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Abstract

This document constitutes the (1991 - 1994) technical Progress Report for the
ongoing medium/high energy nuclear physics research program supported by the U.
S. Department of Energy through Special Research Grant DE-FG05-88ER40444.

The experiments discussed were/are conducted at the Los Alamos National
Laboratory’s (LANL) Clinton P. Anderson Meson Physics Facility (LAMPF) and
the Alternating Gradient Synchrotrons (AGS) facility of the Brookhaven National
Laboratory (BNL). Considerable design, fabrication, setup, testing, and support
work was/is done at The University of Texas at Austin as part of the research
program.

The overall motivation for the work done over the past three years was driven
by four main objectives: (1) provide proton-nucleon and proton-nucleus scattering .
data which serve to facilitate the study of effective two-body interactions, test (and
possibly determine) nuclear structure, and help study reaction mechanisms and dy-
namics; (2) provide unique, first-of-a-kind “exploratory” proton-nucleus scattering
data in the hope that such data will lead to discovery of new phenomena and
new physics; (3) perform precision tests of fundamental interactions, such as rare
decay searches, whose observation would imply new physics; and, (4) begin work
associated with the Solenoidal Tracker at RHIC (STAR) project at the Relativistic
Heavy-Ion Collider (RHIC) and phase in major work associated with relativistic
heavy ion physics.
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1 Introduction

This document is a 1991-1994 progress report for research projects in medium/high
energy nuclear physics that have been supported by the U. S. Department of En-
ergy through Grant No. DE-FG05-88ER40444. University of Texas personnel who
have worked on these projects during the 1991-1994 period are G. W. Hoffmann
(Professor); R. L. Ray (Research Scientist); A. Green and J. E. McDonough (post-
doctoral fellows); W. Betts, X. Chen, P. Jensen, E. Paganis, M. J. Purcell, D.
M. Read, and S. D. Worm (Graduate Students); S. Thompson (Undergraduate
Student ).

For this report period the overall scope of the research program contained
four general components, as described in the paragraphs below. The individual
projects, as discussed in detail in this document, fit into this overall scheme. The
work includes completed projects as well as continuing projects which will extend
beyond 1994.

Since 1975 one of the sustained goals of our research program has been to pro-
vide precision medium energy proton-nucleon and proton-nucleus scattering data,
as well as pragmatic, state-of-the-art analyses, which serve to facilitate the sys-
tematic study of effective two-body interactions, to test (and possibly determine)
nuclear structure, and to help study reaction mechanisms and dynamics. It is fair
to say that, today, reasonably quantitative descriptions of a vast amount of data
for energies between 100-1000 MeV, and nuclei spanning the periodic table, are
obtained using a variety of microscopic models [both relativistic and nonrelativis-
tic] which are built up from first principles. C)ur review article in Physics Reports
describes this research effort. Some of the work done during the 1991-1994 period
was the natural continuation of this very successful program. one example.of re-
cent work in this area is our precision (1Yo) forward-angle proton-nucleus elastic
scattering experiment which provides cross section data in the Coulomb-nuclear
interference region; the relativistic and nonrelativistic models give cross sections
in this region whose differences are typically 15-25!!Z0.

Another fruitful part of our research program consists of unique, first-of-a-kind,
“exploratory” p + A experiments which are done to search for new, unexpected
phenomena and new physics, and which provide data to stimulate further theoret-
ical work. A recent example is our 500 MeV ~ +*3 ~ experiment which used, for
the first time, a polarized nuclear target. Such experiments add a new spin degree
of freedom to the scattering problem. In 1988 we decided to build a small compact
refrigerator so that we could continue these experiments without the very large
overhead associated with using the standard large volume polarized targets com-
monly in use. This construction project is essentially complete and the evaporation
refrigerator is ready for testing and commissioning as the core of a dynamically po-
larized target setup. Commissioning of the target will occur in Spring 1994 at the

6



Triangle I.UniversitiesNuclear Laboratory (TUNL), and the target will be first used
at TUNL for low energy neutron scattering experiments. This target is portable
and can easily be moved to other facilities for experiments after the TUNL work
is complete.

Several years ago we recognized that our collaborators in the field of medium
energy physics were beginning to pursue interests other than the fraditiona2 nuclear
physics efforts of the types discussed in the above two paragraphs. This is owing, of
course, to the fact that medium energy facilities, such as LAMPF, TRIUMF, and
ILJCF have been in operation for decades, and much of the more interesting physics
research opportunities that can be pursued at these facilities have been explored.
Thus, although we continued to pursue some very exciting aspects of research
associated with our traditional p + A program discussed above, we directed some
of our resources to new initiatives that are expected to be in the mainstream of
medium/high energy nuclear physics in the future. “

One new initiative concerns the study of fundamental interactions—more and
more this area of research has become recognized as a very important and vital
branch of research in medium energy physics. Measurements performed in the
past few years make it clear that any possible incompleteness of our present un-
derstanding of fundamental interactions must originate with physics at very large
mass scales. In 1988 we broadened our research program to include an experiment
at the AGS which searched for the forbidden decay Kg + pe and the suppressed
decay K’: ~ ee. One result of this experiment is the smallest upper limit to date
for each of these unobserved decays. A new experiment (with more than an order
of magnitude improvement in sensitivity) was designed, proposed, and approved.
Its purpose is to improve the single event sensitivity for Kf + pe to less than 1
x 10-12, and if no events are observed, will set an upper limit on the branching
ratio of about 2 x 10-12. The new experiment should also see a few K! + ee if
this process occurs at the expected level. The new experiment will also observe
about 10,000 Kj + pp decays. A novel feature of the new experiment is a “high
tech” beam plug inside one of the detector’s dipole magnets to stop neutral beam.
Three beam plug development and test runs occurred between 1990-1992. An
engineering run for this experiment occurred in Spring-Summer 1993. Production
runs will start in 1994. Our group has major responsibility for the beam plug, the
instrumented muon filter, and the level 1 trigger of this new experiment.

During this report period, our group made the decision that our long term
interests were in the kinds of physics that could be done at the new Relativistic
Heavy Ion Collider (RHIC) facility under construction at the Brookhaven National
Laboratory. We joined the STAR Collaboration in September 1992. We have be-
come actively involved with the Silicon Vertex Tracker (SVT) group and have done
work associated with testing the silicon drift detectors (SDD’S), built a computer
controlled test beam apparatus for precision in-beam testing of the SDD’S, have
responsibility for the data acquisition associated with both testing SDD’S and for
the SVT of STAR, and have done software work associated with vector matching
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of SVT trajectories with those from STAR’s Time Projection Chamber (TPC).
We have also started some significant construction projects for parts of the TPC.
Two of our graduate students spent the Summer (1993) at LBL contributing to
the TPC Research and Development effort. In the future we hope to provide a
strong contribution to the data acquisition effort of STAR. Dr. J. J. Schambach
will join us in January and will lead this effort.

Our group has authored 23 refereed journal articles, 7 published conference
proceedings, 11 e871BNL technical reports, and 14 abstracts during the 1991-1994
research period.

The material contained in this document summarizes the highlights of our
1991-1994 research program.



I
2

2.1

Nucleon-Nucleon and Nucleon-Nucleus Exper-
iments at LAMPF

EXP392: Measurement of the Wolfenstein Parameters
for p + p and p + n (p+2H and p+12C) Scattering at soo

and 800 MeV

(M. Barlett, G. W. Hoffmann,
G. W. Hoffmann, spokesman)

Summary: Analyzing powers (AY)
DsL, DLs, DLL, D~~) for 500 MeV ~ + *H and ~ + l*C inclusive quasielastic scat-

L. fry; LANL;

and polarization transfer parameters (Dss,

tering at 10°, 15°, and 20° laboratory scattering angles, were determined. The
F + *H data are consistent with the isospin-average of the proton-proton and
proton-neutron scattering observable whereas the ~ + *2C data are not. A rel-
ativistic plane wave impulse approximation calculation leads to better agreement
with the ~+12C spin-observables.

Medium energy proton-nucleus quasielastic polarization transfer data are sen-
sitive to the double spin-flip parts of the effective two-body interaction. Careful
analyses of such data within the context of either the nonrelativistic multiple scat-
tering approach or the relativistic Dirac equation model may allow new, precision
tests of the nuclear continuum response and the effective projectile-nucleon inter-
action.

The data discussed here were taken at LAMPF (EXP392) using the HR,S and
its focal plane polarimeter (FPP) and are reported in Ref. 1. The 500 MeV ~ + *H
data were taken using a liquid deuterium target2 and the *2Cdata were taken using
a 150 mg/cm2 solid target. Data were obtained at laboratory scattering angles of
10°, 15°, and 20° at the maximum of the quasielastic peak (i.e. the HRS magnetic
fields were set at each angle so that the spectrometer central momentum corre-
sponded to that for 500 MeV p + nucleon elastic scattering at that angle). The
subsequent momentum transfers and energy-losses for the scattered proton in the
laboratory are 0.96, 1.4 and 1.9 fro-y, respectively, and 19,42 and 72 MeV, respec-
tively. The HRS angular acceptance in the plane of scattering is approximately 2°,
and the HRS momentum acceptance is approximately 270. Further experimental
details are reported in Refs. 2 and 3.

The data are presented in Fig. 1 as a function of the correspondkg free nucleon-
nucleon (NN) center-of-momentum scattering angles. The quoted errors in the
observable are statistical only; other sources of error are discussed in Ref. 4 and
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are believed to be small. The solid curves represent predictions of a simple isospin-
weighting model which uses the Arndt SP89 phase shift solution. In this model
the ~ + nucleus quasielastic spin-observables are assumed to be the cross section-
weighted average of the free. p + nucleon spin-observables without Fermi motion
averaging. Since N = Z for both *H and l*C, the model predictions are the same
for both nuclei. Except for DLL the solid curves are in good agreement with the
*H data as expected. However, they do not agree with the *2C data.

The dashed and dotted curves in Fig. 1 are the results of relativistic plane
wave impulse approximation calculations for 500 MeV j5 + l*C quasiek.stic scat-
tering.5 The RPWIA model uses the relativistic impulse approximation form of
the free nucleon-nucleon Lorentz invariant scattering amplitude, the plane wave
approximation for the scattered proton wave function, and the relativistic Fermi
gas model for the target. Relativistic dynamical effects are included in an approx-
imate manner by increasing the strength of the lower components of the. Dirac
spinors (relative to the free particle value) using a parametrized effective mass.
The effective mass is taken to be the free nucleon mass plus the scalar potential;
the latter is evaluated at an average nuclear density determined by the density dis-
tribution and the transmission probability for a medium energy proton projectile.5
The dashed curves in Fig. 1 are results with both effective projectile-nucleon mass
(Ml) and effective target nucleon mass (M2) equal to the nucleon mass (M). The
dotted curves in Fig. 1 result from using Ml = 0.91M and M2 = 0.87M. Further
details of this RPWIA model are given in Refs. 5 and 6.

As seen in Fig. 1, the AY and Dss predictions are more sensitive to relativis-
tic enhancement of the lower components of the Dirac spinors than are the other
observable. The RP WIA predictions with enhanced lower components show ex-
cellent agreement with AYand generally provide somewhat improved descriptions
of the Dij data, although the DLL datum and the Dss data differ markedly from
both curves. The shapes of the angular distributions for AY, DNN and DsL are
reproduced fairly well, whereas that for Dss is not. Similar results discussed in
Ref. 5 suggest that most of the reduction in AYis due to relativistic effects in the
projectile wave function (M2=M#Ml ). The same model predicts more sensitiv-
ity to relativistic effects in the target wave function for some of the polarization
transfer parameters.
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Figure Caption

Figure 1: The 500 MeV ~ + 2H (circles) and ~ + 12C (squares) inclusive
analyzing powers (AY)and polarization transfer (Dij) parameters at the quasielastic
peak as a function of the corresponding free NN center-of-momentum scattering
angles. The solid curves indicate the predictions of the isospin-averaging model.
The dashed (dotted) curves represent the results of RPWIA calculations assuming
free particle (dynamically enhanced) lower components of the Dirac spinors. The
RPWIA calculations were only done for 10°, 15° and 20° laboratory angles; the
dashed and dotted lines simply connect the three values. Errors in the data include
only statistical contributions.
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2.2 EXP955: Polarized Proton Elastic Scattering fkom Po-

larized 13Cand lH

(G. W. Hoffmann, M. L. Barlett, W. Kielhorn, G. Pauletta,
M. Purcell, L. Ray; LANL; NMSU; Minnesota; AS~J; OSU; IBM;

G. W. Hoffmann, R. L. Ray, M. L. Barlett, J. Jarmer, spokesmen)

Summary: 500 MeV ~+~elastic AMNNdata were taken during the ~+13~ exper-
iment. These very high precision, forward-angle data show a 5-10% normalization
discrepancy with recent results from phase shift analysis.

Although the isospin (I) = 1 nucleon-nucleon elastic channel supposedly is well
determined for incident energies up to 800 MeV, investigation of the NN data base
near 500 MeV reveals sparse forward angle data for spin observable which depend
upon target polarization. * An example is the spin correlation parameter AmNNfor

p + p scattering near 500 MeV.
As part of LAMPF EXP955 we obtained high precision, forward angle spin

correlation data AmNN for ~ + ~ elastic scattering at 497.5 MeV from 23.1° to
64.9° in the NN cm. These new AWNNextend to more forward angles and have
significantly improved statistical accuracy than those from other experiments. The
new results should be used to provide tighter constraints on the I = 1 NN spin-
dependent amplitudes in the forward angle region; this in turn will permit more
realistic phenomenological input for the nucleon-nucleus reaction calculations and
will provide better empirical constraints for meson exchange models of the NN
interaction.

Full descriptions of the polarized target and the polarized proton scattering
experiment are given elsewhere. 213Target polarization direction was reversed every
8-16 hours and lH polarization was typically 50-80% during the course of the
experiment. Beam polarization was determined via quench-ratio measurements
and by a beam line polarimeter located immediately upstream of the target. Beam
polarization was typically 80$%and was reversed every 2 min. The HRS momentum
analyzed protons elastically scattered from 1H. The typical missing mass spectrum
for elastic p+p consisted of a sharp peak (typically, 2.5 MeV, FWHM) on a smooth,
flat background from quasielastic scattering. The elastic yields were extracted with
negligible error.

The proton yield for elastic p + p can be expressed as

Y = aO(NApt)[lO(Ml) ~][l + PBAWNO+ PTAWN + PBPTAmNN], (2.1)

where crois the p + p unpolarized differential cross section, (~@) is the number
of target protons per unit area, PB and PT are the appropriate (average) beam
and target polarizations. and the quantities l., Afl and ~ represent the number of
incident beam protons, the HRS solid angle, and the overall efficiency, respectively.
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Subscript N refers to direction ii = (~ x ~’)/ I~ x ~’ I where ~ (~’) is the initial
(final) relative momentum. Four equations of the above form result corresponding
to the various combinations of beam and target polarization orientations (“up” or
“down” for each).

In general the magnitudes of PB and PT, and the effective target thickness
can be different between the target “up” and “down” runs. The latter is caused
by beam drift on the cylindrical target flask and the inherent inhomogeneity of
the frozen target material; however, variations were generally <l% as determined
during the very careful analysis of the polarized 13Cdata.2 For the analysis reported
here we solved the above equations for target polarization “up”, target polarization
‘down”, and AMNN. The known values of AmN = AmNOs AY were taken from
Ref. 4.

Errors associated with previously reported**5 values of AmNNfor p+p at energies
near 500 MeV are typically + 0.03-0.06 for angles forward of 50° cm. The AOONN
reported here are consistent with those of Bystricky ei! al.,5 at 494 MeV (closest
in beam energy) in the overlapping angular region; our new values are listed in
Table I. The errors quoted vary from + 0.01 to + 0.04 and include both statistical
and systematic effects. The new AmNNextend the angular range of the * s00 MeV
AmNN data base to more forward angles by about 10°. More importantly is the
factor of 2-3 improvement in the statistical quality of the new data.

The data from the present experiment (solid dots) are shown in Fig. 1 in com-
parison with those of Bystricky et UL5(crosses) and with the most recent phase
shift solutions of Arndt et aL* (solution SM92, solid curve), Bugg6 (1990, dashed
curve), and with an older Arndt phase shift solution (SP89, dotted curve). The
present data are not included in the data bases used in any of these phase shift
analyses. In the angular region forward of 40° cm. the predictions of each phase
shift analysis are somewhat larger in magnitude (about 5-1070) than the data.
All three predictions are in good agreement with the data at angles larger than
40° cm.

In light of the fact that the overall systematic normalization uncertainty for the
present data is + 0.01, the 5-10% discrepancy at forward angles is significant. The
quality of these new data with respect to statistics and systematic errors should
prove useful in constraining phase shift analyses in the future and in determining
more accurate NN spin-dependent amplitudes for use in theoretical analyses of
nucleon-nucleus scattering.
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Figure Caption

Figure 1: AWNNresults from LAMPF EXP955 (solid dots) are compared with
those of Bystricky et al. (crosses, Ref. 5) and predictions of several phase shift
analyses: Arndt (SM92) - solid curve; Arndt (SP89) – dotted curve; Bugg (1990)
- dashed curve.

Table I: Spin correlation parameter, AmNN,for proton + proton elastic scattering
at 497.5 MeV incident proton kinetic energy from LAMPF EXP955. Errors include
statistical and systematic uncertainties.

OC.~.(deg) AmNN AAMNN
23.1 0.197 0.012
26.2
29.3
32.7
35.8
38.6
46.7
53.5
62.2
64.9

0.316
0.401
0.472
0.533
0.539
0.609
0.631
0.550
0.549

0.016
0.019
0.022
0.024
0.024
0.032
0.038
0.040
0.046
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2.3 EXPI079: p + A Precision Elastic ForwardAngle Cross
Sections

(W. Betts, G. W. Hoffmann, L. Ray, D. Read, S. Thompson; LANL;
Georgia; Rutgers; G. W. Hoffmann, J. F. Amann, spokesmen)

.

Summary: The development and construction phase of this 1% absolute differen-
tial cross section experiment for p+ A elastic scattering was completed in Summer
1991. The production run occurred during Summer 1992 when 500 MeV p + 40Ca
data were taken over the laboratory angular range (1.75° - 4.40). .4nalysis of these
data is in progress.

A comparison of observable predicted by scattering models which use either
relativistic (RIA) or nonrelativistic (NRIA) dynamics indicates significant differ-
ences in the magnitudes of the 500-800 MeV p + 160, 40Ca, 208Pb differential cross
sections in the forward-angle, Coulomb-nuclear interference region (see Fig. 1).
At 500 MeV some of the differences are 15-25%. This result is stable with re-
gard to uncertainties in the theoretical calculations (+ 2-6%) including that due
to medium effects. It has also been pointed out that precise cross section data in
the Coulomb-nuclear interference region would set important constraints on rela-
tivistic models of the Lorentz invariant amplitudes and the scalar densities of the
target nucleus.

The first phase of EXP 1079 was to develop the techniques required for a 1%
experiment. Of particular importance are accurate integrated beam flux determi-
nation (0.5Yo), precise polar scattering angle determination (0.0010), and accurate
solid angle determination (O.1%).

During development runs spanning 1990-1991 we commissioned the new HRS
Faraday cup, a high gain (xenon-ethane 600 mm Hg) ion chamber. a beam count-
ing scintillator telescope, and the new Line C inductive pickup coil (LCCM). We
demonstrated that with care there is sufficient overlap in the beam intensity re-
gions over which these devices operate that together they can redundantly deter-
mine beam current over the dynamic range of 104/s to several nA with better than
1% absolute accuracy.

We demonstrated that the solid angle can be determined to the 0.1% level using
precision machined slits of aperture 50% of the HRS acceptance. Slit edge scat-
tering was demonstrated to have negligible effect on the solid angle defined by the
aperture (note that medium energy protons that go through the slit material loose
about 10 MeV so that they are shifted in the missing-mass spectrum generated by
the HRS; nominal HRS resolution is 100 keV).

We designed beam scanning scintillators which step through the beam to accu-
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ratelyprovide theintegral j~l(z)dz, where J(z) isthebeam intensity at transverse
position x. These scintillators are 1 in. by 1 in. by 1 mm, and are coupled to
EM19813B photomultipliers. Specially designed tube bases which operate in vac-
uum allow these tubes to operate between 200 V and 2000 V, providing an effective
gain dynamic range of 109. The system was designed for beams of a few kHz up
to about 10 GHz. The beam scanners are mounted on linear slides and the posi-
tions are determined to 0.0002 in. using Heidenhain optical encoders (see Fig. 2).
These linear encoders measure light that is transmitted through a glass diffraction
grating. When the grating is moved relative to the scanning unit, the lines and
spaces of the scale alternately coincide with those of the index gratings. The cor-
responding fluctuations of the light are sensed by photocells, which generate. two
sinusoidal output signals, which are phase-shifted 90 degrees relative to each other.
These. signals are then interpolated and converted to square waves with a Schmitt
trigger. The 90 degree phase shift between the signals allows for four signal edges
which can be used to determine the direction of the motion.

The performance of these beam scanners was carefully evaluated during a test
run in Summer 1991. A Line C (HRS) pencil beam was prepared using the Line
C collimators. For the 1991 run the FWHM of the beam was determined to be
about 0.010 in. and the centroid position was determined to 0.001 in. The beam
profile during this run was typical of that required for the most forward angle part
of the experiment.

A considerable amount of effort from 1990- 1992 went into the design, me-
chanical construction, testing and commissioning of the actual EXP 1079 appara-
tus which we used for the production runs in summer 1992. About two man-years
of machine shop work has been provided for this project by the Physics Depart-
ment machine shop. The system, whose components are all remotely moveable via
computer control, are each mounted on an aluminum tooling plate that fits inside
the HRS scattering chamber (Fig. 3). The components consist of 4 beam scanners
(an zy pair before and after the target, separated by about 30 in.), 2 high gain
(x 1000) ion chambers, 3 beam counting scintillators (for low intensity beams), a
new target ladder, and a moveable, precision slit system made of tool steel with
tapered apertures of constant polar scattering angle (Figs. 4-6) are photographs
of the apparatus. The reference positions of the beam scanners, the target, and
the slit apertures are determined using an aligning procedure to an accuracy of
about 0.001 in. The optical encoders then give relative positions to an accuracy of
0.0002 in. A special glove box (which attached to the side of the HRS scattering
chamber, see Fig. 7) to allow mounting of the targets in an inert atmosphere was
designed and constructed at Texm.

The initial physics production run occurred during Summer 1992. Approxi-
mately 2 months were devoted to aligning, calibrating, checking, and cross check-
ing the various pieces of the apparatus. Physics data were taken between 26 July,
1992-5 August, 1992. A sufficient amount of data were accumulated for the im-
portant angular range 1.75°- 4.41° for p + 40Ca such that the statistics for 0.5°
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angle binning should be less that 0.570. Fig. 8 shows the results of typical beam
scans associated with these forward angle runs. Fig. 9 shows how the full energy
elastic peak in the missing mass spectrum allows us to determine which elastic
protons passed through the slit aperture. In Fig. 10 are shown the calculated
“true” scattering angle with “test” on “good event only” (10a) and “good event
and good missing mass in full elastic energy region” (10b). The sharp edges in
Fig. 10b are consistent with the angular resolution provided by the I-IRS system
itself.

Based on the online data and the consistency checks made during the exper-
iment, we expect that the data should have an absolute normalization error of
about l-2Y0. Analysis of these data has proceeded slowly owing to deadlines that
have had to be met in connection with AGS E871 and some STAR projects.
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Figure Captions

Figure 1: Uncertainty bands for the forward angle differential cross sections
for 500 MeV p + 40Ca and 208Pb from the standard NRIA (shaded bands between
dashed curves)” and RIA (shaded bands between the solid curves) models (from
Ref. 1).

Figure 2: Schematic of Heidenhain optical encoder.

Figure 3: Photograph taken during first installation of preliminary EXP1079
apparatus into HRS scattering chamber.

