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MEDIUM ENERGY MEASUREMENTS OF N-N PARAMETERS

I. Overview

This progress report requests continued support for the Medium-Energy nucleon-
nucleon (N-N) physics program of the University of Texas at Austin, the major part of
which involves research done at the Nucleon Physics Laboratory (NPL) at the Los Alamos
Meson Physics Facility (LAMPF). Other research has been and will be continued to be
carried out at BNL. We are also analyzing data from a TRIUMF experiment in which we
participated, but we have no further plans for experimental work at TRIUMF. Our
Progress Report will describe work done during 1991, and will focus on problems that
we face with existing experiments, or on experiments in which we hope to participate in the
coming year.

Broadly speaking, the aim of the N-N experimental program is the determination of
the nucleon-nucleon amplitudes at medium energies. The required data include both elastic
and inelastic experiments, and in addition the measurement of polarization and polarization
transfer parameters. The experiments at BNL are not nucleon-nucleon experiments, and
we will discuss them later.

Our LAMPF nucleon-nucleon measurements have consisted of the following
measurements:

(1) p-p elastic absolute cross section measurements (E1072), with the goal of measuring
the p-p differential cross section at LAMPF energies to an absolute accuracy of 1%. The
experimental measurements were carried out during the summer of 1988. Analysis has
required careful evaluation of detector efficiencies, backgrounds, and a thorough study of
beam attenuation in the target and surrounding materials. Data analyses are now nearly
complete.

(2) Spin transfer measurements in np elastic scattering (E876). This experiment is being
carried out in two phases. Phase 1 consists of the measurement of the four spin-transfer
observables KLL, KSS, KSL and KLS at 500, 650, and 800 MeV. In Phase 2 the
observable KNN will be measured at the three energies. At the present time we have
completed Phase 1. The 800 MeV data, and their analyses, are described in a paper
accepted for publication in Physical Review C, December, 1991. The 500 and 650 MeV
data have been analyzed, and will be submitted for publication in a later manuscript. The
data are proving invaluable in f'Lxingthe isospin 0 phase shifts and amplitudes.

In addition, our measurements of the neutron beam polarization for E876 uncovered
a significant disagreement with our previous measurements of KLL(d) at 800 MeV,
suggesting that our previous LAMPF np elastic analyzing power data should be
renormalized. Consequently, we wrote and submitted a new proposal, (E1234), " KLL
and P for np Elastic Scattering." These measurements were also carded out during the
summer of 1991, and the data have been analyzed.

(3) n-p inelastic polarization measurements (E1097), "Single Pion Production in np
Scattering," designed to measure the cross section and analyzing powers for the reaction
np--->pp_". Crucial to this experiment is a cylindrical drift chamber which will surround the
target, and much of our present efforts are revolved with the testing and development of
this chamber. We carried out preliminary testing of our chamber and its associated
electronics at LAMPF during the summer of 1991, and expect to complete this work during
1992. Phase I running, which will employ an unpolarized liquid hydrogen target, will be
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carded out during the summer of 1993, and phase II running, using a polarized (frozen
spin) target, in 1994.

During the past three years we have been involved in a neutron-proton inelastic
scattering experiment at TRIUMF (E372) "Single Pion Production in np Scattering,"
designed, as LAMPF experiment 1097, to measure the cross section and analyzing powers
for the reaction np---_ppn-. This experiment measures the same quantities as will E1097,
Phase I, at the higher LAMPF energies. Our data taking runs for E372 were carried out
during September, 1990, and February, 1991. The data are now being analyzed here at the
University of Texas by Mark Bachman, whose Ph. D. dissertation will be based on the
data and its analyses.

We are also participating in an experiment at Brookhaven National Laboratory,
"Study of Very Rare KL° Decays," (BNL 791). Data taking for this experiment is now
completed, and analysis is underway. In addition, a proposal for a new generation rare-
decay measurement has been approved (BNL 871), and we plan to participate in this new
experiment during the next few years.

