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Recently, the study of pion production in few-nucleon systems has
advanced considerably, mainly due to experiments using internal targets
in stored, cooled beams. Experimental progress has inspired theoretical
insights: from measurements close to threshold we have learned that an
enhancement of the axial charge caused by heavy-meson exchange signif-
icantly contributes to pion production. The study of the production of
pions, as well as heavier mesons, with stored polarized beams and po-
larized internal targets is likely to have important consequences for our
understanding of the nuclear force.

PACS numbers: 21.45.4-v

1. Introduction

Driven by techmical advances, in particular the possibility of exper-
iments with internal targets in storage rings, the study of the nucleon-
nucleon (N N) interaction at low and intermediate energies has recently
seen a revival.

At low energies (below the pion production threshold) the NN interac-
tion is dominated by one-pion exchange but the exchange of multiple pions
or of heavier mesons is also needed to explain the data. The study of these
contributions needs a theoretical framework (e.g., potential models that are
constructed from individual exchange diagrams [1]) as well as high-quality
NN scattering data.

* Presented at the XXIX Zakopane School of Physics, Zakopane, Poland,
September 5-14, 1994.
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As we shall see in Sect. 4.4., storage ring technology will have an im-
portant impact on the study of NN elastic scattering, in particular on the
measurement of polarization observables. The main pay-off from the new
experimental possibilities, however, is expected to come from a study of
particle production, in particular the respective threshold regions (Sect. 2).
When the reaction energy is sufficient for the constituents of the nucleonic
meson field to become real they can be observed directly. The price paid is
an increase in complexity of the (now inelastic) NN interaction. However,
near threshold, production reactions are severely constrained, and the am-
biguities in theoretical interpretations of the data become significantly less.
This offers the possibility to isolate and discuss specific physics aspects of
the NN interaction (see examples discussed in Sect. 3).

In the near future, polarization observables in particle production will
become more accessible and more important in tests of theoretical ideas.
The role of polarization in storage-ring experiments is discussed in Sect. 4.

2. Particle production near threshold
2.1. Why is the threshold region tmportant?

A particle-production reaction at energies just above threshold is con-
strained by conservation laws. The typical near-threshold features for the
case of pion production in few-nucleon systems have been summarized in a
recent review article [2]; for the present purpose, let me just highlight the
main points.

Within the first few hundred MeV above threshold of the reaction
NN — NN, the angular momentum Ly in the final (NN) system,
as well as the angular momentum £, of the pion with respect to the NN
pair, are both either 0 or 1. This restriction, together with the Pauli princi-
ple, and the conservation of angular momentum, parity and isospin greatly
limits the number of partial waves that can contribute to pion production.
Furthermore, the energy dependence of the cross section is well described by
phase space and centrifugal barrier factors, and the final-state interaction
(and, if applicable, the Coulomb repulsion) between the final-state nucleons.
The partial waves with the lowest L xyn and £, have the weakest dependence
on bombarding energy. Thus, as the bombarding energy is lowered, even-
tually a single partial wave (e.g., Lyny = 0, £y = 0, in short, “Ss”) will
remain and thus dominate the reaction.

Near threshold most of the center-of-mass kinetic energy is converted
into mass, resulting in a large momentum transfer. In addition, if the quan-
tum numbers of the exit channel are given, the angular momentum in the
entrance channel is also fixed to some (low) value. Thus, the dynamical con-
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straints of particle production near threshold are such that the short-range
aspects of the system are emphasized.

2.2. Benefits of new technology in particle production

During the past few years, storage rings have become a new tool in
nuclear physics [3]. These rings are equipped with means for phase space
cooling. Cooling counteracts the growth of the phase volume of a stored
beam that passes through an internal target. Stochastic cooling [4] as well
as electron cooling [5] have been applied. With internal targets and inter-
mediate energy beams electron cooling is the method of choice because of its
high cooling rate. Electron cooling has been demonstrated at the Indiana
Cooler [6] for protons of up to 425 MeV.
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Fig. 1. Lifetimes for hydrogen and nitrogen targets for a range of target thicknesses,
measured with a 185 MeV proton beam at the Indiana Cooler (from Ref. [7]).

