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Abstract

The general features of the physics program that can be carried out using solid—state
polarized hydrogen and denterium targets and the CEBAF Large Acceptance Spectrometer
are outlined. The practical aspects of these experiments are discussed. Two specific
examples are worked out in some detail: deuteron electro—disintegration and the electro—
production of pions in the region of the Roper resonance.




I. Introduction

The study of nuclear and hadronic structure at CEBAF will be considerably enhanced
through-the use of a polarized electron beam and polarized targets. In inclusive scattering,
new structure functions can be measured which are not accessible without the use of the
spin degrees of freedom.! An example of particular interest is the structure function that
involves the interference of transverse and longitudinal amplitudes (WTZ in the notation of
ref. 1). This structure function provides clean information on longitudinal and transverse
amplitudes which are often difficult to disentangle by Rosenbluth separation in unpolarized
experiments. It also provides new information suck as the relative sign of the amplitudes.
The structure function W7TZ ig selected by orienting the target spin perpendicular to the
momentum transfer direction.

‘Additional power to separate different amplitudes and multipoles can be obtained by
detecting one or more of the hadronic reaction products in the final state.? Such measure-
ments will be necessary to extract multipole amplitudes for individual nucleon resonances
in the presence of non-resonant background and possible interference from other reso- -
nances. An interesting measurement has been proposed to study the properties of the
Roper resonance in single r production from a polarized proton target. At CEBAF, such
experiments will be of high interest, and it is in this area that the full power of the CEBAF
facility will be utilized. Due to its ability to accommodate polarized targets and beams
while providing large acceptance for detection of reaction products, the CEBAF Large
Acceptance Spectrometer (CLAS) will clearly be a valuable tool in this area of research.

For polarized target experiments, the luminosity limitation of the CLAS is not & dis-
advantage since, with present technology, only moderate luminosity can be achieved both
for polarized 3He targets®* and for solid-state targets®®. Solid-state polarized hydrogen
(and deuterium) targets are limited in the amount of electron beam intensity that they
can withstand without significant radiation deamage. The maximum luminosity is limited
to about ~ 5 x 10%cm™?sec™! for radiation-resistant ammonia targets (the luminosity is
given in terms of the total number of nucleons in the target including the nitrogen back-
ground material). This limit is actually well matched to the expected luminosity limitation
of the CLAS. The large acceptance of CLAS is always important in achieving reasonable
count rates with these targets, even in inclusive experiments. ’

An additional natural advantage of the CLAS for solid-state polarized target work is
its tolerance of the large magnetic holding field associated with hydrogen and deuterium
solid-state polarized targets. The 5 Tesla field deflects both the electron beam and the
reaction products (such as the scattered electron) significantly. This complicates the use
of standard “small aceeptance” focussing spectrometers of high optical quality due to the
distortion of their optical properties and their acceptance function. To use a focussing
spectrometer, one would have to displace the target or the spectrometer in such a way
that the desired particles are transmitted to the focal plane. CLAS can tolerate these high
fields in the target region; the particle trajectories can be reconstructed to retrieve the
kinematic quantities of interest. It is important to note that the field-free region at the
target position is a valuable feature of the CLAS design. This will allow the target spin to
be oriented along an arbitrary axis, which is necessary in most experiments.




In the course of the development of the CLAS capabilities, the use of solid-state
polarized targets is viewed as a second generation venture. The operation of a polarized
target is also complicated. Both devices should only be combined after they have been
tested individually.

To illustrate the use of the CLAS with polarized targets and a polarized electron beam,
an experiment to measure the scattering of polarized electrons on polarized deuterium will
be deseribed in the following. The physics motivation is the measurement of the neutron
electric form factor which is currently of high interest and a test of the deuteron wave
function. For the measurement of the neutron electric form factor, electron—neutron scat-
tering events are selected via coincident neutron detection along the momentum transfer
direction. While this part of the experiment does not need the detection of uncorrelated
multi-particle hadronic final states, it already illustrates the power of the CLAS for polar-
ized target experiments even for simple two-body final states. Of course, the advantage of
using the CLAS will be even greater for more complex final states. As a second example,
we will discuss a measurement in the nucleon resonance region using a polarized proton
target.

The polarized solid-state target that is presently under development at the University
of Virginia will be a general purpose device usable in all three of CEBAF’s experimental
halls. Some aspects of this program will be covered by first—generation experiments at
CEBAF using the standard spectrometers.

In the following section, we will demonstrate that unique advantages will be offered
by the CLAS detector. Some general aspects related to the use of polarized solid state
targets in electron beams are discussed in section II, and the specific problems of using
polarized solid state targets with CLAS will be discussed in section III. The measurement
of the asymmetry in the scattering of polarized electrons on a polarized deuterium target
will be adressed in section IV. The target polarization asymmetry in the study of single
pion electroproduction are discussed in section V. Applications in the study of the Roper
resonance will be discussed in section VI.

II. Technical Aspects of Solid—State Polarized Targets

I1.1 Polarized Target Materials.

For a long time, one of the main obstacles for using solid state targets in intense
jonizing particle beams has been the low resistance of the standard target materials, like
butanol, to radiation damage. With the emergence of NHy and NDj as polarized target
materials for protons and deuterons, these problems have largely been solved.