In the following section we describe in more detail recent progress on three LAMPF
experiments, E876, E1097, and E1234, one TRIUMF experiment, E372, and on the BNL
experiments, E791 and E871.
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II. PROGRESS ON RESEARCH PROJECTS

A. LAMPF E876, Spin Transfer Measurements in np Elastic Scattering

A major goal at LAMPF has been to determine the nucleon-nucleon isospin-zero
(NN I =0) phase shifts and amplitudes near 800 MeV. During the summer of 1990 we
measured four isospin-transfer observables which, when combined with previous spin
dependent data near 800 MeV, lead to stable solutions. As recently as 1988 Arndt1 stated
that above 500 MeV the NN I--0 phase shifts were "essentially undefined". Bugg 2 pointed
out that the spin transfer observables KLL, KSS, and KNN were needed to establish stable,
well determined solutions. Since our experimental method measures KLS simultaneously
with KLL and KSL simultaneously with KSS, we measured these four observables. This
over determination also allows some cross-checking of possible systematic errors.

Spinka 3 has shown that by taking advantage of the symmetries of the amplitudes
about 90* c.m. it is possible to solve for the amplitudes up to a discrete fourfold ambiguity
using only the cross section, analyzing power, and the four spin correlation parameters.
The addition of two of the spin transfer parameters reported here, KLL and KLS,
completely determines the five complex scattering amplitudes. When KSS and KSL are
included then the amplitudes are over-determined for the first time.

Nucleon-nucleon data bases and phase shift analyses axe maintained by Arndt 4,
Bugg 2, Bystricky, Lehar and Leluc 5, and by Hoshizaki 6,7. They report that with the
inclusion of our new 800 MeV data, the phase shift analyses show "an immense
improvement" and are well determined with well behaved error matrices for the Vn'sttime.
Correlations in the error matrix have almost disappeared, and previously reported problems
near 800 MeV 2 have disappeared. Bugg reports a _2 per point of 1.1 for his fits to the new
data.

During the summer of 1991 similar data were taken at 500 and 650 MeV. The
experimental data are currently being compared with phase shift predictions.

The E876 apparatus, shown in figure 1, is essentially the same as had been used in
previous LAMPF experiments 8-1°. Briefly, polarized protons axe focussed onto a liquid
deuterium target and neutrons, polarized by spin transfer, axe collimated at zero degrees and
directed onto a 15 liter liquid hydrogen target (the largest ever used at LAMPF). Scattered
neutrons are detected in a large high-efficiency neutron detector. Recoil protons are
detected in the Scylla spectrometer, which serves a dual purpose: 1) to measure the
momentum and 2) to precess the recoil protons from L-spin to N-spin. Finally, the proton
spin is analyzed in the Janus polarimeter.
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Figure 1: E876 detector system

Extensive experience with the Scylla spectrometer and the Janus polarimeter in prior
experiments enabled us to analyze some of the data on-line. The 800 MeV results are
shown in figure 2. The lines solid lines are the new phase shift predictions of Bugg. The
dotted lines indicates the older (1989) Arndt predictions. The 485 and 635 MeV data are
shown respectively in Figure 3(a) and 3(b). Several conclusions can be drawn:

1. These new data are internally consistent. For example, the center of mass relation 1°
Ksl=-Kls, where the _ have been transformed to the center of mass, checks out well.

2. The data are in excellent agreement with new phase shift solutions by Arndt, Bugg,
Leluc and Lehar. They report that with the inclusion of these new data the solutions are
well determined with a we ii behaved error matrix for the first time near 800 MeV.

2I,. The relationship KLL*KLL+KLS*KLS<!.0 places an upper limit on the polarization
of the neutron beam. This same neutroa beam has been used in ali previous np
measurements at LAMPF. If we use the Chalmers11 calibration of the neutron polarization,
then our measurements would imply that KLL*KLL+KLS*KLS = 1.15_+0.03. The
implication is that the previous data will need to be normalized by 15%.