The limited cooling force dictates a maximum target thickness which,
for hydrogen, ranges from 1012 to 10'® atoms/cm?. For thicker targets the
lifetime of the stored beam becomes impractically short [7], as is illustrated
in Fig. 1. Thin targets can be realized, for instance, by crossing the stored
beam with a gas jet emerging from a nozzle. The stored beam is accumulated
to several 100 pA, thus, even with these relatively thin targets, the resulting
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luminosities are comparable to the luminosity in conventional experiments
with a one-pass beam on an external target. Cooled beams typically have
small emittance and a;small energy spread. The beam energy is well known
because it is locked to the frequency of the electric RF field that is used
to bunch the stored beam. These features are especially important for
measurements near threshold because of the rapid variation of the cross
section with bombarding energy.

In a typical pion production measurement only the baryons in the exit
channel are observed; the parameters of the pion are then reconstructed
from kinematics. As an example, Fig. 2 shows the mass distribution of
the unobserved third particle in pp — pp(m3) which is deduced from the
observed two outgoing protons. Close to threshold, the baryons emerge in
a narrow forward cone. Thus, a detector of modest size in the forward
direction is sufficient to cover all of the available phase space. The fact that
the target is pure, thin, and windowless is crucial in near-threshold particle
production in few-nucleon reactions. Not only does it allow the observed
baryons to exit with minimal distortion, but it also avoids admixtures of
heavier target nuclei for which the production threshold is much lower.
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Fig. 2. Square of the mass mg of the particle produced in pp — pp(ms), recon-
structed from the two observed protons. The bombarding energy was 294 MeV.
Peaks are seen for the two reactions pp — ppn° and pp — ppy. The dashed
line shows a Monte-Carlo simulation of the two distributions. The figure is from

Ref. [38]; the cutoffs a—c were used there in separating the two processes from each
other.
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2.3. Pion production with the Indiana Cooler

At the Indiana Cooler, a number of pion production measurements have
been carried out so far. The very first nuclear physics experiment with the
new machine was, in fact, a measurement of the pp — ppn® total cross
section [8] near threshold (279.7 MeV). After an initial phase of rapid im-
provement of the machine performance, this experiment was repeated with
the aim to study a possible coupling between pion production channels by
searching for structure in the pp — ppr® cross section near the thresholds
for pp — drt and pp — pnwT (287.5 MeV and 292.3 MeV, respectively).
The measured cross sections are shown in Fig. 3 as a function of the cus-
tomary energy parameter 7 (this parameter is defined as the largest possible
pion center-of-mass momentum divided by the pion rest mass; at threshold
n = 0 in any channel). No structure was found at the thresholds of other
channels [9], but the new data, unprecedented in accuracy and closeness to
threshold, led to an interesting theoretical development (see Sect. 3.1).
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Fig. 3. Total cross section for pp — ppr® as a function of %, the maximum pion
momentum in the center-of-mass frame in units of m,. The IUCF data are shown
as solid dots; open symbols refer to previous work (for a list of references see
Ref. [19]). A calculation with heavy-meson exchange and the Coulomb interaction
is shown as a solid line. Also shown is the same without the Coulomb interaction
(dash-dot line), and without heavy-meson exchange (dotted line).

The reaction pp — pnr™ was studied by a group from Pittsburgh Uni-
versity at the Cooler [10]. The first 30 MeV above threshold were covered.
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Protons and neutrons were detected in coincidence. Crude magnetic sepa-
ration of the reaction protons from the beam protons was made possible by
a 6° bend of the Cooler orbit just downstream of the hydrogen jet target.
Total cross sections as well as angular distributions were measured. The
total cross section results are shown in Fig. 4.

pp — pn7t” Total Cross Section

104
E' Provious Experiments v Y‘ Y'v
F % This Experiment t* Ty
oV
v

103

Ok

(/*C) f T

L | A | A L Lo 1
280 320 380 400 440 480 520 560 = &00

—TP (MeV)

Fig. 4. Total cross section for pp — pnr?. Data from a recent JUCF experiment
(%) are shown together with the previously available information on this reaction
(v). The figure is from Ref. [10].

Using the same technique and detector system as for the pp — ppn°
measurement, the total cross section for pd — pdr® was studied in collab-
oration with a group from Hamburg [11]. The results are shown in Fig. 5
as a function of the customary energy parameter 7. The total cross section
is described well in terms of a quasi-free production model and the p + d
final-state interaction [12], using as input the “elementary” pn — dx° cross
section [13] which is also shown in Fig. 5. The effect of the “medium” (in
this case, the presence of one spectator proton) is drastic, but it arises from
conservation laws and the availability of the necessary Fermi momentum of
nucleons in the target. There is no indication so far that the production
vertex itself is sensitive to the presence of the extra nucleon.

