
general outline of my talk, and I rely heavily on my summary 3 of the
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session "Polarization and electromagnetic probes" held during the
SPIN90, Paris conference.

2. REAL PHOTONS

In the past, the asymmetries measured with linearly polarized
photons were an essential input in the multipole analysis of the single
pion photoproduction reactions on free nucléons. Such studies are still
a tradition in USSR, and have been extensively extended to heavier
nuclei. At Erevan the study of the elementary p(y, я°)р, d(y, u°)d and
d(y, p)n channels is actively pursued. The first results of the study
of the p(y, v)p. ''Hely, pn) and Lily, pn) reactions have been presented
at the Paris conference

 3
. While Compton scattering of polarized pho-

tons on free nucléons is expected to improve our knowledge of the
internal structure of the nucléons, the study of the (y, pn) reaction
is expected to improve our understanding of the mechanisms which govern
the absorption of a photon by a pair of nucléons, and consequently of
short range correlations.

In the future, the absorption of circularly polarized photons by
polarized targets (or the determination of spin transfer coefficients
to the ejectile in reactions induced by polarized photons) will open up
a new era, and allow to undertake systematic studies of:

- Spin densities of hadronic systems,
- Helicity amplitudes,
- Many body mechanisms and forces.

The advent of intense polarized photon beams backscattered on
laser (table 1) makes possible these studies. Pioneering works have
been performed at Frascati with the LADON facility: limited to 80 MeV,
it was used mainly to study the photodisintegration of the deuterium.
The first results obtained with the LEGS facility, at Brookhaven, have
been presented at the Paris conference 3. Limited to 300 MeV, it will
be mainly used to study meson exchange currents (MEC) and the mecha-
nisms which involve the д in nuclei. The GRAAL facility will be instal-
led on the ESRF, located at Grenoble, and is expected to be commisioned
in 1995. The available energy range will extend up to 1.8 GeV, and the
physics program will focus on the study of hadronic matter at energies
larger than the д excitation energy, the study of strangeness produc-
tion, the study of Drell-Hearn-Gerassimov sum rule, and, more general-
ly, the study of the absorption of high energy polarized photons on
nuclei.



Table 1 The modem polarized photon faci l i t ies

Facility

LADON

LEGS

GRAAL

Energy

MeV

80

300

1800

Intensity
Y/S

10
7

10
7

First
Experiment

1985

1990

1995

Physics Program

D(y, p)n

MEC
д

Beyond д
Strangeness
DHG sum rule
a y

3 . VIRTUAL PHOTONS

Virtual photons allow to disentangle the Coulomb part of the
cross-section and the transverse part which reduces to the real photon
absorption cross-section when the four momentum Q2 of the virtual pho-
ton vanishes. The determination of the Coulomb part offers us with a
direct way to study the coupling of the virtual photon with the charge
of each constituent of the hadronics systems, and to study their struc-
ture.

At low energies (E = 4 GeV), the Coulomb part is free * of Д and
pion production mechanisms (which dominate the transverse part), and
allows to study the short range behavior of nuclear systems. At higher
energies (E * 10 GeV), the Coulomb part is very sensitive 2 to higher
order corrections to Perturbative QCD (higher twists, non Perturbative
contributions, etc.): for instance, the pure quark-parton model pre-
dicts a vanishing inclusive Coulomb cross-section at very high momentum
transfer (Q2 > 10 GeV2).

Traditionally, this separation is achieved by means of the
Rosenbluth method: the electron scattering cross-section must be
measured at two values of the electron scattering angle (for the same
value of the energy transfer w and the few momentum Q2). But the price
to pay is high. On the one hand, the measurement at the most forward
angie costs energy. On the other hand, systematic errors have to be
small and well under control, to make meaningful the comparison of the
cross-section at the two electron scattering angles, especially since
the Coulomb cross section is in general small.
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The advent of reliable polarized electron beams and polarized
targets (or polarimeters) offers us with an elegant way to overcome
those difficulties, by using spin as a "knob" to select the part of the
cross-section which is directly proportional to the interference be-
tween the Coulomb and the transverse part of the transition amplitude.

This method presents three advantages. First, the transverse part
acts as an amplifier, which enhances the small contribution of the
Coulomb part. Second, only the measurement of asymétries is required,
and the sources of systematic errors are strongly reduced. Last, the
electron scattering angle needs not to t>e small, and the energy of the
beam is smaller, by roughly a factor two, than the energy required to
perform a Rosenbluth separation. This method is the only way to deter-
mine various charge from factors and the small components of the nu-
clear wave-functions and interferences between PQCD and non-PQCD. A few
examples are listed in table 2.

Table 2; Some examples of quantities measurable with
polarized electrons and targets (or polarimeters).

Physics

Charge form factors
• GE (Q

2)
P

• Gr (Q2)Ln
+

Small Components of the
wave function l

• D/S ratio

* д Components

Bound-nucleon form factor
 1

Interference PQCD/non-PQCD
 2

p(e, p)e'

D(e. e'n)

'

D(e,

3
He(

3
He(

"He(

p(e

->
p(e

p(e

Reactions

•
 3
He(e e'n)

e'p)n

->
e, e'p)
->

e, e'u-)

e.e'H)...

,e'p)

,е'Ф)

,e')
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The first results of such studies were recently obtained at
MIT/Bates

 ц
. The asymmetry measured in the inclusive reaction

3
Йе(е, е

1
) is consistent with the value expected from the

 3
He structure

functions computed in the Faddeev formalism:
 3

Йе is very likely to be
a good candidate for a polarized neutron target. Preliminary studies of
the D(e, e'n) reactions indicate that it will offer us with a good way
to determine the electric form factor of the neutron.

In the future, the combined use of reliable polarized electron
beams, of reliable polarized targets and of a 4u detector will allow to
cover extensively this field. In the energy range of 1 GeV, this pro-
gram will be covered at Mainz, MIT/Bates, and possibly at NIKHEF and
Bonn. After 1995, spin observables will be a major part of the physics
program at CEBAF up to 4 GeV.

4. CONCLUSION

Contrary to the par.t, spin physics will be a major activity of the
present generation of electron machines, and will make it possible to
refine our dynamical description of nucléon and nuclear systems 1.

In the future, spin physics should be the specificity of an elec-
tron machine, in the range of 10 GeV, aimed to go beyond the Perturba-
tive QCD description of hadronic systems 2.
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THE ORSAY POLARIZED ELECTRON SOURCE

J.Arianer, C.G.Aminoff, I.Brissaud, S.Essabaa

ABSTRACT.

It has been decided to build an intense source of spin-

polarized electrons using an optically pumped flowing Helium

afterglow the design of which is an adapted copy of the RICE

University source. This new source would be used on a européen

electron synchrotron in the course of 1993.

I. INTRODUCTION.

It has been decided, at the "Institut de Physique Nucléaire",

to develop a polarized electron source with the highest possible

figure of merit and with the aim to apply it at an existing

european electron synchrotron like NIKHEF in the course of 1993.

Within such a limited time, we have chosen to copy the Rice

flowing afterglow source, demonstrated to be able to provide very

high polarization (up to 90%) with currents over V A Œil. We hope

to improve the intensity performances while developing the routine

qualities in order to get a stable and reliable device as required

for a machine.

II. SOURCE DESCRIPTION AND OPERATING PARAMETERS.

The principle and arrangement have been extensively described

И2Б, consequently, we shall summarize the main features. Let us
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refer to the figure 1, which is the scheme of our future source,

almost a complete copy of the device which is operating at the

RICE University. A high purity Helium jet is generated through a

Laval nozzle within a cylindrical 10cm diameter vessel and

exhausted by a 3001/s Roots blower. The nozzle is at the center of

a microwave cavity (2.5GHz) which produces Helium ions, electrons

and excited Helium atoms. For a Helium flow rate of 50mBar.l/s,

the mean pressure is ~0.1mBar. The discharge geometry is optimized

to produce a low singlet ( 2
1
 S

0
 ) to triplet (2

3
S

1
 ) metastable ratio

in the afterglow, since the singlets produce unpolarized

electrons. The metastable He (2
3
 S

1
 ) atoms are then polarized by

optical pumping with an infrared laser at 1.083ц. When circularly

polarized light is absorbed by Helium in the metastable state,

part of the polarization of the light beam is transferred to the

atoms. The combined effect of absorption and spontaneous decay then

leads to a redistribution of the Zeeman sublevel populations in

the 2
 3
 S -, state and thus produces polarized metastable Helium

atoms. Either the D1 transition ( 2
3
 S., -»2

3
 P, ) or the DO transition

(2
 3
S ., -»2

 3
P

 0
) can be used for efficient pumping. A weak magnetic

field ( 5Gp ) in the direction of the optical pumping beam provides

a unique quantization axis. The polarized electrons are freed from

the flowing metastable atoms by a Penning chemi-ionization

reaction which conserves spin angular momentum. It uses C0
2
 as

reactant and electron coolant gas:

He (2
3
S

1
 )tî + COj-c He (11 S0 )U+C02

 + î+ e't

The polarized electrons are then extracted through an

electrostatically biased and differentially pumped aperture and

transported towards a series of diagnostics including a Mott

polarimeter, an emittance-meter and an energy analyzer. The
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focusing is assured by several cylindrical lenses safely enclosed

inside a cylindrical Mu-metal shielding.

The major feature of the flowing afterglow source is the ability

to give a high degree of polarization for the low intensities.

However, the polarization, up to now, markedly decreases as soon

as the intensity goes over 10p.A (Figure 2). The polarized electron

intensity may be expressed as:

Ie"î «p(23S1)x S x vHex Cp x €E

where p(23S1 ) is the triplet density, S the cross-section area of

the reaction chamber, vHe the He flow velocity, €p the optical

pumping efficiency and €E the extraction efficiency. In another

way, the polarization may be expressed as:

г о З с 1 j. Г 7
1
 Ч 1L^ 0

1
 J-Цл &Q J

where brackets denote populations, SP is the percentage of

polarization and X the different sources of unpolarized electrons

which must be suppressed. A gain of p(2
3
S

1
) may be obtained by

increasing the He jet density (i.e. the mean pressure) with the

same microwave discharge efficiency. The product p(2
3
S

1
)x v

H e
x S

is the pumping power of the Roots blower that we envision to

increase by a factor 2 in a next future. The optical pumping

efficiency has been proved to be close to 98% at RICE with a

single mode LNA laser which delivers 100mW on the transition Dl

(2
 3
S ,-»2

 3
P
 1
 ). That LNA laser was pumped by a 6W Argon laser. We

discuss further reasons to use an other way of optical pumping.

About the extraction efficiency, the size of the aperture is

limited by the He flux which enters the beam line and causes
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breakdowns. The He conductivity limits the extraction voltage to

~400V. Once more, an increase of pumping speed in this region

would allow a substantial gain in intensity.

Many disturbing processes of the polarization have been

suspected and systematically examined by the RICE people. First of

all, the singlet population [2^S0] has been lowered down to 2% by

a proper design of the microwave source. Secondly, the unpolarized

electrons which are produced by the discharge have to be drained

away from the reaction chamber in order to save the polarization

rate. This is achieved with RF heating and longitudinal potential

trapping. The microwave discharge is located on the side of a bent

Pyrex tube to prevent direct illumination of the reaction chamber.

The last serious parasitic effect seems to be the radiation

trapping. Photons coming from the 23P1-t>2
3S1 transition emitted by

spontaneous decay and re-absorbed by He(23 S., ) atoms, since the

radiation is unpolarized, cause a polarization degradation. This

may be partially avoided by using a more limited interaction

region and a more powerful laser. It this way we are engaged in.

The development of a compact arc-flash lamp pumped LNA laser by

LEDUC et al. Œ3I and SCHEARER et al. II431 has resulted in an

efficient and reliable light source. We describe it in detail in

the next chapter. The Doppler linewidth of He at 300°K is 1.7GHz.

A particular care must be taken to avoid excitation of the D2

transition ( 2 3 S -, -»2 3 P 2 ) which gets an opposite polarization

compared with DO ( 23 S., ->23 P0 ) and D1 (2
3S1-*2

3P1 ), knowing that the

separation between D1 (the useful transition) and D2 is only

1.7GHz (Figure 3). To avoid the gymnastics of tuning slightly the

laser wavelength to the "blue" side of the D1 transition,

inconsistent with accelerator applications, we have decided to use

the optical pumping of DO as suggested by LEDUC and successfully

demonstrated by SCHEARER I51. Theoretically, the pumping at the DO
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line would only provide a 50% polarization, but by adding to the

circularly polarized light beam in the magnetic field direction a

weak linearly polarized beam perpendicular to this direction, near

100% of metastable polarization is achievable in a much more

confortable manner.

The last features are the optical properties we need to accurately

measure versus the other parameters with a multiwire

emittance-meter and a 90° electrostatic energy analyzer. The

published values are ДЕ< 0.4eV and €5 13 ir.mm.mrad at 270eV

perfectly matched with accelerator requirements.

III. STATUS AND PRELIMINARY RESULTS.

A schematic view of the source is shown on Figure 4. For a

total budget of 3MF without salaries, we want to build a

developed, computer controlled prototype device which routine

characteristics that fit accelerator norms. We see on Figure 5

that the source is being assembled with particular care of the

tube conductances to really get the 3001/s of our Roots in the

reaction chamber. The laser is similar to the one developed by

M.LEDUC's group (Figure 6). It is now operational. The lasing

material is a Neodymium doped crystal denoted LNA which stands for

La 1 _xNdxMgA!1 тO, 9
. The crystal is shaped as a rod, 105mm long and

5mm in diameter, cut along the a-axis. It is excited with 2

Krypton discharge lamps in a Micro-Contrôle 904 YAG laser head.

The laser cavity end mirrors are plane: one is a high reflector

with a 99.9% reflexivity, the other has a reflexivity of 99.4% and

is used as the output coupler. The cavity length is 35cm. Laser

e line narrowing and wavelength tuning is achieved by inserting 2

У étalon plates of fused silica (0.3 and 1mm thick). In order to

0 minimize the walk-off losses in the étalons, we tune the laser
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wavelength by changing the temperature of the 1mm étalon instead

of tilting it. Using this technique, we have increased the output

power up to 4W on the Helium resonance at 1.083ц. for 3kW of

electrical power in the lamps. The spectral width of the laser is

measured with a TecOptics spectrum analyser and is of the order of

3GHz. These characteristics are well suited for efficient optical

pumping on the Doppler broadened DO line of Helium.

IV. PERSPECTIVES.

The technology involved in this kind of source is very simple,

it starts without any special training, the configuration may be

changed within an hour. This simplicity is improved with this new

way of optical pumping using a compact non expensive laser. This

is an advantage with respect to the AsGa source which uses a

sophisticated technology. The adaptation to an accelerator remains

to be done and we have to pioneer. Our goals are:

-firstly, to find results close to the RICE ones, in a reprodu-

cible and well understood way, before the end of this year.

-secondly, to try to extrapolate the performances by a series

of improvements.

-to make the source a computer controlled push button device as

far as possible. These two last points in the course of the next

year.

For a dc beam of electrons, the best figure of merit P
2
I the

RICE people have got is 13.5цА (50|хА at 52% polarization) and we

hope our new way of optical pumping will substantially improve

this value. In an other hand, the continuous output inherent to
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the source principle requires that the beam be chopped and bunched

before to be accelerated. The bunching yield may be 60% but the

entire source must be held at a high voltage (>100kV). This causes

two main problems we have to solve:

-a 2000m3/h Roots blower* a 400m3/h roughing pump induce vibra-

tions of the terminal we must eliminate.

-the Helium consumption of the source will be ~0.5m3/h so that

the running cost is ~1000FF/day. A refrigerator+absorber system to

purify the Helium in a closed circuit is a possible solution we

want to realize.
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Polarized Electron Sources for
Stretcher/Storage Rings

Elaine E. Norum
NIKHEF-K (The Netherlands)

and University of Virginia (USA)

Large components of the research programs envisaged for the stretcher/storage rings
nearing completion at the Bates Linear Accelerator Laboratory and NIKHEF-K involve the
used of stored, longitudinally polarized electrons and polarized internal targets. One would
obviously like to have as high a degree of electron polarization as possible in the beams injected
into these rings, but with existing electron sources there is a general inverse correlation
between current and polarization. Consequently, the maximum degree of electron polarization
in the stored beam is related to the time taken to fill the ring. The tradeoffs between the
inefficiency associated with prolonged injection periods and the increased efficiency of higher
polarization are the subject of this study.

A comparison has been made between the two technologies currently being pursued for
the construction of polarized electron sources. These are the photo-emissive cathode source
(PECS) of the type pioneered at SLAC and the pumped helium source (PHS) initially studied
at Rice University. In this comparison both parameters from existing sources and parameters
based upon anticipated extrapolations thereof were used. The storage ring parameters used
were those of the AmPS ring at NIKHEF-K.1

The primary basis for the comparison is a Figure of Merit (FM) defined by

FM = P'J < Ie]! > , [I]

where P is the electron beam polarization and <!<•// > = <I>tm/(tm-|-t(j), where <I> is the
average current during the measurement period, tm is the measurement time, and td is the
dead time associated with injection. Thus, <Ie// > is the average "useful" current. Figures
of Merit for the two sources were evaluated under a range of conditions: target thickness,
beam energy, and operating scenario.

Current PECS technology is based on GaAs crystals which produce typical electron po-
larizations of up to 42%; the quantum limit is 50%. Development of sources based on a
variety of other, non-cubic crystals is currently under way at CEBAF, the University of Illi-
nois, and elsewhere.2 It involves replacing or modifying the GaAs crystals with materials
or combinations that are not fundamentally limited to producing polarization below 50%.
Stated hopes for electron polarizations in excess of 80% from these sources are based upon
essentially qualitative reasoning. In this work it was assumed that polarizations of 60% may
be achieved. It was further assumed that the PEC sources can made to deliver 80 mA.

Performance characteristics of the PHS3 were drawn from the annual Progress Report of
the Rice University group.4 For electron currents in the range of interest here (1^.4 — 100//Л),
die relationship between the polarization and current is very nearly exponential:

where i, is the electron current in /̂.4, A0 = 110 //A, and P 0 = O.S1. The opinion has been
expressed by the proponents of this technology5 that a factor of two improvement in the
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current for a given polarization is straightforward. It was assumed here that a factor of three
improvement may be achieved.

It was assumed that the three-turn injection scheme currently envisioned for the AmPS
ring would be employed with either source.0 In this scheme an injected 80 mA pulse results
in a stored current of 2.7 x SO « 220 mA. In the computations presented here all currents
were normalized to the single turn value. That is, the factor of 2.7 was dropped everywhere
in these calculations. Accordingly, the capacity of the ring (ICOp) was taken to be 80 mA.

Multiturn injection of a continuous pulse involves injecting the pulse off the closed orbit
(CO) in such a way that during the injection period the stored part of the beam avoids any
injection element (typically a septum magnet). In the case of the AmPS ring, the actual
injection of a pulse takes only 2.7 x the period of revolution of the ring, a total of about
2 fis. However, immediately after injection the phase space occupied by the beam is a torus
surrounding the CO. The emit tance of the injected beam (e,-nJ) is about 20 mm-rar, Before
measurements can be started or another pulse can be injected, the beam must be allowed to
damp to about 1 mm-mr. In the absence of an internal target to excite the beam this would
take about t 2 0 _i = 3 (и h?[20]) x r(J, whore rd is the radiative damping time given by1

5.25 x 10'
[] [ 3 ]

where E is the electron br-am energy. In the presence of an internal target the emittance of
the stored beam is given by7

f(t) = е„ + е-'/т<(е.п, - e..) , [4]

where et) is the asymptotic damped emittance in the presence of the target. It is given for a
hydrogen target by8

€„[ттп-тг] = 1.23 x 10-7£[Л/сГ]- + 1.45 x W-Vfof/cm2]1 1Е[Ме\'\-ь , [5]

where d is the target thickness. Solving for the time to reach a given emittance yields

= \g[(<inj - e,,)/(t{t) - e,,)} . [G]

For most of the conditions of interest here e,, is small compared to both ein] and e(t), so
t2o— I/TJ is simply a little above 3. Lifetimes for all cases of interest here are of the order of
1000 Tj or greater. Consequently, in the case of the PECS for which a single pulse provides
all the current, the injection can be considered to be instantaneous.

In the case of the PHS. the situation is more complicated. As discussed above, a time of at
least 3rd must be allowed before another pulse can be injected. In the calculations presented
here it was as&mned that 4rrf is required to achieve a "clean" injection. Values other than 4
were used (as will be discussed later), but in all cases the value was small. Consequently, it
is reasonable to approximate the injection ns continuous at a rate given by:

й î [71

where i5 is the current supplied by the PHS and ud is the number of damping times
between injections.
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The time required to fill the ring to 80 mA using a source producing between about lfiA

and 100//.4 clearly will be substantial. Consequently, in determining the time required one

must consider beam losses during the injection period. Two loss mechanisms were considered:

losses due to scattering from material in the beam and losses due to the Touschek Effect.

Values for the beam lifetimes due to scattering from material in the AmPS beam were

taken from the work of J. Lac.1* Figure 1 shows the beam lifetime due to scattering from an

internal hydrogen target of 10IG at/cm2. As the lifetime is inversely proportional to target

thickness, these results could be scaled as required. Hydrogen was the only target considered

in the present work; extending it to other targets would be straightforward but would shed

little light on the basic question of the comparative merits of the two polarized electron

sources.

Even in the absence of an internal target there will be a nontrivial amount of matter in

the beam. Residual gas atoms crossing the beam are immediately ionized and drawn back

into the beam ("electrostatic ion trapping") until the volume occupied by the electron beam

also contains an equal number of protons. Assuming that the beam has an intensity of 200

m A and an average cross section of 1 mur' this "ion target" is equivalent to а 10м at/cm2

hydrogen target. It was assumed to be present at all times.