This renormalization is confLrrned by our independent re-calibration of the neutron
beam polarization. Using the same apparatus described above but with deuterium in both
the primary and secondary targets (here the secondary target was a 3-1iter target), and with
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the spectrometer at zero degrees, we measured the square of the spin transfer coefficient
from deuterium. From the polarization of the protons incident on the LD2 neutron
production target, we deduce KLL without needing to know the (n,p) analyzing power.
The preliminary value for KLL=0.68-+0.03, which compares with Chalmers 8 value of
0.60+0.05 and with Riley's 12 value of 0.64_+0.05. We have used the value of
KLL=0.68+0.03 for our on-line calculations of polarization transfer values. The
implication is that previous data which used the Chalmers's value of 0.60 should be
normalized by a factor of 1.13. This renormalization is also consistent with the 13%
renormalization predicted by Bugg 2.

In summary, the measurements of the four spin-transfer observables KLL, KSS,
KSL, and KLS at 500, 650, and 800 MeV have been completed successfully. In 1992 we
plan to complete E876, measuring the observables KNN and P at 640, 725, and 800 MeV.

1 R. A. Arndt, et al., Phys. Rev. D35, 128, (1987).
2 D. V. Bugg, Phys. Rev. C41, 2708, (1990).
3 H. Spinka, Phys. Rev. D30, 1461,(1984)
4 R. A. Arndt, Phys. Rev. D37, 2665, (1988).
5 j. Bystricky, C. Leluc, and F. Lehar, J. Phys. 48, 199, (1987).
6 N. Hoshizaki, Prog. Theor. Phys. 60, 1796 (1978)
7 N. Hoshizaki et al., Proc. of Workshop on expts by KEK Pol. Prot. and Electron Beams

(KEK, Ibaraki, Japan, Oct. 1988).
8 R. Ransome et al. ,NIM 201,309, (1982).
9 M. W. McNaughton et al., Phys. Rev. C41, 2809, (1990).
10 C. L. Hollas et al., Phys. Rev. C30, 1251, (1984).
11 j. S. Chalmers et al., Phys. Letters 153B, 235, (1985).
12 p. j. Riley, et al., Physics Letters 103B, 313, (1981).
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B. LAMPF EXPERIMENT 1234, KLL and P for np Elastic Scattering

Polarized neutrons for np elastic experiments at LAMPF are produced by directing
the primary polarized-proton beam onto a liquid deuterium (LD2) target and collimating the
neutrons at a laboratory scattering angle of zero (180 ° c.m.) The neutron beam is polarized
via the L-to-L spin-transfer observable KLL for the d(p,n) reaction. Thus measurements of
KLL affects the normalization of all polarized np experiments that have used this facility in
the BR neutron channel at LAMPF. The disagreement that we discussed above at 800
MeV between our 1990 measurement and previous measurements opens the question of
renormalizing previous data.

KLL was measured by double-scattering from two liquid deuterium targets (LD2).
The first LD2 target produced polarized neutrons near zero scattering angle via d(p,n) with
polarization Pn = PbK. The second LD2 target produced polarized protons near zero
scattering angle via cl(n,p) with polarization Pp= PnKLL'. By charge symmetry KLL=KLL'
so that Pp= PI)KLL z. By measuring Pb and-Pp we deduce KLL. Measurements were
carried out at nominal neutron energies (+3 MeV) of 305, 485, 635,722, and 788 MeV.
The results are listed in table 1.

Table 1: ]_,LL for d(p,n) at zero neutron angle (180" c.m.).
The total uncertainty includes statistics, 0.003 uncertainty from the shape of
the angular distribution, and 1.4% normalization uncertainty.

ENERGY (MEV) KLL _+STAT +TOTAL
305 -0.409 0.008 0.010
484 -0.577 0.007 0.011
634 -0.685 0.007 0.012
722 -0.716 0.008 0.013
788 -0.720 0.014 0.017

The results disagree with the previous measurements of Riley et al. 1, and Chalmers
et al.2. However, both these earlier measurements share a common systematic uncertainty
of 7% resulting from the np-elastic analyzing power to which both of theses results were
normalized. The disagreement with these earlier data suggests that the np-elastic analyzing
power data should be re-normalized.