The basic difference between these new materials and the ones used previously is
that the free electrons which are necessary for the dynamic polarization mechanism were
generally added in the form of paramagnetic chemicals (e.g. 2-5% of porphyrexide in the
case of butanol) whereas in NHy and NDj the free electrons are produced by exposing
the target sample to an intense beam of ionizing particles, e.g. electrons. In order to




obtain a sufficiently high density of free electrons, an irradiation dose of approximately
10'" electrons/cm? at a temperature of 80 K is required.

The qualitative performance of NHs and N D3 under additional irradiationin a 1.5 GeV
electron beam at the regular working temperature of the target cryostat (< 1K) is shown
in Figure 1 - Figure 3. For pre-irradiated NH;, the polarization, after an initial drop,
remains constant at a level of ~ 70% of the initial polarization. The initial polarization
can be easily recovered by heating the target sample to 75 Kelvin for about 15 minutes.
For pre-irradiated NDjy, the polarization first rises to a maximum value (at ~ 0.4 x 1015
electrons/cm?) which is appreciably larger than the initial polarization value, and then
drops asymptotically to a constant value of ~ 75% of the maximum polarization. The
initial conditions are reproduced by beating up the target sample to a temperature of
75 K.

It should be noted that these measurements have been performed at 1 K and with a
magnetic field of 2.5 Tesla. At lower temperatures and higher magnetic fields the absolute
polarization is considerably higher; the qualitative behavior, however, does not change.

The pre-irradiation may be performed within approximately one hour in an electron
beam of 50 uA. To achieve a uniform irradiation and avoid inhomogeneous polarization
of the target sample, it will be necessary to scan the electron beam across the full target
area during pre-irradiation in the high intensity electron beam and also during the actual
experiment,

IL.2 Cryogenic Requirements.

The maximum achievable polarization depends strongly upon the working tempera-
ture of the target cryostat and the strength of the magnetic field at the target sample. Fig-
ure 4 shows the proton polarization measured at working temperatures of 1000mK, 500mK,
and 250mK. These temperatures can be achieved using different types of cryostates with
different coolants. With *He as coolant, temperatures of typically 1000mK are achieved,
the precise value being dependent upon the power of the pumping units used to pump the
~ “He gas. With 3He temperatures of typically 500mK are achieved. A drawback of using
pure *He as coolant is the much lower heat transport capability compared to superfluid
‘He. Using a 3He/* He mixture ("dilution cryostates”), cryostate operation temperatures
of 160mK to 400mK can be achieved dependent on the heat loading due to the incident
beam. Recent studies of the deuteron polarization in ND; are summarized in Figure 5.

Since the deuteron is a spin 1 particle, the magnetic quantum number m, may adopt
the values m, = 0, + 1. Hence, in addition to the usual vector polarization

Ny-N_

E=m+m+m’

the deuterons may also be tensor polarized with the polarization P,,:

Pur = Ny +N,+N_




Ny,N_,N, being the population of the m, = +1, 0 states, respectively.

At a temperature of T = 200 mK and a magnetic field B = 3.5 Tesla, a vector polar-
ization P,=0.5 has been achieved with ND;. At this vector polarization, an appreciable
tensor polarization is obtained as a byproduct of the dynamic polarization mechanism. In
the thermal equilibrium, assuring equal spin temperatures, the tensor polarization P, is
related to the vector polarization P, by:

P,,=2—+/2-3P?

To give an example, a vector polarization of P,=0.6 results in a tensor polarization P,,=0.3
which is sufficient for experiments that are sensitive to P,;.

Using standard dynamic polarization techniques, a higher tensor polarization can be
obtained only at low temperatures (T < 300 mK) where the cooling power of the target
cryostat is low. The limited cooling power provides the ultimate limitation for the electron
beam current which the polarized target can tolerate. In Figure 6 the measured cooling
power of two types of eryostats for polarized target experiments are displayed versus the
operating temperature. The “Bonn cryostat” could be operated at a cooling power of 20
mW at 270 mK with the 1.6 cm long ND; target exposed to an average electron current
of 1=0.3 to 0.4 nA. With a magnetic field of B=3.5 Tesla, an average vector polarization
P,=0.47 and a tensor polarization P,,=0.17 have been achieved. These polarization values
could be maintained during a running period of about one week.

The cryostat of the EMC polarized target can handled an approximately 1 meter long
NH; target with a cross section of 5 x 6 cm?, whereas the Bonn polarized target has a much
smaller volume of 2.5 x 2.5 x 1.6 cm®. With some modifications in the pumping system and
with changes in the size and arrangement of the cooling pipes for the *He/*He mixture, it
seems feasible to increase the cooling power by a factor of 10 - 20 for the type of dilution
cryostat used at Bonn. An average electron current of ~ 4 to 8 nA at a temperature of T
~ 270 mK therefore seems a realistic design goal for a cryostat to be used at CEBAF.

I1.3 Magnetic Field Considerations.

For achieving a high proton or deuteron polarization, a magnetic field of greater than
2.5 Tesla with a good field uniformity (AB/B < 10™*) over the full target volume is
required. The magnetic field dependence of the maximum deuteron polarization at T ~
200 mK is shown in Figure 7 for NDy and LiD. Although no data exist for NDj at field
values above 3.5 Tesla, the comparison with the LiD data suggests that a deuteron vector
polarization of P,=0.6 and a tensor polarization P;; > 0.3 can be achieved at 5 Tesla.
The requirement of a large magnetic field over the target volume poses certain limitations
on the accessible kinematical regions for a number of experiments.