The lifetime of the beam due to Touschek Effect losses (тт) was taken from data provided

by R. Maas.10 It can be approximated by

rT[g] = A x E[McV]B , [8]

where A and В were determined to be 4.2 x 10~lfi s and G.7, respectively.

The total beam loss was assumed to be exponential with a time constant ( r ) given by

1 1 1 1 .„.
- = + — + — , [9]
T Tion Ttg TT

where т,оп is the lifetime due to scattering from trapped ions, Ttg is the lifetime due to

scattering from the internal target, and тт is the lifetime due to the Touschek Effect. With

this approximation the stored current during injection is

_ dl ()

- it1" - ~r
= ^ Ц x r x ( l - f - ' / ' ) . [11]

A straightforward (albeit rather crude) method for increasing the effective injection rate

is to not allow the beam to damp fully between injections. Most of the actual damping takes

place during the first one or two damping times. After about 2 rd only about 20% of the beam

lies outside the required 1 mni-mr emittance. By placing a well shielded collimator before

the injection septum to scrape off' this fringe region, the effective rate of injection could be

increased by a factor of (4 тл / 2 тл х 0.8 =) l.C.

Three distinct operating scenarios were considered. In the first, the target is assumed to

be operating continuously. The beam is injected for a time t^, measurements are made for
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a time t m , the beam is dumped, and the cycle repeats. This would be the procedure if the
target in use took a long time to stabilize if turned off (such as a polarized gas jet target)
and if the beam polarization was deteriorating. Any deterioration of the polarization was not
taken into account in the computations of the FM.

In computing the Figures of Merit (FM) the "dead" time (tj) associated with injection
must be taken into account when computing the effective average current. In the case of the
PECS this time is negligible compared to reasonable storage times. Thus, the FM is

T

P- f (\ — e-T/T)

FM = YJ
 Io C'"T di = p 2 /o TfT^ '

where Io is the injected current (SO mA). It can be made arbitrarily close to the limiting value
of P 2 x Io by decreasing the cycle time T. A corollary to this is that the previously posited
deterioration of the polarization would have no effect on the FM.

In the case of the PHS the injection time is not negligible. If the measurement begins
after an injection time t/ and lasts for a time t,M = T-t/, where T is the total cycle time, then

r

PAf — / T(i W ( ' / " ( ' I / T Ai' — I I VTWI _f"''''W1 -р'^'Я/м И •}]

FM is now a function of three parameters: i,, t^, and T = t ; + t m . The most favourable
operating conditions are determined by maximizing this function with respect to all three
simultaneously, subject to the constraint that at no time can the stored current exceed the
capacity of the ring, I c a p.

The results for the cases of hydrogen targets of thicknesses 10 й , 1015, and 1016 at/cm2 are
shown in Figure 2. In each case the lower (at low beam energy) solid line corresponds to using
the PHS with current parameters and four damping times between injections. The adjacent
dotted line corresponds to increasing the current of the source for a given polarization by
a factor of three (Ao —> 3A0J. The clashed line incorporates this PHS improvement and
assumes the "inefficient" mode of injection ( An —» 0.8 x 3 x Ao and nd = 2). The horizontal
solid (dotted) line is the value for the PECS with 42% (60%) polarization. It is immediately
seen that for targets of the order of 10'6 at/cm2 the PHS is not, and most probah'y *iever
will be, competitive with the PECS. However, it is probably similarly doubtful that polarized
targets of this thickness will be available in the foreseeable future. For targets of more modest
thicknesses, the two sources may be comparable at the highest energies, but below about 500
MeV a clear preference for the PECS is seen, even without any improvements to it. If the
assumed improvements are made, then the PECS would yield superior results over virtually
the entire energy range of the ring.

If the polarization of the stored beam is stable, then there is no need to dump tne stored
beam before injecting new electrons. Rather, after a predetermined measurement time during
which the current has decreased to a level Io the stored beam can be "topped off." In this
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case the Figxire of Merit is

T

FM = P^- I(t,+t0) f e«'-''^ df [14]
I/ + 'n. J

и

= ^Г- ( ^ U x r) (1 - e-«'+'°>/T) (1 - e - - " ) , [15]
1 /T (It,

where t 0 represents the time it would take to fill a ring to the level Io. The current in the
ring before and after the Fill-Measure cycle must be equal so

l-e- ' ° / T = ( l - e -" ° + ' ' ) / T ) ( l - e - ' » / r ) . [16]

Thus, t0 is constrained by t/ and tm so the optimization procedure involves maximizing FM
with respect to the same variables as under the first scenario.

The results are shown in Figure 3; the curves have the same interpretations as those in
Figure 2. Again, it is clear that for thick targets the PECS is clearly superior. The situation
when thinner targets are used is not so clear. For targets of the order of lO14 at/^m2 the
anticipated improvements in the PHS technology may make it markedly superior at energies
above 600 MeV.

The most premising technologies for making polarized targets of reasonable thickness are
based on storage cells having small apertures through which the beam can pass. The size
of these apertures is of critical importance as the rate at which the target gas leaks away
through them varies as the third power of their radii. To obtain a target of reasonable density
requires small apertures. The large emittance of the beam during injection precludes having
such a constriction in place. A solution to this problem is to have a cell which can be opened
during injection and then closed during the measurement. Such a target (called a "Clam
Shell Target" after the way it opens and closes) is currently under development at MIT.11

When this target is used the time required for the target to be closed and filled to
equilibrium must be taken into account. It was assumed11 that the closing and filling could
be accomplished within 10 seconds. In computing the beam losses, it was assumed that no
target was present during injection, that losses were due only to scattering from trapped ions
and to the Touschek Effect. It was further assumed that the beam lifetime during the target
closing period was twice that during the measurement period. Finally, it was assumed that
the stored beam was periodically "topped off," rather than dumped before each fill. In this
сане, FM is

FM =
г

I(tj+t0) e-l'"T- I e("+t'-'<)/r» dt' [17]
J

I/ + lc + J
tf + tc

= Ш^~ ( ^ U - x TJ) (1 - <.-<•/+«.)/'/) e-"'a '« (1 - c - - " - ) . [18]

where ts (tc, t m ) is the filling (target closing, measurement) time and 77 (rm) is the beam
lifetime during filling (measurement). The current in the ring must be equal before and after

73



the Fill-Close-Measure cycle so the parameter t0 which characterizes it is constrained by

The results of maximizing the FM for various target thicknesses are shown in Figure 4
where, again, the interpretation of the curves follows that for Figure 2. The superiority of
the PECS when thick targets are used is again noted, but in this case the advantage is not
as great as it was previously. Again, below 500 MeV the PECS is clearly superior. When the
beam energy is above 600 MeV and thinner targets are used, there exists the real possibility
that the PHS may be noticably superior to the PECS.

The general conclusions of this analysis are:

1) when thick (1016 H at/cm2) targets are used the PECS is superior for all energies,

2) at energies below 500 MeV the PECS is superior for all targets,

3) when the energy is above 500 MeV and the target is thin there exists the real possibility
that the PHS may give markedly superior results, and

4) the full potential advantages of the PHS can only be realized under a "topping off"
scenario, that is, if the polarization of the stored beam can be maintained for periods
long compared to the Fill-Measure or Fill-Close-Measure cycle times.
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i. Abstract:
1 This article gives a status report on the polarized 3He target development work

\ at Mainz. It is based on the optical pumping of the 3Si state of 3He with subsequent

: metastability spin exchange to the ground state atoms. This pumping scheme is

very efficient at 3He pressures of about 1 Torr; for high density targets, however,

too a mechanical compression of the polarized gas is needed in a second s tep. First

. results with a Toepler compression p u m p look promising and will be discussed in

the following.

1 Introduction and Physics Motivation

The technique of polarizing 3He by spin exchange with optically pumped meta-

stable 3He-atoms is by now almost 30 years old and is well understood and well

established [1]. The realization of highly polarized dense 3He targets, however, had

to await the advent of intense tunable pumping lasers in the particular infrared

spectral region [2]. Since this basic problem has been solved, a fast increasing

number of experiments is under preparation at several places. At the new 100 %

duty factor electron accelerator M AMI at Mainz [3], scattering experiments with

polarized beams and polarized targets are a major part of the future physical pro-

gram. The measurement of the neutron electric form factor GJJ in the reaction
3He (e, e'n) is one example of experiments for which polarized 3He targets apply

[4]. In the particular case of the quasifree scattering kinematic, the polarized 3He

nucleus can be regarded in a good approximation as a free polarized neutron, as

the nucléons are predominantly in a s-state with the two proton spins paired off

[5]. The measured quantity is then an asymmetry Aexp given by:

- 2 J ^ t a n ( f )GEGMsm(/3) + 2т J^ + tan2(f )tan(f )

(1)
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depending on the angle /3 between the target spin S and the three momentum

transfer q. With Aexp measured in parallel (S \\ q) and perpendicular (S 1 j)

kinematic one can determine the ratio GJ/GJ^ given by

We aim at a 10% measurement of G^/

5 < q*<15 far2 accessible with M AMI.

(2)

in the momentum transfer range of

2 Nuclear Polarization of 3He gas

The optical pumping is applied to 3Sj metastable atoms created by a discharge in

a 3He gas. The density at which the pumping is efficient is set by the requirement

of an homogeneous weak discharge in the gas and a long lifetime of the metastable

atoms. This correponds to a 3He pressure of about 1 Torr. The density of the

metastable atoms [3He*] is of order 1010 cm" 3. The advantage of the powerful

solid state LNA lasers generating the desired wavelength A = 1.083 /im is not

only the larger power available but also their narrow bandwidth and tunability.

This allows selecting pumping on only one component of the fine and hyperfine

structure of the transition (usually the 23Sj (F= 3/2) —• 23PO component is

chosen). Fig. (1) shows the optical pumping and detection schemes.

L LNA L Ly Et M2

* л „ A /7 / E л=юбзпш

=514 nm
ITT P=300 miV

/ \

3 1Q

668nm

M

Ar+ pumped LNA laser

A/4

opt. pumping cell
V=1000
p = 2 Torr

£ id

r.f.

M

M

Figure 1 : Optical pumping and detection schemes
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Build-up of 3He Nuclear Polarization

in Optical Pumping Cell
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Figure 2: Build-up of 3He nuclear polarization in the optical pumping cell

The 3He gas is excited by a weak RF-discharge which produces the metastable

23Sj-atoms. The cell is immersed in a magnetic field Bo; the value of Bo is not

critical and a field of a few Gauss is convenient. The only drastic requirement is the

homogeneity of Bo: to avoid nuclear relaxation the field gradients must, in practice,

be kept at about lmG/cm over the entire volume where the 3He atoms are confined.

The laser beam is directed along the Bo field. To measure the nuclear polarization

P an optical detection method is used, which gives a continuous reading of P and

is not destructive [6]. The advantage of this 3He pumping scheme lies in the very

large reaction constant < a-v > of about 1СГ11 cm3/s for the polarization transfer

from the metastable state to the nuclear spin in the ground state atom. With the

resulting rate constant of 7 = < a • v > -[3He*] ~ lO^/s, the sample can therefore

be polarized within a typical time constant T p of about T p ~ 10s. Fig. (2) shows

the build-up of the polarization signal P in a 1 1 cell filled with 2 Torr of pure 3He

(N = 7.1- 1019) when irradiated with the LNA-laser of fig.(l) . The production

rate given by R = N-AP/Tp is about R = 2-1018 3 # e / s .

Together with the absorbed laser power of 200 mW which corresponds to

1.1-1018 photons/s , this results in a transfer rate of 0.9 h into the nuclear sy-

stem per absorbed photon, that makes this pumping scheme so efficient.

3 Increasing the density of optically pumped
3He

For many applications especially in nuclear and high energy physics, dense polari-

zed 3He targets are needed. If this technique is to be used for high density targets,
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Figure 3: The Toepler-compressor

however, high density must be achieved either by mechanical compression, a way

which has been followed first by J. Daniels and collaborators [7], or by cooling a

side arm in a double cell configuration to low temperatures which is the domain

of the Paris group [8]. If one aims at still higher densities than cau be achieved by

cooling [9], one has to apply some kind of mechanical compression which poses a

number of technical problems: 1) avoiding any relaxing material, like stainless steel

for instance, 2) achieving high compression factors and 3) maintaining high purity

of gas. Our Mainz-Paris collaboration has undertaken the task and constructed a

prototype of 3He compressor which followed the ideas of the Toronto group and

which is sketched in fig. (3).

Its an all glass apparatus in which a mercury piston is activated periodically

to compress gas from the pumping cell (bottom part of fig. (3)) into the storage-

or target cell. The compression cell is linked to the storage cell by a small tube

containing a mercury valve on top of a section of sintered glass. The storage cell

is leaking through a capillary tube calibrated so that a convenient pressure equi-

librium is reached in each part of the apparatus. With an average transfer rate of

7-1017 3He/s (P o = 50 %), 120 polarization and compression cycles (T e = 35 s)
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Build-up of Nuclear Polarization in 3He-Target-Cell
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Figure 4: Build-up of nuclear polarization in the target cell, containing 120 [cm3]
3He at 685 Torr.

were needed to fill the target cell of V = 120 cm3 at a 3He pressure of 685 Torr.

The build-up time of the polarization is monitored by NMR and shown in fig. (4),

reaching a maximum polarization in the target cell of P j = 30 %. To account for

the polarization loss in the compression cycle, several causes of relaxation have

been identified so far, which will hopefully be suppressed in the new version of

this type of compression pump.

4 Future target development work

Since about two years, long a-axis grown LNA-crystalls are commercially available

which can be pumped by Krypton arc-lamps [10]. So far these lasers can deliver

3 Watt of continuously tunable power at A = 1,083 /im within p bandwidth of

2 GHz. The jump in the laser power by a factor of 10 as compared to previous

state of affairs, can directly be transfered in increased production rates and higher

steady state nuclear polarization, provided one is able to absorb the total amount

of incident laser power in the pumping cell. Generally, this requires large pumping

volumina, as the laser has to pump the fairly thin vapour of metastable atoms.

What concerns the mechanical compression of the polarized gas, a new two stage

design of the piston compressor is under construction, which provides a better

adaptation of its pumping speed Sp to the increased production rates and which

aims at higher endpressures. The apparatus consists of a commercially available

oil free diaphragm pump with Sp = 10 1/min at p = 2 Torr compressing the gas to

atmospheric pressure. In the second step a homemade piston compressor made of
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titanium and o-ring sealed copper valves should reach the endpressure of 10 bar.

The latter has already been tested regarding relaxation and outgasing properties.
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Summary. The Argon cluster-beam, with maximum thickness 1.5-1014

atoms/cm2, installed at Frascati on the ADONE storage ring, is described.
The cluster-beam works at room temperature and is used as a radiator to
produce an intense tagged photon beam with energy up to 1.2 GeV.
The Argon beam properties were measured using electrons stored in
ADONE: the results are in good agreement with the expected values. The
effects of the target on the circulating electrons have been studied. The
apparatus can produce cluster-beams of higher thickness and work with
different gases. It is suitable for internal target experiments with the 1.5
GeV stored electrons.

1. INTRODUCTION.

The presence of very high currents (100-200 mA) circulating into electron storage rings

has suggested that under certain conditions these high beam currents could be used in

conjunction with internal targets to achieve reasonable high luminosity under conditions of

low background, good energy resolution, negligible multiple scattering with minimal

demands for beam from the primary accelerator. ['-3J in its simplest realization the internal

target configuration consists of a thin gaseous target located to intercept the beam at a point

in the lattice of the storage ring where the circulating particles are highly focused. The high

luminosity is achieved by recirculating the same particles through the target many times per

second. The stored energy in the circulating beam is small compared to that dissipated in

burying an external beam of comparable luminosity. Consequently, backgrounds and

shielding requirements for an internal target facility are modest compared to those for a

*) Presented by V. Lucherini

85



conventional external beam installation. Therefore, this approach represents an attractive

option for performing in a cheap way some of the experiments foreseen in the coming

continuous beam accelerators. Cases of particular interest might be in experiments involving

polarized targets or the detection of low energy highly ionizing particles such as recoiling

target nuclei and fission fragments, deuteron and alfa particles, where energy loss in the

target is of prime importance.

A disadvantage of internal targets is that they heat the circulating beam, resulting in

degraded emittance and reduced beam lifetime for reasonable target thicknesses.Therefore,

the target must be thin enough to prevent loss of superior beam quality. The optimal

thickness for this kind of applications lies in the range of (1+10) ng-cnr2: a much thicker

target would perturb the beam to an uncontrolled level, while a thinner one would lead to an

unacceptable low luminosity. In recent years there have been extensive activity in the

development of gas targets of useful densities for this aim. A target with the required density

range and appropriate geometry is resulted to be a type of condensed gas (cluster-beam)

which consists of large agglomerates of molecules which move at supersonic speed over

long distances in high vacuum.!4"5)

A cluster-beam is produced by letting a gas, at high pressure in a vessel, expand into

an evacuated chamber, through a supersonic nozzle. In studies on the profile of supersonic

nozzles with the same orifice diameters, Obertf6) has shown that the trumpet-shaped nozzle

provides the narrowest density distribution. This nozzle consists of a converging and a

diverging part, and is usually described by the throat diameter, dj, and the cone half-angle,

$, of the diverging part. In this process the gas undergoes an adiabatic expansion during

which, in the converging part of such a nozzle, the gas flow velocity is enhanced, while

pressure and density are dropping continuosly. When the gas pressure at the exit of the

nozzle is larger than the pressure in the expansion chamber, the subsequent development of

the gas flow in the divergent part of the nozzle leads to a supersonic expansion and to a

further decrease in pressure and temperature. In the process the Mach-number, initially <1 in

the stagnation volume, reaches the value of 1 near the nozzle throat and rapidily increases in

the following divergent part. For suitable p0 and To values, the gas becomes supersaturated

and a core forms consisting of large segregates °f molecules which move with high

directionality at supersonic speed.I6' This core, selected by means of a set of collimators

("skimmers") and a differential pumping device, travels far from the nozzle, through the

residual vacuum, without absorption or diffusion by the residual gas.

The core features were studied by Hagena and Obertf5! as a function of the initial

parameters (T(), p0), and the nozzle geometry (dj and 9) and for different gases. The cluster

size Ncs can be increased l6l by changing p0, To and deq (being deq= d,-cotg(d)) according

to the expression:
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deduced empirically and mainly for an hydrogen beam. Moreover, Hagena and Obertl5)

found that working with different gases the clusters keep the same size, no matter of the gas

used, when the "scaled" parameters p0, To and deq are kept constant ("corresponding jets

principle"'7!).

The viability of cluster-jets as internal targets in accelerator rings has been

demonstrated in a series of experiments conducted at Novosibirsk (VEPf8!), Saclay

(Saturnel9l),CERN (ISR.HO] SPStnl), Fermilabl12! and Brookhaven (AGS^l ) . Other

targets are beeing built at Julie (COSYl13!), CERN (LEARt14!), and Uppsala

(CELSIUSI15]) or proposed for installation in existing storage rings (PEGASYSns] at PEP)

or in new rings under construction (Novosibirsk,!17! Bates,!18' and NIKHEFt19!). These

targets match very well the ring constraints of very good residual vacuum in the interaction

region with the need for a reasonable high luminosity. Recently, a molecular Argon cluster-

beam has been installed at Frascati on the electron storage ring ADONEJ20!

In Table 1, the Facilities that use or plan to use Jet Targets on electron rings ore

summarized.

LABORATORY

NOVOSIBIRSK

FRASCATI

MIT

NIKHEF-K

SLAC

Table

DATE

1969

1986

Proposed

Proposed

PEGASYS
(Proposal)

1. Jet Targets on

JET TARGET

2H, 16O
powders

Ar, ^0

2H, 3He

2H, «He

2H, N, Ar

electron beams.

ENERGY
(GeV)

0.1-0.4
2.0

0.3-1.5

0.3-1.0

0.3-5-1.0

5.0-18.

PHYS.PROGRAM

Electronuclear,
Photonuclear,
Polarization

Photonuclear,
Electronuclear

Electronuclear
Polarization

Electronuclear
Polarization

Electronuclear

In the following we report on the Argon cluster-beam used at Frascati as internal

radiator in the ADONE 1.5 GeV electron storage ring to produce an intense tagged photon

beam from the bremsstrahlung of circulating electrons. After a brief description of all the

experimental Facility, we present cluster-jet measured characteristics and discuss the effects

of the clustered jet on the circulating electrons.
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2. THE ARGON CLUSTER-BEAM IN ADONE

2.1 General Layout

Fig. l(a) shows a schematic layout of the positron-electron storage ring, ADONE: the

ring is divided into 12 identical regions each consisting of a lattice element (a n=l/2 bending

magnet with a quadrupole doublet on each side, which provide focusing in both planes) and

a 2.6 m long straight insertion for experiments. The orbit lenght is appioximately 105 m, so

that a bunch of ultrarelativistic electrons takes about to=35O ns to make a round.

Electrons are injected

into the storage ring at an

energy of =340 MeV (a

few-turn injection will

result in about 70 mA

current circulating in the

ring) and then accelerated

to the desired energy by a

51.4 MHz radio-frequency

(RF) cavity and kept in

orbit by rising the magnetic

field of the guiding

magnets (this operation

requires about 20 s). The

RF-cavity groups the

circulating electrons into 18

bunches, each =1 ns wide

and =20 ns apart. The

maximum energy is 1.5

GeV with energy spread

about б-Ю"4.!2']

The Argon jet target

is installed in the straight

c- i / ч А г u » ГЛ/-ЛХП- • u • u sect ion n° 5, b e t w e e n con-

Fig. 1. (a) An overview of the ADONE storage nng showing the
Argon jet target location. Also shown are the locations of other secutive lattice elements,
experimental apparata: the FENICE e+e- experiment for measuring rf raHiarnr tn
the neutron time-like form factor, the LADON laser cavity for the C l b s r a a i d t o r l o

production of a polarized and monochromatic photon beam, and the produce a bremsstrahlung
two sinchrotron ligth stations PULS and PWA. (b) An overview of
the tagging spectrometer and counters. photon beam.