1 p. j. Riley, et al., Physics Letters 103B, 313, (1981).
2 j. S. Chalmers et al., Phys. Letters 153B, 235, (1985).
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C. TRIUMF Experiment 372, Single Pion Production in np Scattering

The purpose of TRIUMF experiment E372 is to measure the differential cross
section and analyzing powers Ax, Ay, and Az for the reaction np---)ppn" at 438 MeV. This
reaction is important for two reasons: (i) the A_ resonance which dominates most of the
NN---_NN_ reactions is not present, and (ii) both isospin I = 0 and I = 1 channels are open.
The measurements should therefore help us to understand the role of nonresonant
amplitudes in pion production. Almost ali modern theoretical studies of the NN-NNn
reactions are based on the formalism of Aaron, Amado and "Young (AAY) 1. The AAY
formalism can be made relativistically covariant; it preserves 2- and 3-body unitarity, and
has the proper clustering properties. On the other hand, the theory does not properly
respect the chirality of the nN interaction, lt also excludes some diagrams that may be
important, notably the crossed diagrams for pion absorption in the P11 and P33 channels.
lt has been assumed that sufficiently far above threshold these approximations would
introduce little error. However, it is found that even in cases such as pp---_npn+ where one
isobar dominates the reaction that there is a large model dependence due to uncertainties in
the P11Nn interaction. The agreement between experiment and the standard formalisms,
such as those of Dubach, Kloet and Silbar 2, of Matsuyama and Lee, 3 of Blankleider et al,4
and of Afnan et al5 is not satisfactory. In addition, while fits may work at one energy, they
may be seriously in error in the same observable at another energy. Dubach, Kloet, and
Silbar have suggested that the isospin I - 0 amplitudes (which necessarily do not involve
the A resonance at all) are as important in determining some spin observables as are the A-
dominated I=1 amplitudes. Data are required both above and below the P33 resonance.
Below the resonance (TRIUMF E372), the S-wave is relatively more important, while
above the resonance, (LAMPF E1097) we expect to see the effects of interfering I---0and
I=1 contributions. The Saturne group under Y. Terrien has recently obtained data for
np---)pp_- at 650 MeV. We hope that the data from the three experiments will have a major
impact on our understanding of the NN-NNn system at medium energies.

TRIUMF E372 uses an intense polarized neutron beam which is directed by means
of a collimator on to a liquid hydrogen target. The trajectories of the two protons are
measured in a detector which sits directly downstream of the hydrogen target. Knowing
the proton trajectories and the energy of the neutron beam, we can reconstruct the
kinematics for each pp_ event. From this information, we bin our data to extract the
observables and compare to theoretical models.

Figure 4 illustrates the main components of the E372 detector. The basic triggering
elements are the start scintillator S 1 and the stop scintillator bars $2. The kinematics of the
ppn reaction are such that no proton may leave the LH2 target at an angle of greater than
45". The scintillator array ($2) contains 18 scintillator bars, each 200 x 3 x 10.2 cm 3, with
the axis of the cylinder horizontal and passing through the LH2 target. These bars are
mounted 120 cm from the LH2 target and have almost full acceptance for all ppn- protons at
an incident neutron energy of 438 MeV. Since at least two charged particles are detected in
the ppn events, and since no other neutron-proton reaction can produce two charged
particles, we use the basic criterion that two $2 bars fire for our trigger. The $2 array also
acts as a spectrometer since we calculate the momenta of the protons from their times of
flight between the start scintillator and the bars. Between the scintillators and target are two
large multiwire drift chambers, each containing six coordinate planes (x,y,u) to track the
final state particles. We also use multiwire proportional wire eharnbers on the left and right
sides of the target to detect pions which happen to scatter at large angles. In addition to
these major components, we include a veto scintillator to veto charged particles in the
neutron beam, a neutron profile monitor behind the assembly to monitor the beam position,
calibration scintillators along the beam axis to calibrate the true center of our coordinate



• i

Riley - DOE Progress 1991: Page 10

system, "button" scintillators at precise positions along the backs of the scintillator bars for
timing calibrations, and two neutron polarimeters before and after our precessing magnets.