In the above three cases, only the baryons in the exit channel were
observed; the parameters of the pion were then reconstructed from kine-
matics. Observing outgoing particles in coincidence provides a clean signal
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Fig. 5. Total cross sections versus 7 for the reactions pd — pdn® (Ref. [11], trian-
gles), np — dx° (Ref. [13], squares), and pd —3Hex® (Ref. [39], circles). The dashed
and dotted lines are the result of a calculation based on quasi-free production [12].
The figure is from Ref. [11].

for the reaction and is one of the reasons why data very close to threshold
could be obtained. Departing from these rules, only the produced pions
by themselves were detected in a measurement of pp — dr™ carried out
in collaboration with a group from North-Western University [14]. The
experiment used a polarized beam and led to cross section and analyzing
power angular distributions in the range of 0.03 < 7 < 0.2. The experi-
ment is currently being analyzed. The results are expected to constrain the

partial-wave decomposition of the channel NN — dr with a two-body final
state.

3. Physics implications of pion production near threshold
3.1. Azial charge enhancement in pp — ppr°®

The measurement of the total cross section of pp — ppn® near threshold
provides an very stringent test of pion production models because (i) only
a single partial wave (3Pg— 1Sy + s-wave 7°) contributes, (i) distortion
due to the interaction between the nucleons is well described by an NN
potential model [1], and (#4i) production via rescattering or an intermediate
N A state (mechanisms that are large in other NN — NN channels) is
suppressed as a consequence of the quantum numbers of this reaction.
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Thus, there was little theoretical uncertainty when calculations [15-17]
using the single-nucleon axial-charge operator (diagram (a) in Fig. 6), fell
short of the measured cross section [9] by about a factor of five (an example
of such a calculation is shown as dashed line in Fig. 3). At this stage it was
clear that an important piece of physics must be missing in the description
of this elementary process.
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Fig. 6. Contributions to the reaction pp — ppr°. Shown are (a) the one-body term,
(b) the two-body term that arises from pion rescattering, and (c) the two-body term
that arises from the exchange of heavy mesons (z) (from Ref. [19]).

A possible explanation of this discrepancy was offered by Lee and Riska
[18] who suggested that the axial charge in nuclear systems (which is re-
sponsible for s-wave pion production) is enhanced over the single-nucleon
contributions. This enhancement is attributed to the exchange of heavy
mesons (HME) and subsequent pion production from a nucleon-antinucleon
pair, according to diagram (c) of Fig. 6. Although this (relativistic) process
is a small contribution, it becomes significant for pp — ppr® for which other,
normally large, production mechanisms are suppressed.

In a quantitative follow-up on this idea [19], the contributions from dia-
gram (c) in Fig. 6 were evaluated in a way that is consistent with the meson-
exchange parameters of the distorting Bonn potential [1]. It was found that
the main contributions to diagram (c) come from the exchange of ¢ and w
mesons. The two amplitudes together were found to be even larger than
the one-body amplitude. Including this meson-exchange mechanism yields
a quantitative description of the data (solid line in Fig. 3). Theoretical un-
certainties arise from the NN coupling constant (0.075 & 0.003), and from
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a possible non-zero rescattering term [19]. The dot-dash curve demonstrates
the effect of neglecting the Coulomb interaction. The calculation also ex-
plains the energy dependence which is found to be completely determined
by phase space and the low-energy behavior of the NN interaction.

The success of the HME diagram in explaining quantitatively the miss-
ing strength in the (3Pp — 1Sy, £, = 0) amplitude is remarkable. It is clear
that pp — ppr® offers an experimental window on the heavy-meson field
of the nucleon and on the axial charge and current in systems of nucleons.
However, how quantitative such information is, depends on the importance
of other, competing production mechanisms. These involve rescattering (di-
agram (b) in Fig. 6) and diagrams containing A isobars. The contributions
from rescattering have been found to be very small [17, 19] due to the small-
ness of the iso-scalar # NV amplitudes. But for this estimate a simple, on-shell
model was used for the # NV interaction and the question remains whether
off-shell effects are imnportant. A similar caveat applies to a study of the
role of A isobars [17]. More theoretical effort is clearly needed.