This is monocromatized by using the tagging tecnique: the recoil electrons are

momentum analyzed by the next machine dipole magnet and detected by two arrays of

'{ BEAM

(a)

TAGGING COUNTERS
J.

e" Injection

JET TARGET

(b)

FORWARD ARRAY

BACKWARD ARRAY
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scintillation counters in coincidence (39 counters in each array), placed between the ring

vacuum pipe and the dipole magnet flux return joke [Fig. 1 (b)]. The scintillators define 76

energy channels, and have different sizes to give the same photon energy resolution (=1% at

Eo=15OO MeV) over the whole tagging range k=(O.4-O.8).Eo (Eo being the energy of the

machine).t20) A photon intensity of about 6-107 photons-s1 in the whole tagging range (that

is about 7.5-105 photons-s1 per energy channel) is obtained from an average circulating

current of about 60 mA, and a jet thickness of =5 ng-cnr2.

The jet target is a vertical construction

with the cluster-beam source at the top upper

cone, the scattering chamber, where the

circulating electrons interact with the Argon

clusters, at the center, and the jet-dump at the

bottom lower cone. Turbomolecular pumps

act on the two cones and on the ADONE

straight section.

In Fig.2 is reported a schematic three-

dimensional internal view of the apparatus: the

upper cone,Va, contains the nozzle with its

frame and the collimation system, and, the

lower cone.Vfc, the sinking system. Both

chambers have three pumping stages, and are

separated by two gating valves from the

ADONE vacuum pipe Vc . The gas, that flows

through the nozzle and does not cluster, is

pumped off by high pumping speed devices,

while the cluster core is selected using a set of

four skimmers. Then the cluster-beam is

collected into the sinking volume and

backstreaming is reduced using a second set

of four collimators.

The apparatus is automatically and

remotely controlled by a dedicated computer.

Fig.2 Three-dimensional view of the ultra high
vacuum chamber, the upper cone contains the
differentially pumped beam source, with the
nozzle, skimmers and collimators; the lower
cone, the differentially pumped beam
dump.The turbomolecular pumps acting on the
upper cone Va are shown.

2.2 Results

Here, we report on the results of measurements of the Argon cluster-jet characteristics

performed in the following operating conditions: inlet pressure and temperature K20 bar and

about 300 °K, respectively; nozzle throat diameter 70 p.m and semiiaperture 3.5°. From a total

flux of = 1020 Ar-atoms/s expanding from the nozzle, the collimator system selected about
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1С)17-1018 atoms/s, which corresponds to a target thickness of 1-И0 ng/cm2 (0=6 mm) on

the path of the electron beam (that is at a distance of =25 cm from the nozzle)J22l

The vacuum levels were measured, in different runs and for various Argon jet

thicknesses, in several straight sections of ADONE. The pressure rise up to about 5-107

mbar in the vacuum pipe around the target region was mainly due to the cluster which did not

reach the sink system. The vacuum in the rest of the ring resulted unaffected. The recovery

time to the normal vacuum level 6 1 0 1 0 mbar, after the jet was switched off, was about one

minute. Furthermore, by comparing the mass spectra from the ADONE residual gas in

normal condition and after switching the jet off, we found no changement in the composition

of the residual gas.

The jet diameter d i p at the interaction point was measured by moving the electron beam

radially, while keeping its trajectory parallel to the straight section axis within 0.1 mm

uncertainty, and recording the rate of the tagging counters. We performed several

measurements at different electron energies and jet densities, and over the range -12 mm < xd

< 10 mm (xd being the radial displacement of the electron orbit from the central one) for

which the efficiency loss of the tagging detector is negligible. The electron beam intensity

distribution is a gaussian centered at xd with an intrinsic radial standard deviation a whose

values are 0.6 mm and 1.8 mm, respectively at 500 and 1500 MeV. In the hypothesis of

uniform density and cylindrical shape, the jet diameter d i p is related to the tagger counting

rate c(xd) by a simple convolution.

In Fig.3 are shown the beam profile of the Argon cluster-beam, measured at the given

electron energies and jet densities. The obtained diameter values agree very well among each

other: their average value is d i p = (5.4 ±0.1) mm.

D p= 0.3 ng/cm3

„ p=0.03 ng/cm3

- S O S
\ [mm] 10 IS

Fig.3 Jet profiles measured ai the given electron energies and jet thicknesses. The solid lines arc the
results of ihc convolutions of the electron beam size (gaussian with o=1.5 mm at 1500 MeV) wilh a
cytindric jel of (5.4+0.1 ) mm radius.

The jet density at the interaction point was measured monitoring the residual pressure,

the gas throughput and the evacuating pumping speed in the sinking volume in the
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hypothesis of supersonic expansion. In Fig.4 the target thickness, deduced from the

measured residual vacuum p r is plotted as a function of the inlet pressure p 0 . As it is shown,

the transition from gas- to cluster-jet occurs for an inlet pressure of about pc b=5.5 bar, and

produces a sudden increase on the jet density. The beam density, for pressure values above

p c b corresponding to the cluster-beam regime, grows linearly as p 0 increases.

2.3 Beam loss mechanisms

With the jet-target On, the beam current in the ring decreases as the number of turns

(и) around the ring increases according to : I = I o e" px-

The removal cross section, £ ,

involves, in principle, the processes of

ionization, bremsstrahlung, elastic electron-

electron scattering (Moller scattering) and

Coulomb scattering in which electrons lose

sufficient energy or are scattered at angles

such as to place them outside the phase

space of ring.

For the operating range of jet

thicknesses (1-И0 ng-cnr2), and electron

energies (E0=50(b-1500 MeV), the

ionization energy losses and the growth in

divergency due to the Argon target are

10'
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Fig.4 Target thickness px vs. inlet pressure pg

measured with the dj = 70 um diameter nozzle,

a 0,5 |xm sintered filter, and the 0=1.1 mm
first skimmer.

negligible being the RF-cavity able to

compensate for.

Then, the removal cross section

involves only the process of bremsstrahlung

outside the energy acceptance of the RF-cavity (lO2Eo) and the electron beam lifetime for a

jet-target of atomic number Z is proportional to p-Z"2.'23!

This is shown in Fig.5 where are plotted the limiting density and luminosity available

at ADONE with different gases (A is the gas atomic number) for 20 minutes beam lifetime,

and for 100 mA stored electrons. As it is seen, the maximum luminosity per nucleus is about

1O33 Z 2 c n r V 1 which is more than sufficient to carry out electron scattering experiments,

particularly when using large solid angle detectors.l20!
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3. CONCLUSIONS

The viability of cluster-jets as internal targets in accelerator rings has been

experimentally demonstrated in several Laboratories.An Argon jet target has been installed in

the ADONE storage ring. The cluster-beam features were derived from the already working

hydrogen condensed beams by using the corresponding jets principle and the scaling law.

A présure rise up to about 5-10"7 mbar in the vacuum pipe around the target region is

measured. The vacuum in the rest of the ring results unaffected. The recovery time to the

normal vacuum level, after the jet is switched off, is about one minute.

The operating conditions are: inlet

pressure and temperature (1+20) bar and

about 300 °K, respectively; nozzle throat

diameter 70 дш and semiaperture 3.5°.

From a total flux of =102 ( ) Ar-atoms/s

expanding from the nozzle, the collimator

system selected about (1O I 7 +1O 1 8 )

atoms/s, which corresponds to a target

thickness of (1 + 10) ng/ctn2 (0=6 mm).

It has been shown that, for energies

higher than about 500 MeV, both beam

loss from ionizzation, multiple scattering

and emittance growth are negligible and

10
1000

Fig.5 Calculated maximum luminosity for a
20 minutes beam lifetime (upper curve and
left ordinale scale) and the target density
(lower curve and right ordinale scale) as a
function of the atomic weight A.

that the limitation on target densities (and

thus beam-gas luminosity for internal

target physics) is dictated only by loss of

electrons by bremsstrahlung processes.

The apparatus can work at lower temperatures and with different gases. Luminosities

per nucleus of about 10 3 3 -Z 2 c n v V are achievable with 20 minutes lifetime and good

emittance for 100 mA circulating electrons of energy up to 1.5 GeV .
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1. Introduction

The new generation of high duty cycle electron accelerators being completed

at Mainz. Bonn, NIKHEF. Bates and CEBAF will allow new experiments that could

not be performed until today. Among these will be experiments that require high

quality polarized electron and photon beams as well as the precise measurement

of target and recoil polarization. In this paper we will focus on polarization

observables in the photoproduction of pseudoscalar mesons. In particular, we will

analyze which of the single and double polarization observables might be best

suited to advance our knowledge of the elementary photoproduction of pions,

etas and kaons.

Regarding pion photoproduction we will briefly look at the process yp-тг°р

at threshold and illustrate how polarization observables can further our know-

ledge about the fundamental multipoles involved. Few data are available for low-

energ> /)-photoproduction which in our model4 proceeds via the excitation of the

Sn(l535), Ри( 14-40) and D13(1525) resonances. While the cross section is dominated

overwhelmingly by the S n state polarization observables are also sensitive to

D13 resonance.

Our examples for kaon photoproduction are taken from ref. 5 which we refer

the reader to for a more complete discussion of the subject. Much uncertainty

remains in this reaction regarding the number of resonances contributing and the

value of the basic coupling constants.
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2. Polarization observables

The most general operator for the photoproduction of pseudoscalar particles

can be written in the form

= ci • £ Fj + i б • q 6 - ( k v £ ) F 2 + 6 k 3 - q F 3 + d - q f q F, (1)

where the functions Fj are the CGLN-amplitudes6, к and q are the photon and

meson c m . unit vectors, and z is the photon polarization. Thus, the most general

scattering amplitude is uniquely specified by the knowledge of 4 complex functions

which depend on the scattering angle 0 and the invariant mass W. To obtain

complete information, we require 7 independent measurements from which we can

extract 7 real values. Because each physical observable is a real bilinear form of

the amplitude in Eq. (1), we can construct 1b distinct observables, given in

Table 1. These quantities which can be defined in terms of helicity or transversity

amplitudes are not independent of each other but are related through the

following nonlinear equations

E2 + F 2 + G2 + H 2 = 1 • P2 - S 2 - T 2 (2.1)

FG - EH = P - ГГ (2.2)

C 2 + C 2 + O 2 + O 2 = 1 + T 2 - P2 - I 2 (2.3)

C Z O X - C X O Z = T - PS (2.4)

T x + T z + L x + Lz = ' + " 2 " p 2 ~ JZ < 2 5 )

T x L z " T z L x = - - PT. (2.6)

In addition, various inequalities can be derived which impose numerical

bounds on the values of the observables. Due to these relations one needs to

measure - besides the differential cross section and P, T, and S - not only three

but five double polarization observables of which no four must come from the

same set (beam-target, beam-recoil or target-recoil).
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Table 1

Observables in pseudoscalar meson photoproduction

Polarization* of

•y Target Recoil

1. do/dfi differential cross section

- Single polarizîtion measurements:

2. P recoil polarization asymmetry y'

3. S polarized photon asymmetry p

•к Т polarized target asymmetry y

- Double polarization measurements:

Beam - Target

5. E

<). F

7. G

8. H

Beam - Recoi!

^x

10. C z

И. O x

12. O z

Target - Recoil

13. T x

12. T z

15. Ц

1(>. L,

quantization axes are defined as follows:

z : к . \ : К х q , X = у > Z ,

z : q , y : К * q , x " > * z ,

р: photon linearl> polarized (0, n/2 w.r.t. scattering plane)

c: photon circularly polarized

t: photon linearh polarized (± тс/4 w.r.t. scattering plane)

С

с

t

t

с

с

t

t

z
X

z

X

X

.4

z

-

X

z
X

z

X

z

X

z
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3, Pion Photoproduction

Low eneijj; theorems (LET) have been a very powerful tool to determine the

threshold amplitudes for reactions involving photons and pions. Gauge invariance

and the (partial) conservation of the axial current (PCAC) allow to express these

amplitudes in the low energy limit in terms of the global properties of the

hadrons, such as their masses, magnetic moments, and coupling constants. While

these theorems are exact in the case of photons, their application to pions involves

an expansion about the unphysical soft-pion limit of massless pions. Though it

had been noted earlier that a power series expansion in the pion-nucleon mass

ratio, (i = т т с / т ы . might not be justified , it came as a great surprise when

recent experimental results from Mainz1 and Sacla> on the reaction у + p --•

n° + p indicated that the LET value for the EQ+ multipole was off by a factor

of five or more.

The suppression of the EQ+ amplitude can be seen by inspecting the angular

distribution shown in fig. 1 for a photon energy E = 149 MeV. Near threshold the

differential cross section is given by

= J (A

A = i- | 2 M 1 + + M,_| z + ^ | 3E 1 + - M,+ + M j . l 2 + | E 0 + | 2 (3)

В = 2Re ( E o + (3E 1 + • M 1 + - M , . ) ' )

С = |3E 1 + • M 1 + - M , J 2 - ^ |2M 1 + + M j _ | 2 - i- | 3 E 1 + - M 1 + + M j _ | 2 .

While the LET predict a cross section peaked in the backward region due to

Eo +/M1 + interference in the B-term. the experimental data are much lower and

nearh symmetrical about ')0° due to the lack of Eo+ strength.

In order to fine-tune the value of the Eo+ one could consider measuring a

polarization observable that is directl) proportional to the asymmetry term В of the

differential cross section. Such a quantity is given by the beam-target observable F

FO) - ^ = sinG (-3E0+- M,+ + 3cos6(M 1 + - M,_ + M2

+)) (4)
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150 180

Fig- Angular distribution for p -> it 0 p at E = 149 MeV. The

dashed and solid curves are obtained with Eo+ = -2.5 • lO'Vm^ and

Eo + = -0.35 • l ^, respectively. The p-wave multipoles determined

in the Mainz experiment are M1+ = 7.95 qk • 10~3/m^, Mx_ =

-0.75 qk • 10~3/m3 and E1+ = 0. The Figure is taken from ref. 1.

assuming E1T PS 0 and all multipoles to be real1. Both assumptions are clearly

approximations and especially the validity of the latter one can be checked by

measuring the target asymmetry T

T(0) - ~ = 3sin0 Im
q dn -o+

3cos0 (S)

which is sensitive to the imaginary parts of the multipoles. Due to rescattering

effects the amplitudes must be complex above the <Y,K+) threshold.

The values of the multipoles have been obtained by a fit of the coefficients

А, В, С in eq. (3); however, the Mt_ is small and was determined with a large

error bar to be Mj_ = (-0.75 ± 0.6) • 10~3 qk/m^. In Fig. 2 we illustrate how

insensitive ^ is when varying the Mj_ between its upper and lower bound. On

the other hand, the beam asymmetry S
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S(9) ^ ш = 3sin20 й (6)

changes by a factor of two and can therefore be helpful in better constraining

the p-wave contribution at threshold.

°-30f e,= 150°
0.25

(Л

G
•о

о

0.20

0.15

0.10

0.05

0.30

0.25

0.20

0.15

0.10

0.05

0

Fig. 2

151

E Y lMeV]

157 160

Differential cross section and beam asymmetry S at 0^ = 150 . The

solid curve corresponds to Mj_ = -0.75 qk • 10~3/m .̂ while the

dashed (dash-dotted) line indicates the lower (upper) error band for

the Mj_ with the M1+ fixed.
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4. Eta photoproduction

In contrast to pion photoproduction the reaction yp->r\p is dominated by the

Su(1535) resonance already very close to threshold while the Born terms are very

small due to the smallness of the coupling constant g-N^j- In our model we

have neglected the Born term contribution using only resonances as a production

mechanism.

In order to constrain the hadronic vertex in the reaction yp->t]p we have

performed a coupled channels calculation for the TCN, T)N and 7t7tN systems. In

this model, the reactions proceed through the formation of an N* isobar doorway

state. The Pu(1440), D13<1520) and Su(1535) states were used to generate the p-,

d- and s-wave interactions, respectively, since these resonances are known to

dominate the p(it ,r\)n reaction near rj production threshold . The relevant coupling

constants and range parameters of the model were adjusted to reproduce the irN,

PJJ. S n and D13 phase shifts as well as the p(7t~,T))n cross sections. After fixing

the hadronic interactions in the way described above we use them as an input to

the reactions yN™7tN and yN-'ï)N. Following a suggestion by Olsson we satisfy

unitaritj by assuming the yNN function f N<E) to be complex and energy

dependent, treating it as an effective vertex which is renormalized due to pion

rescattering. Rather than calculating this effective vertex microscopically we para-

metrize it and adjust the parameters to reproduce the Eo+. Mj_, E2_ and M2_

(у,к) multipoles. With this input we then predict УР~-*ЛР the differential cross

section shown in Fig. 3. At this energj, the agreement with the few experimental

data is good while at higher energies the influence of higher resonances becomes

noticeable.

The differential cross section is clearly dominated by the S n state (or Eo +

multipole): the other resonances can only influence the shape of the angular

distribution. This situation changes when one looks at the single polarization

observables P. T and 2. shown in Fig. 4. Neglecting the M2_ or E2_ multipoles

can drasticalh influence these quantities. Note that in case of the recoil polariza-

tion P the two multipoles cancel each other resulting in small values for P

when all resonances are taken into account. Unfortunately, even these observables

seem to be insensitive to the Pii Roper resonance.
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Fig. 3 Differential cross section for the process тр--ЛР at E y = 750 MeV.

The solid curve shows the full calculation while the dashed (dash-

dotted, dotted) leaves out the E2_(Mt_,M2_) multipole.

5. Kaon photoproduction

In this section we present some examples of polarization observables for

the process ур^"К+Л which has recently been reviewed by Adelseck and SaghaiS.

Using lowest order Feynman diagrams they included the Born terms and studied

the effects of all known spin-^ and spin-^ nucleonic resonances, the contribu-

tions of all known spin-т, lambda and sigma resonances, and the influences of

the two lowest lying kaon resonances, i.e. the vector-kaon state K*(892) and

the pseudovector state K1U280). They perform a thorough analysis of the

existing differential cross section data up to 1.4 GeV, taking into account

systematic uncertainties but leave out a data set that is shown to be internally

inconsistent. The relevant coupling constants for the resulting two models are

given in Table 2. Note that the two main coupling constants, g K A N and gKvN-

are in good agreement with SU(3) predictions and the couplings of the extended

Born terms are quite stable within the two models. Furthermore, the reaction

mechanism is kept simple since each model contains only one nucléon and one

hvperon resonance even though the obtained x2/N values are small and comparable.
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Fig. 4 Polarization observables P, T and S for the process Yp-̂ лр at Ey

750 MeV. Everything else as in Fig. 3.
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Table 2

The relevant couplings. The states N1, Yl and Y3 correspond to

Pu(l440), SO1(14OS) and SQ1(167O).

Model

Model

Model

Model

1

9

1

2

- 4.17

- 4.2f.

- 1.41

- 0.20

1.18

1.20

GY/V4lt

- 0.20

'4TC G V / 4 T C

- 0.43

- 0.38

GYO/V47T

- 3.17

G T / 4 T T

0.20

0.30

X2/N

1.3

1.4

- 0.10

- 0.06

G T / 4 T C

- 1.21

- 1.35

Fig. 5 compares the two models with experimental data. Note that the description

of the data is excellent especially at the higher energy and that the two models

are almost indistinguishable in their fit to the differential cross section. The

situation is quite different for the asymmetry observable G measurable in the

process Yp —К+Л, which is shown at the same kinematics. The angular distribution

of G shows that this observable may serve as a good analyzer for the kaon

photoproduction mechanism. A suitable choice for the kinematics would lie at

photon energies above 1.2 GeV and kaon cm. angles larger than 40°.

Finally, we briefly present the potential of kaon photoproduction as a

mechanism of producing polarization in hypernuclei. The advantages of the (Y,K+)

reaction for hypernuclear production have been presented elsewhere11. If the Л

particle in a bound orbital is well polarized, angular distributions of the ejectiles

are asymmetric with respect to the polarization axis and, therefore, sensitive to

the decay mechanisms. Furthermore, if j A of а Л coupled to a 0+-core nucleus

is well aligned, the magnetic moment (1Л in the nuclear environment could be

measured. This would be a unique signature of possible medium modifications

on the free magnetic moment.
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Fig. 5 Differential cross section and beam-target observable G at fixed

photon energ>. The solid and dashed curves show model 1 and 2.

respectively. The figure is taken from ref. 5.

Fig. 6 presents cross sections and polarizations for a number of nuclear targets

at E_ = 1.5 GeV. The cross section for kaon photoproduction from heav> nuclei

is smaller due to K+-distortion. The processes on lbO, 28Si and S6Fe all involve

O+~targets and the states shown are ground state transitions. In case of 8"Y we

have a transition -̂  — 7y , i.e. a 2p1/2 proton is converted into a ls1/2 lambda

which then couples to a 0+-core. The amount of polarization varies greatly for

the different targets but becomes appreciable already for kaon angles as small
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Introduction

Spin is obviously apparent at all levels of intermediate energy nuclear physics: quarks are spin-1/2
partidee. Three valence quarks constitute the nucléon which itselfs is spin-1/2 . Also, baryon reso-
nances are spin half integer objecte. The A-resonance, for instance, can be produced off a nucléon
by spin flip of one quark.
On the next level nuclei are composed of nucléons and the coupling of nudeon spins together with
orbital or angular momentum defines the spin of nuclei.
Spin being obviously present it is important that the interaction strength is spin dependent. The

nucléon baryon nucleus
resonance

Figure 1: Spin on the level of quarks, nucléons and nuclei

quark-quark force, for instance, contains a color-magnetic hypernne interaction which causes an
attraction for antiparallel spins and repulsion for parallel spins. As an example, this causes the
A(1232) being higher in mass then the nucléon.
The interaction of nucléons is spin dependent also. The neutron proton potential for spin-1 cou-
pling is deeper than for spin-0 resulting in a bound state (deuteron) for the spin-1 system only.