MWDCs, six
planes each Scintillator bar array

S2 (18 bars)
Liquid hydrogen J

target

neu_o!a..be..a_." .... _ neutron beam

veto scintillator / /TOF start neutron prof'de monitor
scintillator S 1 and polarirneter

Figure 4: Schematic diagram of E372 detector

Our first successful E372 data-taking period was from September 7 - September
21, 1990. The experiment was run with the neutron beam polarized successively in the N,
L, and S directions. Data were also collected with the target empty. The incident neutron
energy was 438 MeV, and polarized proton currents were on the order of 400-450 nA,
limited mainly by deadtime considerations. The proton polarization was approximately
40%, which although less than hoped for, is adequate for the experiment. During this run,
the new intense optically pumped ion source (14) was used for the first time in an
experiment at TRIUMF. The phase restricted cyclotron tune and fast timing used to
monitor the proton beam time structure also worked weil. We were able to collect a total of
36 million events during the run. The data are written to an Exabyte 8mrn tape, and stored
on VCR tapes. We also took data in the period February 20-March 6, 1991; during this
period we obtained about 50 million events. After this last run we brought copies of the
raw data on 8 mm tapes in case we might need to do the full analysis at Texas.

Data are under analysis at the University of Manitoba and at the University of
Texas. The process can be broken up into two general stages. In the f'trst stage, we
decode the data from tape and extract the trajectories from the wire chambers ("tracking").
In the second stage we extract the kinematics from the trajectories ("event reconstruction").
Initially we had decided that tracking would be carried out at the University of Manitoba,
and that event reconstruction would be done at the University of Texas using "skim tapes"
passed from Manitoba to Texas. However, our first attempts, in December, 1990, at event
reconstruction using skim tapes from the University of Manitoba revealed unexpected
problems with vertex reconstruction and with the reconstructed kinematic variables,
especially with 2-track events (events with only two charged particles in the detector). In
February we carried out a careful study of expected background rates, the most important
of which are two-track n(n)---)npg" events from the target flask walls. By April we began
writing our own tracking codes here at Texas, and found that a prototype tracking code,
although slow, produced much better u'acking residuals than those deduced from the
Manitoba skim tapes. We therefore continued development of our own tracking routine to
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allow us to analyze E372 data independently from the University of Manitoba. This
program was completed early in the summer of 1991.

Our tracking program uses large look-up tables (.--1Mbyte) which are read in at the
beginning of an analysis session. Using these tables, it is capable of doing a fast "brute
force" fitting of data, checking every physically acceptable combination of wire cells from
each event. The tracker seems to have an efficiency of up to 95%, but is relatively slow,
taking about 1 second per event on a VAXstation 3100.

Using the tracker, we began careful recalibrations of the drift times. It became clear
that the technique of integrating the drift time histograms to determine the drift distances
was unsatisfactory, so we began an approach of successive iterations to the drift time
functions. By "bootstrapping" from an initial guess drift function, and matching results
with the tracking, we were able to converge on the proper drift functions for the 12 wire
planes. This technique took about 4 iterations over the same data and resulted in 48 cubic
polynomials (12 planes x 4 angle bins x 4 coefficients = 192 calibration constants) which
determined the drift distance from the drift time for each wire in the drift chambers. By the
end of June, using these drift time calibrations, we obtained tracking residuals of 0.6mm
and very good vertex reconstruction, as is indicated in Figure 5. With good vertex
reconstruction it became immediately clear why we had so many 2-track events which
would not reconstruct: the S1 scintillator was an impressive source of background. In fact,
vertex reconstruction (Figure 6) reveals that over 85% of our taped data came from
background sources.