(1) The experimentally accessible solid angle is limited to the coil-frec space. In
addition, there will be a further solid angle obstruction due to the magnet cryostat and
the support structure.




(2) Dependent on the integrated field strength, there is a low momentum cut off for the
detection of charged particles. For this reason it is highly desirable to make the magnetic
field volume, and the integrated field length as small as possible.

The coil size basically depends upon the target volume and the requ.ired field uni-
formity, For experiments at CEBAF a target volume of 25 x 25 x 25 mm® would be
appropriate. The advantage of a small target size is that the corresponding coil system
can be realized with a smaller dead zone for the outgoing particles.

A coil geometry has been developed that provides the required field conditions at a
central field of 4 Tesla for a target volume of 30 x 30 x 30 mm?. Figure 8 shows the design
of a polarized target magnet with a coil optimized for minimum obstruction of solid angle,
and maximum field homogeneity. Note that in this design the forward region is completely
open in a cone with an opening angle of 102°. Sideways the angular range from 77.5° to
102.5° is accessible. With a more optimized design of the magnet cryostat the large angle
acceptance could possibly be extended. Using this coil geometry the field distribution was
calculated, and the effects of the polarized target field on the performance of the CLAS
detector were studied. :

ITI, Performance of the CL_AS Detector with Polarized Target Field.

The axial field component B, is shown in Figure 9 as a function of r and z. For a
central magnetic field of 5 Tesla on obtains [Bdl = 1.0Tm. Deflection of charged particles
in the target field might therefore seriously affect acceptance of charged particles in CLAS.
Clearly, the largest deflection will occur for particles emitted at 90° with respect to the
symmetry axis of the target field. Figure 10 displays charged particle trajectories with
momenta between 150MeV /c and 2000MeV /c. Low momentum particles are strongly de-
flected in the polarized target field. The magnetic field causes effectively a low momentum
cut-off at =~ 150MeV/¢c. Besides this cut-off, the CLAS acceptance for single particles is
only slightly affected if one ignores the fact that the ¢ acceptance is shified by an angle
A¢(p). It is worth mentioning that the particle trajectories after leaving the polarized
target field region still appear to be pointing back to the emission point at the target.
Momentum resolution for reconstructed trajectories is —to first order— not affected by the
presence of the magnetic field, since most of the [Bdl is concentrated inside the region
where the CLAS tracking chambers are located. Similarly, the resolution in the polar and
azimuthal scattering angle is not affected by the presence of the target field, assuming the
target field distribution is known with sufficient precision.

IIT.1 Beam Handling in Polarized Target Operation.

In most applications of polarized targets pertaining to the study of nucleon resonance
excitation the polarization vector is aligned parallel to the direction of the incident elec-
tron beam. In this configuration the primary beam is unaffected, except for the (minor)
focussing properties of the target field. In some experiments, however, the polarization
vector and hence the orientation of the magnetic field will have an angle # 0 relative to
the beamn axis. As a consequence, the incident electron beam will also be deflected in the
magnetic field of the polarized target. For a 2GeV incident electron beam the deflection




can be as large as 13° if the target field is oriented perpendicular to the incident beam
direction. To make sure that the beam is directed towards the beam dump, some beam
manipulations will be necessary in this case.

We envisage adoption of the following scheme for operating a polarized target in
CLAS:

(i) Compensation of beam deflection.

Because of the azimuthal symmetry of CLAS, all possible polarization configurations
can be achieved by rotating the magnetic field direction horizontally by an angle 4. The
incident beam is then deflected vertically by an angle a,(¢¥). This deflection is compensated
by bringing in the beam at an angle —a,. The incident beam has therefore an angle a,/2
at the center of the target. After fully traversing the polarized target field, the beam
is directed towards the beam dump. Bremsstrahlung produced in the target is emitted
from the target at an angle a,/2. To protect the CLAS detectors against the intense flux
of bremsstrahlung s wedged shaped lead block will be positioned in the corresponding
CLAS sector. For most of the experiments shielding of the angular region below 6° will be
sufficient, which will not affect the acceptance of the CLAS detector.

(ii) Beam rastering.

The polarizability of the protons and deuterons in NHj; and NDj strongly depends
upon their exposure to ionizing particle beams. In fact, both materials must be preirradi-
ated with about 1017 particles per cm? to reach their optimum performance. In case of a
physics experiment, the polarization degree can change (increase or decrease) depending
on the history of the target sample. To avoid local depolarization or polarization buildup,
due to non uniform exposure of the target sample to the beam, the incident beam will be
scanned across the target front face. In order to avoid local temperature rise within the
target sample, high speed beam rastering is necessary. This can be achieved by incorpo-
rating four small dipole magnets upsteams in the beam line, made of laminated magnetic
steel.

II1.2 Background and Luminosity Issues for Polarized Target Operation.

Since a polarized solid state target has a strong magnetic field associated with it, the
trajectories of charged background particles coming from the target region will be strongly
influenced by the field orientation chosen for a specific experiment. The use of a polarized
target has been studied for two cases 1%:

(i) Target is polarized along the beam direction.

(ii) The target is polarized at 20° with respect to the beam direction.

The target sample used in the simulation is in the shape of & cylinder of 1.5cm length
and lcm radius.

(i) Target polarized along the beam direction.