3.2. Role of heavy meson ezchange in NN — (NN)=x

There is mounting evidence that the HME mechanism for pion pro-
duction plays a significant role as well in reactions other than pp — ppr°.
For instance, the total cross section for NN — dr was recently calculated
[20] using a simple, distorted-wave impulse approximation. The calculation
includes the one-body term, pion rescattering (calculated to lowest order),
and the o and w meson contributions to HME. In contrast to pp — ppr?, the
rescattering contribution to NN — dr is found to be large. The HME con-
tribution is significant (about a factor of two in the cross section). When it
is included in the calculation, excellent agreement results with the recently
measured near-threshold cross section for pn — dx® [13]. This finding is
important because it tests spin and isospin matrix elements that are differ-
ent from those with a pp pair in the final state. However, there are open
questions. In particular, production via a A isobar could also be significant
[21].

Following up on an earlier study [22], the reaction pd — pppr~ was
recently measured at TRIUMF with polarized protons ranging in energy
from 350 to 440 MeV. In the analysis of the data only events were accepted
that contained a pp pair with little relative kinetic energy in the exit channel.
Thus, assuming that the proton in the target acts as a spectator, information
on the quasi-two-body final state reaction pn — (pp)s®~ was obtained.
Angular distributions of the cross section and the analyzing power were
deduced and a partial wave analysis was carried out. It was found that a
large contribution arises from the (3Pg — 1Sg, ¢, = 0) amplitude (i.e., the
same amplitude that is responsible for pp — ppr®). This is in contrast with
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conventional models that predict this amplitude to be very small. Inclusion
of HME (23] in the calculation yields a (3Pg — 1Sq,4, = 0) amplitude
that is in agreement with the phenomenologically determined value [24].
The theoretical interpretation of this reaction is complicated by the fact
that the target neutron is originally bound in a deuteron. Whether this
is correctly taken into account in the model can be tested by comparing
the results of this experiment to the absorption of a 7~ by a pp pair in
3He, a process that differs only with respect to the “environmental” nuclear
physics. At present, there are still difficulties with such a comparison [23].

4. Role of polarization observables in pion production
4.1. Theoretical motivation

As the bombarding energy increases, higher partial waves become im-
portant, but for energies for which 5 < 1, still only a few partial waves
contribute. Polarization observables are sensitive to the interference be-
tween various combinations of partial wave amplitudes.

For pion-production with a two-body final state (NN — dr) a sub-
stantial body of data is available, including data on #td — pp which is
related by detailed balance (for a review see, e.g., [25]), and a partial-wave
analysis can be carried out [26). It is apparent that polarization observables
are needed to constrain the parameters in such analyses.

Without a framework, such as a partial-wave decomposition, it is more
difficult to relate the observables to the physics of the reaction. In special
cases, however, it is still possible to isolate single partial waves. For in-
stance, when both, polarized beam and a polarized target is available, the
spin-dependent total cross sections Aoy, and Ao can be measured. These
are defined as the difference between the cross section with the nucleon
spins antiparallel minus that with the spins parallel, with both spins either
along the beam axis (L), or transverse (T). Such data, in conjunction with
the unpolarized total cross section oo, provide direct information on the
magnitude of the lowest three individual partial waves in pp — ppr°® [2].
Such a measurement which is now technically within reach and which is
in preparation at the Indiana Cooler will make it possible to separate the
(LnnNtx) Ps and Pp contributions to the pp — ppx® process between 300
MeV and 400 MeV bombarding energy. This experiment is sensitive to a
possible enhancement of the axial current in a Gamow—Teller transition. It
is noteworthy that such information has a bearing on the solar neutrino
problem [19].
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4.2. Polarized beam in storage rings

The usual injection methods apply for beam delivered from a polarized
ion source. Stripping injection needs incident H™ ions. At IUCF, polarized
protons are injected and accumulated using phase space manipulation in
conjunction with electron cooling. Typical fill rates are about 50 pA /min.
The beam, polarization is typically 70%. When the intensity has reached
several hundred pA the stored beam is accelerated to the desired energy,
then the experiment starts to acquire data.

For a ring with only vertical magnetic fields, the stored polarization is
quite stable, except at discrete beam energies for which the precession fre-
quency of the magnetic moment of a stored particle is an integer multiple
of the frequency of some non-vertical perturbing field. Such fields can arise
from non-ideal optics (causing “imperfection resonances”) or from the trans-
verse field of the focussing quadrupoles (causing “intrinsic resonances”).
The precession frequency fprec = G forb of the magnetic moment of a pro-
ton (G = 1.793) around the bend field direction (vertical), is synchronous,
in the first case with the orbit frequency f,;1, and in the second case with
the vertical betatron frequency v, forp. For a comprehensive treatment of
polarization in a ring, see Refs [27, 28].