The investigation of spin effects is the aim of polarisation experiments. Two examples of polarised
target experiments will be given. The first is a target asymmetry measurement of pion photo-
production on nucléons. The second concerns with deuteron photodisintegration. Then, some
experimental aspects of polarised target experiments will be discussed and, finally, the PHOENICS
experiment at the Bonn stretcher ring ELSA is shown.
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Nucléon Resonance Region

In single pion photoproduction jN -» icN the probability of the reaction depends not only on kine-
matic variables like energy and scattering angle but also on the helicity of the particles involved.

V

NHi : helicity amplitude

Figure 2: the probability amplitude depends on the helicity of the involved particles

The differential cross section is proportional to the sum of the 4 helicity amplitudes squared.
Therefore it is not very sensitive to a small effect which may occur in one special helicity constella-
tion. The polarisation observables contain bilinear products of amplidudes or differences of helicity
amplitudes squared [1] and so special observables are sensitive to structures in special helicity
amplitudes.

differential cross section
beam asymmetry
target asymmetry
beam-target-asymmtry

<br/du,~ |#1|2 + |Я 2 | 2 + |Я 3 | г

S ~ Re (ЩЩ-Н2Н$)
T ~ Im (НхЩ - Н4Щ)

E ~ Iff^ + lffsl'-ltfil'

The baryon resonances and their relative strength contributing to the fN -* -KN reaction are
shown in fig.3.

Above 700 MeV photon energy the D\z resonance is dominating while Su and Рц are relatively
small. Within a partial wave expansion of the helicity amplitudes the observables can be expressed
in a cos(0) power eeries. The coefficients of the power series contain combinations of certain
electromagnetic multipole amplitudes. We will concentrate on the target asymmetry now:

cUr/dw
(a + b coa{&) + ) о ~ Mi_(ffe_ +M 2 _)

6 ~ EO+{E2-+M2-)

One expects the coefficient V to be large as it is the interference of (2J2_ + Mj_) amplitude,
which excite the Z?i3-resonance, and £b+ which contains born terms and Sn excitation. The coef-
ficient 'a' is proportional to Mi-(E2- + M2-) and should be smaller. The angular distribution of
the target asymmetry is then dominantly i.o

The sin 20 function is shown by the a s

dashed curve, the influence of <kr/dw is in-
cluded in the full curve.

-0.5

-1.0

Fig.4 shows experimental data of the target asymmetry jp -* ir+n at a photon energy Щ = 700
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Figure 3: Contribution of different baryon resonances to the fN -* *N reaction

MeV which agree with this considerations. For a more sophisticated interpretation of the data a
partial wave analysis is needed which includes the photon coupling of a number of resonances as
parameters. These parameters are fitted not only to the target asymmetry but also to all other
existing data of the 7ЛГ -» irN reaction.
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Figure 4: target asymmetry data at a photon energy Щ = WQMeV measured in Bonn [2]

The photon mediates electromagnetic interaction and does not conserve isoipin. But due to the
coupling to virtual vector mesons like uo (isospin 1=0 ) and p ( isospin 1=1 ) it can be assigned
isoscalar and isovector components. Accordingly, the reaction yp -* ir+n and 71» -• x~p contain
isoscalar As and isovector Av amplitudes:

A(fp - ч Л ) = А г + As

A(-yn - ir-p) = Av - As

Any difference in the target asymmetry of the two reactions can be attributed to an isoscaler
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Figure 5: target asymmetry data at a photon energy Ey = 8S0MeV

amplitude which obviously is non vanishing, see fig.4.

Target asymmetry data at an energy E-, = 850 MeV .which is on top of the Z?13 resonance, are to
be seen in fig.5. The strength of the b- term is enlarged while in addition the higher lying resonance
FIB (1680) starts to influence the angular structure of the ж+п - data, look for instance at 0* = 120°
. Partial wave analyses assign the F16 equal strength of isovector and isoscalar coupling. So, no
influence of the Fif is to be seen in the ir~p - data.

Deuteron Photodisintegration

A large enhancement of the recoil proton polarisation in the fd —* pn reaction was reported by
a Tokyo group in 1977 [3]. This Breit-Wigner type structure was interpreted as an indication
of a dibaryon resonance. Later on, a further measurement of proton polarisation in Kharkov [4]
reproduced the structure but showed even larger polarisation at higher energies. Motivated by this
structure target asymmetry measurements of 7^ —» pn were started in Bonn. The resulting data
[5] are shown in fig.G.

Also shown in fig.6 are the results of different model calculations. Arenhoevel et al. [6] use a
non-relativistic NN - NA - ДД coupled charme! calculation for the final state interaction in order
to treat the A contribution most accurately. For the electromagnetic interaction nucléon, isobar
and meson exchange currents are taken into account. Laget [8] usée a non-relativistic diagrammatic
approach including one body currents ae well as meson exchange and isobar degrees of freedom and
final state interaction. Khang et al. [7] calculate similar diagrams in a kovariant formalism.
The results of the different calculations for the target asymmetry deviate considerably among each
other, see fig.6. Obviously, these asymmetry data state a crucial test for calculations. Further on,
as long as the conventional calculations yield so different results, there is no baiis for the discussion
of dibaryon resonances in the jd —* pn reaction.
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Experimental Aspects

The target asymmetry is measured at target particles with spin orientation perpendicular to the
scattering plane ( +y and -y direction). For spin-1/2 particles it is defined as

_ (7Î - a[ (T\: cross section measured at spin up
~ 0-f + a{ <rj,: cross section measured at spin down

Experimentally it is not possible to polarise the target to 100 % and to measure the cross sections
ff\ and <r\ directly. The population numbers (ц of spin levels define the polarisation :

a+ - o_ a+ : number of target particles with spin up

P ~ <цГ+~аГ о_ : number of target particles with spin down

The count rate N for a given polarisation is

Щ ~ a+a] + a-al a + > a_, positive polarisation
b_(rJ. 6+ < 6_, negative polarisation

So, with measured count rates and known polarisation the cross sections <x| and cri can be
calculated. For same absolute values of positive and negative polarisation

o+ — a_ 6+ — 6_
IJi ^z = — — ~ —P 3=; P

д i -[- д 0 i -\~ 0

the target asymmetry can be expressed as

i m-Nj

P Щ + Nl

The statistic error of a target asymmetry measurement is approximately given by

ST.1- '
P

making obvious that a high polarisation is important to achieve a small error.

For spin-1 target particles (deuteron) there exist 3 spin levels and the target asymmetry is denned
as

3 <T\ - <rl

2 or] + <ro + ai

Expressed by measured quantities one has

T = —

where Nunpoi is the count rate measured at an unpolarised target.

Polarised solid state targets contain polarisable protons (or deuterons) enbedded in molecules Шее
butanol, amonia or lithiumhydride. From the detector point of view this is a 'dirty' target with
only a relatively small fraction of polarisable particles (about 20 % of target mass). The count rate
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Nu* measured at this target contains contributions from the polarised protons ( JVpoj ) and from

the remaining particles ( Nrcm ) :

positive polarisation : ЛГ«о«Т = ЛГрыТ + Nrem

negative polarisation : Wjoti = tfpdl + Nrm

The target asymmetry requires the polarised count rates :

= k

лг«т

So, additional measurements to determine the correction factor к are needed. For a proton
target, the sum of the polarised count rates is equal to 2 times the unpolarised count rate (
Npoiî + Npoil = 2Nmpoi ) which can be determined either at a liquid hydrogen target or with a
substraction of count rates measured at a CE2 and а С target ( Nunpoi = NCB3 - Nc ) • The latter
method has the advantage that the CH2 and the С targets can be positioned in the same target
container as the polarised probe (one after another) so that the detection of outgoing particles is
done under the same conditions in all cases.

For a deuterium target, the unpolarised count rate can be determined by the substraction of rates
measured at a deuterated and a hydronised target material ( for example : N^npoi = NctDwO —
Nc4Hi0o ) assuming that there is no yield of the hydrogen ( # 1 0 ) to the count rate.
As can be seen from the target asymmetry formula it is important to keep the correction factor
к small ( near to 1 ) in order to achieve a small error bar for T . Besides the choice of the target
material the detector can help to reduce the correction factor if it is able to distinguish between
events produced off atomar (=polarizable) protons and bound protons inside С, О or N- atoms.

In a polarised target experiment with real pho-
tons the detector has to manage a special prob-
lem which is due to the magnetic field of the po-
larisation magnet. The photon beam produces
a large number of e + e~ - pairs which are emit-
ted under very small angles into forward direc-
tion. These electrons and positrons are deflected
by the magnetic field resulting in a considerable
background for the detector.

Further on, a charged particle of the investigated reaction is also deflected by the magnetic field.
So, the angle of this particle measured by the detector is different from the production angle. This
deflection angle can be calculated if the momentum of the particle is measured.

All target asymmetry experiments up to now where performed at untagged bremsstrahlung beams.
With a new generation of high duty cycle electron accelerators tagged photon beams with reasonable
intensity become available. In a tagged photon beam [9] the energy of each photon is determined
individually with a resolution of about 1-10 MeV. The photon flux is well controlled but relatively
low : Ny ~ d x W7 sec'1 , d being the duty factor of the beam. In order to compensate the the
low photon flux a large acceptance detector should be used. This has the additional advantage
of covering a large kinematic range of a reaction simultanously or to measure multi particle final
states.
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For a linear polarised photon beam produced by coherent bremsBtrahlung off a crystal the tagging
spectrometer automatically operates as a monitor for the beam polarisation.
Target asymmetry experiments with tagged photon beams are advantageous because of a lowered
background due to the low photon fiuz.The information of the photon energy and the kinematic
information of a large acceptance detector help to reduce the correction factor k.

Future Polarised Taxget Experiments in Bonn

At the Physikalisches Institut der Universitaet Bonn the new electron stretcher ring ELSA ( fig.7 )
has come into operation [10] . Two experiments working with a tagged photon beam were built-up
here. One is the SAPHIR experiment which consists of a large acceptance magnetic detector for
the investigation of multi particle final states [11].

PHOENICS
SAPHIR

e--SCATT.

Figure 7: The ELSA accelerator : Bonn university

The other is the experiment PHOENICS [11] . The PHOENICS detector consists of vertically
oriented scintillator bars which are arranged in two concentric rings around the target , see fig.8.
One half ring contains 20 cm thick scintillation counters which can be used alternatively for the de-
tection of charged or neutral particles (photons,neutrons). The scintillator bars are equipped with
photomultipliers at each end . For each tube the time of flight and the pulse height is measured.
The angular acceptance of one half ring is 10 % of the total solid angle.
PHOENICS is a fast and simple detection system which can operate at high data rates online as
well as during the offline analysis.
The PHOENICS tagging system covers a large energy range of the tagged photons E-, = (0.2 -
0.95)Ea , Eo being the energy of the primary electron beam. The energy resolution is 5 MeV. A
linear polarising beam radiator is under construction in a collaboration with a group at Goettingen
university.
PHOENICS can use either an unpolarised target or a polarised proton or deuteron target [12].
A frozen spin target [13] was built-up and tested succesfully in the laboratory and will soon be
installed in the PHOENICS hall.
Data were taken with the PHOENICS experiment for the reaction 7p —• ir+n on a liquid hydrogen
target. A clear identification of different reaction channels Шее ir+n, ir°p or irxN is seen. The data
are still under analysis.
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Figure 8: Top view on the PHOENICS experiment

In the future PHOENICS will measure single and double polarisation observables for photore-
actions on light nuclei. Among others, eta production experiments on protons and deuterons are
in preparation in collaboration with the EPN Orsay (France) and with UCLA (Los Angeles).
Hopefully, these polarisation data will contribute to further understanding of intermediate energy
spin physics.
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DEUTERON PHOTODISINTEGRATION BY LINEARLY POLARIZED

PHOTONS IN THE ENERGY REGION 0.3 - 1.0 GeV
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V.H.Grabsky, A.V.Hairapetian, H.H.Hakopian, V.K.Hoktanian,

G.V.Karapetian, V.V.Karapetian, A.H.Vartapetian and

V.G.Volchinsky

V»rivsn Physics InstAlul.», 37SO3Ö Y«r>van 30,

Alikhanian Brothers SI. 2. Armöraa, USSR

Abstract,

The cross-section asymmetry 2 °*~ *-he deuteron

photodisintegration process dCj',pn> has been measured in the

energy range 0.3-1 GeV for proton cm angles 45,60,75 and 90°.

The data obtained are compared with predictions of the

existing theoretical models, based on the conventional

approach as well as with the results of Kharkov multipole

analysis which takes into account the contribution of

dibaryon resonances. Neither of these theoretical models

describe the experimental data satisfactorily.
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1 .Introduction

During the last, years the deuteron photodisintegration

by real and virtual photons was one of the important

processes for the intermediate energy nuclear physics. A

detailed study of the deuteron at short distances as well as

the mechanism of breakup is a necessary step in understanding

the nature of nucléon correlations inside the nuclei,

especially the two-body short range correlations. An

important question here is the existence of dibaryon

resonances <DB>, suggested in particular by QCD motivated bag

models. However none of such exotic non- strange six quark

states are established yet in spite of intensive experimental

studies by different probes. It is obvious that the search of

DB must be based on the well understood rionresonant

mechanisms of the process. However the current knowledge of

the photodisintegration mechanism is as a whole

unsatisfactory inspite of considerable and increasing

theoretical and experimental efforts.

At the energies below 0.3 GeV the meson- nucléon picture

of the process is dominant. The details of the NN force,

meson exchange currents CMEC) and the final state

interactions CFSI> are taken into account to describe the

cross section and the recoil polarization data Ш. With the

increase of photon energy the breakup mechanism becomes more

complicated and the contribution of the isobar currents CIO,

NN -interactions as well as the quark degrees _of freedom

become important. In particular the recent SLAC results £21

have exhibited a scaling behavior of the cross-section data
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above 1.0 GeV, predicted by simple QCD- based quark- parton

counting rule C3L It is evident that the quark degrees of

freedom become dominant at energies above 1 GeV. However in

the energy range of 0.3- 1.0 GeV none of the existing

theoretical descriptions of the process can explain the

experimental data satisfactorily. For further development of

realistic theoretical approach it is important to measure the

22 independent observables which are sensitive to the

different details of the yd-*pn process and allow to

understand deeper it's mechanism. In particular, the photon

linear polarization is more sensitive to the details of the

NN force, while the analysing power may be useful to look for

MEC effects C43.

In this paper, systematic data on the beam asymmetry £

for the yd-*pn reaction in the energy range E «0.3-1.0 GeV and

proton cm angles в » 45, 60, 75 and 90° are presented.

2.Experimental set-up

The measurements were carried out on the linearly

polarized photon beam of the б GeV Yerevan electron

sinchrotron. The experimental set-up is shown in fig.l. The

beam was generated by coherent bremsstrahlung of 3 GeV

electrons on the internal 100 m̂ diamond crystal target. The

beam had 2-3 msec-long pulses with a % 50 Hz repetition rate

and an intensity of about 5*10 equiv. photons/sec. The new

beam monitoring system was built on the basis of the thirty-

channel pair spectrometer CPS-30), which consisted of a

bending magnet, a set of removable converters and eleven

telescopes of scintillation counters. The 6 x 5 unmixed
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combinat-ions of the coincidences between the electron and

positron telescopes of PS-30 defined the thirty measured

energy points with regular steps ЛЕ /E ft 2.75 % in the wide

energy range CEma*-EminVE й 1.985, which allows to scan the

full bremsstrahiung spectrum above 0.15 QeV by five

measurements with logarithmic scale of the mean energy E

Cfig.2>. The Wilson-type quantameter and • fast scintillation

monitor were used to monitor the integral photon flux.

The beam was shaped by a system of collimators and

sweeping magnets and it was 10 x. 10 mm wide at the target

position . A 100 mm long liquid deuterium CLD > target with

20 fum stainless- steel entrance and exit windows was used.

The protons were detected by the magnetic spectrometer

CMS), consisting of a doublet focusing system, a bending

magnet, a telescope of four trigger counters four multiwire

proportional chambers with 2 mm wire spacing and a momentum

hodoscope, allowing the full reconstruction of the momentum

and trajectory. The angular and momentum acceptances and

corresponding resolutions of the MS were ДП «3.5 msr, AP/Pss

±6% and o- ss0.8 , cr /P s: 1% respectively. The protons were
а р

identified by TOF on the 9m flight base.

The neutrons were detected by the time- of- flight

detector CNSi, which was a 3 x 4 matrix of scintillation

counters, 23 x 23 x 30 cm each, viewed by one

photomultiplier from the end. It's front surface was covered

by four scintillation counters and a 3.5 cm thick lead

converter to veto charged particles and y- quanta. The NS was

placed on a flight base of 2.8 m from the target, allowing

good time- of- flight separation of neutrons from j'-quanta
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and subst.ract.ion of the accidental background <fig.3>.

Data was acquired through GAMAC electronics connected to

an on-line MERA- 100/25- CAMAC computer. Fiber optic lines

were used to manage the current of the PSM magnet and the

electronics of the MS trigger, placed immediately on the MS.

3.Method and measurements.

The cross- section asymmetry £ was determined using the

reaction yields N_j_ and Nn for photon polarization

perpendicular and parallel to the reaction plane:

P CN,+ NO

where P is the value of photon polarization and depends on

the energy of the coherent maximum in the bremsstz-ahlung

spectrum. The photon spectrum in the accepted region was

measured and controlled each 50 sec. The on-line control of

PS-30 included the control and correction of the PSM current,

determination and correction of the coherent peak position by

crystal turning when the shift exceeded ~3 % from the

required value. Thus a good accuracy was provided in the

photon energy spectrum and intensity monitoring. The data

acquisition system was limited by one trigger per beam pulse

so during the data taking ail triggers were processed and

on-line control has been carried out on the efficiencies of

the tracking detectors, trigger rates of MS and coincidences,

contribution of accidentals in TOF spectra, etc.

The measurements were made approximately in hundred runs

over the period of three weeks and the data in each run were
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carefully checked and partly rejected << 5%> if the beam

energy spectrum and trigger stability conditions have not

been found satisfactory.

The background of accidental coincidences in TOF spectra

of the neutrons did not exceed 10% <fig.3>. The background of

multiparticle events mainly defined by the pion production

reaction yd-*pnn was generated by high energy photons above

the energy accepted by the yd+pn set-up. This contribution

could not be separated fully by cuts in TOF spectra and was

evaluated by rates of neutrons in the angular range out of

yd->pn kinematics, using the results of Monte- Karlo

simulations. This background increased with kinematical

energy up to -10% at E = 900 MeV. The contribution from

empty target cell was measured separately and did not exceed

2%.

4.Results and discussion.

The results are listen in Table 1 and shown in fig.4 as

an energy dependence of the beam asymmetry £<E > for proton

cm angles e'~mm 45, 60, 75 and 90°. The points have been
p

averaged over an energy bin ДЕ /E Ъ 3%. The error bars

include the statistical uncertainties and the systematic ones

due to the background contribution C<10%> and the

uncertainty of the calculated photon polarization СДР /P =s

2-3%> 15].

As it is seen from the ' figure, the present data are in

good agreement with our previous measurements [63, and as a

whole with the Kharkov data E7], obtained by the single-arm

setup, although a systematic difference at e c m » 75 is

p
observed.
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The curves shown in the figure are the results of the

non- relativistic approaches of Leidemann and Arenhovel CLA)

[8] and Laget £9], the results of the со variant approach of

Barannik and Kulish CBJO Cll] and the BK muitipole analysis

based on the set of nine DB-s.

The dynamical treatment of Д- degree of freedom in LA

potential model allows to improve the description of the

Y<i-*pn data above the pion pro'.* action threshold, compared with

more conventional calculations. The position of the total

cross-section maximum as well as the large proton

polarization at 90° are correctly reproduced by coupled

channel calculations (CO, although the problems due to model

dependent absolute values still remain. The results of CC

calculations, shown in fig.4, are obtained for RSC potential

CRSC,5,V > corrected with respect to the NN scattering

data to describe the D partial wave, which is most

important for the disintegration of deuteron in the

Д-resonance region.

The results of LA for the frequently used impulse

approximation <IA> are also shown in fig.4. The A- dynamics

is presented in IA implicitly and the effect of Д-1С

calculated in IA is much smaller than in CC. However the

comparison of IA predictions with the data on observables

which are not very sensitive to the Д-degrees of freedom, as

is the case for the asymmetry £ [8], may be useful.

Close to the ideology of IA is the method of diagram

representation of Laget [9], which takes into account the NN

PSI in S and P waves and includes the exchange by heavy

mesons <p,u). The calculations of Laget are very sensitive to
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the choice of the NN form-factor and the results shown in

fig.4 were obtained for the Levinger form-factor, which allow

a comparatively better description of the experimental data

on do-/dO, £ and P observables in the Д-resonance region.

As it is seen from the figure the results of Laget and

IA, on the whole, describe the data on asymmetry £

quantitatively better compared with CC, although the

energetic structures of calculations are too sharp and not

confirmed by the data.

Ths BK covariant model, based on the four main Feinman

graphs of the process, fairly well describes the data below

the pion production threshold £103. However in the Л-

resonance region and above ,it is unable to describe the data

on cross- section and other observables even qualitatively.

The account of the diagrams with DB excitation, as it is seen

from fig.4 improves significantly the description of

experimental data, although on the whole, except the data at

ecrn= 90°, results of the BK multipole analysis can not
p

describe the energy dependence of £ satisfactorily.