Figure 4: Photograph of EXP1079 apparatus taken from beam left showing
the first horizontal and vertical beam scanners. The scintillators are housed in
stainless steel cans with thin aluminized mylar windows covering the end 2 cm of
each scintillator.

Figure 5: Photograph of EXP1079 apparatus looking down the beam axis into
the HRS scattering chamber.

Figure 6: Photograph of EXP1079 apparatus from beam exit side of HRS
scattering chamber showing movable slits and beam counting scintillators.

Figure 7: Photograph of glove box attached to side of HRS scattering chamber
that allowed target installation in inert (argon) atmosphere.

Figure 8: Typical beam profiles as determined during the experiment using
the beam scanners discussed in the text.
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Figure 9: A missing mass spectrum for 500 MeV p + 40Ca at a central HRS
scattering angle of 2.0°. The sharp peak corresponds to elastic protons that went
through the slit aperture. while the broad bump a few MeV below it corresponds
to those elastic protons that went through the slit material.

Figure 10: Calculated polar scattering angle for 500 MeV p + 40Ca gated on
“good event only” (10a) and “good event and good elastic missing mass” (10b) at
a central HRS scattering angle of 2.0°.
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2.4 EXP1205: Precision Measurement of DNN for 13w>P9

at 500 MeV

(G. Hoffmann, M. Barlett, L. Ray, D. Read, S. Worm;
LANL; Rutgers; Georgia; Ohio State;

C. W. Hoffmann, J. F. Amann, C. Glashausser, spokesmen)

Summary: The high resolution spectrometer (HRS) and its focal plane polarime-
ter (FPP ) were used to make precision measurements of the polarization transfer
quantity DNNfor 500 MeV polarized proton elastic scattering from 13C. Theoreti-
cal analysis of these data will provide information about specific components of the.
NN effective interaction and will impose important, new constraints on relativistic
and nonrelativistic scattering models. Measurements were made in the angular
region of the first diffractive minima of the differential cross section (around 16°
laboratory angle). Using a *3C-*2C mixed target, data for p +12C were taken si-
multaneously with the *3C data in order to empirically eliminate systematic errors.
Data analysis is still in progress.

The principal goals of intermediate energy proton-nucleus scattering experi-
ments are to provide data which facilitate the study of the effective two-body
interaction in nuclei, the determination of nuclear structure, the study of reaction
mechanisms at medkm energies, and the testing of relativistic and nonrelativistic
scattering theories. 1‘4 The Ia,rgesteffort in this field has involved proton elastic
and inelastic scattering from even-even target nuclei. Analyses of these data have
been aimed at studying the dominant, isoscalar non-spin-transfer components of
the NN force, the isoscalar ground state matter densities and collective transition
densities, and comparing relativistic and nonrelativistic scattering models. Quan-
titative, parameter free descriptions of proton-( spin-zero) nucleus elastic scattering
and inelastic excitation of natural parity, collective states, using either the rela-
tivistic or nonrelativistic models, are gradually becoming a reality.5$

Much less work has been done for reactions involving spin and/or isospin trans-
fer. These reactions are sensitive to the spin-transfer and isovector components of
the NN force and to single particle aspects of nuclear structure. At intermediate
energies, work on these topics includes (~, ~’) for non-natural parity transitions,

(p,n) charge-exchange at 500 MeV on 15N 500 MeV ~ +13~ elastic scattering an-
alyzing power AWN and spin correlation ~arameter AMNN,7and DNN at 500 MeV
for 13C(~,~ elastic scattering (see Fig. 1). Relativistic and NR models describe
the inelastic data with varying success, with no clear preference for either one.g
Neither approach is able to describe the charge-exchange data,l” while both ap-
proaches provide reasonable, qualitative descriptions of the polarized 13C elastic
scattering data.7 The existing elastic DNN data (see Fig. 1) for 13C are of insuf-
ficient quality to test reaction models or effective interactions. In general, our
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present understanding of spin and isospin transitions at intermediate energies is
unsatisfactory.

A precision measurement of DNNfor proton elastic scattering from 13Cenables
new tests of relativistic and nonrelativistic models and provides effective inter-
action information that complements that obtained from the elastic j7 + h-type.
polarized *3C data and from (~, ~) data. The presently available DNNelastic scat-
tering data from odd nuclei include only 72 MeV and 500 MeV *3C(@,j7) data and
65 MeV lSN($’,j) data. The low energy data11**2are not suitable for studies of the
relativistic versus nonrelativistic approaches. The existing 500 MeV data are not
of sufficient quality for studying the effective interaction or relativistic versus NR
issues.

The principal advantages of this method of studying the relativistic versus
nonrelativistic question and determining the spin-transfer components of the NN
effective interaction are: (1) The nuclear structure uncertainties are minimized for
elastic scattering relative to (p, p’); the polarized 13C data can be used to help
“fine tune” the valence wave function. (2) These measurements address much of
the same physics (i. e., PS versus PV forms, strength of the pseudoscalar invari-
ant, lower component enhancement, etc.) as in the S-type polarized *3C elastic
scattering experiment but are obviously much easier to do.

The quantity ~N~ for ehistic scattering from even-even (~” = 0+) targets
is unity, corresponding to spin-flip probability zero. For 13C with ground state
J“ = ~- both AJ = 0,1 contributions are allowed. AJ = 1 permits DNN to

differ from unity. The 500 MeV ~+*3 ~ spin-flip probability was predicted using
the RIA-DWBA model of Ref. 4 and a NRIA-DWBA model. For the relativistic
model the form taken for the Lorentz invariant NN effective interaction is the local
form,

F = & + FP7~7: + Fv7:Y2P + FA7:7:Y:Y2P + FT&’qw. (2.2)

The proton-nucleus scattering amplitude in the DWBA approximation is given by4

where Fe is the elastic scattering amplitude from the (*2C) core, u~jp is the
relativistic bound state wave function (lp~, neutron), and XC,A, is the relativistic,
4-component distorted wave function for the core nucleons corresponding to ~.
The bound state wave function, u~j~(o, contains upper and lower components, d
and A, respectively, and for the purpose of studying sensitivities was assumed to
be. a simple lp~ eigenstate of the relativistic mean field13 (RMF) potential for 12C.
For some of the calculations discussed here the nonrelativistic limit of A was used.
This limit was obtained by solving the single particle bound state Dirac equation
in the limit of zero scalar and vector bindhg potentials. Pseudovector (PV) rather
than pseudoscalar
used.4

(PS) forms for the Lorentz invariant NN interaction were also
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The five invariant amplitudesin Eq. (2.2) were obtained from the Pauli rep-
resentation of the NN scattering amplitudes by the transformation described in
Ref. 3, using Arndt’s SP82 phase shift solution. The relativistic distorted waves

and core scattering amplitudes were generated from either the RIA - Dirac equation
nlode13 for P+*2C or the Dirac phenomenological optical model fit to the P+*2C
500 MeV elastic scattering data (see Ref. 8).

For the nonrelativistic predictions the DWBA model of Ref. 4 was used. The
same NN ph~e shifts were used M in the relativistic calculations. The Ip+ va-
lence neutron wave function WaStaken to be the same aS the upper component
in the relativistic valence nucleon wave function. The core amplitudes and dis-

torted waves were obtained from the Schradinger equivalent optical potential of
the Dirac phenomenological fit to the ~+*2C el~tic scattering data by solving the
Schr6dinger equation with relativistic kinematics.

In Fig. 1 RIA-DWBA predictions are shown with the existing ~N~ data for
j’+13C at 500 MeV. The curves are discussed in detail in Ref. ?3.Briefly the solid .

and dashed lines resulted from using PV and ps forms for the NN invariant ampli-
tudes, respectively. The curves in the upper (lower) half of the figure resulted from
using the RIA (Dirac phenomenological) optical potential to generate the relativis-
tic distorted waves and core scattering amplitudes. In Fig. 2 the sensitivity of the
RIA-DWBA model predictions for DNNto the lower component of the lp~ bound
state wave function is displayed. The solid and dashed curves were generated by
using the RMF and NR limit for the lower component, respectively. Both calcu-
lations assumed the pseudoscalar form for the NN invariant amplitudes and the
RIA model for the distorted waves and core amplitudes. In Fig. 3 nonrelativistic
and relativistic predictions are compared. Dirac phenomenological optical poten-
tials were used to generate the distorted waves and core scattering amplitudes.
The shaded band encompasses the relativistic predictions while the dashed curve
indicates the NR result.

In the language of the Lorentz invariant form of the NN interaction, the spin-
flip probability for this c=e is determined primarily by the PS invariant and to
a lesser extent by the space-like tensor component. It is particularly sensitive to
the choice of PS or pv forms (if ~~~~ is assumed and not ~~~). In contrast, for
elastic scattering from polarized targets, the PS component is not important for
the iLtype polarized *3C observables;4 its study requires the much more difficult

experiment involving an ~-type polarized target .4 It is also sensitive to the lower
component strength of the valence wave function (for the PS form) (Fig. 2). There
are also significant differences predicted between the NR model and the centroid
of the range of the relativistic model predictions as shown in Fig. 3.

The predicted spin-flip strength is affected somewhat by the assumptions for
the core scattering amplitude. This quantity can, however, be tightly constrained
in the analysis, since precision unpolarized ~+*3C data have been obtained. The
dependence on the distorted wave model and the large, upper component of the
valence wave function are weak. Multistep contributions in the region of the first “
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minimum can be evaluated using a Dirac coupled-channels code*4 which includes
the full proton + odd-nucleus relativistic optical potential.

It is crucial to the experiment to have well-resolved elastic peaks for *2C aud
13C for accurate determination of the DNN. Near a laboratory scattering angle of
16° (corresponding to center-of-momentum scattering angles near 18° for 500 MeV
p +12*1%3),the elastically scattered protons from 500 MeV p+*2”3C differ in energy
by 300 keV. Simultaneous p +13C and p +*2C data acquisition allows systematic
errors to be removed in the experiment, since DNN= 1 for l*C.

Data were taken in September 1992. Individual 50 mg/cm2 l*C and 13C targets
were sandwiched to allow data to be taken simultaneously for both nuclei. Au
overall HRS resolution of about 130-180 keV was achieved as shown in Fig. 4. The
experiment took physics data for about 1 week at one HRS central angle setting
(160). Replay of the data tapes is almost finished, and final analysis of the data
should be completed shortly. The statistic} error in the final DNN (with 0.5° angle
binning) will be about (+ 0.02). Our preliminary results indicate that DNN for
both target nuclei is consistent with 1.00.
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Figure Captions

Figurr 1: Data and RIA-DWBA predictions for DNN for 500 MeV ~ +13 C
elastic scattering from Ref. 8. The curves are discussed in the text.

Figure 2: Predicted sensitivity in DNN to the lower component of the lp~
bound state A(r) in the RIA-DWBA model (from Ref. 4). The curves are discussed
in the text.

Figure 3: Relativistic and nonrelativistic DWBA predictions for 500 MeV
*3C(~,~ DNN. The shaded band indicates the range of predictions of the relativis-
tic DWBA model. The upper (lower) limit of the shaded band corresponds to the
PV (PS) form for the NN invariant amplitude. The NR prediction is indicated by
the dashed curve.

Figure 4: Typical missing mass histogram taken with the HRS showing the
resolved peaks for p+*2C and *3C elastic scattering.
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3 Polarized

(G. Hoffmann;

Nuclear Target Project

LANL)

Summary: A copy of the PSI polarized nuclear target refrigeration system has
been made at The University of Texas at Austin for use in low and medium en-
ergy polarized-nucleon + polarized-nucleus (or nucleon) scattering experiments.
Initial cooldown of the system was successful and further testing/development is
in progress.

For some time, our group has had interest in exploring what new physics can
be learned through use of polarized nuclear targets in low and medium energy
scattering experiments. As an initial step in the realization of such experiments, we
polarized 13Cand 19F using dynamic nuclear polarization techniques (DNP).1*2The
13C work lead to the development of the polarized target constructed at LAMPF3
and used for EXP955, EXP 1023, and EXP 1025. This target was fabricated from
one of the LAMPF setups originally designed to provide a polarized proton target
for the LAMPF nucleon-nucleon program. Physically this setup (cryostat, plus
supporting equipment such as vacuum pumps, dewars, NMR hardware, microwave
hardware, etc.) was large, and considerable manpower and overhead was required
in its use for p + nucleus and x + nucleus scattering experiments (several months
setup/checkout time).

For the past 15 years the PSI group in Switzerland headed by S. Mango has
been developing compact 3He evaporation/3 He-4He dilution refrigerators for use
with the polarized proton/deuteron experiments performed at PSL4 The target
is designed to be service and user friendly. The sample holding device can be
removed or inserted into the cryostat at 4 K. PSI experience is that the target can
be installed in the time period of one day. The PSI design is ideal for experiments
that can utilize small (1 cm x 1 cm) beam spots. Several years ago we decided
to make a copy of the PSI refrigerator and build our own compact dynamically
polarized nuclear target.

Schematic diagrams of the cryostat, the 3He evaporation unit, and the 3He-4He
dilution refrigerator unit are shown in Figs. 1-3. PSI provided us with a complete
set of engineering drawings for the system. S. Penttihi (LAMPF) is an important
collaborator on this project.

The cryostat construction is complete and the initial cooldown was successful.
Construction of the 3He evaporation unit is also complete. All components for
the 70 GHz microwave system required for DNP (at a ‘magnetic field of 2.5 T)
have been acquired. We have also acquired most of the components required
for the NMR system as well as the CAMAC-controlled NMR system. The 2.5 T
superconducting split-coil magnet has been integrated into the refr~geration system
and will be tested during the next cooldown. The 3He recirculation-storage-system
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is finished, apart from the assembly of the main blower package. Also, construction
of the 4He transfer system has been completed.

Shop work on this project has competed with work on other higher priority
projects such as (1) the EXP1079 apparatus (see section 2.3), (2) the E871 muon
hodoscope (see section 4.3), and (3) STAR SVT and TPC construction projects
(see section 5). About 2 man-years of shop time has been invested in the polarized
target project.

Figs. 4-7 are photographs of the cryostat, the 3He evaporation insert, the
superconducting split coil magnet, and parts of the 3He recirculation system.

The present plan is to move the equipment to the Triangle Universities Nuclear
Laboratory (TUNL) in January 1994 and collaborate with D. Haase (NCSU), C.
Gould (NCSU), R. Roberson (Duke) and W. Tornow (Duke) in a program to
instrument the equipment and use it for if + ~ transmission experiments. Total
cross sections will be measured for energies from a few MeV to about 10 MeV. The
goal of the E +1 H experiments is to provide precision polarized total cross section
data which can be used to better determine the J = 1 NN mixing angle at low
energies, thereby making it possible to set important, new constraints on the NN
tensor interactions Another possible use of our target at low energies with heavier
polarized nuclei involves tests of fundamental symmetries.
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Figure Captions

Figure 1: Schematic of PSI standard cryostat with central tube for 3He
evaporation insert (Fig. 2) or dilution unit (Fig. 3).

Figure 2: Schematic of PSI 3He evaporation unit and sample holding device.

Figure 3: Schematic of PSI 3He-4He dilution refrigerator unit with corre-
sponding sample holding device.

Figure 4: Photograph of the cryostat of the evaporation refrigerator.

Figure 5: Photograph of the3He evaporation unit.

Figure 6: Photograph of the superconducting split coil magnet.

Figure 7: Photograph of components of the 3He recirculation system.
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4

4.1

Experiments at Brookhaven
tory

AGS E791: Search for K! ~ pe

National Labora-

(G. Hoffmann; UCI; UCLA; LANL; Stanford; Temple; Texas
William and Mary; R. Cousins, W. Molzon, spokesmen)

Summary: A search was made for the forbidden decay K! + pe with experi-
mental sensitivity much improved over previous efforts. The search has yielded no
events. The 90% confidence level limit on the branching ratio is B( K! ~ pie%)
<3.9 x 10-]1. When this data set is combined with earlier data the upper limit
is 3.3 x 10-11.

The decay Kg + pie= is forbidden by conservation of the separate additive
quantum numbers for electron- and muon-type leptons. Unlike the conservation
law for electric charge, these laws are not a consequence of a gauge theory of
particle interactions. The Standard Model contains no mechanism violating these
laws; hence an observation of this decay would be evidence of new interactions.
For example, the decay could occur through the production and decay of a virtual
particle XOwhich couples to the s and d quarks at one vertex and to muons and
electrons at the other. An observation of this decay with a branching ratio of
10-10 would imply a mass for XO of * 100 TeV/c2, if the coupling strength is
the standard electroweak coupling g. Nearly all extensions to the Standard Model
allow for muon and electron number violation,l although usually at a level below
the sensitivity of current experiments.

The experiment was performed at the B-5 beamline of the Alternating Gradient
Synchrotrons (AGS) at BNL. Data were collected during two running periods in
1989 and 1990 of approximately 15 and 12 weeks duration. The final results of
E791 are reported in Ref. (2) and are discussed here. The present experiment
achieved a sensitivity greater than previously attained.3-7

An average of 4.5x 1012protons per spill at 24 GeV/c were incident on a 1.3-
interaction-length Cu target. A neutral beam subtending a solid angle of 4.1 (her.)
x 15.0 (vert.) mrad2 (FWHM) was produced at a mean angle of 2.75° to the proton
beam. Following the beam-defining elements, an 8.5 m long vessel evacuated to
0.020 Torr served as a fiducial decay region. A three-piece decay region end window
assembly used during 1989 was replaced by a single-round-kevlar/my lar window
for the 1990 run. Fig. 1 shows a plan view of the E791 spectrometer and neutral
beamline.6’8’9

The spectrometer consisted of five pairs of drift chambers (DC1-5) and two
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analyzing magnets with transverse momentum impulses of 300 MeV/c and 318
MeV/c of opposite sign. The chambers contained two x- and two y-measuring
planes, each with 120 pm single-wire resolution. For the 1990 run the two most
upstream chambers were replaced with larger modules placed closer to the neutral
beam, resulting in a 30% increase in acceptance. Downstream of the drift cham-
bers were two pairs of trigger scintillation counters (TSC’S) and particle identifica-
tion detectors (PID’s). Electrons were identified with a threshold gas Cherenkov
counter (CER) and a lead-glass array (PBG), both with time and pulse height
information. The PBG array was composed of two layers, a converter array (3.3
r.l. ) and an absorber array (10.5 r.l. ). Muons were identified with a scintillator
hodoscope (MHO) and a range finder (MRG)1° located downstream of 0.91 m of
iron. The latter contained drift tube detectors inserted in marble and aluminum
absorber at intervals corresponding to 10VOincrements of range.

A Level O (LO) hardware trigger was defined by an overlap coincidence of the
four TSC’S. A ‘minimum bias’ signal was formed from a coincidence of the LO
trigger with the 3 most upstream drift chambers on each side of the spectrometer.
The Level 1 (L1) trigger selected minimum bias events prescaled by 2000 and di-
lepton events defined by a coincidence of the minimum bias signal and a MHO or
CER signal on each side of the apparatus. Events satisfying the L1 trigger were
processed in one of eight 3081/E computers.ll

A Level 2 trigger was designed but never used in either data taking period. The
Level 3 (L3) trigger algorithm used hit information from DC1-3 and a lookup table
of field integrals for the first magnet to calculate a 2-body mass (M12) and collinear-
ity angle (8K) defined as the difference between the bon direction calculated from
the target and vertex positions and the reconstructed 2-body momentum direc-
tion. Values of M12 for each combination of lepton masses consistent with the L1
trigger were calculated. Di-lepton triggers were required to have O;. <100 mrad2,
M12 > 460 MeV/c2 and, during 1989 only, M12 < 550 MeV/c2. There were no
L3 requirements on the minimum bias triggers. Events passing the L3 selection
criteria were written to magnetic tape. The efficiency of this algorithm was mea-
sured using minimum bias events, subject to the event quality and kinematic cuts
described below, to be 66% (’89) and 91% (’90). The improved efficiency in 1990
was achieved with modifications of the algorithm to find events with missing hits
and events contaminated with extra hits in the chambers more effectively.

Offline, events were reconstructed with a pattern recognition algorithm which
used the hit information from all drift chambers to find tracks that originated from
a common vertex and traversed the full spectrometer. For each view (x and y) of
each track, at least 8 of 10 expected drift chamber signals were required. The
invariant mass and collinearity were recalculated and the transverse momentum
(P=), defined to be the product of the two body momentum with the collinearity
angle, was calculated. Events with M12 >470 MeV/c2 and either 0~ < 10 mrad2
or P; < 800 (MeV/c)2 were selected. For the 1989 run it was also required that
Mlz <530 MeV/c2. Events satisfying these criteria were then fit using a full
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magnetic field map to determine more accurately their kinematics.
Fitted tracks were projected to the PID detectors and measured responses

compared to those expected. Tracks were identified as electrons if they had an
associated CER hit within 4 ns of the event time, if the ratio of energy in the PBG
to the particle momentum was greater than 0.65, and if they deposited sufficient
energy in the converter blocks. 12 The efficiencies of the cuts OXIthe. CER and

PBG were measured to be 0.908 + 0.001 and 0.958 + 0.001 using electroris from
h’~ - ~ev (K.3) decays obtained from the minimum bias data sample.

Muons were identified by requiring that the positions of struck MHO counters
and their times agree with expected values, that a minimum fraction of expected
MRC; hits were found by a tracking algorithm, and that the measured range in the
MRG exceeded 90% of that expected from the particle’s momentum.8~g’12’13The
efficiencies of the cuts on the MHO and MRG were measured to be 0.969 + 0.001
and 0.975 + 0.001 using muons from A’! + mpv (KU3) decays obtained from the
minimum bias data sample.

The primary source of background in the search for h’; ~ p+e~ is K=3decays.
One class of background consists of the pion being misidentified as or decaying
to a muon. In the absence of measurement errors, this class of events has a pe
mass distribution with a kinematic endpoint 8.4 MeV/c2 below the kaon mass.
Excellent kinematic resolution is required to reject such events. A particularly
serious source of background was found to come from such events, with a decayed
pion, where in addition a mistake was made in the kinematic reconstruction of
the event. In this case the reconstructed mass can be equal to or larger than MK.
A second class of background arises from the misidentification of the pion as an
electron and the misidentification of the electron as a muon. These events can also
have a reconstructed pe mass greater than MK. Rejection of these events requires
excellent particle identification.

The analysis proceeded by studying background events with A4U, within 5
MeV/c2 of MK and with 144 < P; ~ 800 (MeV/c)2 and choosing cuts to re-
duce this background. The mass interval was chosen to be approximately 3 times
the expected resolution in MP~(1.74 MeV/c2), based on the measured resolution in
M.. (1.40 MeV/c2) and a Monte Carlo calculation of the ratio of the resolution for
M., (1.57 MeV/c2) to that for M== (1.26 MeV/c2). The P? cut at 144 (MeV/c)2
was chosen in a similar fashion. These events were studied to understand the
classes of events that were the most troublesome and to devise selection criteria to
eliminate them. Only after the final event selection criteria had been chosen, were
events inside the signal region P; s 144 (MeV/c)2 analyzed.

Events were required to have a vertex at least 9.75 m from the target and within
a region defined by the beam divergence. Events with charged particle trajectories
which projected to large amounts of material (e.g. vacuum fiange, magnet coils)
or which missed the PID detectors were eliminated. The momenta of charged
particles were required to be above 1.5 GeV/c and below 12.0 GeV/c.

The ratio of the lepton momenta was required to be less than five to reduce the
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number of K=3events with a decaying pion that are reconstructed with a pe mass
near the kinematic endpoint. Most events with pion decays within the tracking
spectrometer were eliminated by requirements on the track and vertex quality, and
on the consistency of the momenta as measured by the front and back halves of.
the spectrometer.

Mistakes in the kinematic reconstruction were reduced by removing events with
missing hits where the fitting routine chose an ambiguity resolution that had a low
probability of being correct, for example, if the side of the wire opposite to a ‘dead’
wire was chosen. Further cuts in the 1990 sample included removing events with
two or more misses in the x-view of any track, and removing events which had both
a high momentum track (P > 7 GeV/c) and an x-view miss. Events with large
P~ in the putative kaon decay plane were found more often to have high values of
M.e; hence the accepted region in P; was further reduced by requiring PT in the
decay plane to be less than 7 MeV/c.