With a successful tracker and a way of rejecting much of our background (vertex
cut), we returned to the task of kinematic event reconstruction. Three track events, which
require only knowledge of angles, reconstructed well and produced believable kinematic
plots. Two track events were harder because they require precise knowledge of the times-
of-flight. Using np elastic calibration data, we calibrated the TOFs and used these
calibrations to reconstruct np--oppTr-events. The reconstructed 2-track events had poorer
X2 than we would have liked, and there was still much n(n)---_np_- background. This
background is difficult to reject because there are corrections which must be made to the
TOF to account for such things as energy loss in the LH2 target, and timing offsets due to
the fact that the S 1 start scintillator detects two charged particles rather than one. We spent
the latter half of summer studying these corrections, using Monte Carlo and transport
routines to simulate the processes which affect our measurements.

By August, it became clear that we could not get the 2-track events satisfactorily
unless we could more precisely determine the TOFs and use the ADC (dE/dx) information
from the scintillator bars. We studied the TOF in more detail and began ADC calibrations
using np elastic and Bethe-Bloch predictions for dE/dx in the NE 102 bars. We found a
systematic error of the order of 0.5nsec in the timing of the S1 scintillator. This error arose
because the S1 scintillator is struck by two charged particles within 1 nanosecond of each
other. The rise thrm for the scintillator and PMT is on the order of a nanosecond, so the the
resulting logic pulse coming from the constant fraction discriminator represents the average
time of the two tracks, not the faster of the two as had been previously assumed. Making
this adjustment to the calculations dramatically improved the TOFs. Using the improved
TOFs we were then able to deduce the relationship between the pulse height from the bar
photomultipliers (ADC) and the energy deposited in the bar (dE). This provided more
information about the speed of a particle and its identir (Figure 7).
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Usin_gthe improved TOFs and the ADC---)dE calibrations, we were able to define a
kinematic Z'; as a function of some kinematic parameter, x, for 2-track events:

X2(x ) = (TOF,n,as- TOF(X))2 .(TOF,n,as" TOF(X))2Crro,: + Crro,: '
+(ac,,.,=-ae(x)+ av.fx))2

We then reconstructed 2-track events by minimizing this Z2. The Z2 for np---)ppn- were
good, but remained poor for n(n)--,np=- events. This was expected, since background
n(n)---)np=- events come from bound nucleons in the background material, and thus have
Fermi motion associated with them. We observed a strong correlation between Z2 and
vertex reconstruction. Good Z2 events, corresponding to np---)pp=- events, come mostly
from the central target (I.,H2) region. Poor Zz events, corresponding to n(n)--)np=" data,
have vertices in the target walls and elsewhere (Figure 8). This correlation is direct
evidence that we can identify and separate np_pp=" events from background rather
cleanly, even for 2-track events. Mark Bachman discussed this analysis in a paper he
presented at the APS meeting at Michigan State on October 24, 1991.
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Figure 8: Target vertex reconstruction is correlated to

kinematic Z2. As expected, background events (e.g. target
walls) give poor Z2.

We have taken a preliminary look at some kinematic variables to see the effects of
our detector efficiency on the overall acceptance. Figure 9 (a) and (b) show plots of c.m.
kinetic energies for the two protons, the relative probability of different invariant pp
masses, and the relative probability of cos 0*)t for both two track and three track events.
For three track events the pion must be emitted into the forward angle acceptance of the
drift chambers. We expect to see very few such events with negative cos 0*_tvalues, and
this is observed. For two track events most cos 0*_tvalues should be negative, since if the
pion is emitted forward it should appear as a three track, rather than a two track event. We
do observe an unexpectedly large contribution of two track events with positive cos 0*n
values. We are puzzled by this, but believe that it is primarily due to two track
reconstruction and particle identification errors, and are working to correct them. The left
side of Figure 9 (a) and (b) gives the our detector acceptances predicted by our Monte Carlo
simulations, while the right side of the figure shows our obset_ced acceptances. There is
overall good agreement except for our unexpectedly large observed contribution from two
track events with positive cos 0*:tvalues.
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Two track events
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We now understand most of the nuances in our data and have been successful in
fully analyzing a small subset of our data. We believe we should be able to begin mass
analysis by January 1992. We plan to use an IBM RISC/6000 machine for the bulk of
number crunching in the latter part of the analysis. The experimental raw data were written
using VMS software, and most of the first stage analysis software is VAX specific.
However, the codes needed for the second stage of analysis are more portable and depend
less on the _pecifics of ota"data taking. Thus, we are encouraged to seek the benefits of the
newer RISC architecture. This is especially true since we will want to rebin our data
several times to find the most useful way to present our data, and since we will require
much CPU time to compare with the theoretical models.