Such a configuration will e.g. be used in the study of baryon resonance excitation in
single pion electroproduction. In this case, the longitudinal magnetic field of the target
acts like a focussing lens, and keeps practically all low energy charged particles emerging
from the target within a narrow cone surrounding the beam axis, even those that were




emitted at large angles. Figure 11 shows the particle trajectories through the magnet.
This shielding is at least as effective as the shielding using the standard miniature torus.
The wire chambers appear to be nearly unaffected by charged background. Therefore,
we can expect the CLAS detector to safely operate at luminosities of 1034 cm—2sec—?
(and possibly beyond) in conjunction with a polarized target having the polarization axis
aligned along the beam axis.

(ii) Target polarized at 20° to the beam direction.

Such a configuation would, for example, be used for measuring the électric formfactor
of the neutron. As the polarized target field now contributes to the deflection of electrons
and positrons near the primary beam direction, the simulation had to include even the
very forward-going particles with scattering angles smaller than 2°. Figure 12 displays
trajectories in the CLAS for such a situation. We obviously encounter a more involved
background situation than in the previous case. As the forward-going beam, after pen-
etrating the target, contains electrons and positrons with a wide momentum spectrum,
it is likely that additional shielding near the beam pipe will be necessary to protect the
detectors against electrons which would otherwise be swept into the sensitive detector re-
gion. No optimization of the shielding geometry has been done. However, simple shielding -
of the beam pipe downstream of the target, in conjunction with additional shielding of
the polarized target area appears to improve background situation decisively. Figure 13
shows the background situation for a luminosity of 3-103% cm~?sec™!. The specific target
orientation chosen, together with the charge asymmetry of the background yield (mostly
electrons) results in a non-uniform distribution of background hits in the six CLAS sectors.
In fact, it appears that only one sector is affected by charged background hits in a signifi-
cant way. Note that this particular sector would not be used in the G} measurement, and
the sensitive detector components could therefore be shut off. We expect that, under more
optimized shielding conditions, luminosities of up to 1034 em~3sec™! will be feasible. This -
would allow the operation of polarized solid state targets in CLAS, with luminosities near
the limit of what these devices can presently tolerate. '

Note that the simulations were done with the CLAS configuration as outlined in the
Preliminary Conceptual Design Report 7.

IIL.3 Mechanical Aspects of Polarized Target Operation in CLAS.

The mechanical support structure has to serve two functions, it holds the target
magnet in place, and it has to carry the magnetic forces resulting from the interference of
the target field with the main torus field. It should also not obstruct any additional solid
angle, The present design makes use of a rigid connection of the magnet cryostat with the
torus cryostat in the rear. Figure 14 shows the layout of the target magnet, the target
cryostat, and the support structure in the CLAS magnet as presently envisaged.




IV. Measurement of the Asymmetry in the Scattering of Polarized Elec-
trons on a Polarized Deuterium Target

A measurement of the asymmetry in the scattering of polarized electrons on a polarized
deuterium target allows one to extract the neutron electric form factor G and to perform
various tests to check the validity of both experimental and theoretical techniques. One
can also test the validity of the standard description of the deuteron wave function.

The knowledge of G} is important for several reasons. First, it is a quantity that
is fundamental for our understanding of the nucleon. Unfortunately, there is very little
experimental information; the charge distribution of half of all matter surrounding us is
essentially unmeasured. Secondly, G% is essential for the interpretation of Coulomb and
electric multipoles in nuclei. A good example is the dependence of the deuteron electric
structure function A(Q?) on G} at high Q2.

Experimental information on the neutron electric form factor is very poor for all non-
zero values of Q2. In the absence of a free neutron target, one has to rely on scattering
from few-nucleon systems. Unlike for the proton, the Rosenbluth separation of G} from

B is difficult even at low Q? because of the small size of GE compared to G},. At Q?
= 0, the charge form factor. G} must be zero. At low Q2, G} would be non—zero only if
the charge distribution within the neutron were non-uniform. The slope of G} versus Q?
at low Q? has been measured accurately’; it is positive, indicating that the neutron has a
slightly positive core surrounded by a region of negative charge.

Figure 15 shows the measured electric neutron form factor as extracted from elastic
electron-deuteron scattering data taken at DESY?®. To extract G}(Q?) from the data, it
is necessary to assume a model for the deuteron structure. The data were analyzed with
three different models: Hamada-Johnston, McGee, and Feshbach-Lomon. The best fit
to the experimental data was obtained with the Feshbach-Lomon wave function and the
parameterization

Q) = -2

GP 2
1+ 5.6 5(Q°)

where 7 = %,- However, it is obvious from the data that the value of G3(Q?) is quite
uncertain at all non—zero Q2. In particular, the relation

Gg = —1G}y

is also consistent with the data. This relation holds if the Dirac form factor, F,, of the
neutron is zero. In the Gari-Krumpelmann® and Korner-Kuroda!® models, Fy, is very
close to zero for all Q2 due to cancellations. This parameterization is also the asymptotic
QCD prediction. It is also supported by the data on the electric structure function of
the deuteron A(Q?) at high Q%. Furthermore, it is consistent with the measured slope at
Q% =0.