At the same time it can be noted that the dramatic

difference between the predictions of BK with and without DB

contribution <on da/dft it amounts up to a factor of 2-3>

indicates on a very large contribution of DB's in yd-*pn

process. However the necessity of such intensive

manifestation of exotic degrees of freedom in yd-*pn seems to

be non-realistic and noeds to be confirmed. Cn the other hand

the possibilities of conv». itional non-resonant models are yet

far from being exhausted.

From other models of the yd+pn process which are not
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presented in fig.4 we would Пке to note the relativistic

model of Huneke [133 and i ts recent modification by Kang

E143, which is based on the dominant Fermy graphs and takes

into account the FSI, includes the propagating nucléon and Д.

In the recent experimental work at Bonn [123 the qualitative

agreement between the data on target- asymmetry TCSi and the

models [13,141 in the energy range E, « 0.45-0.65 GeV was

confirmed. However as it was shown in our previous work 161

and is confirmed by the present data, this model can not

describe the experimental data on asymmetry £C&> in the

mentioned energy range even qualitatively Cfig.55.

C! VI f ' Vf
The data on the asymmetry difference £jr=£Cn-e Э-ГОЭ >

? p

at cm angles symmetric with respect to в = я/2 represent a
p

sensitive test for the theoretical models in the description

of the isotopic properties of the yd-*pn amplitudes. Using the

generalised Paul! principle for the ycl-*pn process [153, one

can show, that the non-zero value of Д£ takes place only in

the case of interference between isoscalar and isovector

amplitudes and it is equal to zero for the pure isotopic

states. The energy dependence of Д£ for в »45 compiled
стл о

from our data and the data of Bonn [163 at © «133 is shown
p

in fig.6 together with the results of LA, Laget and BK. As it

is seen from the figure there is a noticeable structure with

a maximum around E = 0.55-0.6 GeV in the region between the

first and the second nN- resonances. The dominance of

isovector photons at the Д C1232> resonance and an essential

contribution of isoscalar photons in the excitation of the

second nN- resonance <P C14?0>, D C1520), S C1535» must
11 1Э 11

essentially explain , as. it seems, the structure in Д£ at
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-these energies. The calculations of Laget, where excitation

of the P C1470> resonance at the yNN vertex in the -fd+pn

diagrams is taken into account, agree comparatively better

with the data on Д£.

S.Conclusions

The experimental data on the cross-section asymmetry £

of the deuteron photodisintegration in the energy range

0.3-0.6 GeV and proton cm angles 45,60,73 and 90°

qualitatively agree with the non-relativistic calculations of

Laget and LACIA> and those of multipole analysis by BK. The

other theoretical approaches, including the CC calculations

of LA, conventional part of the BK covariant model and those

of Bonn [13,143 do not describe the experimental data.

The isotopical structure of yd-*pn amplitudes contained

in the asymmetry difference Д£«£Сп-в;>-£<е} are bet/ter

described by the calculations of Laget. The quality of the

presented theoretical predictions for the photodisintegration

process do not allow to draw any definite conclusions on DB

existence.

Authors thank professor H.H.Vartapetian for helpful

discussions and useful remarks.
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FIGURE CAPTIONS

Fig.l Experimental s e t - u p .

D.diamond t a r g e t ; К , с о Ш т а Ь г э ; SM . sweeping

magnets; LD , liquid deuterium tar-get; Q, Wilson

quantameter; M, f a s t monitor; L , quadrupole l e n s e s ;

PSM,BM, bending magnets; С , t h i n c o n v e r t e r s : K.

lead c o n v e r t e r ; S ,V ,N , SF , SB, BF
1-4 1-4 1-12 1-5 l-<3

BB , scintil lation counters; Hp, momentum
i-tf

hodoscope; MWPC , multiwire propoi-tional chambers.

Fig.2 Neutron TOF spectrum at E « 500 MeV and ©c m= 90°.

Fig.3 Photon energy spectrum, measured by PC-30 a t Е р* а к=500

MeV.

Fig.4 Energy dependence о Г the cross sect ion asymmetry £

at Ôcm « 45,60,75 and 90°. The experimental data:
P

• - Kharkov [73, • - the present work, A - Yerevan-84

[63.Curves are resul ts of: IA 183 Cdotted), Laget C93

Cdash-dotted>, CCC8) <full>, non-resonant part of BK

[113 Cdashed>, BK tll3 with contribution of DB's CI»1

<XD C2150), 3F <2260>, 4S C2050>, 3P C2179>,
2 3 О 1

3P C21405, 1в С2470», 1-0 <3S <2140), 3D <2362>,

*F C2230>» Clone dashed>.

Fig.5 Angular dependence of crops sect ion asymmetry £ at E »

300 MeV. Experimental data: c- Kharkov [73, • - the

present work, Д- Yerevan-84 [63, x - Bonn £163. The

curves are resul ts of: IA C83 Cdotted>, Laget

Cdash-dotted), CCC8> -Cfull) and Huneke [133 Cdashed>.

Fig.6 Energy dependerce of Д£ for eCMm 45°. Notation
P

of curves as in fig.4.
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Table 1. Results on £-asymmetry for

p

E

r
CMeV>

301

320

340

363

386

406

420

442

463

478

494

510

525

543

571

610

652

710

748

788

864

965

45°

E

0.1210.08

0.13+0.05

-0.06+0.05

0.0810.04

0.05+0.04

-0.0210.05

0.0410.06

-0.0310.04

-0.0410.04

0.01+0.05

-0.01+0.05

-0.07+0.05

-0.0610.05

-0.12+0.05

-0.19+0.04

-0.2310.05

-0.28+0.05

-0.18+0.06

-0.15+0.11

-0.1710.09

-0.3410.10

-0.58+0.16

P

E
r

CMeVi

294

307

320

332

340

365

386

405

421

442

467

489

508

526

547

568

590

614

638

662

694

60°

E

0 2210.08

0.1610.06

0.1110.05

0.1810.04

0.1610.04

0.17+0.03

0.14+0.03

0.2210.05

0.0810.06

0.10+0.04

0.04+0.04

-0.02+0.05

-0.0210.06

-0.0510.06

-0.1610.05

-0.16+0.04

-0.2310.05

-0.2210.05

-0.26+0.06

-0.2710.06

-0.26+0.09

p

Ey

CMeV

292

307

319

331

344

357

370

385

400

415

432

451

470

489

511

532

554

576

598

620

643

667

696

=75°

E

0.35+0.07

0.35+0.06

0.32+0.05

0.27+0.05

0.38+0.05

0.35+0.04

0.2810.04

0.26+0.04

0.30+0.05

0.26+0.05

0.20+0.05

0.25+0.04

0.15+0.04

0.22+0.05

0.15+0.05

0.11+0.05

-0.0610.05

-0.12+0.05

-0.16+0.06

-0.20+0.06

-0.2710.06

-0.2510.08

-0.4010.08

P

E
r

CMeV;

284

296

307

320

333

346

362

378

395

414

433

451

476

504

528

552

575

598

620

644

672

706

734

767

813

872

940

999

E

0.2510.12

0.3310.08

0.3810.06

0.3210.05

0.35+0.05

0.3510.04

0.3910.04

0.3110.03

0.3810.03

0.2710.04

0.2310.04

0.2310.04

0.0910.04

0.1510.05

0.08+0.05

0.0010.05

-0.0210.06

-0.18+0.07

-0.1510.07

-0.2710.07

-0-3510.06

-0.21+0.08

-0.2710.09

--0.2410.10

-0.1710.08

-0.22+0.11

-0.21+0.12

-0.17+0.21
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PHOTOREACTIONS ON THE NUCLEUS AND ON THE NUCLEON WITH
POLARIZED PHOTONS

M.M. Giannini
Dipartimento di Fisica dell'Università, Genova

and
Istituto Nazionale di Fisica Nucleare, Sezione di Genova

Via Dodecanese» 33 I -16146 Genova, Italy

Abstract. Some examples of experiments with polarized photons
are presented. The photon-proton elastic scattering in the
Д-region is discussed with the aim of studying the Д quadrupole
excitation; ;he deuteron photodisintegration is briefly reviewed
and finally the two-nucleon photoemission is proposed as a tool
for the investigation of nucleon-nucleon correlations.

1. - Introduction.

Investigations using monoenergetic photons up to 1.5 GeV allow to span the
energy interval where nucléon resonances are excited. At these energies multipion
channels are open, therefore a large background is present, and resonances are broad
enough to overlap strongly (see Fig.1). The possibility of significant information is based
then on selectivity, in the sense that exclusive channels have to be studied, measuring in

2.0

, • л'Л *»_ пп'п'п

*• _ _ ! : - - » — _ — — —
IP 7!'iv U, — . 4 . p"P

Fig. 1. The total photoabsorption cross
section for the proton, with the
contribution of various exclusive
channels, as a functio • •' the photon
energy [2].

0.5 3.0 3.5

1 36



particular angular distributions in such a detail that also the efffects of interfering
amplitudes can be observed. In the latter case a fundamental issue is of course provided
by polarization. As examples of the problems that can be studied at the nucléon level one
can quote the E1 excitation strength in the 1.5 GeV mass region, where two different
resonances (D13(1520) and 8^(1535) ) give the main contribution, and the Roper peak,
which is not yet clear if it is a single or double one [1]. As for the nuclear case, one of the
most relevant questions concerns the nuclear medium modifications on the nucléon
excitation process; indications of this possibility are provided by non pionic photo-
disintegration reactions, like d(7,p)n and 3He(7,p)d, where the Д-реак is strongly
reduced or even washed out.

From a general point of view, one can state that a good knowledge of the nucléon
excitation is fundamental for understanding the corresponding behaviour in the nuclear
system.

2. - Photon-proton scattering.

Before illustrating specific cases of interest, it is worthwhile to recall some general
formulae regarding the reactions with polarized photons. The differential cross section for
photon scattering can be written as (see e.g. [3])

P is the linear photon polarization, with P=1(-1) corresponding to a polarization parallel
(perpendicular) to the scattering plane, ф is the azimuth angle and к (к1) if the initial (final)
photon momentum. S and T define the unpolarized and the asymmetry cross sections,
respectively; they can be determined starting from the amplitude M^X^Xj) for the (7,7')
process through the bilinear combinations R x̂<

R

here the X's refer to circular polarization and Jj is the target spin. All the observable

quantities of interest are obtained from (2) by means of the isity matrix p ^ . . In

particular one has

S = |(R11 + R.1.1) T o ^ ^ R ^ + R )̂ (3)

this means that the asymmetry is due to the interference of amplitudes with different
photon helicities.

The amplitude M f j (\ { I \ j) can be expanded in multipoles corresponding to a
definite angular momentum J,JZ transferred to the target (see Fig. 2); without going into
details, which are given e.g. in [3] and [4], one can write
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к- Л1

к Л

J f M f

J . M .

Fig. 2. The photon scattering process,
showing the multipolarities LM (L'M') of
the radiation fields and the angular
momentum J,J Z transferred to the

target.

Мл(Х{,Х|) ~ 2w (phase factor) x (Clebsh) x (Legendre function) x

P j ( p 1 L ' , p L )

(4)

PP

a stays for the set of quantum numbers L,M,L',M',J,JZ, with L,M {L'M1) specifying the initia!
(final) photon orbital angular momentum. In (4) the polarizabilities Pj [4] describe the
multipole contributions, with the convention that p=0 (=1) denotes electric (magnetic)
multipolarity. As usual J=0,1,... means scalar, vector,... polarizability; in the first case only
diagonal terms Po( pL, pL) = Pp L are possible, while for higher polarizabilities there are
also interference contributions.

The photon-proton scattering in the resonance region is a valuable source of
information on the nucléon structure, since in allows to study definite multipole strengths
(see Tablei). Of particular importance is the д-excitation, which can occur through Ml or
E2; keeping also the (background) E1 contributions, the relevant polarizabilities in the
Д-region are the scalar PM1, PE2, PEi and the vector ones VM 1, VE 2, VE 1 and V E 2 M 1 ; in
the vector case again diagonal terms are specified by a unique multipole.

Table 1.
The e. m. transition to the lowest nucléon resonances and the corresponding

multipolarities.

1+
2 2

1 +
2
2"
2

2+

2

EL,

E1

M1

Е1,

М1,

Е2,

ML

М2

Е2

МЗ

state

S.,т(1535), 8^(1650)

Р11(1440)

D13(1520). D13(1000), D33(1700)

Р33(1232)

F15(1680)
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It is well known that the naive quark model predicts zero quadrupole strength in
the N->A transition [5]

2 M ,

Mi M + MА

AN

G =0
E2

(5)

and a magnetic one = 30% lower than the experimental value. However, a quark model
with a potential based on QCD considerations [6,7], that is including spin and tensor
interactions г...ling from the one-gluon-exchange mechanism [8], leads to a = 2%
D-component in the Д-state. As a consequence of this intrinsic deformation a non zero E2
N->A transition arises [9-12]. Taking into account the transition current conservation in a
proper way, one gets a ratio R =|E2/M11 = 2% [12], which is slightly larger than the world
average [13] and not excluded by a recent phenomenological analysis [14]. The present
information on R comes from pion photoproduction and therefore an independent
determination obtained from photon scattering is very important. Since in any case the
quadrupole strength is small, one can consider the espressions for the photon scattering
cross section only up to 1 s t order in E2. The result is

• [(1 + cos2e) ( | PE/ + | P J 2 ) + 2 cos 6 (PE1P M 1 + c c . ) (6a)

S t -

250 r

I 2 I 2

\y+iv,J X.) (3COS0-1)

To =~ d-cos 2 e)[|P E 1 | 2 -|P M 1 ! 2 ]

= T (i -cos2e) [|vM 1|2- Jv E J 2 ] - - L - ( v M 1 v E 2 _ M i + c . c . ) ]

"0 Î0 60 90 120 150 180
9 (dtg)

(VM1VE2M1

(6b)

(6c)

(6d)

Fig. 3. The asymmetry (7) as a function of
the scattering angle [16].
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where the separate contributions of the scalar and vector polarizablities to S and T are
given. From the above equations it is seen that the information on E2 is obtainable also
from the unpolarized cross section S=S0+S.j, provided that the scattering angles are
suitably chosen [15]. A measurement of the polarized photon scattering allows however a
more sensitive determination of E2; in this case one can determine the asymmetry

do,, d o k ,
A O = W " ^ s 2 ( T + T > (7)

which has a simple dependence on the E2 amplitude. A test of the sensitivity of the
method is supplied by an estimate [16] made neglecting the E1 contribution (see Fig. 3):
the results are encouraging, since in order to observe a 5% value of R it is sufficient a
15% accuracy in the measurements.

3 - Deuteron photodisintegration

Taking into account all polarization states in the process

y + d -» p + n (8)
2 x 3 x 2 x 2 = 2 4

cne has 24 complex helicity amplitudes, only 12 are however independent because of
parity conservation; this means that a complete set of 23 quantities are sufficient for the
determination of all the transition T-matrix elements up to a common phase factor [17].
Any polarization observable О is a bilinear combination of the T-matrix elements [17,18]

О = tr(T+QTp) (9)

where Q is an operator in the two-nucleon spin space ( Q=1, (Jj(1 ), ok(2), af(1 ) crk(2)) and

p is the initial state density matrix, that is the product of the photon and douteron ones.
Although in principle there are 288 observables, the differential cross section for the
reaction (8) can be expressed in terms of 23 independent quantities [18]. A complete
experimental study is for the moment not feasible, but in order to illustrate the situation it is
sufficient to consider the reaction (8) with polarized photons and the possibility of
observing the polarization of one outgoing nucléon. In this case the cross section is

da _ da
dQ " dd unpol

+ P2(6) cos 2ф + P (6) - Р Д (6) cos 2ф ] } (10)
' У У N

where Py is the photon polarization and Py (parallel to the y-axis) is the polarization of the
outgoing nucléon.

The photon asymmetry 1(0) is already known as a valuable test of dynamical
models of the deuteron photodisintegration. For instance, fig. 4 shows that a quantitative
description of data concerning Z(TT/2) is achieved only including the non-nucleonic
contributions, that is Meson Exchange Currents (MEC) and Isobar configurations (1С) in
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. . . Normtl
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Fig. 4. The asymmetry Z(JT/2) for the deuteron
photodisintegration as a function of the photon
energy (data from [19] and ref. quoted therein).
The curves are RSC calculations [20] without
(dash) and with (full) MEC and 1С.

100 ISO 200 250

1.2

-0.2

Ey = t60MeV

O.t

O.i

0.2

30 tO 90 120 ISO ISO &r ( * J

= 500MeV

30 60 SO 120 ISO ISO

Fig. 5. Separate contributions to the photon asymmetry S(9) at 160 and 500 MeV in the CC-approach

[21]: impulse approximation (N) (dashed), N+IC (dash-dotted), N+IC+ic-MEC (full), N (no CC) (dotted).

0.2-

-о.г

-0.4

0.2

-0.2

-0.4

i го tso tao ej" [ " ] 50 tO 90 120 ISO ISO

Fig. 6. The same as in Fig. 6, but for the nucléon polarization Py(0) [21].
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30 60 90 120 ISO ISO

Fig. 7. The photon asymmetry £(в)
at 160 MeV in the CC- approach,
including the spin-orbit (s.o.)
contribution to the current [22 ], for
the RSC (long dash) and V28 (dash)
potentials; also shown are the
impulse approximation with the V 1 4

(dash-dotted) and Bonn (dotted)
potential and the full RSC
calculation without s.o. (full) and
without s.o. and p-MEC (long
dash-dot).

О 30 Ы ШО ПО ISO teO M

-o.z

0 30 SO 10 120 150 180

Fig. 8. The photon asymmetry 1(6) at 160 and 500 MeV ([21] and ref. quoted therein): the CC-RSC
calculations with different regularization cut off and/or N-A interaction (dash, dash-dot, full), in
comparison with experimental data and Laget's calculations with Yamagouchi (long dash-dot) or
Levinger (long dash) form factor.

the deuteron state; in particular, the null point at = 120 MeV photon energy is fairly
accounted for. But the polarization observables can be of general use in a systematic
verification of the theoretical ingredients of the calculations.

At higher energies the A-isobar can be produced and therefore an accurate
description of isobar degrees of freedom is necessary; recently, a systematic study of the
deuteron photodisintegration has been performed [21] by means of a coupled channel
(CC) method, which, in comparison to the standard iC-inclusion, has the advantage of a
dynamical treatment of the Д-degrees of freedom. Some results for the photon asymmetry
X(0) and for the ougoing nucléon polarization Py are shown in Figs. 5 and 6, respectively.

As expected, the relative importance of the Д-contributions increases with the photon
energy, while the reverse is valid for t'-e MEC; the sensitivity to the various terms is
enhanced at higher energies, specially for the nucléon polarization. The calculations
depend also on the nucleon-nucleon potential used for the determination of the NN
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Fig. 9. The photon asymmetry 1(6) at various proton angles, as a function of the photon energy([21]
and ref. quoted therein): notation as in Fig. 8.
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£rl4.V)

Fig. 10. The same as in Fig. 9, but for the nucléon polarization Py.

relative wave function (Fig. 7), leading to a theoretical uncertainty comparable with the
experimental one. A more systematic comparison with data is shown in Figs. 8,9,10. The
agreement is generally fair at the qualitative level; from the quantitative point of view, the
comparison is often marred by the relevant experimental uncertainty, specially at forward
angles or at high energy. Therefore better experimental data are called for, in order to
supply a consistent set of points, as it has been recently done for the total
photodisintegration cross section [23].

In any case also for the polarization physics the deuteron is likely to confirm itself
as a fundamental tool for the investigation and discrimination of the various theoretical
approaches, as it has already happened in the past (for a recent review see [24]), since it
allows an exact and consistent evaluation of all the relevant features, in particular of the
Final State Interaction (FSI), which is always a source of uncertainty in the theoretical
analyses of nuclear processes.
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4. - Two-nucleon photoemission.

A long standing problem in connection with nuclear structure studies is the role of
nucleon-nucleon correlations. There is evidence of NN-correlation effects both in photo-
and electro-nuclear reactions (see e.g. [3], [25]), but a systematic study is still lacking. To
investigate this point, the two-nucieon photoemission has been proposed since long time
[26,27] as a particularly suitable process, but the poor experimental information has
prevented from a significant progress. However new data are being presented [28,29]
and more abundant ones are expected in the near future, thanks to the operation of high
duty cycle electron beams. In this respect, the use of polarized photons will provide
important complementary information.

From the theoretical point of view, the approach of Gottfried [30] has been recently
extended to include MEC contributions [31,32] and it offers a simple framework for the
description of (Y ,NN) processes, including the polarized photon case too.

The kinematics for the reaction (y.pn) is shown in Fig. 11. Momentum
conservation states

P = pj + р~2 - q* = - pH (11)

showing that F can be interpreted, in impulse approximation, as the total momentum of
the nucléon pair before the photon absorption. The correlated initial state is assumed of
the Jastrow type

where Фо is a Slater determinant. The final state, in absence of FSI, is written as

} (13)

where A is the antisymmetrization operator, x and ^ s are the wave functions of the two

outgoing nucléons and of the residual nucleus, respectively. In order to take into account
distortion, one has to consider the interaction between the two emitted nucléons and the
interaction of each of them with the residual nucleus. The latter type of distorting potential
has already introduced in this approach [33,34], but it does not alter the qualitative
features of the cross sections and therefore in the following it will be neglected.

Fig. 11. The kinematics for the
(Y.NN) reaction. The momenta refer
to the photon (q), the emitted
nucléons (pi and pg ) and to the

recoiling nucleus ( pjsj).