If care is taken to avoid the critical energies and machine tunes, the
beam polarization is remarkably stable. From the combined data from sev-
eral IUCF experiments that were carried out with polarized protons there
now seems to be some indication of a small, but finite depolarization rate,
(—=1/P)(dP/dt), in the presence of an internal target. The time over which
the polarization could be observed ranged between 400 s and 700 s. A possi-
ble explanation of beam depolarization was found in coupling to the nearest
depolarizing resonances due to scattering from the target. This model pre-
dicts that the depolarization rate is proportional to the beam lifetime. This
prediction together with the measurements is shown in Fig. 7.

Of importance to the systematics of polarization measurements with a
storage ring is the possibility to reverse the polarization of the stored beam.
This can be achieved by an oscillating longitudinal magnetic field with a
frequency fosc close to the precession frequency, forec, of the stored parti-
cles. When fosc is varied across fprec, the polarization flips. Development
of this tool is still in progress; so far, it has been demonstrated that more
than 94% of the original polarization survives the flip [29].

The presence of static, non-vertical fields does not affect the magnitude
of the beam polarization. However, it does change the direction in which
the polarization of a stored beam is stable. This direction depends on the
location along the trajectory, and makes possible experiments with beams
polarized in directions other than vertical. This has been demonstrated in
the Indiana Cooler in a study of the effect of a longitudinal solenoid field on
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Fig. 7. Depolarization rate of a proton beam in the presence of a H, target as a
function of the beam lifetime 7. The data indicated by squares are obtained at 200
MeV [40], the diamond indicates a measurement at 300 MeV [14]. The solid line is
the expectation from a model that evaluates the coupling to the nearest intrinsic
resonance that results from scattering in the target [41].

the polarization of stored protons [30]. Experiments in which longitudinal
solenoid fields will be used to establish sideways and longitudinal beam
polarization at the target location are planned for the near future at TUCF.

4.3. Polarized, internal targets

Using a source of polarized atoms, polarized internal targets of a useful
thickness are conceivable. To overcome the severe limits in the production
rate of polarized atoms, the use a “storage cell” has been proposed [31]. The
purpose of such a cell is to increase the dwell time of target atoms near the
beam, and thus the target thickness by a factor of several hundred compared
to using the atomic beam as a jet target. Since the atomic beam is free of
impurities and the cell is open at both ends, the stored beam interacts only
with the target nuclei of interest.

The implications of the presence of a narrow storage cell with respect
to the performance of the storage ring and a possible experiment have been
studied at IUCF [32]. Recently, a polarized 3He target, produced by optical
pumpmg, has been used at I[UCF [33]; its polarization (P ~ 0.4) was deter-
mined via p + 3He elastic scattering. A H target, produced with an atomic
beam source was previously operated at the TSR ring of the Max—Planck
Institute in Heidelberg [34].
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Fig. 8. Top view of the polarized target setup in the A-region of the Indiana Cooler.
Shown are the atomic beam source with sextupoles (b) and RF transition (c), the
target cell with feed tube (a), the detectors (F, 45 d, f, see also Fig. 10), and the
guide field coils (e). The stored beam travels from right to left.

Currently, a polarized hydrogen target [35] is installed in the Indiana
Cooler, and extensive experience with such a device is being gained. A
top view of the layout is shown in Fig. 8. The atomic beam source uses
permanent-magnet sextupole separators (b) in conjunction with RF transi-
tions (c) to filter out H atoms in a single spin state. The source is described
in detail in Ref. [36]. The atomic beam is aimed at the feed tube (a) of
the 25 cm long target cell. The open aperture of the cell, through which
the proton beam of the Cooler passes, is an 8 mmx8 mm square {35]. The
target thickness is determined from pp elastic scattering, using the known
PP cross section, beam current and detector solid angle. An example of such
a measurement over the duration of an experimental run is shown in Fig. 9.
The measured target thickness of 3.2 x 1013H/cm?, is in agreement with the
value of 3.5 x 10¢ atoms/s, predicted [35] from the measured atomic-beam
intensity and the gas conductance of the cell (these figures are for the case
where the source produces a single spin state).