After final determination of the selection criteria, events in the signal region
were analyzed and the cuts applied. No events were found. Fig. 2 is a plot of P; “
vs. M~, for our final sample of @ ~ pi e~ candidates from both data sets.

The total h’: flux is obtained by counting the 1{~ ~ r+r- decays in the
prescaled minimum bias data sample. The distribution of the two body invari-
ant mass, assuming pion masses for the charged particles (Mr=), is shown for this
sample in Fig. 3. Superimposed is a Monte Carlo simulation of the M%. dis-
tribution for semileptonic decays of A$. This distribution is normalized to the
data outside the K! mass peak and then subtracted to obtain a mr count. Both
distributions have been corrected to account for the @ contamination of the rn
sample. The value of this correction has been calculated to be (KS = 0.987 + 0.001
(’89) and 0.992 + 0.001 (’90). The resulting number of K! ~ r+r- events is N=,
= 15033 + 151 (’89) and 29430 + 217 (’90).

Since no events consistent with the decay h’: ~ pie= were observed we com-
pute a 90% confidence level limit on the branching ratio from

The factor a = 1 + 1.15c~ incorporates the effects of the fractional systematic
uncertainty, u, (Ref. 14). Including all the uncertainties listed below and the
uncertainty on the mr counting, we estimate ar to be less than 570, resulting in a
negligible. effect on the upper limit quoted. The branching ratio B(A’~ 4 r+r- )
= (2.03 + 0.04) x 10-3 (Ref. 15). The acceptance ratio determined from a Monte
Carlo simulation of the detector is A=7/APe = 1.47 + 0.01 (’89) and 1.42 + 0.01
(’90). A small correction has been applied to this ratio to account for the difference
in measured and calculated mass resolution. The total mr prescale factor, R,
including both the L1 prescale and an offline prescale, is 6000 (’89) and 4000 (’90).
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We have broken (CXm/CP.)down into four components:

(4.2)

The first factor, the L3 correction, has been measured using the minimum bias
sample to be (cfifi/c~~)M = 1.001 + 0.003 (’89) and 1.002 + 0.001 (’90). The
correction for pion loss due to interactions in the spectrometer has been estimated,
from data with the downstream trigger scintillators removed from the trigger, to be
c~~= 0.954 + 0.004. The efficiency for identifying the pe pair from K! ~ pie= has
been measured from K.3 and Kti decays in our minimum bias sample to be $,m =
0.790 + 0.006 (’89) and 0.814 + 0.005 (’90). These numbers are integrations of the
!epton detection efficiencies over kinematic distributions expected for Kg ~ p* e+.
Finally the L1 lepton trigger efficiency has been measured to be & = 0.988 + O.()():1
(’89) and 0.990 + 0.002 (’90). This factor is the efficiency of the L1 trigger being
satisfied, given that the offline PID criteria have been satisfied.

The resulting 90% confidence limit on the branching ratio is B(A’~ ~ pie~) <
9.3 x 10-11 (’89) and <6.7 x10-11 (’90). The combined result from both data sets
is B(K2 ~ pie+) <3.9 x 10-11 at 9070 CL. Combined with our earlier result using
a similar apparatus,6 the limit is B(lf~ ~ p*e~) <3.3 x 10-11. We have found no
evidence that the additive quantum numbers associated with muon and electrot-
ype leptons are not conserved and have further restricted the effective coupling
strengths of new interactions which allow for violation of these conservation laws.

References

[1] P. Langacker, S. Uma Sankar and K. Schilcher, Phys. Rev. D38, 2841(1988).

[2] K. Arisaka et aL, Phys. Rev. Lett. 70,1049 (1993).

[3] H. B. Greerdee et al.; Phys. Rev. Lett. 60, 893(1988).

[4] S. F. Schaffner et al., Phys. Rev. D39, 990(1989).

[5] T. Inagaki, et aL, Phys. Rev. D40, 1712(1989).

[6] C. Mathiazhagan et al., Phys. Rev. Lett. 63, 2181(1989).

[7] T. Akagi et uZ.,Phys. Rev. Lett. 67, 2614(1991).

[8] C. Mathiazhagan et al., Phys. Rev. Lett. 63, 2185(1989).

[9] A. P. Heinson et aL, Phys. Rev. D44, R1(1991).

[10] J. Frank et aL, IEEE Trans. Nucl. Sci. 36,79 (1989).

[11] P. F. Kunz et al., SLAC-PUB-3332, 1984, (unpublished).

47



[12] W. R. Molzon et aL, in Proceedings of the 2L?h International Conference of .
High Energy Physics, edited by K.K. Phua and Y. Yamaguchi (Singapore, “,

1990); S. H. Kettell et al., in The Vancouver Meeting, Partic/es and Fields ‘9{,

edited by D. Axen, D. Bryman, and M. Comyn (World Scientific, Singapore,
1991); M. V. Diwan et al., in Proceedhgs of the Lake Louise Winter Institute,
1992 (to be. published).

- [13] A. Schwartz et al., in Intersections between Particle and Nuclear Physics:
Tucson, AZ 1991 , ed. by Willem T. H. Van Oers (American Institute of
Physics, New York, 1992).

[14] Robert D. Cousins and viral L. Highland, Nuc1. Instrum. Methods, A320,
331(1992).

[15] K. Hikasa et aL, Phys. Rev. D45, 91 (1992).

Figure Captions

Figure 2: The E791 beam line and detector.
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Figure l?: Plot of P; vs IMP~. Plus signs are 1989 data and circles are 1990
data.

Figure 3: Distribution in M%. for minimum bias data (histogram) and Monte
Carlo semileptonic background (circles).
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4.2 AGS E791: Search for K! ~ e+e-

(G. Hoffmann, J. McDonough; UC1; UCLA; LANL; Stanford; Temple;
Texas; William aud Mary; R. Cousins, W. Molzon, spokesmen)

Summary: A search was made for the. rare decay h’~ ~ e+e-; no candidates
were observed. We. determined the sensitivity from the detected number of C’P-
violating h’: ~ n+ T- decays and place a 9070 confidence level upper limit on
the branching ratio of Z3(K~ ~ e+e-, IMK- M,,l <6 MeV/c2) ~ 4.1 x 10-’1.
This result is a significant improvement over previous measurements, although still
above the Standard Model prediction of 3 x 10-12.

The decay l{; ~ e+e- is the helicit y-suppressed counterpart of the effective
flavor-changing neutral current process K! e p+p- which has played an im-
portant role in the development of the Standard Model. Recent measurements
of the K! ~ y+ p- branching ratio,l-3 near the QED lower limit obtained from
the contribution of the on-shell part of the two-photon intermediate state4 (of-
ten called the unitarity bound), imply that this decay is dominated by Standard
Model processes. A search for the decay h’~ 4 e+e- at a sensitivity approaching
the Standard Model level of 3 x 10-12 is then sensitive to new contributions which
may not be suppressed by the V-A structure of the weak interaction. This works
involves a search for the decay K! 4 e+e-; a significantly improved upper limit
on the branching ratio for this process6*7was obtained. The limit is still roughly
an order of magnitude above the Standard Model prediction. v

Refer to section 4.1 (Ref. 8) for a detailed description of the E791 set up.
Trigger decisions were made at multiple levels. The first two levels (referred to

as LOand L1) were made in hardware. The third level (L3) was based on a software
algorithm running in a farm of 3081/E computers.g (A Level 2 trigger was designed
but never used in either running period.) The LO trigger was defined as an overlap
coincidence of the four TSC’S in which the hits in the vertical and horizontal views
were required to be consistent in position and time. A ‘minimum bias’ signal was
formed from a coincidence of the LO trigger signal with signals from the 3 most
upstream drift chambers on each side of the spectrometer. The L1 trigger selected
ee candidate events, defined by a coincidence of the minimum bias signal with a
CER signal on each side of the apparatus. It also included minimum bias events
prescaled by 2000, from which the sample of K! e r+r- events used to calculate
the sensitivity of the experiment was selected.

The L3 trigger decision was based on the 2-body mass (M,.) and the collinear-
ity angle (Ox), defined as the difference between the kaon direction obtained from
the target and vertex positions and the reconstructed 2-body momentum direc-
tion. Electron pair triggers were required to have 0~. < 100 mrad2, M,, >460
MeV/c2 and, in 1989 only, M,, <550 MeV/c2. The eficiency of this algorithm
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was measured, using minimum bias events passing the event quality and kinematic
cuts described below, to be 66% (1989) and 91% (1990). The improved efficiency
in 199o was achieved with modifications to the code to find events with missing
hits and events contaminated with extra hits in the chambers more effectively.
Also, an inherent bias against like-charge events in the 1989 L3 algorithm was re-
moved from the 1990 L3 algorithm. These events were important in understanding
backgrounds to the @ 4 e+e- search.

Events with at least two tracks traversing the full spectrometer and originating
from a common vertex were reconstructed and further analyzed offline. The invari-
ant mass and collinearity were recalculated and the transverse momentum (P~),
defined to be the product of the tw~body momentum with the collinearity angle,
was calculated. Events with M~~>470 MeV/c2 and either 0~”< 10 mrad2 or p; <
800 (MeV/c)2 were selected. In the. analysis of the 1989 data it was also required
that M,, c 530 MeV/c2. Events satisfying these criteria were then fit using a full
magnetic field map to determine their kinematics more accurately. The minimum
bias sample was further prescaled offline by a factor of 3 (2) in 1989 (1990). Thus
the overall prescale of the & + r+r- normalization sample was 6000 (4000).

As in the search for the decay K! ~ pie-, selection criteria were devised with-
out studying events in the kinematic region in which signal events are expected.s
Specifically, events in the region defined by IA& - AIKI <10 MeV/c2 and e~ <2
mrad2 were excluded from analysis until the selection criteria had been chosen.
All selection criteria except PID were applied to both the A’i ~ e+e- and the
normalization data samples.

Candidate events were required to have a vertex at least 9.75 m from the target
and within a region defied by the beam divergence. Events with charged particle
trajectories which projected to the vacuum flanges or other thick materials were
eliminated. The charged particles were required to have momenta above 1.5 GeV/c
and below 12.0 GeV/c. The reconstructed kaon momentum was required to be
below 20 GeV/c. (The mean kaon momentum of detected K! ~ Z+x- events was
8.0 GeV/c.) Track and vertex quality were assured by cutting on X2’Scalculated
during the fitting procedure. The asymmetry in the two charged particle momenta,

IPI- P21/lPI+ PA wx req~red to be l~s than 0.67 in order to remove AO~ P+Z-
events from the Kt e T+m- normalization sample.

The signals in those elements of the CER and PBG detectors to which fitted
tracks projected were compared to those expected for different particle types. To be
identified as electrons, particles were required to have an associated CER hit within
4 ns of the event time, where the RMS timing resolution was measured to be 0.95
ns for electrons from K~ e z*e*v decays. In addition, these tracks were required
to have an appropriate signal in the PBG array. Specifically, particles identified
& electrons had to lie above and to the right of the contour indicated in Fig. 1.
That contour was determined empirically from the study of K~ ~ fiie~v events
so as to obtain optimum pion rejection consistent with high electron identification
efficiency.
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Events with M,, above 470 MeV/c2 still remained after applying the above
criteria. Potential sources of high mu e+e - pairs are @ decays into e+e - e+e-,
e+e-y, or yy, the latter two with photon conversions in the vacuum window or
upstream drift chambers. The background from these sources was studied by
Monte Carlo techniques and by looking in the data for events either with extra
tracks in the two upstream drift chamber planes or with like-charge ee pairs.
Background from K: ~ r*e~ v decays is Klghly suppressed since it requires a pion
to be misidentified as an electron and is cinematically restricted to values of M,,
below 478 MeV/c2 in the absence of measurement errors.

in order to test our understanding of the sources of high-mzm ee pairs of both
like- and unlike- charge, we focussed our attention on the 1990 data, since the 1989
L3 code had an unmeasurable bias against lik-charge events. Fig. 2 is a scatter
plot of 19~.vs. M,f for the 1990 data. Events with one particle momentum above
pion CER threshold and M., <478 MeV/c* have been eliminated for clarity; these
events are K=3in which the pion is misidentified as an electron in the PBG. Real
K! ~ e+e- events would be concentrated on the plot around 6~ = Oand M,, =
MK = 497.67 MeV/c2.

We have estimated the number of events expected in Fig. 2 from Kg - e+e- ~
and K! d e+e-e+e- by the Monte Carlo technique. 10The @ e e~e-y Monte
Carlo used the Kroll-Wada differential decay spectrum,ll modified by inclusion
of a vector-vector term in the Kg ~ 77” form factor.12-14 If the real photon
in the K: e e+e-y process is sticiently soft, the event can take on an e+e -
invariant mass arbitrarily close to MK. Assuming a K! 4 e+e-y branching ratio
of 9.1 x 10-6 (Refs. 13 and 14), we predict 2 + 1 events from @ - e+e--y within
the phase space of Fig. 2. The uncertainty in this prediction is dominated by the
uncertain y in the A’! ~ yy” form factor. u

The Monte Carlo calculation of the K: - e+e-e+e- events in Fig. 2 was based
on the differential decay spectrum of Miyazaki and Takasugi,ls for double internal
conversions. A flat Kj ~ 7=7- form factor was assumed. This is a reasonably
accurate approximation since the largest contribution to the events in Fig. 2 arises
when two low mass intermediate photons convert asymmetrically. (The effect of
the form factor is small when the interme&ate photons have low mass.)

[lSing a branching ratio for this decay of 4 x 10-6 (Refs. 16-18) we predict 7 +
1 events in the full region of Fig. 2. The uncertainty in this prediction is primarily
statistical. Half of the 7 events are expected to be Iikecharge (5 are observed) and
2 of these 7 will contain one or two extra tracks in the upstream drift chambers (3
are seen).

Finally, approximately 1 event is expected in Fig. 2 from the photons from
K! ~ e+e-y and K! ~ 77 decays converting in the vacuum window or first
drift chamber. Thus the total predicted level of events in Fig. 2 from the decays
A’: ~ y?, K! 4 e~e-y and K! - e+e-e+e- (10+2 events) agrees well with that
observed (11 are seen ).

Approximately half of the events in Fig. 2 are eliminated by requiring the events
.
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to have oppositely charged particles and requiring that no extra track project to
wittiln one centimeter of the event vertex. The minimum criteria for an extra
track is that it have hits in both views of the first two drift chamber planes. The
loss of real events due to the extra track cut was estimated to be 0.8% for both
~~ * e+e- and K? ~ T+m- events, based on measurements using X: 4 ~*e+v
events.

Fig. 3 is a scatter plot of fl~ vs. M,. for events from both data sets which
pass all selection criteria described above. Events in this plot are classified as
h’; ~ e+e- if they have d~. <2.0 mrad2 and a mass within 6.0 MeV/c2 of the
& mw. The values of the cuts on Ok and M,, were chosen to mini~z the
probability of including background events in the signal region while maintaining
good acceptance. The value chosen for the mass cut corresponds to approximately
3C in the resolution. The collinearity cut was left at 2 mrad2, as tightening this
cut was expected to have little effect on backgrounds. Monte Carlo calculations
of the background sources described above predict that we should see fewer than
0.15 events in the signal region of Fig. 3. No events satisfy these criteria.

In the decay K: ~ e+e-, the invariant mass of the e+e- pair can be reduced
if a photon is radiated via the inner bremsstrahhmg (IB) process. Therefore, the
signal region is restricted to events in which the energy of the radiated photon is
less than 6 MeV. Events with ra&ated photons of greater energy account for 17% of
the total IB-corrected Kg ~ e+e- rate.lg We do not apply a correction to account
for this effective loss in acceptance. A negligible fraction of the IB-corrected rate
fails the collinearity cut exclusively.

Based on our observation of no signal events, we determine a 90% C.L. upper
limit on the @ ~ e~e- branching ratio by evaluation of the following expression:

N.. is the number of detected Kj -+ ir+z- events, after the prescale factor R.
The branching ratio B(K! a X+T-) = (2.03 * 0.04) x 10-3 (Ref. 20). The ratio
of h’! ~ r+~- to K~ + e+e- acceptances Am/Ace w= determined from a Monte
Carlo simulation of the detector. The correction for pion loss due to interactions
in the spectrometer and TSC is C=*; this was obtained by analysis of specially
triggered data. The efficiency for identifying electrons has been messured using
K,3 decays in our minimum bias sample. From this the K~ ~ e+e- particle
identification efficiency e~~was derived. Fhlly, c#/& is the ratio of efficiencies
of the L3 trigger for the X+r- and e+e- modes. The values of these parameters are
given in Table 11for the two data sets. The uncertainty in the relative acceptance
and efficiencies for the Kg ~ m+z- and A’! ~ e+e- decay modes is less than 570;
this has a negligible effect on the limit quoted.8021

We place 90% C.L. upper limits on the branching ratio for the process K~ +
’11 (1989), and ~(lf~ ~ e+e-) <7.8 x 10-*1e+e- of 13(K~ ~ e+e-) <11.9 x 10

(1990). These limits include events with less than 6 MeV of radiated energy. These .
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new results, combined with our previous limit,6 give B(K: 4 e+e-, lMK-M~~l <
6 M;V/c2) <4.1 x 10-1] at 90% C.L. This is consistent with the predictions of
the Standard Model.
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Figure Captions:

Figure 1: A Scatter plot of the fraction of energy deposited in the converter
layer of the PBG (Ec/E~o~) versus the ratio of the deposited energy to-measured
momentum (E~o~/P), for particles from minimum bias data. Particles in the
region above and to the right of the indicated contour are identified as electrons
in the PBG.

Figure 2: Scatter plot of 0~. vs. M,. for events from the 1990 data set which
satisfy all selection criteria except those on 0~- and M~~. Events identified as
originating from K! ~ ~ie~v have been removed. Like-charge events (identified
with o’s), and events with one or more extra tracks detected in the upstream two
drift chamber planes (identified with +’s) have been restored to the plot.

Figurr 3: Scatter plot of 0~. vs. M,. for events from the combined 1989 and
1990 data sets which satisfy all selection criteria except those on Hi. and M,,. .
Events identified as originating from K’: - ~ie~v are included in this plot.

Table II: Factors entering into the calculation of the K! ~ e+e- limit for the 1989
and 1990 data sets.

Variable 1989 1990
N*T 15,118 A 151 31,354 * 217
R 6000 4000
A.=/Aee 1.78 + 0.01 1.69 + 0.01
C=r 0.954 + 0.004 0.954 + 0.004
tee 0.733 * 0.009 0.775 * 0.007

&/~: 1.00 * 0.01 1.01 ● 0.01
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4.3 AGS E871: New Search ForVery Rare ~L Decays

(G. W. Hoffmann, J. McDonough, S. Worm;
UCI; Stanford; Temple; Tex=; William and Mary;
W. R. Molzon, J. L. Ritchie, S. G. Wojcicki, spokesmen)

Summary: This experiment is a new search for the decays A’L~ pe and A’~~ ee.
A single event sensitivity for h’L ~ pe below 10-12 will be reached and if no events
are observed, an upper limit of about 2x10-12 will be set. A few ~L ~ ee events
should be observed, if this decay occurs at the rate predicted by the Standard
Model, or more if new mechanisms contribute. About 104 I(L + pp decays will
also be observed, thus improving considerably the accuracy of this branching ratio
(BR). The principal improvements over the previous experiment (E791 ) are: in-

creased beam (about a factor of 4) made possible by the Booster upgrade at the
AGS, increased acceptance (more than a factor of 2), and improved efficiencies
(more than a factor of 2). The most critical feature of the new experiment, the
beam-plug, was extensively tested during the past two years. The results from
these tests confirm the feasibility of the experiment and provide important data
on the detector rates in the new experiment. Besides the beam plug, we have
also designed, constructed, and commissioned, an instrumented muon filter for the
new experiment; its purpose is to limit trigger rates and to reduce backgrounds
from ~ - p misidentification. We are responsible for the new trigger logic for this
experiment. An extensive engineering run occurred in Summer 1993.

Physics Motivation

The Standard Model is considered successful, but it is incomplettx (1) there are
nineteen free parameters in the theory, (2) there is no explanation of why quarks
and Ieptons appear in three generations, or why there should not be more, (3) there
is no explanation of how quarks and leptons are related, (4) there is a technical
difficulty known as the “gauge hierarchy problem,” which refers to the need for un-
natural fine-tuning of parameters, and (5) there is no unification of the strong and
electroweak interactions (and gravity is not in the picture). A number of proposed
extensions of the Standard Model have been suggested including supersymmetry,l
technicolor,2 right-left symmetry,3 horizontal gauge symmetry,4*s compositeness,6
and some superstring inspired models.’ Typically, conservation of lepton number
is violated in these extensions.

It is appropriate to consider alternative searches for lepton number violation
and related physics. These include: (1) p ~ ey, (2) p ~ eee, (3) PA ~ eA (muon
conversion on a nucleus), and (4) AmK (the KL-K.s mass difference). Processes
such as p - e? and p ~ eee only involve leptons (no quarks) in the initial or final
state, so that any interaction dependhg upon the participation of quarks (e.g.,
generation number conserving interactions, composite models) are not probed at
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all. The process PA ~ eA also does not involve a generation-change in the quark
sector. The small value of AmK (3.5 x 10-ls GeV) provides a serious constraint for
a broad range of models. However, a sensitivity of 10-12 for XL + pe is beginning
to be competitive with AmK. Also, leptoquark exchange is not constrained at all
by AmK.

To quantify this discussion we use the model of Cahu and Hararis for generation-
chauging gauge bosons to illustrate the m=s scales probed by each of these pro-
cesses. Table 111lists the best present limit for each process and the mass scale
probed. The Iimit given for ~L + pe is the lowest limit yet reported from E791
(Ref. 8), but is not the final E791 result from the full (three years) data set. The
bottom row shows the mass reach of the new experiment. The mixing angles (~)
characterize the generation mixing in the model and are unconstrained. If gener-
ation number is approximately conserved, then the mixing angles would be small.
The r-nixing angles do not appear in the expressions for the mass reach for the
two kaon decays. It is easy to conclude. from these considerations that a search
for KL + pe approaching the 10-12 level is important and that the. prospects for
observing h’fj + pe in this new search are not ruled out by previous limits.

Process and Present Value Mass Reach
AmK (3.5 x 10-15 GeV) 400 TeV sin ~D

Br(p -+ ey) < 1.7x 10-11 20 TeV lsin~Lcos@Llliz

Br(p ~ eee) <1 X 10-12 80 TeV @/?~COSBLl*’2

r(pA ~ eA)/I’(pA e uA) <4.6 x 10-12 190 TeV lsin9L~ - sin~L~l*’~
Br(li’+ - 7r+e-p+) <2.1 x 10-10 40 TeV

&(~L + ~e) <3.3 x 10-11 90 TeV .

Br(KL ~ pe) <2.0 x 10-12(this experiment) 180 TeV

Table III: Mass reach of separate lepton number violating processes in the Cahn
and Harari model. The /3’s are generation mixing angles and are unconstrained.

Finally, while the theoretical considerations are encouraging, the ultimate jus-
“ tification for an improved ~L + pe search is simply to test the rule of separate

lepton number conservation to the highest precision possible with existing accel-
erators and detectors.

The allowed, but very rare decay. ~L + ee, is expectedg to occur at a branching
ratio of about 3 x 10-12; the present limit from E791 is <4.1 x 10-11. The range
between these values is a window for observing a possible new flavor changing
neutral current interaction.

pe
The analysis of
result has been

Resuks Oj E791

the final data set, taken in 1990, is complete.
published,l” and the ~L + ee result has been
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publication by Physical Review Letters. The h’L ~ pp result will be submitted
soon. The most precise publishedll branching ratio measurement of ~L ~ pp is
from the E791 1989 data set. The 1989 result was:

13R(A’L ~ pp) = (7.6+ 0.5(stat.) + 0.4(syst.)) x 10-9.

The preliminary combined 1988-1990 result is:

BR(A--~ + #p) = (6.86* 0.37) x 10-9.