144



The differential cross section for the (y ,NN) reaction can be written in a factorized
form [30-34]

da = (2ТГ)4 8(Ef-E.) F(P) S. 1 d 3

P i d3p2 (14)

F(P) is proportional to the momentum distribution of nucléon pairs in the initial nucleus
and can be easily evaluated starting from the Slater determinant of (12), that is in terms of
h. o. single particle wave functions. In the case of 16O one has (a is the h.o. constant)

Sfi is a dynamical factor taking into account two-body effects. Is has contributions from the
standard one body current and from the two-body MEC as well

in principle, there is also a small interference term, which is identically zero in absence of
distortion; furthermore, Sfj depends explicitly on the correlation function f(r) of (12).
Acording to eq. (3), one can evaluate separately the contributions to the unpolarized
cross section S and to the polarized term T. The first one is obtained inserting in (16) and
(14) the expressions [31]

(18)

where e is the proton charge, p. (цп) is the proton (neutron) magnetic moment, m and \x

the proton and pion mass, respectively, f the pion-nucleon coupling constant (f2/4n =
0.079) and

i ( i T ± ) 7± f 3 - i ( iT±j)-7
g(k ± ) = Jdrf(r) e 2 (19)

is the Fourier transform of the correlation function, while
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G = Id г е
7
J(r)JA(r) (20)

-О
о
t.
и

о
£

is the same as (19), but including the MEC radial factor

"I i '^'
A T ~ 4 ( л г

(21)

Л being a cut oft parameter of the order of 1 GeV. Everywhere k* is defined as

к*- 1/2 ( p, - p2) (22)

The contributions to the polarized part of the cross section can be evaluated using

f,1,1- -(-jjf)2 s i n ^ pf | g ( M | 2 соз2ф1 (23)

LL)2
^ = 8 ( _ L L ) 2 p p sin a sin G2Re ( G(k') G*(k+)) соз(ф1+ф2) ( 24)

p.

instead of (17), (18). Of course 9^ ф1 (i=1,2) are the polar angles of the outgoing nucléons.

In Figs. 12 and 13, the results for the integrated cross section da/ {6Q1 dQ2) are

о
I.

D
E

• II M. 91. ri. M. IN. IH. III. 112. IM.

neutron nngle Cdeg)
». «I. Tl M. in. I». III. IU. IM.
neulron ongle tdeg)

Fig. 12. The two-nucleon photoemission differential cross section for 1 6 O for non-polarized (left) and
polarized (right) photons of 200 MeV, at a proton angle of 45°: the contributions of the one-body

(dot), two-body (dash) and total current (full).
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Fig. 13 The two-nucleon photoemission differential cross section for 1 6 O for non-polarized (left) and
polarized (right) photons of 200 MeV, at a proton angle of 45°, for different values of the correlation
parameter (3: ~ (dot), 0.8 frrr1 (dash), 0.4 fm"1 (full).

given. For computational purposes, the following form of f(r) has been chosen [31],

f(r) = 1 - в* r (25)

since it is numerically not much different from the realistic ones for p = 0.4 fm"1 but it
allows simple analytical calculations. The polarized cross section is lower than the
unpolarized one; however in both cases there is dominance of the MEC contribution and
a significant sensitivity to the correlation parameter p, somewhat stronger for the T-term.

5. - Conclusions.

The above examples show that polarized photons can be used in a large variety
of investigations, such as

- the elastic photon-proton scattering
- the deuteron photodisintegration
- the two-nucleon photoemission

which can give important information on the electromagnetic excitation mechanism and
on the nucléon and nuclear structure. In the first case the baryon deformation predicted by
current quark models can be put in evidence, while from the deuteron process one can
learn more and more on the two-baryon dynamics. Finally, the acquired knowledge of the
elementary procèdes can be used in finite nuclei in order to understand the short range
behaviour of nuclear (or quark?) matter in nuclei.

The list of examples is far from being exhaustive, but it shows that the experiments
with polarized photons can lead to a deeper insight in hadron physics.
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TAGGED PHOTON BEAMS
OBTAINED BY LASER COMPTON SCATTERING ON ELECTRON BEAMS

LADON collaboration*
Presented by Annalisa D'ANGELO

ABSTRACT

The Lack-scattering of laser light against the high energy electrons
circulating in storage rings produces fully polarized -y-ray beams, with
energies and resolutions useful for the study of photonuclear reactions. This
technique is being used in Frascati, where a tagged beam with a maximum
energy of 80 MeV has been produced, and at Brookhaven, where the beam
has a maximum energy of 300 MeV and an intensity of 106+107 Y/S. We also
present a project which is underway to produce a similar beam in the ESRF at
Grenoble, with a maximum energy of 1.5 GeV. Some possible experiments
using this new beam are indicated.

1. KINEMATICS

The kinematics of the Compton scattering in flight is the following (figure 1): a laser photon
strikes a relativistic electron at a relative angle 9|, close to 180°, in one of the straight sections of a
storage ring. After back-scattering a y-ray emerges at a very small angle G, relative to the electron

0,

Л
e —•
E.(3.m

Figure 1 Kinematics of the y + e -» y + e' in flight.

beam direction. The smallness of the angle о is due to the Lorentz transformation from the electron
rest system, in which the Klein-Nishina cross-section is calculated, to the laboratory system, which
forces the angular spread of the outgoing photon to collapse. The result is that, to a good
approximation, the y-ray energy is given by:

1+Z+X 1+Z+X (J)

where:
E is the incoming electron energy
^ 1 is the incoming photon energy

D. Babusci, L. Casano, A. D'AngcIo, B. Girolami, D. Moricciani, P. Picoz/a, C. Schacrf.
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In most cases x«l so that for a fixed experimental set-up (E and ki given ) the outgoing photon
energy к only depends on the scattering angle 6. Moreover in those cases, like the Ladon beam, in
which also z«l, the energy к depends almost quadratically on the input electron energy E.

The maximum energy of the beam is obtained at 0=0 and it is given by:
, _ „ z

- - uz" ( 2 )
If we consider realistic values for the energies E and ki, we obtain the available maximum energies

«iven in TABLE 1.

Nd-Yas x4
I.R. EXIT

I.R.
INPUT

( X= 1061 nm)

0 • 0
KTP

e-e

OUTPUT

( X = 266 nm )

Figure 2 Basic scheme for the laser ring cavity used to obtain the quadruplicated the
Nd-Yag energy.

The green line of an ion-argon Laser on the 1.5 GeV energy electrons circulating in Adone,
produces a maximum energy of 78 MeV. The same line used on the 2.5 GeV electrons of NSLS at
Brookhaven gives 210 MeV maximum energy, while the UV line of the same laser increases the value
to 300 MeV. In the case of the 6 GeV elections of ESRF at Grenoble the same laser lines produce
respectively the maximum values of 1.1 GeV and 1.5 GeV. This value may be increased to 1.8 GeV
if a quadruplicated Nd-Yag frequency line is used. This energy may be produced, according to the
project of Matone and Giordano( • К through a green light storage cavity as described in figure 2.
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Location

Frascati

Brookhaven

Grenoble

TABLE I —

St .age
ring

Adone

NSLS

ESRF

MAXIMUM Y-RAY

Electron
energy
(GeV)

1.5

2.5

6

ENERGIES

Photon
energy

(eV)

2.45

2.45
3.53

2.45
3.53
1.16
4.64

AVAILABLE

Y-гау
energy
(MeV)

78

210
300

1103
1478
578

1794

Laser
une

Argon-green

Argon-green
Argon-UV

Argon-green
Argon-UV
Nd-Yag IR

4xNd-Yag UV

The Infra Red Nd-Yag light enters the cavity and its frequency is doubled by a first organic active
medium (KTP); the green light produced is stored until it is again doubled in frequency by a second
active medium (KD*P), producing the UV line. The average outgoing power may be as high as 20
W using commercial Nd-Yag lasers.

2. ENERGY RESOLUTION

2.1 Collimation

Collimation offers a simple way to determine the energy resolution of the v-ray beam. If A9 is the
collimator half-angle and x is now given by the following relation:

X = (3)

the fractional energy resolution (FWHM) is then given by:

ДА

" • m-i-

"• m a x " "•

Л rrifiv 1+z+x (4)

For incident electron energies E lower than 1 GeV, it is true that z«l and also it can be true that
x« 1, so that the fractional energy resolution reduces to x.

In any practical situation however, the smallest scattering angle 9 cannot be defined better than the
angular divergence oo of the electron beam and a lower limit is set for the best energy resolution
obtained, which is given by the following relation:

ДА- •> •> -, у е

s хн(уД9Г » (уовГ= (уа' хГ>—-ь
л max X I (5)

where:

°x ' is the angular electron divergence in the radial plane
e x is the horizontal emittance

Pxl is the radial betatron wavelength at the interaction point.
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2.2 agging

For values of the .ncoming electron energy E grater than 1 GeV the relation (4) is not satisfied.
However if the final electron energy E' is measured, the Y-ray energy can be determined through the
energy conservation relation:

it = E - E ' + k, = E - E '
obtaining a so called "tagged" beam.

(6)

TAGGING
REGION

LASER

Figure 3 Internal tagging experimental set-up. (LADON)

0 mo 200 300
scale (cm)

Figure 4 External tagging experimental set-up.(LEGS)
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The energy resolution is generally aiven by the following relations:
' 2 2 2

°k = °E + °E (7)

Ak = V(AE)2 + (ДЕТ , 8 )

where Cgand OE' are correlated if the interaction occurs in a dispersive region of the storage ring.
Two types of tagging have been built: INTERNAL and EXTERNAL. In the firs; case, which is

under operation at the LADON facility, the scattered electrons are momentum analyzed by the magnets
and the quadrupoles of the storage ring (figure 3). The energy of the final electron is thus obtained
measuring its displacement from the main orbit at a selected location.

In the case of external tagging, operating at Brookhaven, the scattered electrons are removed from
the machine lattice with the help of an auxiliary magnet field, located after the first dipole, and they are
momentum analyzed by an external spectrometer (figure.4). The auxiliary magnet must be very well
trimmed in order to produce a field on the main orbit less than 1 G, in order not to disturb the
circulating electrons.

2.2.1 Internal tagging energy resolution

In the case of internal tagging the energy resolution may be calculated in the linear approximation
for the beam transport along the storage ri'ig(2), approximation that holds when the final photon
energy к is much less than the incoming electron energy E. к may be expressed by the following
relation:

(9)
where:

X(] is the horizontal displacement of the electron beam from the main orbit at the position of the
tagging detector;

d is the dispersion of the storage ring from the interaction region to the tagging detector;

at is the total radial spread of the beam at the tagging detector;

a t is given by the following relation:

°1 ~ C ' X[ + Л ' ° р (10)
where:

£.\ is the radial emittance of the electron beam

p x t is the betatron wave length at the position of the tagging de ctor

Ht is the radial dispersion of the electrons at the detector position

Op is the fractional energy spread of the electrons.

ex and Cp are global machine parameters, while (ix 1 and r]( depend on the tagging detector position.

The best energy resolution is found at the location where (Ot/d) ' s minimum. Then, if the
displacement x(] may be measured with a negligible error, the 7-ray energy resolution is given by:

= - E
k d ~ (11)
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2.2.2 External tagging energy resolution

In the case of external tagging the energy resolution depends on the tagging spectrometer details,
but an optimized design of the auxiliary magnets ca i reduce the energy resolution to a value
comparable to the energy spread of the stored beam:

°"k = a E (12)

2.2.3.Internal and external tagging comparison

The main difference between the two methods are the following:
in the case of INTERNAL tagging:

the tagging detectors may be located closer to the main orbit than a magnetic field can, setting a
lower limit to the minimum 7-ray energy that can be tagged, and allowing for high intensity of the
integral spectrum;

tagging detectors must have a high spatial resolution (6X « 1 mm) and must therefore be u.strip
solid state detectors (uSSD) or scintillating optical fibers (SCIFI);

tagging counters must be removable during injection to free the entire vacuum chamber and to
protect themselves from radiation damage;
in the case of EXTERNAL tagging:

tagging detectors may he placed at a reasonable distance from the storage ring, in a place where
they can be accessible during machine operation:

tagging detectors do not need a very high spatial resolution (5x ~ 10 mm) and they may be made
of more stable plastic scintillators:

external tagging is more expensive to built and operate, requiring new magnets and a larger
modification in the vacuum chamber.

Both systems may reach the energy resolution limit imposed by the electron beam properties.
Internal tagging has been preferred for the new GRAAL project^).

3 BEAM POLARIZATION

For very relativistic electrons helicity is a good quantum number and the spin-flip amplitude in
backward Compton scattering is negligible, so that the 7-ray scattered in the foreword direction retain
the polarization of the incident laser light. At angles different from 9 = 0, or equivalently, for emitted
photons of energy less than the maximum, the polarization slowly changes, due to the role of the
orbital angular momentum.

Using a laser with Brewster windows, which produces linearly polarized light, the y-ray beam
obtained for small scattering angles is polarized to a high degree, and the following relation holds:

4
<P> E 1 - Г/Л0) ( 1 3 )

We observe that, if a quarter-wave length plate is used to obtain a circularly polarized laser light, a
circularly polarized 7-ray beam is produced.

A Montecarlo calculation, with improved approximations, gives the degree of polarization of the
scattered 7-ray beam for energies lower than the maximum. In figure 5 the results for both linear and
circular polarizations are shown. Recently an error was found on the traditional formulas used for
linear polarization since the first Mi (burn's and Arutyunyan's articles on the subject(3). A forced
change of sign in the Stokes' parameters causes an overestimated degree of polarization at large
scattering angles. The new calculations show a smaller degree of polarization for energies below one
half of the maximum.

The circular polarization goes to 0 when the scattered photon energy is approximately equal to half
of the maximum, and goes to -1 for smaller energies.

Polarization measurements of y-rays require time consuming experiments which are usually not
precise, as the analyzing power of most reactions is of the order of only few percents. For the
15.1.MeV 7-ray energy, however, the elastic scattering on the 1 2C is a perfect polarization analyzer,
as the 1+ level can be reached from the ground state only by the Ml transition.



Y - Ray Beam Polarization
1.0

0.8 -

0.6 -

0.4 ~

0.2 -

0.0

: • t = ; : - i ^ " " . • • • • . • • • •

; p
—

•

—

•

•

f IT IT |~l fl

4 ^~LP - '

\ ^ Old Linear

\ S\ 1 1 \^jT

\ /

^ Linear

| I l l 1 I l I t 1 i i I i 1 4 i i i

' / ' •

-Ô-V* /Circular
/ Absolute ~

/ Value

/ -

New Linear Polarization

— ' - •- Circular Polarization
Absolute Value

i , . , , I i . , , , I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 5 The polarization of the y-ray beam.

Tuning the variable energy E of the circulating electrons in Adone to 7-ray energy of 15.1 MeV, it
was possible to measure the elastic scattering angular distributions, using the Rome small crystal ball
and a graphite target. A resolution as high as 2% was achieved by collimation and the result is plotted
in figure 6 for a polar angle of 90°. The scattered y-rays in the azimuthal direction follow a l+cos2q>
distribution, as expected for a fully polarized beam on a perfect polarization analyzer.

-100 100

Figure 6 Azimuthal angular distribution of elastically scattered 15.1 MeV photons on
1 2Cat90°. <P> = 0.99 ±0.02.
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4.BEAM INTENSITY

The total y-ray beam intensity is given by the product of the Klein-Nishina cross-section with the
relative flux of the two beams (approximately gi.en by 2c, where с is the light velocity) and the
convolution of the laser and electrons spatial densities; the following relations hold respectively for
the number of emitted photon per unit solid angle and in total:

dn _ do r>
— = 2c — I ii,u 2dV
dQ d Q J

n = 2 c o Г u , u 2 d V = P I L = N .

The total rate of tagged photons is almost equal to that of scattered electrons, which can be
expressed by the product of the laser power P, the electron current I and the luminosity L.

The luminosity may be calculated numerically and its value depends on the degree of superposition
of the laser and the electron beams. Experimentally this value may be maximized by a perfect
alignment of the two beams. For a fixed set-up the intensity of the y-ray beam may be improved
increasing the laser power and the electron current. Numerical values are given in Table II.

TABLE II — GRAAL PROJECT INTENSITY

P Laser power in W 8

I Electron current in A 0.1

L Luminosity in s-1 W-l A-l 2 x 107

N T " t o t Total Graal intensity in y/s 1.6 x 10?

NY • P o 1 Polarized Graa! intensity in y/s 1 0 ?

(P > 0.6)

We observe that higher powers than the one quoted above are available from commercial lasers;
however this would reduce the electron beam life-time. Using commercial lasers a maximum intensity
of 5 x 105y/s and HXvl()7 ys are obtained respectively at Frascati and Brookhaven.

5. EXPERIMENTAL SET-UP.

5.1 LADON at Frascati
The drawing of the LADONK4) experimental set-up in Frascati is shown in figure 7. The у- е

scattering takes place in the straight section, including the quadrupoles. in order to increase the beam
intensity, a laser cavity 17.5 m long, which includes the whole straight section, has been built. In this
way the value of the laser power available for the interactions is that of the internal cavity ,
approximately 10 times larger than the external one. As this kind of cavity is difficult to operate, and
being the LEGS and the GRAAL luminosities and electron current higher, this kind of solution has
not been repeated.

Figuie 8 shows, not in scale, the whole cavity length, including the two end mirrors, two
alignment mirrors and two alignment slides, one lens, being the interface with the vacuum chamber, a
polarization rotator and a prism, to select the requested laser line. The tagging detector is located
between the first quadriipoles after the bending magnet, as shown in figure 7. It is made of a u-strip
solid state detector, consisting of 96 channels, each connected to a preamplifier and amplifier
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electronic chain. A plastic scintillator. located in the back of the detector, allows clear coincidence
signals to be used in the tagging system.

IJnd mirror Modulator

Figure 7 Ladon experimental Set-up.

Alignement slides

I nd mirror
jTnsm Modulator

Lnd mirror

Interaction region—2.6

Figure 8 The Ladon Laser cavity (not in scale).

The measurement of the energy resolution obtained by the tagging spectrometer(5) is shown in
figure.9. It is a sample of the y-ray spectrum, measured with a pair spectrometer in coincidence with
one ц-strip channel. Each spectrum corresponds to one u-srrip. The resolution goes from 2 MeV to 4
MeV, in accordance with Montecario calculations.

5.2 LEGS at lirookhavcn.

The LEGS experimental set-up!6) is shown in figure 4. The laser light interacts with the circulating
electrons in the storage ring straight section and the scattered electrons are momentum analyzed by the
external spectrometer. The tagging spectrometer resolution is plotted in figure 10. It is obtained after
the unfolding of the response of a large Nal counter, which is used as a y-ray monitor and
spectrometer in coincidence with one of the plastic scintillators, constituting the tagging detector. The
solid line is the theoretical estimate. Resolution is as low as 5.5 MeV, or a 2% relative value.
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Figure 9 Measurement of the energy resolution of the Ladon tagged beam. The
spectra are obtained by a pair spectrometer in coincidence with different tagging channels
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Figure 10 The energy resolution of the LEGS tagging spectrometer obtained after the

unfolding of the response of the Nal counter. The solid line is the theoretical estimate.

5.3 GRAAL at Grenoble.

In the ESRF there are 32 basic cells, each made of two dipoles separated by a short dispersive straight
section D, containing four quadrupoles (figure 11 ); at each external side of the magnets there are
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three quadrupoles and a magnetic field free region for the insertion of Wigglers and Undulators. So
there are 32 long straight sections dispersion free, alternated to the D ones, which have alternatively
high betatron wave lenght |5, for the insertion of Undulators (U sections), and low p for the insertion
of Wigglers (W sections). As the interaction region and the tagging detectors must be located in two
adjacent straight sections, there are four possible choices which can be taken into account in order to
achieve the best energy resolution.

и

3 m

Old
D ' Tagging

New W
Tagging

D
U

Figure 11 The ESRF basic cell. Regions D, U and W are respectively deflecting,
focusing and defocusing straight sections.

However it has been found that only if the interaction takes place in a dispersive region we can
have a correlation between the energy of the initial and final electrons, with some improvement of the
v-ray resolution over the value of the primary energy. On the basis of the results of the Montecarlo
calculations, section D was chosen to locale the interaction region and section W to locate the tagging
detectors. Results for section U are comparable.

The best place for the tagging detectors is after the first quadrupole, where a resolution of 1.4%
(FWHM)is achieved. However this location would require a big modification of the vacuum chamber;
a compromise was found putting the tagging detector after the dipole.The Montecarlo calculation
results are reported in Table III; they show that, using a maximum pitch of 0.2 mm for the position
sensitive defector, a value of 2.0% (FWHM) can be obtained for the resolution.

Pitch
(mm)

Collimator
distance (m)

Uncollimate
d

25

50

TABLE

FWHM
(7c)

0.2

to
 

to
 

to
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FWHM
(7c)

0.4

to
 

t
o

 
to

to
 

to
 

to

RAAL BEAM RESOLUTION

FWHM
(7c)

0.5

2.4

2.4

2.4

Collimator diameter =

FWHM
(7c)

0.6

ос 
ос 

ос
ri 

ri 
ri

10 mm

FWHM

0.8

3.4

3.2

3.0

FWHM

1.0

4.1

3.7

3.7

Figure 12 shows the Montecarlo calculations for the entire tagged spectrum, using different beam
collimations, while figure 13 shows the results for the energy spread for the y-ray beam in
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coincidence with one tagging channel. The value of 25 MeV or 1.9% resolution is achieved.AU the
characteristics af the three facilities are summarized and compared in Table IV.