An extensive study has been conducted to find a material for the interior
surface of the cell which has good vacuum characteristics and minimizes the
depolarization of atoms when they collide with the cell walls [37]. The
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Fig. 9. Polarized-target thickness over the duration of an experimental run. The
periodic decrease of the thickness is caused by clogging of the nozzle (usually at
liquid nitrogen temperature) of the dissociator in the source. It can be cured by
warming up the nozzle.

present IUCF target uses walls that are either thin Teflon foil or Teflon-
coated aluminum. The target polarization was measured via p + p elastic
scattering with a stored beam of 200 MeV protons to be about 70%. From
the measured polarization along the target cell an upper limit of 6 x 10~*
was deduced for the depolarization per wall collision (the average atom,
found in the center of the cell has undergone about 100 wall collisions, and
about twice as many when near the end of the cell). It was found that the
performance of the Teflon wall does not change with prolonged running,
t.e., it is immune to radiation damage. This is of course also true for the
atomic target itself which is renewed about every millisecond.

The direction of the target polarization is determined by a weak mag-
netic guide field (of the order of 10 Gauss). This field is generated by coils
placed on the outside of the target chamber ((e) in Fig. 8), making it possi-
ble to polarize the target horizontally (+z), vertically (+y), and along the
beam directions (+z). The direction of polarization can be changed rapidly:
the measured polarization rise time after switching is less than 50 ms. The
effect of the transverse guide fields on the trajectory of the stored beam is
compensated by additional fields upstream and downstream of the target.

4.4. Spin correlation measurements with the Indiana Cooler

As mentioned earlier, it is planned to use he Indiana Cooler to measure
spin-dependence in the total cross section for pp — ppr®. The development
of the necessary experimental capabilities is currently in progress. As part
of this process, a measurement of spin correlation coefficients in pp elastic
scattering will be carried out. Thus, experimental information will be gained
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about the NN system below threshold in an energy range where only a few
previous measurements of spin correlation coefficients exist.

Fig. 10. Detector setup to measure spin correlation coefficients in pp elastic scat-
tering. The stored beam travels along the z axis. Polarized atoms (H) enter
the storage cell (1). Forward protons (F) are measured by a stack of detectors
consisting of a thin scintillator (4), four wire chamber planes (5), an aluminum
absorber (6) and two segmented scintillator planes (7,8). Recoil protons (R) are
measured in coincidence by eight position-sensitive microstrip detectors (2). Four
small scintillators (3) detect scattering events at 90° in the c.m. system.
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Fig. 11. Analyzing power Ay for pp elastic scattering at 200 MeV, obtained with
a polarized beam in the Indiana Cooler [40]. The solid curve is the prediction by
the C200 solution from the 1994 version of SAID [42].

At present, the first phase of this program is nearing completion. In this
phase, the spin correlation coefficients A5, Ayy and A, for pp scattering
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have been measured at 200 MeV. The detector system is shown in Fig. 10.
To suppress unwanted background on the 1% level, the forward scattered
proton (F) is detected in coincidence with the recoil proton (R). The recoil
proton is detected by eight position-sensitive, silicon micro-strip detectors.
This allows the reconstruction of the vertex of every event, which in turn
yields valuable information on the performance of the polarized target. A
preliminary measurement of the analyzing power angular distribution is
shown in Fig. 11, together with a recent phase shift prediction. The angular
region that is covered by this experiment overlaps the region of Coulomb-
nuclear interference. Such data are stringently constraining the parameters
of phase shift analyses.

Future extension of the measurement of pp elastic scattering include
bombarding energies from 100 to 500 MeV, as well as the measurement
of the spin correlation coefficient A,, of which requires longitudinal beam
polarization.

5. Summary

The study of meson production is particularly interesting near thresh-
old, where conservation laws severely restrict the number of participating
angular momentum states. This has been demonstrated in the case of pion
production, where recent, accurate total cross section measurements have
led to new insights about the short-range component of the VN interaction
and the coupling of the meson field to the nucleon.

The measurement of high-quality data very close to threshold has been
made possible to a large part by the use of a stored, electron-cooled proton
beam in conjunction with an internal target. This new technology naturally
lends itself to the use of polarized internal targets which are pure, window-
less and free of radiation damage. Thus, measurements of polarization ob-
servables, in particular spin correlation coefficients and spin-dependent total
cross sections, are possible with a storage ring. The first such measurements
for pp elastic scattering are presently carried out at Indiana. The new data
are expected to provide more stringent constraints of phase shift analyses of
pp scattering, as well as information about individual partial waves in pion
production near threshold.

One can expect that the experience gained with the new technology and
the theoretical ideas that are caused by measurements near the pion thresh-
old will provide the basis of studies of the production of heavier mesons
with storage rings at higher energies.
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