Three experiments have been active. over the last few years in the search for
these rare modes: AGS E780, KEK E137, and AGS E791. In general, the sensitiv-
ity to A’L+ pe and h’L ~ ee events in E791 is about an order of magnitude better
than that of AGS E780 and over a factor of two better than the KEK experiment.
The number of J{L ~ pp events are about 8 and 200 in AGS E780 and KEK E137,
respectively, in comparison with about 700 in E791 (1988 -1990 three year total).

Overview of the New Experiment

The new experiment will improve upon E791 by more than an order of mag-
nitude in sensitivity and set a limit on A’L- pe below 2 x 10-12 if no signal is
observed. At this sensitivity, we should observe several ~L ~ ee events. The key
features of the new experiment are:

● A lengthened decay volume.

● High rate tracking detectors.

● Enlarged detector apertures due to a new magnet configuration. The two
dipoles are operated with opposite fields, but tuned to provide a net ~-kick
of about 220 MeV, which makes daughters from 2-body ~L decays parallel
to the beam direction. (This parallelism is used in forming the trigger.) The
events that are accepted are the smdled “in-bends”, in which both charged
particles bend toward the beam in the upstream dipole. The “out-bends”,
which first bend away from the beam, are. not be accepted in this magnet
configuration.

● A beam stop, or plug, which is located in the upstream dipole magnet
(96D40) to stop the neutral beam.

● A new ~erenkov counter and an instrumented iron muon filter.

● A reconfigured muon rangefinder.

. Improved triggers.

● Increased acceptance.
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The layout of thenewexperiment is shown in Fig. 1, Below, several of these
improvements are discussed.

Precise tracking is essential in this experiment since background rejection re-
lies on precise kinematic reconstruction. The E871 drift chambers will present
difficulties largely in the module immediately upstream of the plug in the new
geometry. Neglecting any increased rate from neutrons or photons originating in
the plug, the instantaneous intensity will increase by a factor between 4 and 6 due
to the. increased beam flux and longer vacuum decay volume. The chambers ran
at rates in excess of 10 MHz in E791 and drew about 50 pamps of current. The
two detectors upstream of the beam-plug will consist of 0.5 cm straw tube drift
chambers. Gas with a high drift velocity will be used in all drift chambers. The
combination of smaller cell size and faster gas will permit the tracking detectors
to operate efficiently with eight times higher rate as in the E791 drift chambers.

The use of two sequential magnets in a li~ 4 pe search is critical, since th(’
decay in flight of a r (from 1{,3) inside the magnet of a single magnet spectrometer
could simulate false A’L~ pe events. The second magnet permits an independent,
momentum measurement, which is very powerful in rejecting such events. In the
new geometry, the sequential magnets will be tuned to provide a net ~-kick of
220 MeV, which will cause accepted A’L~ pe events to have both charged tracks
parallel to the beam direction downstream of the second dipole. However, rather
than have two relatively weak fields providing a total ~-kick of 220 MeV, the first
dipole will “over-bend” (Am = 440 MeV) and be corrected in the second dipole
(Am = –220 MeV), so that tracks will traverse a much larger total f B. dt’.
This permits a much better determination of track momentum. The optics of the
system of dipole magnets will enhance the acceptance of the spectrometer. We
plan to reuse the larger of the two dipole magnets used in E791 (96D40) as the
upstream dipole in the new experiment. A second large dipole magnet (100D4O)
satisfying our needs has been obtained from FermiLab.

The most novel feature of the new experiment involves placing a beam dump.
or plug, inside the spectrometer to stop the neutral beam and the bulk of sec-
ondary particles that are created within it. This will reduce the rates due to fi’~
decays and neutron interactions which would otherwise occur in the detectors far
downstream of the beam plug position. The advantages of this new approach are:
(1) the acceptance is improved a factor of 2.1 because there is no longer a need
for the downstream detectors to have an opening between them through which
the neutral beam passes, (2) the beam plug will lead to reduced the rates in the
downstream detectors, (3) particle identification should be cleaner, owing to the

much lower rates in the lead glass and muon detectors, (4) the parallelism of tracks
from 2-body decays will provide a large suppression in the Level I trigger rates (al-
lowing more time per event for the online processor) and make it easier to group
signals from trigger counters, the ~erenkov counter, and the muon system, (5)
the radiation dose on the lead glass will be reduced by more than an order of
magnitude, and (6) making detectors continuous across the beam centerline will
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eliminate the degradation of performance that typically occurs near detector edges
(e.g., side leakage of showers in the lead glass, multiple scattering of muons into the
beam region in the muon steel or rangefinder). A great deal of effort has gone into
designing and testing the beam-plug. This Will be discussed in the next section. .

Good particle identification is critical in a h’L ~ pe search, because the major
backgrounds involve misidentifying either one or both of the charged daughters in
the copious A’L ~ ~ev decay. In E791, electron identification was accomplished
with a threshold Cerenkov counter and a lead glass array, where muon identification
was done with a scintillator hodoscope behind an iron wall and a muon rangefinder
(in which muons below about 6 GeV were stopped, allowing a comparison between
measured upstream momentum and range). For the new experiment, each of these
devices has been upgraded, rebuilt, or reconfigured to improve performance.

The Cerenkov counter is of the atmospheric-pressure, gas threshold type, and
will allow us to separate electrons from pions and muons. It will cover an area
of about 4 square meters, centered on the beam line, and have low mass, so that
multiple scattering is small. To reduce accidental coincidences, signals from the fast
photomultiplier tubes will be used in the trigger which will require the x-positions
of the hhs in the Cerenkov counter and trigger counters be consistent.

The new Cerenkov counter is expected to have higher efficiency than the E791
counter (98Y0versus 89-90Yo)due to careful attention to optical design and execu-
tion, mirror quality, light funnel shape and reflectivity, selection of phototubes and
wavelength shifter. It will also have more segmentation (32 versus 16 cells) and
lower knock-on probability (mainly due to less mass in the upstream detectors).
The beam-plug- test showed that special attention must be paid to shielding the
tubes from the ambient flux of neutrons and photons to avoid excess rates in the
~erenkov counter.

The lowest momentum at which muons were accepted in E791 was 1.5 GeV/c.
In the new experiment, we have instrumented the meter of steel which follows
the lead glass array with layers of scintillation counters. This will permit a lower
(1 GeV/c) muon momentum threshold which will increase the acceptance by about
10%. The instrumented muon filter also improves our ability to trigger on muons
and provide good timing information on muon tracks that project into the muon
rangefinder (which provides effectively no time information because drift times are
long and the hits are latched). The transverse coverage of this device is roughly
2 m by 2 m, centered on the beam in both x and y. Our group has the main
responsibility for this device. The details of the design are given later.

The muon rangefinder12 in E791 consisted of two separate detectors on either
side of the beam. Each consisted of marble (and some aluminum) slabs (2.25 m
horizontal and 3 m vertical) with extruded aluminum drift tube chambers inter-
spersed at intervals that provided a constant Ap/p resolution of 10% for stopping
muons. There were 13 pairs of z and y planes of these chambers on each side of the
beam. Comparing the measured muon range to that expected from the momentum
measured in the magnetic spectrometer upstream provides rejection against pion
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decay downstream of the magnets.
In the new geometry, the muons from accepted

enter the muon identification detectors parallel to
transverse extent of the muon coverage need not

h’L*pe and h’L*pp decays
the beam direction so that the
be as large as in E791 so that

only one side of the muon rangefinder is required. This frees 13 detector planes
which are used to increase the segmentation, so that roughly 5% resolution in Ap/p

will be obtained. We will also use some of these chambers to extend the range of
momentum covered to ~ 8 GeV.

One of the clearest strengths of this experiment over E791 is the improvement
in the triggering. Our group has recently taken over responsibility for the imple-
mentation of the new trigger for the 1993 engineering run. More will be said about
the trigger below. Briefly, the important features are: (1) The parallelism condi-
tion will provide a large suppression of semi-leptonic decays and will be relatively
insensitive to accidentals and noise triggers. (2) Due to the parallel trajectories of
triggering tracks, it will be easy to impose tight constraints on associated parti- .
cle identification (~erenkov and muon filter) signals. (3) Rates in the downstream
trigger planes and particle identification detectors from genuine charged tracks will
be considerably suppressed by the plug. In addition, singles rates will be lower in
the muon counters even though the beam intensity increases by a factor of four.

The acceptance of the new detector has been calculated using Monte Carlo.
Overall a factor of two improvement over E791 is expected. This arises from
a number of sources including the larger decay volume, the new magnets and
parallel-t~beam trajectories for the ~L - pe tracks, and the use of the central
regions of the detectors (with beam plug). We have investigated the impact of
a wider beam plug on the overall acceptance and find that only a 570 change in
acceptance results from a 13?10change in plug width. w

Sensitivities and Backgrounds

The sensitivities for the new experiment are scaled from a well-understood
(19$9) data set obtained in E791. The new experiment depends on increased
acceptance, running at higher beam intensity, and on a variety of improvements
to individual systems which will improve efficiencies, reduce deadtimes, etc. The
separate factors are listed in Table IV.

The decays ~L a #e, ~L ~ ee, and ~L - pp have different acceptances and
are affected differently by changes in particle identification efficiencies. The relative
improvements in the sensitivities for each decay channel are listed in Table V,
these results being derived from Table IV. The expected sensitivities for the new
experiment are also shown.

In a high sensitivity experiment background rejection is of paramount concern.
For example, the copious ~’L ~ rev followed by r ~ pv, provides an abun-
dant source of ~{L a pe -like events. These are rejected by requiring no missing
transverse momentum, eliminating trajectories with kinks (i. c., T decay), and de-
termination of invariant mass which is a maximum of 489 MeV for the false event
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E791 1989 Data New Experiment Increase
KL ~ pe acceptance 0.0113 0.0242 2.14
~L ~ ee acceptance 0.00873 0.0224 2.57
KL - pp acceptance 0.0149 0.0283 1.90
Protonson target 3.8 Tp 15 Tp 3.95
LI trigger efficiency 0.72 0.95 1.32
L3 trigger efficiency 0.64 0.95 1.48
Cerenkov electron efficiency 0.89 0.96 1.08
PBG electron efficiency 0.95 0.97 1.02
Running efficiency 0.875 0.92 1.05
Running time 17 weeks 38 weeks (2 years) 2.24

Table IV: Improvenlent factors of thenewexperiment over thel989E79l run.

=E’’’’’’:’ta‘mprzmKL j pe sensitivity (single event)
KL a ee sensltnnty (single event) 4.8 x10-11 56

284 events 34.5

Table V: Sensitivity of the new experiment.

8.5 X 10-137
9800 events I

mentioned here. Another background source is misidentification of the T as an
e and the e as a p in the KL ~ rev decay. Therefore precise khematic event
reconstruction and particle identification is essential. Monte Carlo simulations for
the new detector with tracking in the decay volume, redesigned drift chambers and
new magnets indicate that some improvement in resolution will result. In addl-
tion to improved resolution, other reasons why background rejection in the new
experiment should be better than in E791 include the following: (1) The larger
magnetic field in the upstream dipole will minimize the effect from pion decay
in the downstream dipole. (2) Finer rangefinder segmentation (Ap/p s 5!%0)will
provide better discrimination against downstream pion decays. (3) Better dis-
crimination of pions against electrons should be possible with both the ~erenkov
counter, which will have a lower knock-on probability and higher segmentation,
and the lead glass, which will have improved resolution. (4) The lower rates in
the muon systems with the beam plug will considerably reduce the probability of
mistaking an electron for a muon. We are therefore reasonably optimistic that
backgrounds can be suppressed to necessary levels.

.
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The E871 Beam Plug

The critical feature of the new experiment is the beam-plug that is located
inside the first spectrometer magnet. It must stop the neutral beam: photons,
neutrons and A’L‘s; it must reduce th~ rates in the downstream particle identifica-
tion detectors. Since drift chambers will be placed very close to the beam-plug, the
plug must prevent the secondary particles, produced from the high-energy neutral
beam particles, from escaping and causing excess rate in the chambers. The plug
must accomplish all this with a minimal transverse extent; any increase in the plug
width beyond 40 cm causes a loss of acceptance.

The design and testing of the beam-plug was a major effort for our group during
the last two years. Optimization of the design was performed using a simulation
program, called CALOR89, from Oak Ridge National Laboratory. The beam-
plug was extensively tested at Brookhaven during the 1991 AGS proton cycle. In
addition to rate measurements using the E791 detectors, we built several special
detectors to measure the number and energy-spectrum of the neutrons that were
produced by the plug. These detectors (Bonner spheres, liquid scintillators, and
3He counters) provided data which allowed us to identify the source of drift chamber
rates and to test the Monte Carlo program. Our group was responsible for these
special detectors and the acquisition and analysis of the data provided by them.

Beam-plug Design

The ideal material for the central part of the beam-plug is tungsten. It has
an extremely short hadronic interaction length, 9.6 cm, which is surpassed only
by very expensive materials such as platinum. In addition to its short hadronic
interaction length, tungsten has two other important properties. First, it has a

=

large inelastic cross-section for neutrons down to energies of 1 MeV. Since, for
each incident high-energy hadron, hundreds of ‘boil-of” neutrons are produced
with energies less than 10 MeV, it is important to attenuate them before they
interact in the drift chambers via (ntp) scattering in the argon-ethaue gas. A
second useful property of tungsten is its short electromagnetic interaction length.
Although, with a 2=74, it is not as effective per electron as Pb (Z=82); the higher
density of tungsten causes it to have a shorter attenuation length than Pb.

For neutrons with energy below 1 MeV, elastic scattering from hydrogen is the
most effective method for moderating the neutron energy. Materials with a high
density of hydrogen, such as polyethylene or water, are usually doped with small
amounts of boron or lithium because of the high absorption cross-section of these
elements for thermal neutrons. One disadvantage of boron, however, is that a 477
keV photon is usually produced in the neutron capture process. These photons
can be attenuated by surrounding the neutron-capture material with Pb.

The beam-plug can be crudely designed using these materials; a core of tungsten
surrounded by a hydrogen-dense
capture cross-section for thermal

material, doped with an element with a large
neutrons, which is itself covered with a layer
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of Pb to attenuate photons. The exact design is much more difficult because the
transverse width that can be used is limited to less than 40 cm. Therefore, we must
balance. the amounts of each material so that the induced drift chamber rates are
minimized.

The optimum beam-plug was designed using the simulation package CALOR89,
which consists of four different parts. The hadronic interactions are simulated with
FLUKA at high energy and by HETC at lower energy ( <5 GeV ). Photons and
low-energy neutrons produced in these interactions are stored. The neutrons are
then transported, using MORSE, down to thermal energies. Photons that are
produced in this code are added to the photons from the hadronic interactions and
are transported using EGS4. The probabilities for the particles that escape the
beam-plug to interact in the. drift chambers is then calculated; this permits us to
quantify the efiects of varying beam-plug parameters.

For a production angle of 2.75 degrees, the ratio: neutrons:l{~ is approximately
20:1. In addition, the neutrons produce more secondary particles since they tend
to be more energetic than the KL’s. The input to the Monte Carlo simulations
therefore included only the neutrons. The incident neutron energy spectrum was
generated using GEANT and had an average energy of 12 GeV.

Beam Plug Test Results

The optimized 1991 beam-plug was installed at BNL during a 10 week test run
from April-June, 1991. That test affirmed the feasibility of the beam plug concept.
Nearby detector rates were determined and we obtained information concerning
the effects of a variety of shielding methods. The most important measure of the
beam plugs performance is its effects on the rates in the various detectors. Rates in
the E791 detectors were measured during the test. As can be seen in Table VI, the
particle identification counters generally hag much lower rates after the beam-plug
was installed. The only exception was the Cerenkov counter which had a marginal
increase in rate. The rates doubled for drift chambers near the beam-plug wKlch,
when the beam intensity increases by a factor of four, means that the new tracking
chambers will have to handle eight times the rate are the E791 drift chambers.
This will be accomplished by using straw detectors with diameters half as large
as the cell size in the E871 detectors and by using gas with a faster drift velocity
than argon-ethane.

Although the 1991 tests proved that the detector rates were low enough for
E871 to succeed; our photon, neutron, and charged particle measurements showed
that the neutron induced drift chamber rates were lower than either the rate due
to photons or charged particles. Results from the Monte Carlo and the 1991 test
run both indicated that h~gher density materials on the sides of the beam-plug,
where we were using polyethylene because of its ability to moderate neutrons,
could further reduce the drift chamber rates.

During 1992 several more prototype beam-plugs were built and tested in the
neutral beam. Zirconium hydride, pressed together with berated polyethylene,
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E791 Detector Ratio (with plug/without plug)

Drift Chamber 2 1.5
Drift Chamber 3 1.9
Drift Chamber 4 2.2
Drift Chamber 5 1.2

I Trigger Counter 1 I 1.6

~erenkov counter 1.1
Trigger Counter 2 0.46
Le~~-glass Array 0.20
Muon Hodoscope 0.15
Muon Rangefinder 0.10

Table VI: Theeffect of the beam-plug on therates inthe E791cletectors displayed
as the ratio ofrates (with/without) the beam-plug.

replaced some of the berated polyethylene. Thephysical placement of the ZrH2 for
the tests was similar to that of the final configuration. In brick form, this material
has a higher density than the berated polyethylene it replaces while maintaining a
very high hydrogen content for neutron moderation. The ZrH2 polyethylene has a
density of 3.7 g/cm3 as opposed to roughly 0.95 g/cm3 for the 0.5% berated poly,
and its hydrogen content is 7.3 x 1022atoms/cm3 as compared to that of 6.6 x 1022
atoms/ cm3 for the poly.

Another major plug design change was the addition of large amounts of dense =

materials on the side of the plug and also on the inside of the magnet. In 1991
tests, it seemed that the addition of an inch of copper on the side of the plug made
a surprising difference in the rates. The 1992 tests therefore included several tests
where a large amount of dense material was added.

One of the plug modification consisted of replacing the outer one inch of plug
poly with one inch of lead. Yet another mo@ication consisted of placing one
half inch of lead on the sides of the magnet. The effects of each of these plug
modifications were generally quite positive, and helped to finalize designs of the
E871 beam stop. Since zirconium hydride proved successful in 1992 as did the full
one inch of lead on the sides of the beam stop, these features were incorporated
into the final design. Beam stop tests also lead to the incorporation of better beam
monitoring devices, due to the problems encountered in normalizing the data from
these tests.

With the plug optimization completed, the finalized plug was constructed in
early February during magnetic field mapping of the new E871 spectrometer. The
tungsten core of the plug is actually a tungsten alloy (of primarily copper). Al-
though the manufacturer claims a magnetic permeability (p) of less than 1.05, the
large amount of metal made it unclear that the field lines would be una~ected by
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its presence. The level of sensitivity of the E791 spectrometer was such that even
a 1?10percent dkcrepancy in the field (about 80 gauss) has a non-negligible effect
on the reconstructed masses. Thus the metallic core of the plug was installed and
field maps were made very near the plug. These maps were then compared with
the field maps made before the plug was instaIled, and it was shown that indeed
the field was unaffected to the level of a few gauss in roughly 8.5 kgauss.

The 1993 plug, shown schematically in Fig. 2, looks much the same as the
1992 version. New materials were purchased to replace those that had become
damaged over the years or to fully implement successful tests. These new materials
included thin sheets of berated silicon, one inch lead for the sides of the plug,
one half inch lead placed near the coils, and 44 new bricks of berated zirconium
hydride polyethylene. Figs. 3-4 are photographs of the beam plug before it was

~ disassembled for final installation in the E871 setup.
The metal core of the p}ug had been in since February, but the outer layers

were installed in late May of 1993. The E871 spectrometer and detectors were
placed at about this time, and the engineering run in the summer of 1993 provided
the first tests of the new detector elements. The beam stop was certainly tested
as well, with beam on target rising at times to 15 Tp. Data was accumulated for
the prototype straw chambers near the beam plug, and the initial analysis of their
rates looks promising.

A considerable amount of beam plug data analysis has been done over the
past year. In 1991 over 1200 data tapes were made, and of these about 800 were
taken to study the rates in the various E791 detectors. In 1992 another 330 tapes
were made, of which 220 were for rate studies. Data were accumulated for all
ninety-four beam stop modifications at all five standard field strengths. Analysis
consisted of replaying runs and extracting the pertinent data, weeding out runs
showing problems, and combining similar runs to increase statistics. The E791
drift chambers were of primary interest, and the ‘weeding out’ process included
identifying hot channels, dead channels, or various intermittent problems. All of
these data have now been fully analyzed.

Instrumented Muon Filter

Construction and installation of the Instrumented Muon Filter (IMF) was
completed in June 1993. The IMF was fully tested during the just completed
engineering run (Summer, 1993). The IMF consists of 6 planes of scintillators
(X0,Xl,X2,Y0,Yl,~2) separated by 26 iron plates and 16 marble slabs. Inter-
spersed, and extending beyond the IMF, are 49 Muon Range Finder (MRG) gas
counters distributed at intervals of 5% in muon momentum. The combined IMF
and MRG detectors can determine muon range for momenta between 1.0 and 9.76
GeV/c. A schematic drawing of the IMF configuration is shown in Fig. 5.

The four IMF planes X1,Y1 ,X2, and Y2 consist of scintillator bars and pho-
tomultipliers reused from E791; they are placed at muon ranges corresponding to
0.75, 1.5, 2.8, and 5.8 GeV/c. Xl and X2 contain 11 vertical scintillator bars (see
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Fig. 6) with photomultipliers at each end. Y1 and Y2 have 14 horizontal bars
with a single tube (see Fig. 6). These scintillator planes have much better tim-
ing characteristics than do the. MRG panels. The MRG system simply provides a
latched bit for a 150 ns time window. All IMF photomu]tiplier outputs go to fast
TDCS and the time resolution is about 1 ns. Also, outputs from Xl go to ADCS
for independent energy information.

The planes XO and YOare used also for the muon trigger. The spatial widths of
the individual XO and YO scintillators were chosen so that these counters could be
incorporated into a “parallel” trigger. Thus, the planes are symmetrically divided
along the beam axis, with XO containing 18 vertical bars with photomultipliers on
each end (see Fig. 6), and YO contains 18 horizontal bars with one photomultiplier
on a single end of each (see Fig. 6). These planes are located at the position
corresponding to a muon range of 1.0 GeV/c. A photograph of the top of the IMF
near Xl (arrow) is shown in Fig. 7.

During the Summer 1993 engineering run the overall performance of the IhlF
was evaluated and found to be satisfactory.

Trigger Logic

One of the greatest improvements of E871 over E791 is the reduction in trigger
rates obtained by requiring tracks to be parallel to the beam axis. This not only
reduces accidental triggers dramatically, it strongly suppresses the triggers caused
by semi-leptonic KL decays. The parallel trigger requirement is applied both at
the Level O trigger, which just includes the trigger scintillation counters, and at
the Level 1 trigger, which includes the particle identification detectors (~erenkov
and IMF). We expect the Level 1 trigger rate in E871 to be lower than the E791 ~
rate even though the beam intensity will be much higher. Our group has been
responsible for installing the new trigger for the 1993 engineering run which will
be discussed below.

The trigger scintillation counters (TSCS) consist of two sets of counters placed
2.9 meters apart. The upstream counter has only vertical slats, 32 on each side of
the beam axis, with photomultiplier tubes on each end. The downstream counter
has identical vertical slats plus 64 horizontal slats on each side of the beam axis.
Each scintillator slat is 3 cm wide. The logic for the Level O trigger is as follows:

1. Four custom made logic modules (LOXX) produce an output indicating a
coincidence between the upstream and downstream vertical TSCS. The four
modules cover 4 regions: the upper tubes on the left side, the lower tubes on
the left side, the upper tubes on the right side, and the lower tubes on the
right side. The logic is programmable using standard CAMAC commands so
that we can choose the degree of parallelism. We expect that we will require
a coincidence between the j’th downstream slat and one, or more, of the j’th
+ 2 upstream slats. The output of each module ‘ORS’ four slats together to
form eight outputs. These eight sections correspond to the. position and size
of the Cerenkov mirrors and the IMF scintillators.
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2. Theoutput fromthe discriminators onthe64horizontal scintiUators on each
side of the beam form the input for another pair of custom made logic mod-
ules (LOY). This module simply produces 16 outputs that are the ‘OR’ over
four adjacent counters.