Two methods have been proposed to measure this fundamental quantity in a model
independent way. One method to extract G3(Q?) from the scattering of polarized elec-
trons off unpolarized neutrons is to measure the neutron recoil polarization in a second
scattering experiment!!. An alternative method is to use quasi-elastic scattering of po-
larized electrons on vector polarized deuterium. In either case, the measured polarization
asymmetry is proportional to the ratio G} /Gy if the target neutrons are polarized per-
pendicular to the direction of the virtual photon. Measurement of the asymmetry thus
allows one to extract Gg if G is known. In the following, we will discuss details of this
method related to its application with CLAS. '

Quasi-elastic scattering of electrons on deuterium with the neutron detected in the
direction of the virtual photon is dominated by electron—neutron scattering. Therefore, we
will consider the elastic scattering of a polarized electron by a polarized neutron. Figure
16 shows the relevant kinematic and spin vectors. Note that 6* is the angle between the
momentum transfer vector § and the nucleon spin, and ¢* = 0 for the nucleon spin lying
in the reaction plane. The helicity asymmetry is defined as:

_ 04(0,6",4") — 0-(6,6%,¢")

4= 2 (0,65,6°) + 0_(0,6°, ")

where o (o_) corresponds to positive (negative) electron helicity.

For elastic scattering of a polarized electron from a free polarized neutron, the asym-
metry is given by

_ 27 cosf*vip + 2y/27(1 + 1) - (GR/G}y) sin 6* cos ¢* vy,

Aen oz(L+ 1) (GE/GR, ) + 27or
where |
22
vL = (.q—,)
2 0
. 22
v = 243 4+ tan 2
9 Q3
v.'ruta.ni ta.n’—2-+F
. Q? tan 7

Here ¢> = Q2 + 12 is the conventional notation. By varying 6*, the angle between
the nuclear spin and the direction of momentum transfer, it is possible to pick out the
longitudinal and transverse pieces of the quasi-elastic spin—dependent cross section. In
particular, if §* = 90°, then the asymmetry, A, is proportional to G% /G%y. This reflects




the power of the spin degree of freedom to pick out the interesting pieces of the cross
section.

In case the polarization asymmetry is measured using vector polarized deuterium, it
will be necessary to measure the recoil neutron in coincidence with the scattered electron
to veto against much larger asymmetry effects from the polarized proton in the deuteron.
Model calculations!?*?® show that the polarization asymmetry is linearly dependent on

2/ G?} as long as the recoil neutron is emitted at small angles with respect to the direction
of the virtual photon. In this region the influence of the deuteron wave function on the
extracted value of G}/G?}, is almost absent (Figures 17 and 18). At large angles, the
asymmetry is very semsitive to specific ingredients of the deuteron wave function and to
final state interactions. Measurements in this kinematic region will therefore be of great
interest. Figures 17 and 18 also demonstrate that good neutron angular resolution is
important to select neutrons near the cross section maxima of the quasi-elastic peaks
(0° for quasifree e—p scattering, 180° for quasifree e—n scattering) where the asymmetry
is well understood theoretically and most sensitive to G%/G3R,. To achieve the required
sensitivity, the angular resolution should be better than 2°.

For the ideal kinematic setting, the asymmetry A., is only sensitive to the ratio
%/G%. Any practical detection system will use a finite acceptance; it is therefore nec-
essary to study the effect of finite acceptances on the asymmetry. Figure 19 shows the
asymmetries A., for neutrons and A,, for protons as a function of Q@? for 4 GeV incident
clectrons and an orientation of the nucleon spin of 42° relative to the incident electron.
The asymmetries are given for ¢* = 0, but there is little reduction of the asymmetry for
a £20° interval in the electron azimuthal angle. The ideal setting is reached for @* = 1.5
(GeV/c)3. At this setting, one is performing essentially & null-measurement. The limits
for G%/GR, are then given by the statistical precision, and, in principle, very low values
of G%/G}, are detectable. (In practice, it will be difficult to get sufficient count rate to
make use of that advantage.) Away from the ideal setting, the asymmetry contains an ad-
ditive term that depends strictly on kinematics and can therefore be calculated accurately
and subtracted. The only practical disadvantage is that the accuracy for GE/Gj, will
now be influenced by the absolute accuracy of the determination of electron and neutron
polarization.

Also shown in Figure 19 is the asymmetry for e-p scattering. The asymmetry is gen-
erally larger than for e-n scattering. Additionally, the e-p cross section and the detection
efficiency for protons are larger, making the simultaneous detection of e-p coincidences a
valuable test of the experimental technique. Also, the influence of the binding effects in
deuterium can be tested by comparing the asymmetry for free and bound protons using
NH; and ND; polarized targets.

In a large acceptance detector, e-n and e-p coincidences can be recorded simultane-
ously in the kinematic situation in which the angles of electron and nucleon are reversed
(for fixed target spin orientation). The asymmetries, given in Figure 20, are large. As ex-
pected, there is practically no sensitivity to G3/G}y left. Therefore, this measurement will
not only check the experimental procedure but eliminate uncertainties in the determination
of the product of beam and target polarization.




The electron solid angle that can be used simultaneously for this experiment (one seg-
ment of the CLAS only) is about 100 msr. This is more than one order of magnitude larger
than the focussing spectrometers planned for CEBAF. (Using a focussing spectrometer, it
is standard procedure to increase the electron beam current for large angle measurements
to compensate for the decreasing cross section. Note that this procedure does not work for
polarized targets since their luminosity is limited.) Using a large acceptance detector, the
solid angle grows with increasing Q? (for constant dQ?/Q?), a welcome feature in a situa-
tion of strongly decreasing cross sections. For 4 GeV incident electrons, the Q? range from
0.5-2.5 (GeV/c)? can be covered simultaneously. (A detailed analysis of the experimental
errors may reveal that it will be more appropriate to use two settings of the electron en-
ergy, e.g. 2 and 4 GeV.) In addition, the cross section for deuteron electro-disintegration
drops very rapidly as one moves away from the quasi~elastic e-p and e-n peaks. For the
measurement of the asymmetry for this process a large solid angle device is absolutely
necessary.