7 — Ray Beam Energy
5000

4000

зева

zeee

1000

I | p p i p ,
Radial Strip Position - [ - 40.1 . - 10.0 ] mm

a : UncollimaUd
b : 10 mm colUmator diameter at 25 m diatane*
с : 10 mm coUlmator diameter at 60 m distance

I . • . . I

a lsa зав 4SB бае 7sa sea iesa 1200 i3sa isee

Energy (Me»)

Figure 12 Montecarlo calculations for the energy distribution of tagged y-rays; a) as
they exit the storage ring, b) after a collimator with 10mm diameter located 25m from the
center of the interaction region, c) as above with the same collimator located at 50m.
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Figure 13 The spectrum of y-rays in coincidence with one channel of the tagging
spectrometer.
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TABLE IV — BEAMS CHARACTERISTICS

Project name

Location

Energy defining

method

Electron energy

GeV

Photon energy eV

Gamma energy

MeV

Energy

resolution

FWHM

MeV

%

Electron current A

Gamma intensity s~'

Date of operation

real or expected

Ladon° Taladon+

Frascati

collimation internal

tagging

1.5

2.45

5-80

variable

0.07-8

1.4-10

35-80

s i m

4-2

5

0.1

2-10s

1978

5-105

1989

Legs*

Brookhaven

external

tagging

2.5

3.53

180-300

i 1 t a n e

6

2

0.2

5-106

1987

Graal**

Grenoble

internal

tagging

6

3.53

300-1500

о u s

25

1.2

0.1

10?

1995

° Laser ADONE, +TAgged LADON, *Laser Electron (ïamma Source, **GRenoble Anneau
Accélérateur Laser.

6. EXPERIMENTAL POSSIBILITIES

6.1 Introduction

Good energy resolution and high polarization make Compton back-scattering y-гау beams a
unique tool to investigate nuclear-electromagnetic interaction. At Frascati we have investigated the
energy region in which meson and isobar degrees of freedom start to appear in nuclei and at
Brookhaven it is possible to study the energy region in which the Д-isobar excited states can be
reached.

With the Graal project energies up to 1.5 GeV will be available to study the first nucléons excited
states including the photoproduction of strange particles.

Figure 14 shows the angular distribution of the scattering of 100% linearly polarized y-ray for the
first three multipoles El, M1 anil F.2<7>. The striking difference shows how linearly polarized photons
allow a much greater discrimination of the multipoles contributing to the transition, with comparable
improvement in our understanding of the reaction mechanism.

More over the spatial resolution achieved with a 1.5 GeV photon probe can be understood
comparing the photon wave-lenght I = 0.83 fm with the charge density distribution of the smallest
nuclei and proton. If we consider the schematic drawing (figure 15) of three quarks forming a triangle
with a r.tn.s radius equal to that of the proton, we see that there is enough resolving power to explore
well inside the nucleus and the nucléon.
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El Ml E 2

Figure 14 The angular distribution of a 100% linearly polarized y-гау beam from the
first three multipoles; El, Ml and E2.
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Figure 15 Schematic drawing of the charge density distributions of the 4 He, 3 H e
and of the proton, compared the the 1.5 GeV photon wave-lenght and a triangle of three
quarks having the same r.m.s. radius of the proton.

6.2 The proton
Figure 16 shows the total photoabsorbtion cross-section on the proton(8).The contribution of the

ДЗЗ(1520), the Nn(1520) and N15(1680) isobars are clearly manifest from the data. In fact each of
them has a definite spin and parity and can be excited by an electric or magnetic multipole according
to Table V.

The curves under the peaks show a fit to the resonant cross section, corresponding to the Ml, El
and E2 proton excitations.

Linearly polarized photons allow the determination of the relative weight of the electric and
magnetic multipoles and therefore provide a better understanding of the transition mechanism and a
test of the various theoretical QCD models.

For example the transition to the Д resonance, in a simple quark model, is induced by the spin-flip
of a u quark, stimulated by Ml multipole, as shown in the following:

quark spinsparticle
(MeV)

Д (1232)

N(938)

Isospin
2T

3

1

spin
2S

3

1

dî uî uî

dî uT uJ-
Ml
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Figure 16 The total photoabsorbtion cross section on the proton
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+
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+

allowed
transitions

M1,E2

E1,M2

M2,E3

The presence of an E2 transition would require a D-wave component in the three quark wave
function, a suggestion for tensor quark forces in the nucléon. However the smallness of the E2
contribution has made it very difficult to evidence this from the measurements of the differential cross
section, despite the abundance of data. For this reason the more discriminating measurements of the
polarization asymmetries and they relative immunity from systematic errors, make the determination
of this important quantity finally possible.

The weakness of the electromagnetic coupling, which leads to cross-sections smaller than the ones
for hadronic reactions, makes the yields of photonuclear reactions not very high.

For this reason an ideal apparatus that can be matched to the back-scattered y-ray beams is а 4л
detector.

A BGO crystal ball, covering all directions in the azimuthal q> plane and polar coordinate 9 in the
interval 25° + 125°, is now being built by an Italian collaboration. It is meant to detect y-rays up to an
energy of approximately 1.5 GeV, with an energy resolution of 2% FWHM and an angular resolution
of 3° FWHM. It is divided into 480 crystals: 15 in the e direction times 32 in the q> plane. The crystals
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are kept together by a carbon fibre structure, made of 24 separate baskets, each containing 20
detectors. The baskets are supported by an external metal frame.

It is an ideal instrument to detect л", r\ and other neutral mesons decaying into two photons. It can
also detect protons with a reasonable energy resolution up to 200 + 300 MeV; it has a poor resolution
for charged kaons and pions.

6.3 Strange particles photoproduction

The possibility of obtaining a high-energy y-ray beams opens a new frontier in physics with flavor
degrees of freedom. The (y,K) reaction can be used to put flavor into nuclei, producing a precious
tool to study the interaction between hyperons and nucléons. In particular we can consider the
elementary reaction:

к + p
0

jr. + n

where the polarization transferred to the particle л can be easily measured by the asymmetry in its
decay products. The photoproduction process is also described by four complex amplitudes, so that
we can form 16 bilinear forms, obtaining 16 observables, which can be used to determine the reaction
amplitudes.

These observables are:
a) no polarization measurements: 1 differential cross section

da

d.Q

b) one particle polarization measurement: 3 polarization asymmetries
( + > i )

Л polarization asimmetryp =

V -

da

d o "
и

do •

-do
) (-)
+ d o

i

• da
polarization photon asimmetry

do + do ( 1 8 )

_ do - do .
I = polarized target asimmetry

I-O (-1

da + do
c) two particle polarization measurement: 12 double polarization asymmetries

(-4) (--) (+•) (- + )

do +do -do -do
X —

(+-Ч (--) (-H (-+)

do +do +do +do (19)
where + (-) refers to hadron polarized parallel (antiparallel) to definite quantization axis and II (J-) to a
photon linearly polarized parallel (perpendicular) to the reaction plane.

It can be demonstrated'4 ' that only nine of these observables are independent, so that
measurements of do/dfi. P.T, land five double polarization observables would determine uniquely
the reaction mechanisms. However, at present time, data exist only for the differential cross section,
л asymmetry polarization P and the polarized target asymmetry T.

The differential cross section data are shown in figure 17 together with Adelsek and Saghai's
phenomenological fit using two reaction models, differing for the introduction of different Yperon
resonances (Yl or Y3). In both cases the values of the coupling constants of the Kaon-Yperon-
Nucleon interaction, obtained by the fit, are in good agreement with SU(3) prediction and data cannot
distinguish between the two models.
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Figure 17 a) Angular distribution of differential cross section for the process тр
-Ж+л at 1.0 GeV: b) as above at 1.3 GeV; c) as above for excitation function at 30°; d)
as above at 90° ('•>)•

Figure 18 shows the л asymmetry data together with Adelsek and Saghai calculation using the
same models. We see that the polarization observables are more sensitive to the reaction mechanism
and a relative large difference exists between the two theoretical curves. Data seem to prefer the Y3
resonance.

Only few more data on the polarized target asymmetry T are available^), but with a polarized y-
ray beam the asymmetry I and the O x O, beam - л double polarization observables, could be
measured, providing a deeper insight of the reaction mechanism.

The crystal ball has a 10 cm radius hole in the center to host a sophisticated detector, capable of
improving the angular resolution of the emitted panicle to few degrees and the vertex reconstruction
to a precision of few millimeters.

With the aid of this complex apparatus, the kinematics of the

Y+ p —>K% Л
reaction may be overdetorminated with several constraints, allowing a precise measurement of the
polarization asymmetries. Using a 5 cm hydrogen target, the counting rate for K+ photoproduction
would be about 2 ev/sec.

Using the circularly polarized photon beam of Graal with a polarized Hydrogen target, and taking
advantage of the self-analyzing power of the л decay, the first complete photoproduction experiment
could be performed, in which ail initial and final polarizations and helicities are known

To conclude, we started our investigation from the energy region in which nuclei are made of
nucléons and now we will have the possibility to work in the 1.5 Gev region where nucléons start to
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show a structure, but where quarks are still not asymptotically free, a region in which much has still
to be understood.
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We report in this contribution the very preliminary studies of a new detec;or dedicated
to the measurement of Dhotoproduction of strangeness at 1.5 GeV. The у beams will
be provided by the ESRF and developed by the GRAAL collaboration.

The final state of the reaction of interest is mainly (64 % of the time) formed by
3 charged particles.

Taking advantage of the precious study performed for the detectors phoenic (Bonn,,
Daphne (Saclay-A.L.S), Arcole (Saclay-M.E.), we have investigated the possibility to measure
the linear momenta and velocity of those particles. From these two information one immediately
gets the mass and energies of the final products. To derive the momentum, we measure the
3 directions of the particles. The momentum conservation allow to calculate the 3 momenta
pi, p2, p3. For this task, two technical solutions are investigated : proportional multiwires
chambers or optical fibers. The multiwire chambers provide localization information with a
precision of 200 um. On the other hand, optical fiber can be operated in strong magnetic
fields.

To determine masses and energies, one has in addition to measure the velocity of the
detected particles. This will be achieved by measuring energy loss, time of flight or Cerenkov
radiation. These techniques can be used alone or in conjunction depending on the domain of
angle and velocity of interest.

The present geometry of the detector is schematized on the figure.A simulation is bein^
performed in order to check this geometry and deter.tor choices. From the results of such
simulation we will design the final version of this detector.

CH.1

CH.3,

Y Beam
Target

CH.4

Д E Plastic
CH.2

Plastic (T.O.F.)
Wall

167



FROZEN SPIN POLARIZED TARGET FACILITIES
INSTALLED AT SACLAY AND FERMILAB

P.Chaumette, JJDerégel, G.Durand, J.Fabre

DPhPE/STIPE/STCM

C.E.N.- SACLAY 91191 Gif sur Yvette cedex France

ABSTRACT

The polarized targets, working in the frozen spin mode are using a generally supraconducting magnetic

system and a dilution refrigerator 3He-4He that is able in one hand of dissipating some hundredth of mW during

the polarizing period, and that is able on an other hand of very low temperatures at very small power in the

frozen spin mode. One of those targets is being used since 10 years at Saturne (SACLAY), an other one has just

completed its first run at FERMILAB. An experiment of circularly polarized photons on a longitudinal polarized

nucléon target could use the same dilution refrigerator and polarizing solenoid as at FERMILAB in the frozen

spin mode, using a maintaining solenoid to replace the polarizing magnet by a detector surrounding the target

during the experiment.
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PRINCIPLES OF THE DYNAMIC POLARIZATION USED IN POLARIZED TARGETS

In the case of need of a polarized target with the highest ratio of free polarized protons or deuterons over

the non polarized background, the dynamic polarization is the mean of increasing the natural nuclei polarization

by several orders of magnitude as compared to the natural polarization. In standard polarizing conditions as 2.5T

and 200 mK the natural polarization of the free protons is 1.3 % with time constant of the order of 1/2 hour, and

the natural polarization of the free electrons of the paramagnetic centres is 99.9% with time constants of the

order of the second. The principle of the dynamic polarization is based on the transfer of the electronic

polarization of paramagnetic centres to the neighbourhood protons or eventually other nuclei by inducing

normally forbidden transitions by mean of an excitation induced by hyperfrequency electromagnetic waves.

Typical materials used for target are the alcohols (butanol, pentanol, propanediol) doped with chromium

paramagnetic centres or amonia doped by irradiation. The contain of polarizable free protons is of 12% to 15%

of the total weight, and their polarization often reaches 90%.

The typical requirements for setting up this polarization are:

- A magnetic field of 2.5 Tesla with an homogeneity of ±5 10'^ in the target volume

- An hyperfrequency source of the order of 70 GHz and 10 mW by gram of target material

- A cryostat with a ability of evacuation of 2mW/g at 200 mK

With such a target the size of the magnet generating a high polarizing field would be very restrictive to

the physics experiments because of its small aperture. Another limitation at this temperature is the very small

relaxation time of the nuclear polarization in case of stopage of the hyperfrequency excitation(l/2 h) . The

magnets now generally used for such applications are of superconducting type in order to get a high homogeneity

field in the target target volume with little obstruction. The measurement of the polarization is obtained by the

NMR method.

FROZEN SPIN MODE FOR A POLARIZED TARGET.

The principle of operation of the frozen spin polarized target is based on the long nuclear spin relaxation

time at very low temperature. The spin of the nucleus is frozen at about 50 mK after it has been polarized to the

highest possible value in some hours. Afterwards it is possible to decrease the magnetic field to values as low as

some KGauss in non-homogeneous field with long relaxation time constants consistent with physics

experiments (field homogeneity is only required for polarization mode). The frozen spin mode technique gives

two major improvements on the polarized target.

The first improvement is the possibility of removal of part or all of the solid angle consuming polarizing

magnet letting the space available for large angle for the physics experiments.

The second improvement is the possibility of rotating the magnetic field without moving the maintaining

magnets. The internal polarization of the target will follow the field. This method allows the measurement of

any direction of the target polarization with no movement of the refrigerator nor of the maintaining magnets.

Moreover the weak field used in the frozen spin mode will not deeply infer on the trajectory of the slow charged

particles emitted at wide angles.
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Fig. 1. Nucleon-nucleon target with the polarizing solenoid and two holding coils

The first example of a target using several polarisation directions with large solid angles for the physics is

the target of the nucleon-nucleon experiments at SACLAY (figl) [ 1]. It is continuously used since 1980 at

Satume. Fig.2. shows the nuclear relaxation time obtained on this target.
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Fig. 2. Relaxation time versus the magnetic field and beam intensity on nucleon-nucleon target

EXAMPLE OF A FROZEN SPIN MODE POLARIZED TARGET: FERMILAB E7O4 WHICH COULD

ALSO BE USED ON A GAMMA-PROTON EXPERIMENT.

The experimental program at Fermi National Laboratory with the proton and antiproton polarized beam

required a polarized target for the two spin experiments. The polarizing solenoid and the dilution refrigerator for

this target have been bu;.it at Saclay[2] (Fig. 3.), the Argonnc National laboratory being in charge of the whole

equipment around this system and of its installation and maintenance. The dimensions of the target, 200 mm in

length by 30 mm in dia., require а Зне-4Не dilution refrigerator with a beam access along an horizontal axis. In

the polarization mode the refrigerator has to provide a cooling power of 150-200 mW and the temperature must

stay below 500 mK inside the target. This refrigerator has been designed for a quick loading of the target.
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BEAM

Fig 3 Dilution refrigerator and solenoid

The polarizing superconducting solenoid axis is concentric to the dilution refrigerator. It provides a

maximum field of 6.5 T with an homogeneity better than + 5x10"^ ip the target volume. A central warm bore of

94 mm dia. receives the nose of the dilution refrigerator containing the target. This solenoid also serves to

provide the holding field in frozen spin mode for the first physic experiments, with small scattering angles and

longitudinal polarization. A pair of large aperture superconducting holding coils might be added in the future,

allowing the various spin orientations and large scattering angles.

DILUTION REFRIGERATOR

The ^He-^He dilution refrigerator has been designed for a target of 200 mm length and 30 mm dia. with a

central tunnel of 50 mm dia. for the particle beam.

The central insert, holding the FEP (fluoride ethylene propylene) target container, can be quickly sled

inside the pre-cooled refrigerator. This insert is equipped with thin windows and shields along the beam axis. Its

deeper part is a long vacuum pipe used for insulating the mixing chamber from the still. The target container is

fixed at the extremity of this vacuum vessel. An indium joint seals the still.

Fig.4. is the scheme of the internal ^He and ^He circuits with a view of the 4 heat exchangers. The heat

exchanger 1, above 4K, consists of 2 concentric stainless-steel tubes wound in a large helix in the ^He low-

pressure outlet connected to the roots. The high-pressure ^He enters in the annular space between the 2 tubes.

The 4He is pumped out of the inner tube by a membrane pump, its flow is expanded and controlled by a needle

valve placed at the coldest part of this exchanger. The triple helix exchanger 2 consists of a tube wounded in

helix around which is wound and soldered a small spring shaped wire so as to increase the thermal exchange

surface with the ^He vapor coming upstream from the still.

Heat exchanger 3 is wound with a general saddle shape around the central cylinder of the lower inner part

of the still.
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Fig. 4. Scheme of the % e and 4 H e circuits

The control of the expansion of the ^He flow to the 4th exchanger is achieved through a precision needle

valve.

The 4th exchanger is made of eight parallel tubes linked wilh spirals of copper wire in a flat band. This

band is rolled in helix around the cylindrical vacuum vessel of the insert. The last turn is a hollow band

manufactured by electrodeposition of copper that collects the eight tubes; a final tube laying underneath the

container sprays the ^He towards the top of the target, in order to homogenize the dilution process.

The vacuum enclosure around the mixing chamber is manufactured out of PTFCE (Polytrifluoride

chloride-ethylene) in order to allow a good transparency to EPR (electronic paramagnetic resonance) and RMN

(nuclear magnetic resonance) electromagnetic waves. The hyperfrequency wave guide outlet placed in the free

volume around the beads permits a good distribution of the power in the target volume ; likewise the distance

between the RMN coils and the polarized materials allows an homogeneous field and an accurate measurement of

the polarization. The still situated around the final exchanger makes a natural shield at 1 К for the later, it is

thermally connected to the inner shielding of the mixing chamber. The outer schielding of the mixting chamber

is an extension of the 4K shielding of the upper part of the dilution refrigerator. The circulation of 4 H e for this

4K shield is controlled by a membrane pump and a valve. »

0 50 100 150mW
power in the mixing chamber

Fig.5. Temperature in the mixing chamber versus power

The tests of the refrigerator, performed at Saclay with a 3000 m-fyh pumping system, and at FNAL with

5500 m^/h, provided a temperature of 47 mK in the mixing chamber, with a ^He flow of 2,5 mmole/sec.and

with 10 mmole/sec for4He in the frozen spin mode. With a 150mW power dissipation in the mixing chamber

173



the temperature is stabilized at 470 raK with 35 mmole/sec flow rates for both ^He and ^He. Fig.S gives the

temperature versus the dissipated power in the mixing chamber. The total ^He liquid consumption is 1.75 L/h in

frozen spin mode and 4.5 L/h in the polarizing mode.

POLARIZING SOLENOID

The superconducting polarizing solenoid with an horizontal central warm bore of 94 mm in dia. has been

designed and tested with a central field of 6.5 Tat 183 A, the homogeneity being better than + 5 10"^over

the target volume. The winding length is 560 mm for an inner dia. of 145 mm. The coil is manufactured with a

1 mm dia. wire and includes a main central coil and 2 compensating coils mounted in series; two secondary

compensating coils equipped with separate power leads allow an accurate adjustment of the homogeneity of the

field. The cooling of the coil is done in a boiling bath of 4He at 4.2 K.; the helium reserve is limited by the

small dimensions of the cryostat which were fixed by the experiment constraints. The outer bore of the cryostat

is 400 mm in the coil region for a total length of 890 mm.

The position of this solenoid only permits parallel and anti-parallel polarization in the beam direction.

The maximum angle diffusion is 150 mrad with the coil moved 150 mm upstream from the target after the

maximum polarization has been obtained and the frozen spin mode has been started. Future extension to wider

observable angles or to all the six spin directions will be possible by adding a single pair of large aperture

superconducting coils mounted in either of the 3 directions vertical, horizontal parallel and horizontal orthogonal

to the beam, the main coil being only required during the build up of the polarization.would be removed during

the experiment

TEST OF POLARIZATION AND FIRST RUN AT FERMLAB

The overall assembly (Fig. 4) was tested with a full load of 140 cm^ pentanol beads. At Saclay a

polarization of 90% was obtained after 2.5 hours. The depolarization time constant in frozen spin mode at 50

mK and 0.35 T was 20 days, the same as with the target used at Saturne Ш . We have been using this assembly

for the polarizing tests of 6LiD and 7LiH during a six months period. The 50 mK frozen spin mode was

currently achieved as a regular mode on dummy beads and on 6LiD material. After its installation in experiment

E704 at Fermilab and after the preliminary tests were performed, this apparatus was used during May and June

1990 with a butanol target for the AGL measurement with a beam of longitudinally polarized proton and

antiproton beam. The polarization of the target was reversed everyday to about ±80 %.

FlITURE PHOTON NUCLEON EXPERIMENT USING A FERMILAB TYPE TARGET FACILITY

Hico de Botton [3] proposes a measurement of absorption of transverse circularly polarized photons by a

longitudinally polarized nucléon. A polarized photon beam would hit a polarized butanol target The

measurement of the total hadronic cross-section in this energy region would performed using the so-called high

energy method, which takes advantage of the angular distribution to discriminate between the forward peak of

electromagnetic shower and the hadrons emitted more isotropically.

Such a target as the one designed for E7O4 experiment at Fermilab would offer, in the frozen spin mode,

the very large solid angle required for this experiment [fig 6L After the target proton polarization would be

achieved, a maintaining field would be set with a maintaining coil surrounding the. polarizing solenoid. This later

could then be replaced by large solid angles particles detectors.
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WHY IS THE DRELL-HEARN-GERASIMOV SUM RULE
INTERESTING ?

J. Soffer
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Abstract : We will review several physics arguments related to the Drell-Heam-Gerasimov

sum rule which lead one to the conclusion that this important result has to be tested experimentally.