3. A coincidence of the outputs from the LOXX and LOY modules generates an
output from a pair of LOXY modules, one for each side of the beam axis.
This module accounts for the difference in the light propagation time in the
vertical counters by delaying each signal from the horizontal counters by the
proper amount. In this way very narrow time widths, approximately 10 ns,
can be used which greatly suppresses accidental triggers.

4. The signals from the LOXY modules that indicate a valid parallel track on the
left or right side are then combined with signals from the tracking chambers,
the Cerenkov , and the IMF in a pair of L1 trigger modules, again one for
each side of the beam axis. The Cerenkov signals come directly from the
discriminators but the IMF signals go through a coincidence module similar
to the LOXYmodule. For both particle identification detectors we are able to
select the width required for a valid L1 trigger. Because of multiple scattering
in the IMF we will likely have a loose parallelism requirement, probably + 2
slats.

5. Finally, the outputs from the left and right L1 trigger modules become the
input for the final L1 trigger module. A total of 16 physics triggers, each with
a separate prescale factor, can be selected at any time so that normalization
data can be acquired along with the rare decay data. The output of this
module is the L1 trigger which is then ‘ORed’ with various calibration triggers
so a single output generates all of the ADC gates and TDC starts needed to
digitize the data.

Ttigger Results

During the 1993 engineering run all of the LOtrigger modules were in place and
we verified that they worked as expected. We also measured the LO trigger rates
at beam intensities nearly as high as we expect to have during the experiment.
The trigger modules that use signals from the tracking chambers and particle
identification detectors were still under construction at the time of the run.

An event satisfies the parallelism iogic if tracks on both sides of the detector
are parallel within the selected range. To verify that the trigger logic works as
intended all permutations of hits in the trigger counters on each side are found
and the dlfierence in the positions at the upstream and downstream TSCS are
calculated. The smallest difference on each side is assumed to have caused the
LOXX coincidence for that side. The side that has the larger difference. determines
whether the event should have passed the trigger logic. In Fig. 8 this quantity is
shown for non-parallel triggers and for a parallel (+ 3) trigger. In the latter case
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on]y events with this difference equal to 0,1,2, or 3 should have caused a. trigger.
As can be seen from the figure this is true for 95% of the events. The other 5% were
most likely caused by an accidental hit in one TSC that was too early to register
in the TDC. The rejection of non-parallel (semi-leptonic decays and accidentals)
is approximately a factor of four for this trigger. Other rates are shown below.

For short periods of time during the engineering run we acquired data at our
proposed beam intensity of 15 Tp or four times the E791 intensity. Most of the
trigger rates given in Table VII were measured at 10 Tp but have been scaled up
to 15 Tp. For comparison the E791 LO rate was about 1 MHz at an intensity of 4
Tp.

Trigger selection Trigger rate (kHz)
.Non-parallel 375
Parallel + 3 slats 86
Parallel + 2 slats 55
Parallel i 1 slats 31

Table VII: LO Trigger rates measured during the 1993 enginexing run. Rates are
scaled up to our proposed beam intensity of 15 Tp.

Even the non-parallel E871 LO rate, at four times the beam intensity, is much
lower than the E791 LO rate because KL decays in the 6 meters between the first
magnet and the upstream TSC no longer occur since the beam-plug stops the
neutral beam. We expect to obtain another factor of seven reduction in LO rates
by using the + 2 parallelism.

The new L1 logic will further reduce the trigger rates although here the gains
will not be as large as in E791 where the inclusion of signals from particle identifi-
cation detectors and tracking chambers lowered the trigger rate from 1 MHz to 8
kHz. In E871 we expect the reduction to be from 55 kHz to approximately 3 kHz.

There are two reasons for the more modest reduction. First, much of the
reje”tion in E791 was due to the tracking chamber logic which eliminated the KL
decays downstream of the vacuum decay region. In E871, as mentioned above, the
beam-plug prevents most of these decays from generating a LOtrigger. The. second
major difference between the experiments is that the muon trigger plane (the IMF
in E871 ) has been moved from 1.5 GeV/c to 1.0 GeV/c to increase the sensitivity
of the experiment. However, tbe number of pions that “punch-throughn the iron
to the muon trigger plane increases from 1YOto 7% making the mis-identification
of a pion as a muon more likely in the trigger. These events will be easily rejected
in the analysis because the range of these tracks will not be consistent with the
expected range of a muon.

The rest of the new logic modules for the trigger will be built before the end
of 1993 which provides several months for installation and debugging before tbe

.
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physics run begins in the March, 1994. This trigger work will be the major effort
for our group in the coming year.
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Figure Captions

Figure 1: Plan view of the E871 detector.

Figurcl? Asectional view of the 1993 beam plug.

Figum3: Photograph (side view) of beam plug for E871.

Figure 4: Photograph (end view, showing entrant cavity) of beam plug for
E871.

Figurc5: Schematic drawing showing of theinstrumented muon fi1ter(IMF).
It contains 6scintillator planes andiron absorbers.

Figure 6: Counter configurations forthe4types of planes that comprise the .
instrumented muon filter (IMF).

Figure 7: Photograph of top of IMF region of E871 detector. Only thescin-
tillator plane Xl, which is marked by the arrow, is can be seen in this photograph.

Figure 8: The magnitude of the difference between the track position in the
upstream and downstream trigger counters. The side (right or left) with the larger
difference determines whether the event satisfies a parallelism trigger. That value
(in units of TSC slats) is plotted for (a) non-parallel triggers and (b) parallel (+
3 slats) triggers.
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4.4 AGS E888: Search For The H Dibaryon

(G. W. Hoffmann, J. McDonough, S. Worm;
BNL; UCI; UCLA; Princeton; Stanford; Temple; Texas; William and Mary;
R.D. Cousins, A.J. Schwartz, spok~men)

Summary: The experiment was a two phase search for the 11-dibaryon (a six-
quark uuddss state). The first was a decay search; it searched for the 2-body decay,
A + pz-, where the A is from the decay H + An, where the H is produced in
the target. The second was a dissociation experiment which searched for two A’s
that are produced by diffractive dissociation:

H+ AbH”+A~AA-FA,

where A is a target nucleus in the dissociator and H- is an excited H with a mass
large enough to permit it to strongly decay to AA.

No six quark states other than the deuteron have been discovered despite many
predictions and searches. Theoretical analysis suggests that the most promising
candidate is a uuddss spin and isospin singlet state proposed by Jaffe’, and known
as the H particle. Unlike the deuteron, it is viewed as having all six quarks with
similar spatial wave functions. The presence of three distinct flavors works in
favor of a bound H. A simple way of explaining this is due to Lipkin:2 quarks with
unlike flavor can be in states symmetric in color-spin resulting in an attractive
interaction; the more unlike quark pairs, the greater the binding. An additional
factor is at work in predictions of stable strangelets and strange quark matter;3
the strange quark is distinguishable and hence not forced into higher energy states
by the Pauli principle. The H is the simplest member of this family of proposed
ohjects.

The mass of the H has been calculated in the bag model.* in the Skyrmion
picture,4 and in lattice QCD.5 In most calculations JVH < 2MA, i.e. the H is
hound. The state of theory however is such that it cannot provide definitive
answers concerning the existence, the mass, and correspondingly the lifetime of
the H in the near future. A calculation of the H lifetime has been made. by
Donoghue d ULGassuming the H to bean SU(3) flavor singlet. This is reasonable
for sufficiently strong binding. Fig. 1 shows the predictions as a function of kfH (as
re-plotted by Ref. 7). The lifetime changes as the various thresholds are crossed,
but is in all cases many times longer than the lambda lifetime.

One promising method for detecting an H bound state is to se&ch for A’s
arising from H ~ An and H ~ X“n, 2° ~ A? decays. When cinematically
accessible, the H branches to An and Z“n approximately 20% and 40’%0of the
time, respectively, and Br(ZO ~ Ay) = 100%. The lambdas produced can be
reconstructed from 2-track events with the tracks assigned proton and piou rest

79

-~. ,.t<... ... ., ....... .. ., .... ., .,, ,-------



m~ses. The reconstructed vertex z-position depends upon the H lifetime and may
be significantly farther downstream than vertices from prompt lambdas. Observing
such a z distribution would be a strong indication of H production.

This search for 2-body A decays was similar to the search for 2-body A’L~ pe
decays successfully completed by E791. The detector is shown in Fig. 2. Both
spectrometer magnets and all 5 drift chamber stations were active, providing high
rejection against r-decay background by requiring that the momentum measured
in the front spectrometer matches that measured in the rear. All particle identifica-
tion detectors (~erenkov counter (CER), lead glass array (PbG), muon hodoscope
(MHO), and muon rangefinder (MRG)) were also active, giving high rejection
against h’~3decays. The only substantial change to the detector apparatus was
the trigger, as we were interested in hadronic rather than dilepton decays. The
topology is similar to a class of E791 1{~ ~ pe decays: a high-momentum positive
track (proton) in one spectrometer arm and a low momentum negative track (pion)
in the other, which form a vertex in the decay tank.

Calculated values for the H-production cross section are plotted in Fig. 3 for
ditierent values of the H mass. The values represent the production cross-section
needed to give one expected event in one day of running given E791’s geometry
and 5 Tp on target. If no candidate events are seen, the contour of Fig. 3 can
be scaled upwards by a factor 2.3 to give an upper 90% confidence limit on the H
production cross-section. This sensitivity assumes no background appears before
the daily luminosity of 5.2 x 1040per cm2 is attained.

The other part of the experiment is the diffractive dissociation search. The
single diffractive dissociation process,

H+ A* X+ Ad AA+-A,

belongs to a large class of similar interactions for which universal characteristics
have been established. Here A is a target nucleus in the dlssociator (hydrogen
or carbon in our case), and X can be considered an excited If whose mass is
sufficiently high to decay strongly to AA. As shown by the Rockefeller group8 and
reviewed by Goulianos ,9 the diffractive part of hadron-proton interactions at high
energy is consistent with

(PO
= = (G:V;C)* ‘T (1 ~ z) ‘Xp(b(t + 0“05))

(4.4)

for a variety of hadrons and energies. Here ~T is the hadron-proton total cross
section for the hadron in question, t is the four-momentum transfer squared, x is
Feynman’s scaling variable, and b is a slope parameter whose value ranges from
6/( GeV/c)2 to 12/( GeV/c)2 over a wide variety of diffractive phenomena. In the
absence of further guidance, we assume that this equation applies to H dksociation
as well. Estimates lead to

M~2 – M;
a(Mxl < Mx < MX2) = 0.46 in M2

XI–M;”
(4.5)
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Of course, this expression does not take into account the unknown effects of possible.
AA resonances in or near this range of Mx, or of elastic scattering.

For MX1, we use 2~A = 2.231 GeV, the lowest mass final state with the
quantum numbers of the 1-1.For MXZ, we conservatively use the sum of the proton
and E masses, 2.260 GeV. In this narrow 29-MeV range of dMractive masses, the
intermediate state X should decay to AA 100% of the time. For higher masses, the
branching ratio falls as the ~JV (and eventually IX) channels compete. We thus
estimate that o(H + p ~ AAp) in this range of MX varies from 0.04 mb to 0.1 mb
as MH varies from 1.9 to 2.1 GeV/c2 . For H masses closer to threshold, the cross
section is bigger, though of course not singular as our simple formula would imply.

We label the four-momenta of the H, target proton, excited state X, and recoil
proton as PH, PP1,Px, and PP2, respectively. Then t = (Px – PH)2 = (PP2 – PPI)2,

(negative by convention), and s = (PH + P,l )2 = (Px + PP2)2. The kinetic energY
T of the recoil proton is given exactly by

(4.6)

Since t is universally distributed according to exp(bt), the recoil kinetic energies are
distributed according to exp(-2bMPZ’), i.e., exp(–Z’/(6OMeV)) for b =9/( GeV/c)2).
Thus the recoil protons have a characteristic kinetic energy of 60 MeV, which cor-
responds to a range in scintillator of about 3 cm. (These numbers of course scale
inversely with our estimate for b.) For coherent diffraction off a larger nucleus,
the recoil kinetic energy is decreased.

Squaring PH = Px + Ppl – PP2yields

Ext
M~=M$– F – 2px4m Cos(e) + t. (4.7)

P

Here O is the angle between the recoil proton and the system X. In principle,
we may use this expression to measure the El mass using the reconstructed final
state. The angle 6 may be measured directly or inferred using other information
and imposing transverse momentum balance. Such techniques can be checked by
calculating the mass of the incoming neutron in the analogous process n + p ~
A’sAp.

The dissociation experiment measures the momenta of all the decay products
of the AA diffracted state in order to eventually reconstruct the H mass. There is a
distinct difference, however, between the trajectories of the protons and the pions
from the lambda decays. The heavier protons tend to take away the majority of
the momentum from the A decay and therefore stay close to the beam axis, while
the pions are much softer and are easily kicked out of the beam by the magnets or
lost due. to narrow apertures. The E791 setup, which has beam gaps between the
spectrometer arms, was not practical since all the protons travei through the gaps
unobserved. In addition, in order to match the x and y views for all 4 tracks, two
chambers were rotated to obtain the projected views u and v.
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Our one magnet configuration is shown in Fig. 4. Here the dissociator was
placed inside the existing Magnet 1 (not shown), and the left and right halves
of the current third drift chamber (DC 3) were split and placed successively in z
instead of side-by-side. As the protons and pions pass through Magnet 2, they
are bent in opposite directions, so the downstream chambers are moved slightly “
off-axis. The advantage of this is twofold: we move the beam gaps away from
the peak of the proton distribution which remains near z = O, and we catch
the soft pions which have strayed far from the beam due to the bending in the
magnetic field. To enhance this effect, we moved the current DC 4 downstream
where the proton and pion trajectories are well separated. The acceptance for this
geometry ranged from 1.0% – 2.5%, depending upon the exact placement of the
dissociator and the chambers. The optimal distance between the dissociator and
the drift chambers affects both geometrical acceptance and track recognition. A
large distance makes tracking easier but reduces acceptance. A short distance has
the opposite problem. We acquired data with two different separation distances in
case the high acceptance configuration proved unusable offline.

With the above values for our acceptance, we can now gather together all the
estimates of the previous sections to determine the size of our expected signal.

For the dissociation experiment, we are particularly interested in looking for
a long-lived, deeply bound H, and therefore we expect the radius of the H to be
small—in the language of our coalescence calculation, we expect Og to be large.
Our estimate of the number of H’s in the beam relative to A’L’sfor such a light H
was H/KL z 10-3. Combined with the typical number of KL/TP, we find the H
flux to be about 2.5x 104 H/TP. The probability of a particular H dissociating is
given by the estimated dissociation cross section times the number of protons/rob
in our 10 cm thick dissociator. For a = 0.1 mb this probability is ~ 3.5 x 10-4, -
if all available protons in the scintillator are counted. So for an acceptance of 170,
we find that the number of H’s detected per 1012protons on target is given by

H/TP = (2.5X 104)X (3.5X 10-4)X (0.01)

= 8.75 X 10-2 (4.8)

Thus, with low-intensity beam of only 0.05 TP/spill on target, we estimate
detection of numerous H’s, if they exist, in several days running.

During the 1992 AGS proton cycle each H experiment accumulated data for
approximately 10 days. The decay experiment acquired half of the data with freon
in the left Cerenkov counter to aid the proton-r+ separation and therefore reduce
background events from KL decays. As mentioned above, that experiment, like
13791, searches for a tw-body decay mode. For this reason the analysis of the
data is using much of the existing E791 offline analysis software with few changes.
All of the 350 data tapes have been analyzed at the Pass 1 level. This analysis
involved pattern recognition of tracks, fitting of tracks using the two E791 fitters,
and selection of events based on a loose lambda mass cut. The minimum bias events
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were stripped onto carts and used for calibration of the various E888 detectors. The
resolution of the spectrometer was studied, and global magnetic field corrections
were made. The exact locations of the drift chamber wires were found using
magnet-off data. The wires were calibrated and their efficiency determined using
these data. The TDCS and ADCS were calibrated, and the to’s of the TDCS were
found. The MHO, Cerenkov, and MRG were also calibrated. On the basis of the
new drift chamber surveys and other calibrations, it was decided to refit the raw
data, and this effort is in progress. In parallel with the refitting, the H analysis
code is being written and tested on the first set of data, and Monte Carlo studies
of signal and background are being done.

The dissociation analysis is much more complicated. This experiment also
required full calibration and surveying of the detector (including the instrumented
dissociator). The analysis, which is in progress, has required the development of a
separate fitting and selection code. Several passes through the data set have. been
made, and Monte Carlo studies of background and signal are also in progress.
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Figure Captions

Figur~ I: Donoghue et al. calculation of H lifetime vs. mass.

Figure 2: The E791 detector.

Figure 3: H production cross-section corresponding to observing one H event
in one day of running with 5 Tp on target.

Figure 4: Plan view of one-magnet configuration for dissociation experiment.
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5 Relativistic Heavy-Ion Physics – STAR

(G. W. Hoffmann, L. Ray, D. Read, P. Jensen, S. Paganis,
X. Chen; S-TAR Collaboration: J. W. Harris, Spokesman)

Summary: Our group joined the STAR Collaboration in September 1992 and
we are working on projects associated with the Silicon Vertex Tracker, the Time
Projection Chamber, Software and Simulations, and Data Acquisition.

The main goal of the relativistic. heavy-ion collider (RHIC) project at the
Brookhaven National Laboratory (BNL) is to produce and study a temporary state
of unconfined quarks and gluons, referred to as the. quark-gluon plasma (QG P ). It is
hoped that a QGP will be formed through central collisions of colliding relativistic
heavy ion beams, each of kinetic energies of 100 GeV per nucleon.

The existence of the QGP state of matter is conjectured, based on estimates
using the MIT bag model and calculations of QCD lattice gauge theory.1 The MIT
model suggests: (1) that a system of quarks and gluons at zero baryon density
and temperatures around 140 MeV will have thermal pressure comparable to the
confining bag pressure, (2) for a system of quarks and gluons at zero temperature
and baryon density about 5 times that of normal nuclear matter the Fermi pressure
becomes comparable to the bag pressure, and (3) for conditions of temperature
and baryon density beyond these limits the quarks and gluons are reconfined. A
qualitative ph~e diagram (from Ref. 1) is shown in Fig. 1. It is thought that
a QGP briefly existed during the very early moments of the universe and that a
QGP exists in the interiors of neutron stars.

Secondary goals of the RHIC project include the study of (1) highly excited,
very dense systems of nuclear matter, (2) hard QCD parton-parton scattering and
subsequent hadronization (jet and mini-jet formation) in dense, excited nuclear
matter (or possibly in the QGP), and (3) spin physics in high energy (5oO GeV
cm. ) p + p collisions. The experimental programs at RHIC will most likely study

p + p, proton + nucleus, and nucleus + nucleus collisions. Beam particles will
range from protons and light ions (such as 4He) to Au; beam energies will extend
to 100 GeV/A, thus delivering up to 200 GeV cm. total energy for each NN
colliding pair.

The RHIC experiments will require for each collision the detection, momentum
analysis, and particle identification of many charge particles including e*, P*, r+,
~-, K+, h’-, p, ~, d, ~ as well as neutral particles including K:, 4, A, and ~,
(through their charged particle decays) along with multiply strange particles S-
and fl- and possibly “open charm” channels in the form of the D-mesons. The
ability to measure hyperon, strange meson, and perhaps charmed meson produc-
tion is important to attaining some of the goals of the RHIC project. The short
decay lengths ( 2-8 cm) for hyperon and strange mesons and the very short decay
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lengths of the D-mesons (O.Ol -0.03 cm) present particular challenges to detector
design and construction atRHIC. Another challenge for RHIC detector design is
to have the ability to study correlation between identical bosons (Danbury- Brown-
Twiss effect) which will require the accurate tracking of low momentum particles.

STAR (Solenoidal Trackerat RHIC) isoneof the two large detectors to be
used at RHIC. Wejoined the STAR collaboration in September 1992. Thecollab-
oration includes over 200 scientists, engineers, and staff who are engaged in the
design and construction of this $40M (baseline cost) detector. The main design
criteria for STAR (see Fig. 2) is that it provide a flexible system for tracking all
charged particles produced at mid-rapidity for Iq I < 1 (q is pseudorapidity and
is defined by q = –ln[tan(Oc.~./2)] ) for central Au + Au collisions at beam
energies up to 100 GeV/A, with accurate momentum determination. particle iden-
tification, and secondary vertex track reconstruction. The detector must be able
to detect, momentum analyze, and identify low ~ charged particles as well as high
pT particles.

At present, however, there are no known unique signatures that signal the
formation and subsequent hadronization of the QGP. Several suggestions have
been made as to possible signatures of the QGP. These include: (1) anomalous
heavy quark production in A + A collisions at very high energy, (2) the occurrence
of a high temperature bosonic gas region of large spatial extent along the beam
direction, and (3) rapid event-t~event fluctuations in the global parameters for a
critical beam species and energy.

This uncertainty leads to an unusual challenge for the design and construction
phase of the -RHIC detector systems because this effort is underway now in order
that the detectors will be ready near the year 2000 when RHIC comes on line.

A schematic diagram of STAR is shown2 in Fig. 2. The detector consists of a -
silicon vertex tracker (SVT), a time-projection chamber (TPC), an electromagnetic
calorimeter (EM C), a time-of-flight system (TOF), an external time-projection
chamber (XTPC), a warm coil solenoidal magnet, front-end electronics (FEE), a
data acquisition system, and a multi-level trigger system. The cylindrical design
ensures full azimuthal coverage, with momentum determination for Iq I < 2, and
particle identification for I q I < 1. The TPC, a partial SVT, FEE, DAQ and
the magnet constitute the baseline detector of STAR. A unique feature of STAR
is that it will allow measurement of global properties (temperature, entropy, total
flavor production, etc.) as well as correlations between the global parameters on
an event-by-event basis. Completion of the SVT along with the TOF, EM C and
XTPC are upgrades which require additional funding.

Our efforts on the STAR project have. been associated with SVT Research
and Development, Software and Simulations (SAS), TPC Research, Development
and Construction, and DAQ Research and Development. our specific efforts are
discussed in more detail in the following subsections.
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Figure Captions

Figzm l: Temperature and baryondensity phase diagram. Theregionofordi-
nary nuclear matter is indicated by the shaded area.

Figure 9: Perspective view of the STAR detector.
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5.1 Silicon Vertex Tkacker

The purposes of the Silicon Vertex Tracker (SVT) are (1) to enable very accurate
determination of the position of the primary collision vertex, (2) to determine the
location of secondary vertices from the decays of heavy particles to a position
resolution of about 100 pm, (3) to permit the tracking of low ~ charged particles
well below the 150 MeV/c cut-off of the TPC, and (4) to substantially improve
the momentum resolution that would result from using just the TPC. The. large
number of charged tracks through the SVT requires a position resolution of nearly
25 pm. The SVT must also be of minimal mass in order to minimize secondary
particle production, photon conversion and Coulomb multiple scattering.

The present SVT design has three concentric barrels of very thin (300 pm)
silicon drift detectors (SDD) held in place by a light weight structure made of Be.
The SDDS are grouped into ladders and arranged so as to provide 100% coverage
over the full 27r azimuthal range and pseudorapidlty range I q IS 1.4. The SVT
design as suggested in the STAR conceptual design report (CDR) is shown in Fig. 1.
Other considerations (such as thermal stability, calibration, radiation hardness,
technical difficulties, and cost) may affect the final details, such as number of
SDD’S, SDD shape and orientation, tiling, electronics placement, and cooling.