The 4N component of the target constitutes a serious background that has to be
reduced experimentally by kinematic overdetermination. A Monte Carlo calculation was
performed to analyze the distribution of quasi—elastic e-n scattering events from deuterium
and from 14N. Figure 21 shows missing mass distributions (derived from the difference be-
tween incident and outgoing electron assuming a free neutron as a target) without and with
neutron detection. With the neutron confined to a narrow (5°) cone around the direction of
the virtual photon, the 1N contributions underneath the quasi—elastic deuterium peak can
be reduced to about 30%. Note that only the direction of the neutron has been used in the
cut. Additional gains may be possible using the time—of-flight information. The Monte
Carlo calculation has to be extended to include the electro-disintegration process with
nucleons far away from the quasi—elastic peak. In the CLAS detector, kinematic overde-
termination can be achieved by the coincident detection of the scattered electron and the
proton—neutron pair; this should reduce the nuclear background to negligible levels.

V. Target Polarization Asymmetry in Single Pion Production

The proposal of the N* group emphasizes the importance of measurements of polariza-
tion observables in a program to completely determine the resonance transition parameters.
Such a program requires measurement of single v and 7 production. The coincidence cross
section for single hadron detection can be written as:

do -T de  do

dN.dE. R, TdQ ' da

where, for simplicity, we have omitted the ;}'ﬁ. 0o, Te, T¢, and o, represent the unpolarized

cross section, and terms related to the electron polarization, nucleon polarization, and
combined electron and nucleon polarization. | _

To, Te, Tty Oet contain 4, 1, 8, and 5 response functions, respectively. These can
be determined at any given kinematical point in W, Q?, 04, by measuring the ¢, and ¢
dependence of the cross section. The response functions can be expressed in terms of 6
parity conserving helicity amplitudes (we have used the notation of Bartl and Majerotto 18

= 0o + Ge + Ot + 0ot




for the helicity amplitudes). A complete determination of the helicity amplitudes is seen
as a long term goal in single 7 electroproduction, which would allow an essentially model-
independent extraction of the resonant transition amplitudes. It requires measurement of
at least 11 independent quantities, not taking into account an undefined overall phase.

V.1 Unpolarized Measurements.

Experiments which measure no polarization observables allow the determination of
the following 3 terms if the ¢ dependence is measured only:

IR+ [BL1 + [RY [ + [REP + - (1R) | + [RE )
B2 + |RE[? — RY? - |RIP
Re(hYnN* + RERF")
V.2 Polarized Electron Beam

Using a polarized electron beam with an unpolarized target allows the determination
of the term

Im(hYRN* + RFRE)

V.3 Target Polarization at an Angle to the Electron Beam

For the case that the target is polarized, and the polarization can be aligned along
any given axis in the horizontal plane, measurement of the ¢ distribution allows the de-
termination of the following terms:

Im(hERY* + RYRT")
Im(RERY* + RNRE")
Im(RYRE* + RYRE*) + 2eIm(RN RE™)
Im(hYRE* + hYRE")
Im(RNRE* — RF RN
Im(hYRY* — RTRE")

Im(hNRY* — hFRE")

With a polarized eleciron beam and a polarized nucleon target one measures the
bilinear combinations:

Re(hERY* + RNRE")
Re(hERY® + RV RE?)
Re(RYRE* — RERN")




Re(hYRY* — hRERE")
Re(hNRY* — hERE")
Together with the unpolarized measurements 16 response functions, or combinations

of response functions can be determined by analyzing the ¢ distribution of the cross section

and polarization asymmetries, without varying e. Variation of € would allow separation of
all 18 response functions.

V.4 Target Polarized Parallel to the Beam Direction

Fo; the case that the target is polarized along the direction of the electron beam,
the following combinations can be measured by varying ¢ only (0, is the lab angle of the
virtual photon). -

Im(h¥hE* + hRNRE*) + - [Im(RNRE® — RYRE*) + 2 Im(R] hg")]

+c0s0,1/2¢(1 + ) Im(hYRY* — RERT*) ;

1,
—Eamﬂﬂ/Ze(l F O [Im(RF Y + RYRE*) + Im(hYRE* — RERN*)+

cosly - € - Im(hRNAY* — RERE*)
Im(hERY* + RVRE®) — 2Im(RYRE® + RYRT®) .

If both, beam and target are polarized along the beam axis, the following terms can -
be determined: '

Re(hNRF* — RFRN*) 4+ /26(1 — ) Re(hERY* + A RL®)

sinfy /1 — @ Re(hFRY® + RNRE®) — cosly+/26(1 — e)Re(hY R — hTRE®)
sindy Re(hYRE* — RERN*) 4 cosbyv/1 — @ Re(RYRY* — RIRT") .

Together with the unpolarized measurements 10 response functions, or combination
of response functions can be determined by analyzing the ¢ distribution of the unpolarized
cross section and the various polarization asymmetries, without varying e. Variation of e
would allow measurements of 16 combination of bilinear terms. In practice, however, this
may be difficult to achieve because of the relatively weak sensitivity to € variations.