1. INTRODUCTION.

Some basic and reliable properties of Compton scattering amplitudes off hadronic

targets impose non trivial constraints on photon-hadron total cross sections, a problem which is

certainly worth investigating. In particular we will see that there is a straight forward theoretical

result, the so called Drell-Heam-Gerasimov (DHG) sum rule Ш, which was derived more than

twenty years ago but, so tar, has not been tested experimentally at all. In this paper we will first

review, in the next section, the derivation of the DHG sum rule and we will recall the

assumptions involv ;d. Then in section 3, we will discuss its possible connection with polarized

deep inelastic scait Ting and the so called Bjôrken sum rule И , another fundamental sum rule

which has not yet b?en fully tested experimentally. In section 4 we will mention various, uses

of the DHG sum rule and more specifically, what can one learn on its validity from its

saturation, or how much should it be affected by the existence of compositeness and finally its

generalization to higher spin targets. We will give some concluding remarks in section 5.
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2. DERIVATION OF THE DHG SUM RULE.

Consider the forward Compton scattering off a spin j target f, y + f - » y + f as

shown in Fig. 1.

Y e „ Y

FIGURE 1

Assuming parity is conserved the scattering amplitude is

a (v) = Xf [ t j . t i a i ( v ) + i " o . ( t j x " l i ) a 2 ( v ) ] x i 0 )
where v is the photon energy, Xj (Xf) ana" ei (£f) ме initial (final) Pauli spinors and polarization

vectors and n is a unit vector in the direction of the photon momentum. If parity is not

conserved eq.(l) has two more terms proportional to the pseudoscalars o . n

and r? •(i*f x ~e Л. In eq.(l), a\ (v) is called the non-flip amplitude whereas аг (v) is the flip

amplitude for obvious reasons. Indeed, if one uses helicity amplitudes instead, i.e. A. . where
n,A.

h denotes the photon helicity and X the target helicity, one can show that

i, 1/2 1,-1/2
2 2

the last equality being due to parity conservation.

Helicity amplitudes are directly related, via unitarity through the optical theorem, to the pboto-

absorption total cross sections a. . (v) for y + f -» X, so one has

Im a2 (v) = — (3)

where Л о (v) is tne difference of the cross sections with total helicity 3/2 (or helicities parallel)

and total helicity 1/2 (or helicities anti-parallel). The normalization of 32 (v)/v was established by

means of the low energy theorem 131 which gives the coefficients of the first two terms v° and

v 1 of the expension of a2 (v) as a function of «he static electromagnetic characteristics of f, that

is charge, anomalous magnetic moment, charge radius etc... Therefore in this case we have
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,. a2(v) a к2

hm = -—j (4)
v -> 0 v 2raf

where a is the QED fine structure constant, m^ is the mass off and к = (g - 2)/2 denotes the

anomalous magnetic moment of f. Now in order to get the DHG sum rule one must assume that

a 2 (v) obeys an unsubstracted dispersion relation that is

oo
2v г dv'

Re a 2 (v) = — P f o v Im a 2 (V) (5)
71 J V ' 2 - V 2

Vth

where we have used the fact that a 2 (v) is odd under crossing i.e. a 2 (v) = аг* (v1). So one

finally gets for v = 0

which is the DHG sum rule.

A few remarks should be made before we proceed :

i) From oq. (6) one sees that Д a is expected to be О (a),

ii) One can question the assumed crossing property of &2.

iii) The absence of substractions is related to the high energy behaviour of Д a ;

if it is dominated by diffractive scattering Д a goes to zero and the integral converges,

iv) The existence of non-Regge contributions like fixed poles in the complex J-plane could

give unknown additional contributions and such a possibility can be studied using

perturbative methods Ml.

3. CONNECTION WITH POLARIZED DEEP INELASTIC SCATTERING.

Let us consider deep inelastic scattering (DIS) e N —» eX where one observes the

polarization of the lepton beam and of the nucléon target N. In the one-photon exchange

approximation (see fig. 2) and in the kinematic region where
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Y*(v , Q2)

N
FIGURE 2

both the virtual photon energy v = E - E' and its squared mass Q2 are large, one is probing the

nucléon at short distances and one can extract, in particular, some information on its spin

content. In fact, the DIS cross sections are directly related by unitarity to forward off shell

Compton scattering y* + N —» y* + N as shown in fig. 3. It is described, if parity is conserved,

FIGURE 3
in terms of 4 helicity amplitudes a^ щ . ,_ щ , a^ _ ш . ,_ _1/2 , aQ щ . Q y 2 and

a ,n.n i / 2 • They correspond to the well known 4 structure functions Wi (v, Q 2 ) ,

W2 (v, Q 2 ) , Gi (v, Q 2) and G2 (v, Q 2). In the scaling limit i.e. v, Q 2 -> «> and x = Q2/2Mv

fixed (M is the nucléon mass), one has

MWi -+ Fi (x) , VW2 -» F2 (x) , M2vGi -> gi (x) , M2vG2 -> g2 (x).

When both the beam and the target are longitudinally polarized, the measurement of the

asymmetry

ALL = ^ - ^ (7)

gives access to the corresponding asymmetry for y* + N -» y* + N
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Ai =
* *
l/2 " °3/2 = gl (x) (8)

Ж 3|С

where a J / 2 and o 3 / 2 are the total cross sections with total helicity 1/2 and 3/2. The quantity

gl (x), which is similar to Да (see eq. (3)), has been determined experimentally on a proton

target by the EMC group, as shown in fig. 4.
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FIGURE 4
1

Let us introduce the first moment of gi defined as Г\ = J gj (x) dx or, in the case of scale

0

1

breaking, П (Q 2) = f gi (x, Q 2) dx. It is simply related to the quantity t6l

0

(9)

(10)

HQ 2 ) = M / d v g l ( ^ Q 2 ) = ^ :

Q2/2M

and using the DHG prediction for Q 2 = 0 (real photons) one gets

I (0) = - 1/4 к 2

which is negative and of order 1 for bou. proton and neutron. We note that for Q 2

I (Q 2) -> — Y Гу where Гу is the asymptotic value of T\ (Q 2).

Now let us go back to the EMC data for proton which yields the value

Г? = 0.12o t o.ulO t 0.015 f o r < Q 2 > = 1 0 ( G e V / c ) 2
(П)
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in conflict with the Ellis-Jaffe sum rule I7] as shown in fig. 4. By using another contraint, the

Bjb'rken sum rule № that is , after QCD correction,

[ gf , Q2)]dx - £
о

(12)

one is led to the so called "spin crisis" f6J i.e. the proton spin is not carried by quarks !! At this

stage one should make some important remarks :

i) It is clear that for Q 2 large enough one has IBJ ~ 1/3 (M 2/Q 2) (gA/gv) and it extrapolates

well at Q 2 = 0 to the DHG value 0.112 (see fig. 5).
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0

-0 79
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10 15 20 25 (GeV) 2 '

PROTON
"GDH VALUE

FIGURE 5

However neither the Bjorken nor the DHG sum rule have been directly tested so far.

ii) For proton alone, from eq. (11) one finds I p positive at < Q 2 > = 10 (GeV/c)2 but from

eq. (10) it is clear that I p (0) must be negative and large (see fig. 5). So if the DHG sum rule is

correct, one expects a rapid Q 2 dependence of I p (Q 2 ) for small Q 2 related to possible large

higher twist corrections.

iii) In the Q 2 range explored by the EMC (2.5 < Q 2 < 70 (GeV/c) 2) no significant Q 2

dependence was observed t5I and moreover the SLAC-Yale experiment found a positive

asymmetry in the resonance region I91 for Q 2 = 0.5 and 1.5 (GeV/c)2.
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4. VARIOUS USES OF THE DHG SUM RULE.

One may first ask : what is the validity of the DHG sum rule ? According to eq.(6) one

has

and if one attempts to saturate it with single-pion photoproduction, Vth is the threshold energy

for this process i.e. vth = mt / 2M + mK - 150 MeV. Following the most recent work along

these lines П0]( i e t u s decompose both sides of eq.(13) into different isospin components,

isovector (V) and isoscalar (S) so we have

Kp = 1/2 (KV + KS) , Kn = 1/2 (KV - KS) (14)

and

I V V = | 4 - K V [ -=^-Д = 2 1 8 . 5 ц Ь (15а)

M

(15b)

1 \2 2тс 2 а
s - K v K s | — я — = -14.7 fab (15c)
1 ) M

Now the three single-pion photoproduction amplitudes read in terms of the direct channel

isospin amplitudes

= Ш [M<3> - V2 (MO) - M(0))]

n = V273 [(M(3) + J L (MO) - M(0))] (16)

= VT73 [M(3) - V2 ( M O )

where M(3) (M(')) is the isospin - 3/2 (1/2) from the isovector part of the photon whereas M(°)

corresponds to its isoscalar part. The corresponding cross sections with definite isospin are
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IM<D|2]

(17)

o v s

which can be evaluated by making a partial wave analysis and including the contributions of

specific resonances with definite spin and isospin i.e. P33 (1236) , D13 (1520), etc... The

results of these calculations are displayed in fig. 6 and one gets

I v v = 219 цЬ , Iss = 292 цЬ and I v s = + 39 Hb (18)

By comparing with eqs.(15) one sees that I v v is almost saturated , I s s is overestimated by a

factor 10 and I v s has the wrong sign ! This might be due to an unreliable evaluation of the

inelastic contributions. We believe a direct experimental determination of ощ and CT3/2 in the

low energy region is needed for a real test of the DHG sum rule.
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Let us now turn to the question of the DHG sum rule versus compositeness. So far

distances as small as 2 10'16 cm have been probed showing the absence of lepton substructure

and DIS at large Q2 is consistent with point-like quarks inside the nucléon. However

compositness is an attractive idea which proposes to unify leptons and quarks in terms of a

smaller numbers of constituents as described in many models. This idea can be tested by means

of several observables and among them the g - 2 factor of leptons. For the case of the muon, we

recall that a very accurate determination will be done at BNL in the near future. More generally,

one can think of using the DHG sum rule for any spin - 1/2 particle because the existence of

substructure might generate new resonances which will affect the expected result. So the DHG

sum rule can be used to set limits on fermion substructure НЧ. Along the same lines one can

study the DHG sum rule in a chiral composite model t 1 2 l and show that the sum rule puts non

trivial dynamical constraints on the model with a compositeness scale Ac ~ 1 TeV. In addition to

the new excited spin - 1/2 state one should also have a spin - 3/2 state with very definite

relations between masses and magnetic moments.

Finally let us mention the existence of a recent generalization of the DHG sum rule for

arbitrary spin-J targets I131 by considering the properties of the Compton amplitudes for y + a(J)

-» y + a(J). Using low energy theorems up to О (v 3 ) , one can derive several relations, some of

which do not requière polarized photons. For example the generalization of eq.(13) for J > 1/2

reads

oo

.-1)2 = 1 j — ( o + j (V) - O.J (V)) (18)

and many others, valid for J > 1 of J > 3/2.

5. CONCLUDING REMARKS.

Due to the difficulty for obtaining a high flux polarized photon beam, the DHG sum

rule was never tested. However, there is a recent proposal to measure the left hand side of

eq.(13) using inclusive electon scattering at low Q2 at the MIT-Bates П4]. Given the fact that

there are many good reasons for testing the DHG sum rule, we hope there will be also new real

possibilities in Europe and that it will be done soon.

The author is grateful to G. TAMAS who is responsible for renewing his interest in

this field.
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Measuring the Drell-Hearn Gerasimov Sum-rule

Nico de Botton
CERN 1211 Geneva 23, Switzerland

Nicole dTIose
DPhN SEPN Saclay, 91191 Gif-Sur-Yvclte, France

The Drell-Hearn Gerasimov (DHG) sum-rule [1],[2] deals with the process of absorption of circularly
polarised photons by longitudinally polarised nucléons. The two absorption cross sections a3/2 and
aj/2 correspond to the two relative spin configurations - parallel or antiparallcl -. The integral over
energy of the difference of these two cross sections, weighted by the inverse of the energy, is related to
static properties of the nucléon, the mass m and the anomalous magnetic momentum к.

Jo
àv°^

The relation is derived using the very general principles of causality, uni tari ty. relativity ;ind gauge
invariance. The only questionable assumption is the no-substraction hypothesis in writing the disper-
sion relation on the forward Compton amplitude ; however, there are no theorical arguments to rule
out this assumption. Because of its fundamental character this sum-rule deserves a verification which
has probably been awaiting technical developments having now taken place.

More recently, the connection of the DUG sum-rule with the sum-rules on the (j\ polarised st rucl me
function of the nucléon was invoked to try to solve the spin crisis raised by the EMC experimental
result [3]. Indeed, in the more general case of circularly polarised virtual transverse photons - squared
mass — Q2. energy v -, the difference of the two elementary absorption cross sections <Т|д. and п-Л12

can be simply expressed in terms of two polarised structure functions G\(u.Q2) and G'jfc.Q2).

- Q2G2(y.Q2))
0 {

In both cases of deep inelastic scattering and real photon absorption the second term contribution
vanishes and a^/2-C3/2 l s expressed simply in terms of G\. In the paper [4] where the previous neglect
for EMC experiment is argued, Anselmino et al. consider the quantity I(Q') which charaderir.es the
absorption of a transverse photon of squared mass Q2'.

Q2/2m V

I11 the case of deep inelastic, the relevant kinematical quantity is .r = Q2/'2im>. As Q1 and // go
to infinity. G\(i>,Q2) has the behavior m2t>G\(v.Q2) = g\{r). Of course QC1) scale breaking implies
that f/|(.r) varies slowly with Q2 and should be written U\(x,Q2). Changing the integration variable
from с to з\
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2m 2

:)

1 (Q~) w a s determined for the proton, in the SLAC [6],[7] and EMC [5] experiments respectively using
polarised electrons and muons.

F ( Q 2 = 10.7(GeV/c)2) = 0.123 ± 0.013 ± 0.019 (see EMC data [5])

The Hjorken sum-rule [S] based on quarks current algebra, relates Гр— Г" to the neutron beta decay
coupling constants. In its QCD corrected version it reads :

f rfi(flf(z)-ffr(a;)) = ~ ( i -
io о (iv

wliicli leads to :

On the other hand for real photons, we get :

8тг2а Jo v

Tlie value of the integral is predicted by the DUG sum-rule :

/''(0) = -0.S01

/ ! ' ( 0 ) - Г ( 0 ) = +0.1Г2

I Id2)
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In fig. 1 the different expérimenta] and theoretical determinations of I are plotted as a function of
Q2 for the proton and the isovector combination proton-neutron. In the case of the proton we observe a
change of sign from the deep inelastic regime as measured by EMC to the real photon point predicted by
the DUG sum-rule. For the proton-neutron combination, the Bjorken sum-rule prediction extrapolates
smoothly to the DUG value. The higher twist contributions, which are supposed to explain the proton
behaviour at low Q2, seem to cancel out in the p-n case. An experimental check of the DUG sum-rule
could ascertain this intriguing situation.

One expects that a sizable contribution to the sum-rule comes from low energy processes, especially
single pion photoproduction. This reaction has been extensively studied. Using the multipole analysis
of the data from threshold to 1.2 GeV, I. Karliner [9] has computed the single pion contribution to the
DUG sum-rule for the proton and the neutron. The order of magnitude is the correct one. and in view
of the uncertainties which are not quoted, one could conclude that the sum-rule is almost saturated
in both cases. However, there is a. significant anomaly for the p— n combination. Also, from this point
of view the situation certainly needs to be clarified.

proton
neutron
proton-neutron

(DHG )

204 fib
234 fib
-30 fib

(multipole analysis)

258 //!>
180 fib

78 lib

We will describe briefly how an experiment measuring the DUG sum-rule could be performed using
existing technics.

In order to eliminate most of the systematic errors, one should measure the asymmetry :

a\/2

Since the unpolarised cross section a — ^((Т3у2 — о^/г) ' s determined experimentally with a few percent

accuracy, one can deduce from the asymmetry measurement the difference <r3/2 - <7\i7-

Mecause of the 1/;/ weighting, and because spin is supposed to play no role at high energy, the
sum-rule should be satured below 2 GeV. However, this has to be verified and the higher the energy
the better the test.

Two possibilities are open for producing circularly polarised photons : bremsstrahlung from longi-
tudinally polarised electrons, or laser Compton backscattering against high energy electron*. For both
processes, the detection of the residual electron (tagging) determines the photon energy. For the first
process, in the coming years the ELSA and CEBAF polarised electron beams of a few GeY could be
used to provide us with a tagged bremsstrahlung circularly polarised photon beam. Maximum typical
fluxes of 10' photons per second are usually considered in order to limit accidental coincidence* in the
liremsst rahluiig tagging. To produce such a photon beam, it is sufficient to use a I nA dc electron
beam on a 10~3 radiation length target. All polarised electron sources are able to deliver this low
intensity beam. Therefore high polarisation will be relevant critérium for the choice of the electron
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.source. The Fan о of Feet and the optically pumped II2 discharge types, are t ho best candidates wit li

polarisiou values larger than 0.(55. The helicity transfer in the breinsstrahlung from longitudinally po-

larised electrons can be caJctilated and in this high energy range, is approximately equal to the ratio

of the outgoing photon energy to the incoming electron energy. For the second process the backseat-

teriug of laser light of ,4.5.4 eV from a UV argon ion laser against the (> GeV electrons circulating in the

KSUF ring, will produce a polarised photon beam with a maximum energy of 1.5 (loV. The circular

polarisation value is 1 at the highest photon energy and decreases to 0 for an energy near to half the

maximum energy [10].

The measurement of the total hadronic cross section in this energy region is performed using

the so-called high energy method which takes advantage of the angular distribution to discriminate

between the forward peaked electromagnetic shower and the hadrons emitted more isotropically. The

hadrons are measured in a large solid angle detector surrounding the target except in the forward

direction where detectors veto the electromagnetic shower.
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Fig. 2a

(Dilution
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The design of a target should take into account the needs of the experiment requiring unobstructed
angles for outgoing particles. Such a target was devised for the Fermilab E70-1 experiment by J. Deregel
et al [11] (fig. 2a). The refrigerator and the solenoid are ssparate units. The dilution refrigerator is of
coaxial symmetry with a central tunnel for the incident beam Nuclear spins are aligned according to
the dynamic nuclear polarisation method using the high homogeneity magnetic field provided by the
superconductive polarising solenoid. In the frozen spin operation of the target, one takes advantage
of the very long nuclear spin relaxation time at low temperatures. When the temperature is below
50 in К, a non-homogeneous field as low as 0.30 T is sufficient to maintain the polarisation for several
days. If a holding coil providing such low field is installed arot'iid the polarisation coil, the latter can
then be removed and replaced by a compact hadronic detector (fig. 2b).

On the proton, the goal of our experiment would be to measure the DUG integral value with a
± 5 % relative accuracy in the energy region ranging from pion photoproduction threshold ю 1.5 Ge\ .
Since the non-polarised photon total absorptio'i on the proton is known in this energy range with an
accuracy of ±1.5% to ±3.5%, one would like to measure the asymmetry A with a ± 1 % accuracy.

\V» consider tagged bremsstralilung photons from 2 GeV longitudinally polarised electrons. Л
tagging range from 0.93 !o 0.15 E e (which allows to investigate from E-, = 140 MeY to 1.7 GeY). and
1 iiA electron current on a 10~3 radiation length radiator, will deliver a photon flux A'-, = 10'/* with
an average circular polarisation P^ — 0.20.

A butanol target will provide the polarised protons. The dilution factor (proportion of polarisable
nucléons) of butanol is / = 0.135. Density of the target material i* 0.50 g/cm". A leni target will
provide Sn = 3.1023nucleons/cm2. A proton polarisation Pp = 0.80 can be achieved.

The average (\/v weighted) theoretical asymmetry for the single pion photnproduction part of the

cross section is 0.17. The corresponding experimental asymmetry Ы :

Л „ р = Ath x P^x Ppx f - 0.001

The average (1//' weighted) total cross section per nucléon in this energy range is a ~ 250//barn. For
an overall acceptance of the Ix hadronic detector sU = 0.80. the total counting rate i* :

с = A'-, x Nn x и x efi = 600counts/'s

To reach a statistical accuracy b. = A% on the asymmetry, the counting time is :

Г = — l— = 18 hours
A*xp xfiixc

Similar estimations can be made for the measurement on a deuternted material target from which
the DUG sum-rule value for the neutron could be deduced providing some theoretical assumptions.
They lead to a few days counting time.
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TAMAS
THIEL

VAN DEN BRAND
VERGNES
VIGNON

WALLACE
WEHRMEISTER

ECOLE POLYTECHNIQUE
E.N.S PARIS
IN2P3
C.N.R.S. GRENOBLE
IN2P3

CEN SACLAY DPHN-SEPN
I.P.N. ORSAY
M.I.T.
I.P.N ORSAY

NIKHEF-K

UNIV. PAVIA
UNIV. PAVIA
I.S.N. GRENOBLE
CEN SACLAY DPHN-SEPN

I.N.F.N. PAVIA
I.P.N. ORSAY
I.S.N. GRENOBLE
UNIV. BONN
UNIV. GENOVA

UNIV. ROMA
UNIV. ROMA
UNIV. BONN
UNIV. OF LUND
UNIV. GOETTINGEN
I.P.N. ORSAY
PHYS. THEOR. MARSEILLE
C.E.N. SACLAY DPHN-SEPN

C.E.N. SACLAY DPHN-SEPN
UNIV. BONN

M.I.T.
I.P.N. ORSAY
I.S.N. GRENOBLE

CEN SACLAY DPHN-SEPN
UNIV. BONN

FRANCE
FRANCE
FRANCE
FRANCE
FRANCE

FRANCE
FRANCE
U.S.A.
FRANCE

PAYS-BAS

ITALIE
ITALIE
FRANCE
FRANCE

ITALIE
FRANCE
FRANCE
R.F.A.
ITALIE

ITALIE
ITALIE
R.F.A.
SUEDE
R.F.A.
FRANCE
FRANCE
FRANCE

FRANCE
R.F.A.

U.S.A.
FRANCE
FRANCE

FRANCE
R.F.A.