Figure Caption

Figure 1: Upper portion: Schematic view of the SVT detector. Lower
portion: View of partially assembled SVT detector showing the individual SDDS
in the ladder arrangement.
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5.1.1 Test Stand/l&igger/Data Acquisition for In-Beam SDD Tests

Summary: We-have designed and constructed a test setup for in-beam testing of
the Silicon Drift Detectors; we have assembled an SVT mini-DAQ for use. during
these tests and hav; made improvements and additions to the basic DAQ software
package.

The Silicon Drift Detectors (SDDS) for the STAR Silicon Vertex Tracker (SVT)
are currently in the research and development stage. When several of the final
prototype SDD’S are available, their realistic capabilities will be evaluated through
in-beam tests using beams of minimum ionizing particles. In principle, these tests
can be done at a variety of accelerator facilities such as the AGS at BNL, TRIUMF
at Vancouver, or LAMPF at Los Alamos. As presently envisioned, a realistic test
will require at least three fully instrumented SDDS (positioned serially along a test
beam line); the test will determine the tracking capabilities of the detectors, their
spatial resolution, two track resolution, noise, temperature effects, etc.

Fig. 1 shows a schematic of the test apparatus that has been designed and
constructed for the SDD in-beam tests. The system contains 5 scintillators for
forming the trigger. Scintillators VI and V2 have 1 mm wide slots (horizontal and
vertical respectively) whose overlap provides a square opening of 1mm by 1mm.
These scintillators are mounted on remotely controlled motor-driven linear slides
with optical encoders for precision remote position readout, and the motion for
each slit (vertical for horizontal slit, and horizontal for vertical slit ) allows the. 1
mm square aperture to be placed at any horizontal or vertical position with respect
to the beam “line”. Thus, a coincidence among the no-aperture thin scintillators
S1, S2, and S3, taken with anticoincidences from V1 and V2 will provide a clean
trigger for the 3 SDDS (SDD1, SDD2, and SDD3) that are positioned as shown
in Fig. 1. The SDD’S themselves are mounted in aluminum boxes which are at-
tached to precision lab jacks with rotary platforms; these are mounted on precision
translation stages which attach to precision optical rails. Thus, precise. internal
alignment of the 3 SDD’S can be achieved mechanically with ease through use of
optical techniques. In addition, the optical rails are attached to a large platform
which is mounted on Thompson shafts and has independent horizontal and vertical
motion; here motion is also through remote control of motor-driven linear slides
with remote readout optical encoders. The entire apparatus is controlled remotely
via a 486 computer through use of a Windows 3.1 executable (on top of MS-DOS
5.0). The. setup is very user friendly and allows complete mouse control of the.
apparatus. Photographs of the SDD test apparatus are shown in Figs. 2-4. Fig. 5
is a photograph of the 486 Monitor which shows the self-explanatory nature of
using a mouse to move the components of the apparatus.

Our group also has taken on the. responsibility for the data acquisition (DAQ)
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system to be used for the SDD in-beam tests as well as STAR SVT DAQ in general.
Copies of the DAQ system developed at the Lawrence Berkeley Laboratory (LBL)
for SDD development and testing are being made at both the University of Texas
and Wayne State University. This system is based on use of a Motorola 68040 single
board computer (SBC!) and uses VxWorks, a high-perf~rmance real-time oPerat-
ing system and a powerful development environment for real-time applications. A
schematic of this system is shown in Fig. 6. The system uses a modified readout
card from the CERN NA35 experiment as well as an unmodified receiver card from
NA35. The modification required for readout card is that the clock for the Switch
Capacitor Arrays (SCAS) be changed from 20 MHz to 40MHz. The preampli-
fier/shaper electronics are provided by the Brookhaven National Laboratory and
the readout/receiver cards are provided by the Lawrence Berkeley Laboratory. The
remaining equipment was purchased by Texas. This includes a Sun SparStationLX
which serves as the host computer. Final integration of this system, at Texas, is
currently in progress.

We have made contributions to the basic DAQ package. We have modified
the NA35 cluster finder and written a basic hit finder (a type of zero-suppression
routine) and integrated the two into the DAQ system. We have also modified
the SVT DAQ’s pad monitor program which provides on-line event visualization
for SVT test dat~ these modifications include an important pedestal subtraction
subroutine.

Figure Captions

Figure 1: Schematic of SVT test beam apparatus.

Figure 2: Photograph of SVT test beam apparatus.

Figure 3: Closeup photograph showing optical rail, translation stages, and
rotary jacks used for alignment of the SDDS.

Figure ~: Photograph of the SVT test beam apparatus viewed along the
beam axis.

Figure 5: PC Monitor display used for mouse control of SVT test apparatus.

Figure 6: Schematic of SVT mini-DAQ system.
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5.1.2 Silicon Drift Detector Development Work

Summary: SVT Research and Development Work done at LBL which we have
assisted in includes: (1) study of p-type silicon for the SDD’S, (2) study of thermal
effects for the SDD’S, and (3) dE/dx studies for particle identification with the
SVT.

p-Type Silicon Detectors

The original design for the silicon drift detectors (SDD) for the SVT utilized
n-type semiconductor material. We are assisting in exploring a new design based
on p-type silicon. The advantages of p-type over n-type semiconductor are (1)
the drift velocity of the conducting holes is slower than that for the conducting .
electrons in n-type material; this facilitates improved timing and the subsequent
spatial resolution of the detector, and (2) p-type silicon is easier to obtain and less
expensive than n-type silicon. The new detectors are nearly ready for testing at
the SVT lab at
anode region.

The thermal

LBL. Figs. 1-2 show the new design of the p-type SDDS in ‘the

Thermal Effects

properties of the silicon drift detectors to be used in the SVT
critically affect tie accuracy of the position determination of hits in the SDDS.
This is due to the sensitivity of the drift velocity to temperature. It is therefore
important to know the overall temperature under realistic operating conditions as
well as the temperature gradients and fluctuations with time.

For these measurements two silicon wafers of the sTARl geometry were tested
with and without gas flow cooling. Both wafers were n-type silicon. Temperature
was measured using a YSI 442o1 thermistor glued to the surface of the silicon.
Absolute uncertainty of the thermistor is + 0.15 ‘C. The thermistor monitored the
surface temperature at one point as a function of time, for varying applied voltages,
and with and without cooking (dry nitrogen gas flow at 200 cc/rein). The results in
Figs. 3 and 4 show that with cooling the SDDS achieve thermal equilibrium much
faster and produce more temperature stability. The fluctuations with and without
cooling are shown in Fig. 5 for 1500 V. The variation is less than the absolute
accuracy of the thermistor.

A temperature map was made using an adjustable probe which touches the sil-
icon surface. Measurements were made after the silicon reached equilibrium. Care
was taken to insulate the entire system from air flow and temperature variations
in the
shown
tively.

room. The temperature differences in ‘C relative to the coolest point are
in Figs. 6 and 7 for measurements done without and with cooling, respec.-
The largest temperature variation without cooling is 0.3°C and O.1°C with
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cooling.

Enmgy-Loss Studies

A simulation analysis of energy losses in the SDDS of the SVT has been con-
ducted in order to determine the quality of the. particle identification information
available from the SVT. Initial results show that the SVT would be capable of
separating two particle species for momenta up to the mass of the heavier particle.
Such energy loss information would be useful in the SVT tracking analysis as well
as in the SVT - TPC track matching analysis.

For charged particles with momenta of order several hundred MeV passing
through 300 pm of Si large departures from the Landau energy loss distribution
are possible. However since the typical energy losses are greater than the inner
electron shell binding energy (for the K-shell this is about 2 keV) it was determined
that the Landau energy loss distribution in GEANT is applicable.

In this analysis perfect GEANT tracks were used, actual path lengths through
the Si determined by GEANT were calculated, GEANT particle momenta were
assumed, signal loss due to long electron drift distances in the SDDS was neglected,
and the SVT configuration assumed was for 3 non-tiled layers of 300 pm Si in
each layer with no cooling or support structures. The energy loss was computed
assuming the average of the two lower energy losses out of the three layers.

Energy losses for a sample of 1200 pions, kaons and protons with momenta from
50 to 450 MeV/c were computed. The results are shown in Figs. 8 and 9. A very
good separation of pions and kaons up to 450 MeV/c and of protons and kaons up
to 1 GeV/c was obtained. Three FRITIC)F AU + AU events were analyzed and the

resulting energy losses in the SVT versus particle momenta are shown in Fig. 10
while the particle population for two momentum bins are shown in Fig. 11. The
qualitative features of Fig. 11 are also seen here. The T/p separation is good up to
about 1 GeV/c while the r/A’ and p/K resolutions are consistent with the earlier
results. Further analysis with many more Au + Au events is in progress.

Figure Captions

Figure 1: Anode region of p-type SDD showing surface conductors.

Figure l?: Anode region of p-type SDD showing drift paths of conducting holes.

Figure 3: Temperature as a function of time for applied voltages of 2000, 1500,
1000, 500 and O.

Figure ~: Temperature as a function of time. with cooling at 1500V.

Figure 5: Temperature variation at fixed point with and without cooling at
1500V.

Figure 6: Temperature map with no cooling. Values are in ‘C relative to coolest
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point.

Figure 7:
point.

Figure 8:

Temperature map with cooling. Values are in OC relative to coolest

Energy loss distributions for protons, kaons, and pions. Eaual num-
bers of each species were assumed. .

Figure 9: Projection onto the dE/dx axis of particles with momentum in the
range 380-420 MeV illustrating the good particle separation achieved.

Figure 10: Energy loss spectrum for three FRITIOF Au + Au events. The
particles at the lower left corner are &electrons.

Figure 11: Energy loss spectra for two momentum bins from Fig. 10.
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5.2 Software and Simulations: Vector-Vector Matching

Summary: A code was written tomatch charged particle tracks in the SJ7T to
those in the TPC. The code was developed using a sample of GEANT tracks with
realistic STAR track densities. Further development of the code and installation
into the STAR data analysis system (TAS) is in progress.

Two purposes of the SVT detector are to allow identification of secondary
vertices from in-flight particle decays and to improve significantly the momentum
resolution of the detector as a whole. Charged particles with momentum greater
than about 150 MeV/c and I q ]< 1 will produce tracks in both the SVT and
TPC’. In order for the SVT to be effective, the correspondence between the set of
SJ’T tracks and those in the TPC must be determined. Since from 2000-4000
tracks are expected in a central Au + Au event, and because the SVT outermost
detector layer and the TPC innermost pad row are separated by about 40 cm, the
problem of determining which SVT and TPC tracks belong to the same particle
is non-trivial. The problem is further complicated by decays which occur between
the SVT and the TPC, errors in the track finding process, particle knock-out in
the detector material, etc.

The previous algorithm combined SVT track finding and .SVT - TPC track
mat thing. TPC tracks were extrapolated inward, accounting for multiple Coulomb
scattering (MCS), and connected to hits in the SVT, layer by layer, starting with
the outermost layer. This method suffered from the increasing density of tracks as
the TPC tracks were extrapolated inward and their positions smeared by MCS.

In the present method the SVT tracks are extrapolated outward and the TPC
tracks extrapolated inward (both into the region between the two). The code
assumes that track identification and fitting with helical trajectories has been done.
Extrapolated helical trajectories are compared at an imaginary cylindrical surface.
The distance out from the beam axis for the matching check can be anywhere
between the SVT and TPC, roughly from 10 to sO cm. The track position and
momentum direction at the matching radius are smeared due to MCS and errors
in the parameters of the helix. Energy loss effects were considered and found to be
less important; so they were not included. The criteria used to decide if two tracks
correspond to the same particle trajectory involves the chi-square of the track
: (along beam direction) and d (azimuthal angle) positions and the momentum
direction and magnitude at the matching radius. Hence the process is termed
“vector-vector matching.”

The matching program presently includes a three level algorithm. In the first
step for SVT track i (SVTi) the best TPC track match candidate is determined
based on the above chi-square criteria. Similarly for T’PC’j the best SVT track
match candidate is found. If sVTi a TPCj and TPCj + .$VTi then the code
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assigns this as a matched pair of tracks. If this hi-directional matching condition
is not satisfied then these remaining tracks are passed to the next level. In the
second level the helical parameters of the remaining SVT and TPC tracks are
compared and best matches are. selected based on clii-square. Finally a third level
matching condition is applied to the (few) remaining tracks. These are cases which
have undergone considerable scattering in the detector, either MCS or nuclear
scattering. In this final level track intersections in regions of material are checked.

The matching code has been applied to a FRITIOF-GEANT generated sample
of primary tracks (those originating from the primary collision point) for a Au + Au
central collision at 100 GeV/A. The matching results are shown in Table VIII. The
matching efficiency is defined as the number of correctly matched tracks divided
by the total number in the sample. Optimum matching efficiency occurs at a
matching radius of 40 cm. For this sample the algorithm correctly matches 99%
of the tracks.

The code was also used to provide preliminary guidelines with respect to the
relative. positioning and alignment of the SVT and TPC subsystems. Fig. 1 shows
the effects on the matching efficiency caused by transverse, longitudinal and az-
imuthal errors in the relative alignment between the SVT and TPC. Generally
the matching results can tolerate a few mm and about 20 mrad error without
degradation of the track matching efficiency.

Figure Caption

Figure 1: EfFects of transverse, longitudinal (along beam direction), and az-
imuthal relative SVT - TPC alignment errors on the vector-vector matching effi-
ciency.

Table VIII: Au + Au vector-vector matching efficiency for 1774 primary tracks

Correct Incorrect Unmatched Eficiency (%)
Bi-Directional Matching Only 1696 8 70 95.6
Add Helix Parameter Matching 1750 10 14 98.6
Add Track Intersection Matchin~ 1755 16 3 98.9
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5.3 Time Projection Chamber

Summary: We have designed and constructed the TPC’ Sector Assembly and
Test stands. A request to the University for funds to create a STAR fabrication
and staging area, next to the main machine shop, has been approved. Our shop
personnel are doing 1-2 man-years/year of fabrication work associated with TPC
baseline projects. Several of our students spent Summer 1993 at LBL working on
TPC Research and Development projects.

The central Time Projection Chamber (TPC) is the main component of the
STAR detector and is designed to fulfill many of the objectives of t he basic physics
research program to be done at RHIC.

The TPC (see Fig. 1) is a continuous tracking detector capable of handling high
multiplicity events. It determines the momenta of individual particles by tracking
them through a solenoidal magnetic field, and it identifies them by making multi-
ple energy loss measurements. The active gas volume of the TPC is bounded by
coaxial field cage cylinders with instrumented pad plane end-caps at both ends.
A high voltage membrane at the center creates an E field, such that ionization
electrons drift towards the end-caps. The end-caps contain thin-gap, multiwire
proportional chambers (MWPC) in which the primary signal electrons are ampli-
fied by avalanche multiplication at the anode wires. Image charges are induced on
an array of pads located behind the anode wires and are recorded as a function
of time. For each track segment, the drift time provides one coordinate, while
the induced signals on the pad rows provide the coordinates in the plane of the
MWPC.

The TPC project requires a considerable amount of Research and Development
(R&D) effort, and it requires fabrication of many components that are necessary
for the realization of a working detector.

We have started some TPC construction projects at Texas. Fig. 2 is a photo-
graph of a prototype TPC sector assembly and test stand designed at Texas and
fabricated in our Physics Department Machine Shop. This stand has been deliv-
ered to LBL and currently is being used to assemble and test the first prototype
outer sector. The shop is making 5 outer sector stands and 5 inner sector stands
for Spring delivery. We have also started construction of wire frame carts for the
TPC project; a prototype (built at LBL) is shown in Fig. 3. The scheduled com-
pletion date is May 1994. We are committed to providing 1-2 man-years/year shop
support to TP C!construction projects for the next several years. On the horizon
are construction of lifting fixtures, aligning fixtures, and the. TPC! assembly and
shipping stand. The University has recently allocated $35K for creation of a large
assembly and staging area for STAR construction and fabrication projects. This
area, which is adjacent to our main machhe shop, will be accessible by faculty,
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staff, and students after regular working hours, and it will have an overhead crane
on a monorail which leads to the. building’s loading dock. The facility will Le
ideally suited for large STAR construction projects.

Several of our students spent the summer (1993) at the Lawrence Berkeley
Laboratory working with members of the LBL TPC group on TPC Research and
Development projects. This work is briefly discussed in the remainder of this
sect ion.

Tests of wire deflection from electrostatic load

A frame was strung with wires in the configuration proposed for the STAR
TPC pad plane. This test frame. was used to measure electrostatic deflection of
the wires as a function applied voltage. The measurements were made using a
long focal length microscope and were compared to a calculation based on the
GARFIELD code. The tests showed that the deflections were within the design
limits set by allowable gas gain variation.

Measurements of photo-electric eficimcy oj metals in .4r - Methane

The photo-electric efficiency for aluminum, copper, carbon, gadolinium and
hafnium cathodes in a test chamber filled with Ar 90% + CHA 10% were measured
with light pulses from a nitrogen laser (337 nm ) and a frequency quadrupled Nd-
Yag laser (266 rim). This work was done to find materials suitable for electron
sources in the TPC volume that could be used for spatial calibration. The prelim-
inary results show that aluminum has a photo-efficiency of * 10-6 for 266 nm lJV
light. With efficiencies this high it will be possible to build a relatively inexpensive
calibration system based on 0.5 mm aluminum wires illuminated with a standard
Nd-Yag laser system.

Calculation of electron diffusion properties in gases

Computer calculations were made to investigate the diffusion properties of He-
Etbaue. This gas is being considered for use in the STAR TPC, but data is not
available for transverse diffusion. First the Baigi code was tested with Ar 90%
+ CH4 10%, a gas for which detailed measurements exist; then calculations for
other gases were made to find both transverse diffusion parameters and the drift
properties in a magnetic field. These calculations will provide initial guidance in
some aspects of the TPC design and will be later checked with measurements.

Testing of gas insulating structures for field cage isolation

Test field cage structures are being used to study the feasibility of constructing
the TPC field cage with a gas insulator envelope. A gas insulator is potentially sim-
pler and cheaper than conventional insulators made of mylar film and polyurethane.
Preliminary work was done in an effort to study the effects of electrode surface
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details and the effects of ionizing radiation.

Figure Captions

Figure i: Schematic of the STAR Time Projection Chamber.

Figure 2; Photograph of prototype TPC sector assembly and test stand.

Figur~ 3: Photograph of TPC wire frame cart.

Outer Field Cage ~ ‘“’’”r’
& Support Tube k

~A

Sector
Support-Wheel

~,

vStar TPC
Date: 4-29-92

Figure 1

113

—.



Figur -

....-.....-.--s.

Figure 3

114



6 Theoretical Work

(L. ~y)

Summary: This work includes: (1) a major review of relativistic and nonrela-
tivistic scattering models for medium energy nucleon-nucleus elastic scattering, (2)
continued development of calculations for polarized proton elastic scattering from

13C and 3He, (3) formal multiple scatteringpolarized nuclear targets, in particular
theory treatment of antisymmetrization effects for nucleon-nucleus scattering, (4)
phase shift analysis of the NN + NA transition, (5) development of a nucleon-
nucleon interaction model based on an effective chiral Lagrangian, and (6) coupled
channels Dirac analysis of elastic and inelastic proton-nucleus scattering data. The-
oretical work associated with relativistic heavy-ion physics (at RHIC energies) is
commencing this year and will become the primary focus of the theoretical effort
starting in late 1993 and thereafter.

6.1 Review of Nonrelativistic and Relativistic
of Proton-Nucleus Scattering

Descriptions

A detailed review articlel in which nonrelativistic and relativistic scattering for-
malisms for nucleon-nucleus scattering are discussed and applications given for
many cases of proton elastic scattering at medium energies was published. This
review comes at a time when parameter free theoretical predictions based on non-
relativistic and relativistic dynamics are both beginning to provide reasonable de-
scriptions of the data.

Research in this field continues to attract widespread theoretical interest. The
40 year history of this field attests to the fact that microscopic studies of a single
nucleon’s interaction with a nucleus relate to a fundamental problem in nuclear
physics: a description of the complicated many-body scattering process (nucleon
+ nucleus) solely in terms of the underlying nucleon + nucleon (NN) dynamics
and the structure of the target nucleus.

The review article contains pedagogical discussions of the theory and shows
predictions from application of the following scattering models: (1) the nonrel-
ativistic, density-dependent (NRDD) model,2 (2) the nonrelativistic full-folding
model,3 (3) the nonrelativistic Paris-Hamburg g-matrix optical model,4 (4) the
relativistic impulse approximation (RIA) model,s and (5) the relativistic meson
exchange model (IA2).6 The principal assumptions and ingredients of each nonrel-
ativistic and relativistic scattering calculation are summarized in Tables IX and
X, respectively.
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For the relativistic calculations using the IA2 interaction the positive energy
projections of the NN relativistic t-matrix were directly constrained by phase shift
analysis. The calculations using the NRDD interaction are based on the density
dependent interaction~ where the t-mat rix was normalized to the newer, SP89
phase shift solution of Arndt.

The relativistic IA2 calculations used the nuclear densities described in Ref. 5.
Briefly these correspond to the known proton vector density determined by elec-
tron scattering, Hartree-Fock-Bogoliubov neutron densities for the neutron vector
density, and relativistic mean field densities for the scalar and tensor densities.
The NRDD calculations and the NR calculations based on the Paris-Hamburg g-
matrix4 used the above proton and neutron vector densities. For the 200 MeV,
full-folding predictions the proton and neutron density matrices were computed
from Woods-Saxon single particle eigenstates which were fitted to empirical charge
density root-mean-square.(rms) radii and single particle energies.

Anomalous magnetic moment (AMM) terms were included in each of the IA2
calculations. The electromagnetic spin-orbit (EMSO) potential was included in
the NRDD predictions for 800 MeV for each target and for 40Ca and 208Pb at
500 MeV. EMSO effects are not expected to be important for the remaining cases.
Two-body correlation contributions were also included in the NRDD calculations.
The relativistic optical potential correlation contributions were not included in the
IA2 or the RIA calculations since these effects are small.

In Figs. 1 - 9 the relativistic and NR model predictions for p +160, 40Ca
and 208Pb at 200, 500 and 800 MeV are compared with differential cross sec-
tion (da/dfl), analyzing power (AY) and spin rotation (Q) data. The NR density
dependent results2 are indicated by the solid curves. The NR results based on the
Paris-Hamburg g-matrix4 are shown by the dashed-dotted curves. The NR full-
folding predictions are represented by the dotted lines, and the relativistic IA2
observables6 are shown by the dashed curves.

At 200 MeV the NR calculations using the Paris-Hamburg g-matrix give about
the right amount of structure for the differential cross sections and correctly
account for the damping of the diffractive structure for 40Ca and 208Pb near

q = 2 fro-l. The NR full-folding results provide a reasonable description of the
p +*60 and 40Ca differential cross sections but tend to have a little too much
structure. The IA2 differential cross sections are fairly good but also display too
much structure, particularly for p + 208Pb. The analyzing powers predicted by all
three models are qualitatively successful; all three models provide good descrip-
tions of the spin rotation data. overall, there is no strong preference for either the
relativistic or the NR approaches at this energy.

The. relativistic IA2 and NRDD-EMSO curves for p +160, 40Ca and 208Pb at “
500 MeV are shown in comparison with data in Figs. 4- 6. The IA2 predictions
accurately reproduce the angular positions of the diffractive minima and the overall
slope of the differential cross section data. The NRDD cross sections have the.
correct diffractive shapes; however, they are a little too small in magnitude and

116



are shifted inward to smaller scattering angles relative to the data. The NRDD-
EMSO model provides the better description of the analyzing power data. The
NRDD-EMSO model predictions for the spin rotation parameter Q are larger than
the 1A2 predictions for q s 1 – 2 fro-l and are in slightly better agreement with
the data. Both models fail quantitatively to reproduce the forward angle AYand
Q data for q < 1.5 fr”-l; the calculated analyzing powers tend to be too large
while the. spin rotations are too small. Overall, both models provide qualitative
descriptions of the 500 MeV data.