One can show that with only two more (appropriately chosen) measurements a com-
plete determination of all 6 complex helicity amplitudes can be accomplished, which
demonstrates that even in a non-optimal configuration (target and beam polarized along




the beam direction), polarization measurement will generate very significant information
on baryon resonance excitation which cannot be obtained in unpolarized measurements.

VI. Target Asymmetry in the Region of the Roper.

Measurements of single = and 7 production from a polarized hydrogen or deuterium
target have never been done before. Such experiments would mark a significant improve-
ment in the study of the structure of excited nucleons. In the following, one particularly
interesting example is briefly discussed, which demonstrates the power of the use of polar-
ized targets in these experiments.

The Roper resonance or P;3(1440) is a well established nucleon resonance, and its
coupling to real photons has been extracted with small uncertainties from single = photo-
production experiments. In electron scattering experiments, however, this resonance has
hardly been seen, and there is only one recent analysis'* of older DESY and NINA data
at Q?*=1GeV which produced stable results for its excitation. These results, however, are
somewhat contradictory as far as the excitation by transverse photons is concerned, but
they do agree in the surprising result that the P;;(1440) couples strongly to longitudinal
photons. This, in fact, is the only resonance for which an appreciable longitudinal coupling
has been found, and it is interesting to note that in the mass region of the P;; indications
of a stronger longitudinal component than elsewhere in the resonance region were also
found in an independent analysis of inclusive datal®.

Quark model calculations, which generally reproduce the photon coupling amplitudes,
are barely able to predict the correct sign of the P;y transverse amplitude. However, a large
longitudinal photocoupling amplitude has been predicted recently within the framework
of a relativized quark potential model’®. Obviously, the only way to come to a better
understanding of the structure of this resonance, is to perform measurements that are
more sensitive to small amplitudes such as expected for the electromagnetic coupling of
the Roper in electron scattering.

Use of polarized targets in CLAS provides a powerful tool for such a measurement.
Although a systematic experimental exploration would cover the entire resonance region
and a large Q? range, it is instructive to evaluate one specific kinematical situation, which
uses a polarized proton (NHg) target. Useful quantities to measure with a polarized
spin—-1/2 target are the target asymmetries, defined as

_ o(P; =+1)—o(P; = ~-1)
- o(P; =+1)+ o(P; = —1)

T;

where i = x, y, z, (or long). P, P,, P; are the polarization components in the N7 decay
plane, perpendicular to the Nx decay plane, and in the direction of the virtual photon,
respectively (Piong is the target polarization when the target is polarized along the beam
direction).

Figure 22 displays the cross section for single 7° production as predicted by the Kroe-
sen analysis 14 with and without the Roper resonance included in the computation of the




cross section. The differences are very small. It would be very difficult to extract the
small signal coming from the Roper excitation. Figure 23 displays the polarized target
asymmetry T, for the same kinematics as in Figure 22, and Figure 24 shows the angular
distribution of the asymmetry. Obviously, the effects are much larger than in the unpo-
larized eross section. To see whether the effect can be mocked up by modifications of the
amplitudes of other nearby resonances, the asymmetry is plotted with the $;3(1535) tran-
sition amplitudes set to zero. Note that the 5;; amplitudes are, in fact, known at the 20%
levell”. Modifications within this uncertainty would clearly not affect the sensitivity of T
with respect to the P;;. Measurement of the polarized target asymmetry T5(¢ =90°) in
the region of the P;;(1440) would allow one to place strong constraints on the excitation
strength of this resonance. ' '

We now address in some more detail measurements of polarized target asymmetries
in the region of the P;;(1440) resonance when the target is polarized along the beam di-
rection. Such a configuration might be implemented for the first round of polarized target
experiments. The target asymmetry Tiong can be predicted using the Kroesen amplitudes
for #° production. Some results are shown in Figure 25 and Figure 27 for specific kinemat-
ics. Also shown is the sensitivity to variations of some contributing amplitudes. Obviously,
this asymmetry is very sensitive to various assumptions about the Roper amplitudes.

In the following we estimate the statistical accuracy for measuring the Tiony asymme-
try in 7° production off polarized protons. The unobstructed opening angle of the target
magnet is large enough to essentially allow detection of protons in nearly the full phase
space of the reaction. This is possible because the protons are confined in a cone around
the direction of the virtual photon with an opening angle which is small enough, so that
nearly all protons for the specific kinematics of the Roper Pi;(1440) excitation can be de-
tected in CLAS (of course, there will be some obstruction of acceptance due to the CLAS
magnet geometry, similar to the unpolarized case). Figure 29 shows, as an example, the
proton kinematics for Q@ = 1.GeV2. "

The count rates are estimated based on the fo]lbwing assumptions:
Free Proton Polarization P,=0.7
Effective Polarization PSff = 0.5
Luminosity=10%%cm~2sec™? (for free protons)
Beam Energy E. = 4GeV
Bin sizes:AW = 20MeV, Acosf* = 0.166, AQ? = 0.2GeV?
Running time = 1000 hrs

The reduction in P;f f compared to P, is the result of contributions from the 14N.
The estimated statistical uncertainties are shown in Figure 26 and Figure 28. Obviously,
the measurements will generate data that would significantly constraint the analysis in
term of the resonant amplitudes in the Roper region. Equally important information
on the nonresonant amplitudes will be obtained as well. In addition, the measurements




will generate data over a very large kinematical area in Q2, W, and cosf*. Moreover,
equally important #+ data will be obtained in a large kinematical region. The combined
polarized target data on #° and 7+ production would improve the data base for single pion
electroproduction in a very significant way, providing experimental information necessary
for a model independent analysis of electromagnetic baryon excitation.