Historically, 500 MeV was the energy where relativistic theories were most suc-
cessful, especially for the RIA model.7’8 In view of the results shown in Figs. 4-
6, this is certainly not the case for sophisticated NR scattering models and rela-
tivistic models which use. covariant meson exchange theory. It turns out, in fact.
that the success of the RIA model at 500 MeV was to some extent fortuitous.
The gross discrepancies between the NR model predictions and data at 500 MeV.
which formed the basis of an important issue in the 1980”s. are no longer a relevant
concern.

At 800 MeV both the NRDD-EMSO and the IA2 model predictions are in good,
overall agreement with the. data as shown in Figs. 7 - 9. The NR cross sections,
however, display the characteristic problem with respect to angular positions of
the minima and the overall magnitude and slope. The IA2 cross sections display
an incorrect mass dependence — too small in overall magnitude for 160, roughly
correct for 40Ca, and a little too large for 208Pb. The p +160 analyzing powers and
spin rotations of both theories &lsplay too much structure, particularly predictions
of the IA2. The NR p +40Ca AYresults compare well with the data at forward
angles but underestimate the data for q >2 fro-l. Both calculated p +40Ca spin
rotation curves are too deep at the minima. Each model provides quantitative
descriptions of the p +208Pb AYdata, except at the larger angles. The p +208Pb
IA2 spin rotations tend to be too small in magnitude.

The results shown in Figs. 1-9 make it apparent that a clear phenomenological
preference does not exist for either the relativistic or the nonrelativistic approaches.
Both methods are capable of describing qualitatively the body of medkm energy
proton-nucleus elastic scattering data, as represented by these 9 specific examples.

The curious result to come out of all this is the similarity between the effects on
the predicted observable of medium and off-shell corrections in the NR approach
and the virtual N~ pair contributions in the relativistic IA2 model. We have no
explanation to offer for this. Both the medium corrections and the virtual NN pair
contributions are roughly proportional to the nuclear density squared. However,
there is no obvious relation between the strengths of these various terms, which
originate from very different sources, i.e. Pauli blocking, binding energy, and
off-shell dependence in the two-component Pauli representation, and coupling to
negative energy states in the four-component Dirac representation. The similarity
which is presently found may only be coincidental and future efforts would most
likely be best spent further implementing the NR formalism and providing a better
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understanding of the virtual N~ pair process in the relativistic models.
Developments of the nonrelativistic many-body scattering models should con-

tinue in order to learn how far traditional nonrelativistic theories can go in de-
scribing nuclear phenomenon. Systematic discrepancies, if they occur in the final
analysis, probably indicate missing physics in the theory, e.g. Lorentz invariance,
many-body forces, quark-gluon effects, etc. We must, of course, be careful to
distinguish between failure of the nonrelativistic many-body approach itself, and
inadequacy of some particular numerical application.

Relativistic quantum field theories with nucleons and mesons and relativistic
nucleon-nucleus scattering models should also be pursued further, as such work
provides important tools for dealing with the relativistic nuclear many-body prob-
lem and indicates the level at which relativistic effects might manifest themselves
in nuclear systems. The relativistic scattering models reviewed in Ref. 1 provide an
important step along the way towards a co~’ariant description of nuclear physics.
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Figure Captions

Figzm 1: Best nonrelativistic and relativistic theoretical predictions for p +160
elastic scattering at 200 MeV are compared with data. Predictions of the rela-
tivistic IA2 model (from Ref. 6), the NR Paris-Hamburg g-matrix,4 and the NR
full-folding model of Ref. 3 are indicated by the dashed, dashed-dotted, and dotted
curves, respectively.

Figure 2: Same as Fig. 1, except p +40Ca at 200 MeV.

Figure 3: Same as Fig. 1, except p +208Pb at 200 MeV.

Figure 4: Best nonrelativistic and relativistic theoretical predictions for p +160
elastic scattering at 500 MeV are compared with data. Predictions of the relativis-
tic IA2 model (from Ref. 6) and tbe NRDD-EMSO model are indicated by the
dashed and solid curves, respectively.

Figure 5: Same as Fig. 4, except p +40Ca at 500 Mel’.

Figure 6: Same as Fig. 4, except p +208Pb at 500 MeV.

Figure 7: Same as Fig. 4, except p +160 at 800 MeV.

Figure 8: Same as Fig. 4, except p +40Ca at 800 MeV.

Figure 9: Same as Fig. 4, except p +208Pb at 800 MeV.
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Table IX: Summary of Nonrelativistic ProtoIi-Nucleus optical Pot,cntial Models

NN Medium
l’~incipak lkfs. Rep. Approx.” Moclel (t) EMSO Mods. Correl,
Arcllano 3 k-space IA Paris 14111-Fokl. no no no
Briw’a Bonn Off-shell
Love ~350 MeV t-matrix

nay 1,2 r-space I)D-LDA Coup. Ctl. opt. Fat, ycs yes yes
IIoffmann lsohar On-she!l (p (local) (local)

mm’ <1 GcV
t~cm(;eramh 4 r-space L)I.)-LDA Paris 011-sllell no yes no

Rikus <350 MeV g-matrix
Nakano Dir. +Ex.

“lInpulseapproxilllat.ion(1A ),densitydependent interactionapplied using localdensityapproximation (Ilil-LDA).
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Tidd~ X: Sulmnary Of Relativistic Proton-Nucleus Optical i’okntial Models

NN TN Pau]i Binding
Principals Refs. Rep. Invariant Coupling Exchange Densities ~ AMM6 Blocking= Energy~ C!orrcl.

Clark, Colier, 1,5,S r-space RIA 1’s’ Included RMP yes no no yes
llama, lIoRmaul\, as local scaled to
l,umpc, Mrmer, q-dependent (e, e)

G Ray, Serot term
ottensteit] 6 r-space 1A2 Pvj explicit, RM F yes yes no no

Tjon on-shell angle
Wallace averaged,

local

‘RhlF refers to relativistic mean field densities
bProjectile proton anomalous magnetic moment contribution

‘Estimated from infinite nuclear matter calculation, no q-dependence

‘Medium eti’ects due to intermediate binding potential

eForm assumed for NN amplitude
\ Forln ~umed for nN coupling in quwipotential model
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6.2 Nuclear Structure and Medium Effects in ~+l@ Elastic
Scattering

Relativistic and nonrelativistic distorted wave Born approximation (DWBA) calcu-
lations”2 describe the general features of the 500 MeV @+l~ AmN and AWNNdata

but do not fit details of the small angle data around 20° c.rn. In Ref. 2 impulse
approximation values for the NN effective interaction were used and a nuclear
structure model containing a pure lpi valence neutron plus ]‘C core was assumed.

In this work3 the sensitivities of the ~redictions to medium corrections and shell-
model configuration mixings were studied using the nonrelativistic DWBA reaction
model.

For this application the p+13C optical potential is separated into J = O and
J >0 components, where

J is the total angular momentum transfer. @~3,Pis the 13C ground state wave
function, p (p’) is the initial (final) spin projection of the target nucleus, toi is the
NN effective interaction t-matrix, and A is the number of target nucleons. In the
second quantization representation xi toit is given by

(6.2)

produces a particle-hole excitation in subshells a = {n=, la, j~}
and /3= {rip, tO,jfl} coupled to total angular momentum and isospin (J, M) and
(T, Ts), respectively, and utijm~ is a single particle state. In this representation the
J >0 part of the optical potential becomes

where (Jij p) and (Z’ilTi3) denote the total angular momentum and isospiu (plus z
projections) of the target nucleus in the initial state.
for the final nuclear state. For elastic scattering from
and Ti3 = TJ3 = -~. The doubly reduced (in spin

Similar quantities are defined
13CJi=Jf=~VTi=Tf=~,
and isospin) matrix elements
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in Eq. (6.4) are proportional to the reduced density matrix elements (RI) MEs),
d~~(afi), obtained in shell-model calculations where

The J = O part of U~’ was assumed to be the Schr6dinger equivalent of the
Dirac phenomenological optical potential for 500 MeV p+lQC elastic scattering
plus the scalar and time-like vector parts of the relativistic impulse approximation
optical potential for the lpi valence neutron state. The NN density depelldexlt
t-matrix calculated in Ref. ~ was used for toi .

In Refs. 1 and 2 the nuclear structure mode] was not constrained by the M 1
elastic form factor measured in back angle electron scattering.e Therefore the Co-
hen and Kurath (CK ) (8- 16)2BME p-shell models and an empirical radial wave
function were adopted and used to fit the :kf1 form factor. For comparison, calcu-
lations were also done assuming a pure lp~ neutron configuration with harmonic
oscillator radial wave function where the oscillator parameter was adjusted to re-
produce the zero of the Ml form factor at g = 1.04 fro-l. The two radial wave
functions used here and the corresponding All form factors are shown in Figs. 1
and 2, respectively.

The results for AWN and AWNNare shown in Fig. 3. The predictions assum-
ing the pure lpl model with harmonic oscillator radial wave function and the NN
t-matrix fixed a; the zero-density value (impulse approximation) are shown by the
dotted curves. The results using the CK wave functions with and without density
dependence in the NN -t-matrix are shown by the solid and dashed curves, respec-
tively. Density dependent effects are small for this case while the differences due.
to the choice of nuclear structure models are greater, particularly for AmN at the
larger angles. While the overall structures of the two sets of target spin observable
data are described by these predictions the peaks near 20° cm. are inadequately
explained. Predictions based on the relativistic impulse approximation DWBA
model do not fit the forward angle data either.2

The present work demonstrates that medium corrections and nuclear structure
effects of the type considered here are unimportant for this case, at le~t in the
forward angle region around 20°c.m. where discrepancies between theory and
experiment are greatest.
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Figure Captions

Figure 1: Radial wave functions for the lp state used in the DWBA calculations.
The harmonic oscillator wave function corresponding to the pure lp$ single neutron
configuration is shown by the dashed curve while the solid curve indicates the
empirical wave function used with the CK shell-model.

Figure 2: Elastic Ml form factors (squared) in 13C corresponding to the lp~
single neutron configuration with harmonic oscillator wave function (dashed curvel
and the CK shell-model with an empirical radial wave function (solid curve). The
form factor is expressed in units of nuclear magnetons.

Figure 3: Nonrelativistic DWBA predictions for AmN (upper part) and AOONN
(lower part) for 497.5 MeV ~ +13~ elastic scattering. Dotted, dashed and solid
curves represent the results of calculations assuming the lp~ single neutron model

(no medium corrections), the CK shell-model (no medium corrections), and the
CK shell-model with medium corrections, respectively. Data are from Ref. 2.
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6.3 Predictions
Relativistic

for j7+13~ Elastic Scattering Based on the
IA2 Effective Interaction

Theoretical analysis of the 500 MeV ~ +13 ~ elastic scattering spin observable
data AmN and AOONNfrom LAMPF EXP955 provides an opportunity to test
models of the spin-flip components of the nucleon-nucleon effective interaction.
Calculations based on the original relativistic impulse approximation (RIA) model
and nonrelativistic modelsl-3 produce similar results and qualitatively describe
the data. However, none of these predictions are able to quantitatively fit the
structure in the AMONand AOONNdata in the forward angle region around 20° cm.,
corresponding to the first minimum in the differential cross section.

Tjon and Wallace4 developed a relativistic impulse approximation model for
nucleon-nucleus scattering based on covariant meson-exchange theory. The pa-
rameters of the interaction were adjusted to fit the experimental NN phase shifts,
thereby directly constraining only the positive energy matrix elements of the
Lorentz invariant NN scattering operator. Matrix elements which couple posi-
tive and negative energy nucleon states are predicted by the model and should be
tested. This model for the NN scattering operator, referred to as the IA2, consists
of a generalized expansion in terms of Lorentz invariant operators. It includes forty
three complex amplitudes at each energy for each NN isospin channel. The IA2
interaction is unique in that it is the only relativistic effective interaction derived
from a dynamical meson exchange theory.

The IA2 has been successfully used to describe proton-nucleus elastic scattering
from even-even targets from 200-800 MeV incident proton energy.s However, only
a few of the IA2 amplitudes are important for proton elastic scattering from 0+
target nuclei, leaving most of the IA2 interaction terms untested in nuclear scatter-
ing analyses. The remaining terms contain operators which, in the nonrelativistic
language, induce spin-flip. The purpose of the work discussed here and reported
in Ref. 6 is to test the spin-fllp terms in the IA2 interaction.

Application of the IA2 interaction to the ~+13 ~ elastic scattering calculation is
very tedious owing to the. large number of amplitudes and the explicit momentum
dependence of many of the Lorentz invariant operators. Furnstahl and WallaceT
recent ly developed an effective, density dependent, twe-component Pauli repre-
sentation for the IA2 interaction for use in nucleon-nucleus elastic and inelastic
scattering calculations. This IA2 effective interaction enables accurate approxi-
mations to the exact IA2 calculation to be obtained from standard Schri5d1uger
equation scattering models which include density dependent effective interactions.

The p+*3C elastic scattering amplitude in the IA2 model is given by

where ~’ and x~) are the scattering amplitude and relativistic distorted wave,
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respectively. corresponding to elastic scattering from the p+lzC 1A2 ‘core” optical
potential, uP~P is the relativistic lp~ single particle (neutron) state in 13C, p and

p’ are the initial and final 13C spi~ projections, m, and nz~ are the initial and
final projectile spin projections, and M represents the Lorentz invariant IA2 NN
scattering operator. LJsing the results of Ref. 7 this equation can be rewritten as

(6.7)

where tip) is a two-component distorted wave corresponding to xc‘+), q$P~Bis the

two-component 1p; bound state wave function,
.

and t~} is the density depen-
dent effective interaction corresponding to the IA2 interaction from Ref. 7. The
distorted waves. core scattering amplitudes and bound state wave functions were
computed as in pre~’ious work.l’3

The IA2 predictions for AOOONand AOONNare displayed in Fig. 1 in comparison
with LAMPF EXP9S5 data.2 The solid curves represent the full IA2 predictions
while ~~~dashed lines indicate the IA2 results where Dirac phenomenological ~’
and WC were used. The differences between the solid and dashed curves demon-
strate that the predicted polarized target spin observable are quite sensitive to
the model assumed for generating the p+lzC scattering amplitude and distorted
wave. The overall magnitude and structure of the AmN data are qualitatively
reproduced by the IA2 model provided ~e and $~) from Dirac phenornenology
are assumed. on the other hand, the magnitude of the structure in the AmNNdata
at 20° and 33° cm. is underestimated by the IA2 model with Dirac phenomeno-

‘‘+) The full IA2 calculations fail to predict the positive peakslogical ~e and Wc .
for both observable near 20° cm.

--

It is interesting to compare the IA2 effective interaction predictions with those
of the best available application of nonrelativistic multiple scattering theory. This
comparison is shown in Fig. 2. The dashed curves are identical to the dashed
curves in Fig. 1. The dotted curves represent nonrelativistic DWBA predictions
(see section 6.2) where the same ~e, *$) and ~P~Bused in the IA2 calculations
were assumed but where the NN effective interaction was taken to be the non-
relativistic density dependent (NRDD) interaction from Ref. 8. Fig. 2 displays a
direct comparison of the IA2 and NRDD models of the NN effective interaction
with respect to scattering observable which are dominated by spin-flip amplitudes.
The results are. similar for both models, however the IA2 prediction for AmN is in
slightly better agreement with the data while the IA2 prediction at larger angles
for AOONNis noticeably worse than that of the NRDD model. From this work we
find that the spin-flip components of the IA2 effective interaction tested here are
realistic.
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Figure Captions

Figure 1: IA2 density de~endent effective interaction predictions and data
(Ref. 2) for 497.5 MeV ~ +13 C elastic scattering target analyzing power, AWN,
and spin correlation, AWNN.The predictions assuming the IA2 (Dirac phenomeno-
Iogical) core scattering amplitude and distorted wave are indicated by the solid
(dashed) curves.

Figure 2; Comparison of the IA2 effective interaction predictions (dashed
curves) and nonrelativistic density dependent (medium modified) predictions (dot-
ted curves) with data for 497.5 MeV ~+13~ AOWNand AmNN. In both calculations
the same Dirac phenomenological (D.P.) core amplitudes and distorted waves and
the same harmonic oscillator lp+ neutron single particle wave function were as-
sumed.
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6.4 Proton Elastic Scattering from Polarized 3He

TRIUMF has recently provided data for ~+3H+eelastic scattering at several energies
from 200 to 500 MeV.1 Included are the differential cross section, the analyzing
power, the target analyzing power AmN, and the spin correlation AmNN. The data
extend out to about 5 fr”-* of momentum transfer.

The nonrelativistic DWBA scattering modelz was used to generate predictions
for the polarized target spin observable. The. p+3He optical potential was sepa-
rated into J = Oand J = 1 components (where J is the. total angular momentum
transfer): the. J = O part was described phenomenologically while the J = 1 part
was computed from the .sL wave functions and the full, spin-dependent N.N t-

matrix. The J = Opart of ~he optical potential was obtained by fitting the ~+3He
differential cross section and analyzing power data using Dirac phenomenology.3
This. in turn, provided the J = O part of the p+3He elastic scattering amplitude
and the distorted waves for use in the DWBA. The single particle wave functions
were determined by fitting the measured A41 form factor in 3He (Ref. 4) where the
3He nucleus was assumed to be an antisymmetrized product of S1 single particle
states. Meson exchange currents were. ignored. The NN t-matrix Wzasused on-shell
and was obtained from the Arndt SP89 phase shift solution.

The NR-DWBA predictions and data for 500 MeV ~+3 H-eelastic scattering are
shown in Fig. 1. The predictions are reasonable for angles up to 40° cm. (about
3 fro-l momentum transfer) but differ significantly from the data at larger angles.
The discrepancies might be due to unrealistic wave functions and/or NN t-matrices
at large momentum transfer, meson exchange currents, multiple scattering effects,
etc.
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Figure Caption

Figure 1: Nonrelativistic
AmNNin comparison with the

DWBA predictions for 500 MeV ~+3 H-eAmN aud
data from Ref. 1.
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6.5 Pauli Blocking

Theoretical predictions for

Effects for Nucleon-Nucleus Scattering

nucleon-nucleus scattering” are customarily based on
multiple scattering formalisms in which the projectile nucleon - struck target nu-
cleon two-body subsystem is antisymrnetrized and the target wave function is an-
tisymmetric with respect to the nucleon constituents. Pauli blocking of the struck
target nucleon in intermediate scattering states is implicitly included in standard
optical potential calculations which consistently include terms through second-
order in the projectile - target nucleon scattering t-matrix. In recent work* we
organized the multiple scattering expansion of the fully antisymmetrized nucleon-
nucleus optical potential so as to make explicit, corrections to the standard optical
potential due to Pauh blocking of the projectile nucleon in intermediate scattering
states.

In nonrelativistic multiple scattering formalisms2’3 (Watson and KMT) it is as-
sumed that the projectile particle is distinguishable from the nucleon constituents
of the target nucleus. The identity of the A target nucleons is incorporated into the
theory by projecting antisymmetric target nucleus states in all intermediate scat-
tering states in the formal definition of the projectile-nucleus scattering t-matrix.
Expansions of the optical potential for elastic scattering in terms of quasi-two-body
t-matrices result in a linear term which is summed over the A target nucleons and
a second-order term which is proportional to two-body correlations in the target
nucleus wave function4 plus higher order terms. The quasi-tw~body t-matrices
are in reality (A+ 1)-body operators, but for the leading Born term only depend on
the coordinates of the projectile and one active target nucleon. Intermediate scat-
tering states of the active target nucleon used in constructing these quasi-two-body
t-matrices are not restricted with respect to the states occupied by the other (A-1)
target nucleons, i.e. the quasi-two-body t-matrices are not Pauli blocked. Even
so. this formalism accounts for Pauli blocking of the target nucleons in interme-
diate scattering states by construction. Explicit Pauli blocking corrections do not
appear in the final expression for the optical potential due to certain cancellations
which occur among the second-order terms.4

Application of the Watson or KMT formalisms to the case of nucleon-nucleus
scattering is usually carried out by way of the Takeda and Watson (TW)5 pre-
scription. According to this procedure the unsymmetrized, nucleon-nucleon (NN )
quasi-two-body &matrices in the Watson or KMT formalisms are everywhere
replaced with operators which are antisymrnetric with respect to the projectile
nucleon and struck target nucleon labels. Takeda and Watson argue that the
leading correction to this prescription involves a three-body exchange potential
which should be small and indeed calculations show that this term is negligible
at medium energies.

Intuitively, however, one would not expect the simple TW prescription to ad-
equately account for all of the effects arising in nucleon-nucleus scattering due to
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the imposition of full (A+ 1)-body antisymmetrization. In particular, Pauli block-
ing of the projectile nucleon in intermediate scattering states is not accounted for
@ simply invoking the TW procedure. Experience with Pauli Mocking effects in
nucleon-nucleon g-matrix calculations for infinite nuclear matter and for density
dependent, effective interaction t-matrices7 shows that such effects can be quite
important.

We have used the formalism of Picklesimer and Thaler,8 which incorporates
full (A+l )-body antisymmetrization, to study Pauli blocking corrections to the
standard nucleon-nucleus optical potential. The optical potential and the result-
ing nucleon-nucleus t-matrix from Ref. 8 operate on unsymmetrized (.4+ I)-body
states where the wave functions describing tbe (A+ 1)-body system are not anti-
sytnmetrized with respect to the labels of the projectile nucleon and target nucleon
constituents. It is important to note that the unsymrnetrized (A+l )-body states
referred to here and ixl Ref. S include fully antisymmetrized A-body states of the
target nucleus. Dynamical effects due to projectile and target nucleon identity are
therefore included in the construction of the optical potential.

The (A+ 1)-body antisymmetrized transition operator appropriate for elastic
scattering is given by

(6.8)
i=]

where ~oi represents the two-body interaction between the projectile (0) and the
i~~target nucleon. Here, the unsymmetrized channel corresponds to the projectile
nucleon label being (0) and the target constituent labels running from 1,2, “””A. In
Eq. (6.8) ~ is the antisymmetrizer for the projectile nucleon and A target nucleon
labels. It is given by

d=l_~EOi (6.9)
i=l

where Eoi is the exchange operator for projectile (0) and identical target nucleon
(i). The unsymmetrized (A+l )-body propagator, Ga, is given by

G. = (E – Ho – HA + i~)-1 (6.10)

where Ho is the projectile kinetic energy operator “and HA is the nuclear Hanlilto-
nian. In Eq. (6.8) T represents the usual unsymmetrized scattering operator given

The (A+l )-body antisyrnmetrized optical potential
fined by

T’= 0’+ O’GaPT’
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(A – 1)/A is the usual KMT scaling factor, and P projects the unsymmetrized
elastic channel.

Introducing the free NN two-body t-matrix, t{i, where

t~i = Voi+ Vo~gt{~ (6.14)

and g is the free NN propagator, the (A+ 1)-body antisymmetrized optical potential
can be expanded as

where Eoi= — ~j#i Gj. In the limit d + 1,0 reduces to the usual unsymmetrized
optical potential and in the limit Eoi+ O it reduces to the unsymmetrized optical
potential with the TW substitution.

The terms in the first set of brackets in Eq. (6.15) include the usual ‘tp” term
plus antisymmetrization and binding potential corrections. The ‘tp” potential
corresponds to folding the free NN t-matrix with the one-body ground state nuclear
density matrix. The second term in the first set of brackets represents a three-
body antisymmetrization correction linear in t~, which was calculated in Ref. 6 and
shown to be negligible for medium energies. The third term inside the first set of
brackets represents a higher order multiple scattering correction to this three-body
term. The fourth term in the first set of brackets represents the leadlng correction
due to Pauli blocking of the projectile nucleon (0) in intermediate scattering states
(as a result of the d antisymrnetrizer) and binding potential effects on the struck
target nucleon (resulting from HA in G=). This fourth term is the one of primary
interest here.

The terms in the second set of brackets in Eq. (6.15) give rise to two-body
correlation contributions while the terms in the third set of brackets represent
antisymrnetrization corrections to the second-order optical potential. The latter
should be small and are not evaluated here.

The NN-isobar coupled channels model of Ref. 7 was used to calculate an
approximation to the fourth term in the first set of brackets in Eq. (6.15). In
order to do so
replaced by a
matter and a

the intractable (A+ 1)-body operators, d and G@,in this term were
projectile nucleon Pauli blocking factor (QPrOj)for infinite nuclear
modified two-nucleon energy denominator (1/e) where the energy
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of the target nucleon includes kinetic energy and binding potential contributions
appropriate for infinite nuclear matter.

The projectile Pauli blocking factor for infinite nuclear matter for NN interme-
diate states is determined by the requirements,

where ~0 and PI are the intermediate momenta in the laboratory for the projec-
tile and target nucleon. respectively, and kF is the Fermi momentum of nuclear
matter. The angle averaged values for QPrOj,assuming relativistic kinematics, are
straightforward to obtain as in Appendix A of Ref. 7.

Calculations of the medium modified t-matrix (sum of the first and fourth terms
in [1’) were done for incident laboratory kinetic energies of 320 and 500 MeV. The
calculations presented here are the same as that done in Ref. 7 except for the use
of the projectile only Pauli blocking factors rather than the projectile and target
nucleon Pauli blocking factors. The results for the real and imaginary parts of the
isoscalar spin-independent and spin-orbit NN t-matrices in the NN COM system
are shown in Figs. 1-4. The values at zero density (kF = O) are shown by the dashed
lines. The values corresponding to kF = 1.4 fro-l from Ref. 7 are shown by the solid
lines while the new results computed here for kF = 1.4 fro-l are indicated by the
dashed-dotted lines. Except for Re(t&s) the density dependence is weakened by not
Pauli blocking the target nucleon as would be expected. At energies above 500 MeV
the binding potential corrections dominate so that elimination of Pauli blocking
for the struck target nucleon will have minor effect on the density dependence
computed in Ref. 7.

Based on this work we recommend that density dependent effective interactions,
which are to be used for nucleon-nucleus scattering calculations in the context of
a nonrelativistic multiple scattering optical potential formalism, include explicit
Pauli blocking of only the projectile nucleon and nuclear binding potential effects
for only the struck target nucleon.
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Figure Captions

Figure 1: Nucleon-nucleon-isobar coupled channels model calculations of the
density dependent Re(tO) at 320 MeV (upper half) and 500 MeV (lower half). On-
momentum-shell t-matrix elements are shown as a function of momentum transfer
(q). The dashed, dashed-dotted and solid curves represent the results of calcula-
tions made with kF = 0.0 fro-l, kF = 1.4 fro-l with Pauli blocking of the pro-
jectile and binding potentials acting on the target nucleon as described here, and
kF = 1.4 fro-l with, in addition, explicit Pauli blocking of the target nucleon (from
Ref. 7), respectively.

Figure 2: Same as Fig. 1, except lrn(tO),

Figure 3: Same as Fig. 1, except Re(t$s).
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Figure 4: Same as Fig. 1, except lrn(t~s).
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6.6 Phenomenological Transition Amplitudes for NN~NA

at 800 MeV

At intermediate energies a significant fraction of the total reaction cross section for
projectile-nucleus collisions is due to excitation of the A( 1231MeV )(3,3) nucleon
excited state. Experimental studies of A excitation in nuclei have been carried out
using nucleon and light ion projectiles by way of the (p, p’), (p, n’). (d, 2p), and

(3He.~) reactions. Analogous studies have been done using pion absorption, elec-
tron scattering and photon absorption. Interestingly the A excitation spectra for
nuclear targets are shifted with respect to that observed for 1H targets and depend
on the type of projectile used. 1 A significant part of the shifts in the A excitation
spectra apparently depends on the dynamics of A excitation and propagation in
the nuclear medium.l Spin dependence in these dynamical quantities is crucial to
understanding the shifts in the positions of the A peak for the various reactions.1

In previous work simple models for the IVN ~ NA and NA ~ NA amplitudes
have been used such as the purely spin-longitudinal model and the mixed spin-
longitudina], spin-transverse model.1 The latter is based on r and p exchange with
empirical short-range interaction. In general, however, the NN e NA transition
amplitudes include 16 parity invariant terms,2 not just one or two. Ten of the
16 terms contain rank 2 tensor spin operators. In order to further advance the
theoretical understanding of A excitation reactions in nuclei complete two-body
NN + NA and NA + NA amplitudes are required which are consistent with
nucleon-nucleon (NN ) phenomenology.

The principal results of the present work reported in Ref. 3 were (1) a phe-
nomenological NN 4 NA transition amplitude was obtained which is consistent
with the available two-body data and which is appropriate for use in DWBA cal-
culations of A excitation in nuclei and (2) the importance of the rank 2 tensor
amplitudes was demonstrated.

4-7 at 800 MeV were described using aThe pp - nX inclusive reaction data
partial wave expansion model with a flexible parametrization for the partial wave
transition matrix similar to that used in the phase shift analysis of Ref. 6. The
transition matrix parametrization incorporates phenomenological TN ~ A Breit-
Wigner amplitudes, allows smooth variation of the inelastic phase shift across the 4
excitation region, and includes unitarity constraints. The A excitation continuum
was divided into discrete bins of uniform width 6M.

For the reaction pp ~ np~+ the probable intermediate states are nA++, pA+,
#n+ and NNm non-resonant states. From isospin conservation the 72A++ don~-
inates the pA+ by 9 to 1. The ~r+ and NNr states are only important at
lower energies. Neutron production via the reaction pp ~ nA++ + n(pn+)
[pp + pA+ e p(n~+)] is referred to as the ‘direct” [“decay”] channel. For pur-
poses of studying A excitation in nuclei the direct channel is preferred as in the
(p, n’) and (3He,t) ,charge exchange reactions. For this analysis the choice of kine-
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matics and the selection of the outgoing neutron inclusive channel greatly enhance
the dominance of the nA++ intermediate state, i.e. the direct channel; only the
72A++ state was considered in the present work.

The spin projection transition amplitude is given by

J ~~J _(LiOsi.rnl + w lJ,ml + m,)‘,NYa (0, d) = I, ~ A, ~ i“-’tit,m2 .ml7112
L,S,

x(s1m1szm21Si, m1 + mz)(L,ML,S.m~ + m~l J,ml + m2)

where n labels the outgoing A’A channel corresponding to the a~” A-mass bin.
(0, d) are the polar and azimuthal neutron scattering angles. ml and mz are the
spin projections (+1 /2) along the z-axis (incident beam direction) for the projectile .
and target nucleons, m; and m; are the corresponding spin projection quantum
numbers for the outgoing particles (i. e., +1/2 for nucleons. +1/2 and +3/2 for
~),M’=ml+mz–m~–m~, Li and Si (L and S) are the orbital and total
spin angular momentum quantum numbers in the initial (final) state, and J is the.
total angular momentum: Isospin factor lj
this equation for pp -+ nA++ are given by

Ij = -6/2

and antisymmetrization factor AJ in

Al = [1 - (-l) L’+s’+q/fi , (6.18)

where Ii is the NN isospin in the initial state. The factor ~ki~j/k~~i accounts -
for the reduction in particle velocity in the final outgoing state due to internal
excitations.

Following Shypit et aLGthe C-matrix for inelastic transitions was parametrized
as (suppressing quantum numbers)

r(Ma)&h(Ma)k;L
CNIV,. = IV

~ ~i(*+~NN+~Nb)

[(it4A - Map+ r(kfa)’/4]5
(6.19)

~) = tan-]
(::”::Q) 7

(6.20)

where MA and r are the resonance mass and width obtained from analysis of r + N
scattering, 6M is the finite bin width for the discretized A excitation continuum,
MO is the 4 invariant mass for the o~~ bin, 6~N is the NN elastic channel phase
shift, N is a normalization constant constrained by unitarity. 6NA is the empirical
phase shift to be determined, and h(kfa) is a smooth, empirical function given by

h(Ma) = 1 + a(~m – MO) (6.21)
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with parameters a and Mo. The latter function was needed in order to optimize
the fit to the excitation function data. The empirical 6NA was allowed to vary
across the A region according to

6N~ = ANA+ BNA($ – z/2) (6.22)

where ANA and BNA are independent parameters.
The normalization constant N was determined by requiring

for uncoupled Arh’ states and

for NIV tensor coupled states. The summation ~~ includes the full A excitation
region but excludes the NN elastic channel. Variables ~ and ~ are the NN in-
elasticity and complex mixing angle and the + signs refer to :VN channels with
L= J&l.

It is advantageous to represent the scattering matrix in terms of a sum of
bilinear products of spin transition operators. For NA7 ~ NA this is given by:

f = FONSN + Fo,qqTqq+ FO,NNTNN + FO,qQTqQ

+FNNCTNSN + FN,qqONTqq + FN,NNONTNN + FN,&WN&j

+Fqq~qsq + Fq@q&j + Fq,qwqTqrv + Fq,NQ~qT’Q

~~QqfJQSq ~ FQQCTQSQ~ ~Q,qIWQTqIV + FQ,NQUQTNQ. (6.25)

where g is in the direction of the momentum transfer, N is normal to the scattering
plane and Q is orthogonal to both. The spin operators a, S and T correspond to
,? = 1 vector transitions for spin 1/2 to 1/2, S = 1 vector transitions for spin
1/2 to 3/2, and S = 2 tensor transitions for spin 1/2 to 3/2, respectively. These
163 amplitudes can be obtained from linear combinations of the spin projection
transition amplitudes.

The parameters of the model include MA, r, a, Mo, and the phase shift param-
eters ANA and BNA. The parameters of the TN ~ A Breit-Wigner amplitude,
MA and r were fixed throughout the analysis. The NN elastic phase shifts and
inelasticities were taken from the SP89 solution of Arndt. The latter quantities
determine the predicted total reaction cross section for pp + nA++ which over-
estimates the measured pp ~ nA++ total reaction cross section as expected since
the NN inelasticities account for all inelastic processes including the pA+ channel
and the. nonresonant pion production channels. To correct for this the calculated
transition amplitude was reduced overall by a factor of 0.9 in order to reproduce
the experimental pp + nA++ total reaction cross section of 13.3 mb (Ref. 5).
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The best fits to the 800 MeV differential cross section, analyzing power, polar-
ization transfer and spin correlation data4-7 are shown in Figs. I-4 and the final
parameter values are listed in Table XI. The fits shown represent the best overall
compromisefor theentiredata set which could be achieved with the present model.
Each setofdata issemi-quantitatively reproduced bythe model although in some
cases deficiencies are apparent.

Seven of the 16 parity invariant amplitudes are nonvanishing at zero degrees.
These include the three vector amplitudes 3NN, %!q and 3QQ where at 0° fiQQ =
3,1”~ and the four tensor amplitudes 30,~~. rO.NN, 3N,~Q, and .TQ,~Jvwhere at 0°
~N.~Q = –.FQ,~N. The absolute values of the vector amplitudes ~QQ and 3~~ at
0° are shown in the upper half of Fig. 5 over the mass range of the A excitation
region by the solid and dashed lines. respectively. Similarly the magnitudes of
the 0° tensor amplitudes ~o,~g, 70,N~. and 7Q,~N are shown in the lower half of
Fig. 5 by the solid, dashed, and dashed-dotted curves, respectively. The main
point t-o notice is that the tensor amplitudes are comparable to or larger than the
vector amplitudes. The tensor amplitudes make substantial contributions to the
observable.

The transition amplitude obtained here provides the first complete phenomeno-
logical iVN’ ~ NA input needed in theoretical calculations of nucleon and light
ion induced A excitation on nuclear targets.
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Figure Captions

Figure /: Inclusive and integrated exclusive pp ~ nX data (Refs. 4 and 7)
and pp + nA++ results from the present- partial wave expansion model (solid
curves) for differential cross sect ions in the NN c.m. for the following cases: part
(a) ~u/dMedfl at 6 = OO;part (b) dc/dM*, neutron scattering angles integrated
from 60” to 120°; part (c) dc/dMa, neutron scattering angles integrated from 120°
to 180°; part (d) da/dO, mass of recoil system integrated over full A excitation
region.

Figure !.?:Integrated exclusive pp + 71X data (Refs. 6 and 7) and pp + 71A++

results from the present partial wave expansion model (solid curves) for analyzing
powers in the NN cm. for the following cases: part (a) AY(M= ), neutron scattering
angles integrated from 0° to 180°; part (b) AY(0), mass of recoil system integrated
over full A excitation region; part (c) AV(8), mass of recoil system integrated over
A excitation region from 1180 to 1280 MeV; part (d) AY(0), mass of recoil system
integrated over A excitation region from 1180 to 1220 MeV; part (c) .4Y(0), mass
of recoil system integrated over A excitation region from 1220 to 1260 LleV.

Figure 3: Inclusive pp + nX data from Ref. 4 and pp ~ nA++ results from the
present partial wave expansion model (solid curves) for the polarization transfer
observable DNN (upper half) and DLL (lower half) at 0° neutron scattering angle.

Figure 4: Integrated exclusive pp + nX data from Ref. 6 and pp + nA++
results from the present partial wave expansion model (solid curves) for tbe spin
correlation observable AsL as a function of Ma (upper half) with integration over
all neutron scattering angles and as a function of 8 (lower half) with integration
over the full A excitation region.

Figure 5: Absolute magnitudes of calculated 800 MeV pp + nA++ transition
amplitudes at OO. Upper haZjlvector amplitudes XNN = 7QQ (solid line) and 3qq
(dashed line). Lower hafi tensor amplitudes 3.,,, (solid line), 3i0.NN(dashed line),
and FQ,~N = –~N,~Q (dashed-dotted line).
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Table XI: A’IV + A’A isospin 1 partial wave couplings and best fit parameters
for 800 MeV. other parameter values are: MA = 1231 MeV, I’ from r~ 4 A
analysis, a = 0.01376 MeV-l, and A40= 1174.6 MeV.

Iviv .VA’ ANA [deg) BNA

3P0 3P() 81.9 -0.096
3P1 3P1, ‘PI 116.5, 5.17 :3.32.-1.38
1D~ 5SZ.3D2, 5D2 116.3, 90.0, 63.1 0.034, 1.35, 0.245
3P2 3P~, 5P2 15.6, 108.6 1.02, -1.1:3
SF2 3P~, 5P~ 0,06 0, 06
3F3 5P3 -o.3q -0.57
‘G4 5D4 20.7 0.336
3F4 3F4 19.7 -0.055
3H4 3F4 06 Ob
3H5 3F5 135.1 -0.326
116 5G~ 191.:3 -0.361

3H6 3Hfj 32.’i -0.46
3J6 3H6 Ob Ob

“All other 1=1 Nhr channelswereneglected;v(ISO)= 1.0in SP89solution. Other possible
NA channelswereomitted.

bFixed
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6.7 Effective Chiral Lagrangians
Interaction

for the Nucleon-Nucleon

During the past two years we have collaborated with Dr. Carlos Ordonez and
Mr. ~J. van Kolck (Weinberg group, [University of Texas) in the study of effective
chiral Lagrangians for the NN system. While it is generally accepted that QCD is
the theory of the strong interaction, it has not been shown how the nuclear force
between two nucleons emerges from this fundamental interaction.

To address this problem Weinberg’*2 recent 1y proposed (and Ordonez and van
Kolck have extended, Ref. 3) a systematic approximation scheme based on chiral
perturbation theory for pions and non-relativistic nucleons. Tile description is
in terms of an effective Lagrangian which incorporates the symmetries of QCD,
in particular chiral symmetry. In this approach the fundamental quark and gluon
fields of QCD are projected onto the hadronic fields where the higher mass hadronic
degrees of freedom are “integrated out” of the fundamental Lagrangian, resulting
in an effective Lagrangian. The effects of the higher mass mesons and baryons
(except the A(3,3) isobar) are subsumed in the contact interactions. This approach
provides the most general Lagrangian for a system of low-momentum pions and
nucleons which is consistent with the symmetries of QCD. This approach is a
priori model independent and is consistent with chiral symmetry. These are the
new features which make this approach to the NN interaction problem unique.

The interaction part of this effective Lagrangian can be expanded in powers of

(Q/~) where Q represents the largest particle momentum considered in the prob-
lem and M is a characteristic QCD mass scale (of order of the p meson nm.ss). By
the method of “power counting” 1S2(essentially dimensional analysis) the effective.
Lagrangian can be systematically expanded for low energies.

At this stage our mode] is not intended to provide a description of NN plR-
nomenology which is superior to others (e.g. Bonn, Paris, Nijmegen, etc.). Rather,
our purpose is to first demonstrate the phenomenological capability of the approach
by seeing how well the model is able to describe low energy NN data, including
deuteron properties, and then study those components of the NN interaction which
follow from the symmetries of QCD with respect to their effects on two-body scat-
tering. “

The. lowest order effective Lagrangian in this theory ii2

+s(mv)(fwv) – ;cT(fvaq . (NW) (fj.~q

where F represents the isospin dependent pion vector field. A’ is the nucleon field,
gA is the axial coupling constant, ~’ ~ 190 MeV is the pion decay amplitude, ~is
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thenucleon iso.spinoperator, D = 1+ i7z/F~, and CS and CT are free parameters
represent ing the effects of higher order degrees of freedom (heavy mesons). Deriva-
tives of the pion field and space-like derivatives of the nucleon field are of order
Q and at low momentum enable expansions in powers of (Q/h4). On the other
hand, the time-like derivatives of the nucleon field are of order mN (nucleon mass)
aud hence are not small. Weinberg has shown that the equation of motion for
the nucleon field can be used to eliminate the doiV terms,2 resulting in interaction
terms which can be combined with those already present in L(o).

Ordonez and van Kolck3 extended Weinberg’s original work to include higher
order (through order (Q/Jf)3 ) terms in the power counting expansion of the NN
interaction. The next two orders in the expansion of the Lagrangian are:3

(6.28)

where 13i, Di, Ei. A: and C; are undetermined parameters and . . . represents
other four-nucleon terms. Terms including the A are also included. The above
interaction terms include derivative couplings, l-loop diagrams, and A( 1232 MeV)
intermediate states.

Including terms through order (Q/A4)3 was sufficient for the essential elements
of the low energy NN interaction to emerge from the theory. In its present form
the model accounts for one-pion exchange (OPE) in the static limit plus non-static
(recoil) corrections through order (Q/A4)2, two-pion exchange of the Brueckner -
Watson type.4 order (Q/A4 )3 corrections, Brueckner - Watson graphs with one
4 and with two As. iterated Born graphs with one and two As. static and non-
static (through order (Q/A4)2 ) contact terms, and a series of new terms which
follow from chiral symmetry. These latter terms are represented by the diagrams
in Fig. 1. The model thus includes the usual long-range OPE potential, mid-range
two-pion exchange, and short-range (contact) phenomenological terms.

The NN interaction was Fourier transformed into coordinate space where it
contains local terms as well as non-local derivative (~/~r) terms through second-
order. The spin structure of the potential includes the usual 61.52. Slz, and .!?. ~
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operators along with several other parity invariant spin operators. It is also isospin
dependent. At present the model includes a total of 70 individual spin, isospin,
and derivative terms accumulated from the various diagrams. The model contains
a total of 26 parameters for both isospin channels O and 1.

The non-local character of the potential required extensive modification of the
NN scattering code which we have previously used to analyze NN phase shifts to
1 GeV.5 The NN data fitted here include the. Arndt energy dependent phase shifts
at 10, 25, 50 and 100 MeV along with the deuteron binding energy, magnetic
moment and electric quadruple moment. The parameters of the model were
varied over a genera] grid to determine the rough location of the minimum in I~ IQ.
Following this the fits were optimized using the downhill simplex method. The
best fits to the Arndt phase shifts are shown in Figs. 2 and 3, the calculated
deuterou parameters are given in Table XII and the values of the 26 parameters.
which are related to those shown in the expressions for Z(o), C(*I and L’(ZIabove,
are listed in Table XIII.
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Figure Captions

Figure 1: New one-loop NN diagrams which arise in the NN interaction from
the effective chiral Lagrangian.

Figure 2: Best fits to the isospin O NN phase shifts of Arndt.

Figure 3: Best fits to the isospin 1 NN phase shifts of Arndt.
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Table XII: Deuteron properties obtained in the present chiral symmetry model.

Quantity Chiral Model Experiment [_Jnjts
Value

Binding Energy 2.18 2.22462 + 0.00006 MeY
Magnetic Moment 0.8514 0.85735 * 0.00003 nm

Quadruple Moment ().~~1 0.278 + 0.008 fm2
Percent d-state 4.97

Asymptotic d-to-s-state ratio o.-JQ39~

Table XIII: Parameters of the NN chiral symmetry model.

Parameter Value Units
1.~p~

~.030

191.8
-0.02697
0.04785
2.633
6.575
13.60
859.8
-204.0

197.5
0.02605
-98.87

-0.001107

3.183

84.09

0.004468

100.4

-516.9

117.1

0.02398

-9.064

0.003311

-1.369

3:3.39

MeV

MeV fm3
MeV fm3
MeV fms

MeV-l fm3
MeV fms

MeV-’ fm3
fm4

MeV fms
MeV-l fm3

MeV fm3
MeV fm3
MeV fm5

MeV-l fm3
Mel’ fms

MeV-] fm3
fm4

MeV fm5
C7* 0.009613 MeV-1fm3
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6.8 Dirac Coupled Channel Calculations for Proton Elastic
and Inelastic Scattering at Medium Energies

Coupled channel calculations for proton-nucleus elastic and inelastic scattering
were done using the Dirac equation formalism in collaboration with Ohio State
LJniversity and IBM.l The cases considered included ‘°Ca, ‘Zr and 208Pb at 362.
500 and 800 MeV. Both phenornenological and RIA2 forms for the diagonal and
coupling potentials were assumed in order to describe the elastic scattering data
and the inelastic transition data to low-lying collective states. The latter were
described using the collective vibrational model. The RIA diagonal and transition
potentials were obtained by folding the relativistic invariant NN amplitudes with
the relativistic mean field scalar and vector densities and their first derivatives.
respectively. The strengths of the scalar and vector transition potentials were
freely adjusted to fit the inelastic data. The Dirac coupled channel equations3 were
solved numerically using the code ECIS4 which employs the sequential iteration
method. The results were checked using the code CENITH5 which solves the
coupled equations exactly.

The elastic scattering results are shown in Figs. 1-3 for the following cases: s-g
40Ca at 362 MeV, 40Ca at 500 MeV, and 20aPb at 800 MeV. At 362 MeV the
RIA model is not adequate. Adjusting the strengths of the real and imaginary
parts of the scalar and vector potentials permits much improved description of
the data (dashed lines in Fig. 1) while the relativistic potential model of Mur-
dock and Horowitz 10also produces satisfactory results. For the 500 and 800 MeV
cases including multistep contributions to the elastic channel results in significant
improvement in the large angle scattering predictions as seen by comparing the
dashed curves (no channel coupling) with the solid curves (with channel coupling).
Finally a representative sample of the many inelastic scattering calculations per-
formed in this work is shown in Fig. 4 for 40Ca(p, p’) at 500 MeV for the first
13-, 2+ and 5- states. 11 In general all the differential cross section data were very
well fit by the RIA model and the analyzing power data (at 500 MeV) were very
well described at forward angles. Multistep processes are not important for the
inelastic transitions studied here as expected.
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Figure Captions

Figure 1: Large angle proton elastic scattering data and predictions for40Ca
at 362 MeV. The dashed and dotted lines correspond to predictions made with
adjusted and unadjusted RIA potentials, respectively, while the solid curves corre-
spond to the relativistic Murdock - Horowitz potential. The data are from Ref. 6.

Figure 2: Large angle proton elastic scattering data and predictions for 40Ca at
!500MeV. The solid and dashed lines correspond to Dirac - RIA predictions with
and without coupling to the 3- state. The data are from Refs. 7 and 8.

Figure 3: Large angle proton elastic scattering data and predictions for ‘08Pb
at 800 MeV. The solid and dashed lines correspond to Dirac - RIA predictions
with and without coupling to the ;3- state. The data are from Ref. 9.

Figure 4: Cross sections and analyzing powers for inelastic transitions to the
first 3-, 2+, and 5- states in 40Ca for 500 MeV incident protons. Solid curves
represent the Dirac coupled channels RIA collective model fits. Data are from
Ref. 11.
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