In case polarized electron beams are available, double polarization asymmetries can
be measured. Measurements of this type provide information which is complementary
to the polarized target asymmetries, and is needed for a complete understanding of the
electromagnetic couplings of baryons. Note that the double polarization asymmetries con-
tain only real parts of combination of amplitudes, whereas the target asymmetries contain
only imaginary parts. In Figure 30 and Figure 31 predicted double polarization asymme-
tries for #+ are shown using the Kroesen amplitudes. Obviously, the double polarization
asymmetries are equally sensitive to the various resonant and non-resonant amplitudes.

VII. Conclusions

Experiments in electromagnetic nuclear physics concentrate more and more on rela-
tively small (but important) phenomena that are more readily accessible via interference
effects. Measurements of this type often require the use of polarized beams and polarized
targets. The luminosity limitation that hampers the use of these targets can be overcome
by combining them with a large acceptance spectrometer. The properties of the CEBAF
Large Acceptance Spectrometer are ideally matched to the properties of polarized targets.
Both devices are complicated; teaming them up should wait till both are well understood.
However, it is important to plan these experiments now to make sure that there will be no
surprises in the future.
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Figure 1 Change of the maximum polarization of ammonia and butanol under irradia-
tion with 1.5 GeV electrons. The target sample was initially pre-irradiated at 80 Kelvin
with 1017 electrons/em?.
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Figure 2 Annealing performance of irradiated ammonia.
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Figure 4 Proton polarization at working temperatures of 250mK, 500mK, and 1000mK.
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Figure 5 Deuteron polarization in deuterated ammonia versus target temperature.
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Figure 7 Deuteron polarization versus magunetic field strength for two target materials.
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Figure 8 Superconducting split-pair magnet with the coil shape designed for minimal
solid angle obstruction and maximum field homogenity.
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Figure 9 Radial and axial magnetic field distribution of the split pair coil arrangement.
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Figure 10 Charged particle trajectories through the target magnet and through the
CLAS torus, for momenta between 150, 250, 500, 750, 1000, 1500, and 2000MeV /c.
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Figure 11 Charged particle background trajectories when the field axis is aligned with
the beam direction.




Figure 12 Charged background trajectories when the target field is oriented at a 20°
angle with respect to the beam axis.

Figure 13 Background hits in the CLAS drift chamber for the arrangement of Figure

12.
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Figure 15 Neutron electric form factor as extracted from elastic electron—deuteron scat-
tering (ref. 8). Note that the different results obtained with the three models of the

deuteron indicate a large systematic error.
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Figure 17 Asymmetry for Enp=120 MeV, Q2=12 fm~? for the Paris potential without

(dotted) and with (dashed) final state interaction (N), N + IC (dash—dot), N + MEC
(dash-dot—dot), N + IC + MEC (solid). (Ref. 11).




Figure 18 Asymmetry for different choices of the deuteron wave function (G} = 0).
Solid curve: Paris potential, dashed: Reid SC, dash—dot: Buck-Gross. Q* = 0.5 (GeV/c)?

for a), 1.0 for b), 1.5 for c), and 2.0 for d). (Ref. 12).
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Figure 19 Calculated asymmetries A., for neutrons and A, for protons as a function of

Q? for 4 GeV incident electrons and a fixed orientation of the nucleon spin of 42° relative
to the incident electron.
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Figure 20 Same as Fig. 9 with the nucleon spin oriented at —42°.
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Figure 21 Monte Carlo calculation for the missing mass distributions for quasi-elastic
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€=0.8, $=00°, §*=0°

all amplitudes

o [u—barn]

lllllllllllllllllllllll[

et 4 1 1 I | I T | I | I N T I L1 11 I 11 1 1 I L1 |
1.1 1.2 1.3 14 15 1.8 1.7
W [GeV] |

Figure 22 Cross section for p(e,e’p)m® at the specified kinematics. The amplitudes of
the Kroesen analysis'* were used to compute the cross section with, and without the Py,
amplitudes.
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Figure 23 Target asymmetry T, for p(e,e’p)x° at the specified kinematics. The Kroesen
amplitudes !4 were used. The sensitivity to the P;;(1440) and S,,(1535) is shown.
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Figure 24 Angular distribution of the polarization asymmetry T:. Same assumption as
in Fig. 23.
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Figure 25 Target asymmetry 1}.;., predictions using the Kroesen amplitudes. The sen-
sitivity to various resonant and non-resonant amplitudes is shown (CP;; denotes the lon-
gitudinal resonant amplitude).
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Figure 26 Expected statistical uncertainties for a measurement of Tjong. The Kroesen
amplitudes have been used. .
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Figure 27 Same as Figure 25, but different kinematics.
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28 Same as Figure 26, but different kinematics.
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Figure 30 Predicted double polarization asymmetry Dion, versus W at 6° = 115°,
¢ = 180°, € = 0.8. The sensitivity to the Born amplitudes, and to the resonant P;,
amplitudes is shown. The Kroesen amplitudes have been used.
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Figure 31 Same as in Figure 30, but different kinematics.