We are now responsible for the complete analysis of E372 from the raw data to the
final observables. Although this was not how we originally planned to analyze the data, it
does allow us complete control over the quality of the analysis, even though putting an
undesirable strain on our resources.

1 R. Aaron, R. D. Amado, and J. E. Young, Phys. Rev. 174, 2022, (1968).
2 j. Dubach, W. M. Kloet, and R. R. Silbar, Nucl. Phys. A466, 573, (I987).
3 A. Matsuyama and T.-S.H. Lee, Phys. Rev. C34, 1900, (1986).
4 B. Blankleider and I. R. Afnan, Phys. Rev. C31, 1380, (1985).
5 I. R. Afnan and R. J. McLeod, Phys. Rev. C31, 1821, (1985).
6 A.B. Wicklund, et al., Phys. Rev. D34, 19 (1986)•
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D. LAMPF E1097, Single Pion Production in np Scattering

1. Et097 Overview

In recent years, there has been a _jor effort in both the experimental and
theoretical investigation of the coupled NN-NN_ problem. This set of reactions is one of
the simplest inelastic processes available for study, lt sheds light on the NN and Nn
interactions and is key to understanding pion production in more complex systems. There
are four independent channels available in the NN-NNn reaction. These channels can be
expressed in terms of the total isospin of the initial (I) and final (I') state nucleons (I,I'):
(1,0), (1,1), (0,1), (0,0). The dominant channel for pion production is through the (1,0_
resonance, since the famous A.. (1=3/2, P=3/2) can proceed through this channel. The role
of the non-resonant amplitudes, particularly the channel (0,1) remains elusive. The
reaction np---_ppn- may proceed through the (1,1) and (0,1) channels, which avoid the A..,
making it an ideal reaction for studying the non-resonant contributions to pion production.
The reaction is experimentally accessible, since ali final state particles are charged, allowing
efficient and precise determinati,_n of ali outgoing trajectories.

LAMPF Experiment E 1097 will measure the differential cross section, a, and the
spin observables AN0, AL0, AS0, AOL, ASL, ANL, and ALL for the single pion production
reaction np---_pp_-at neutron beam energies in the range 500-800 MeV. These data should
allow a f'u'st order partial wave analysis of the I = 0 inelastic amplitudes. E 1097 will run in
two separate phases. Phase I, planned for 1993, will use a polarized neutron beam and a
liquid hydrogen target; phase II, expected to run in 1994, will use a polarized hydrogen
(frozen spin) target to enable the spin correlation parameters to be measured. 500 hours
have been approved for Phase I of the experiment and it is our expectation that additional
time will be approved for Phase II after the goals of the fin'st measurement are met. The
Phase I measurements are the same as those of TRIUMF E372 at a lower energy (438
MEV), and many of the E372 collaborators are also participating in E1097. In addition, the
Saturne group under Y. Terrien are studying this reaction, and have measured asymmetries
at several neutron beam energies between 572 and 1134 MeV. The Saturne group uses a
polarized neutron beam but does not plan on using a polarized target; it will be of interest to
compare their measurements, as well as those of TRIUMF E372, with those of E1097,
Phase I. We hope that the data from the three experiments will have a major impact on our
understanding of the NN-NNn system at medium energies.

2. E1097 Detector system.

The E1097 detector system consists of a large array of scintillator bars surrounding
a cylindrical drift chamber, at the center of which is the target, as shown schematically in
figure 10. The major part of the scintillator array will consist of the 18 bars, each 200 x 3 x
10.2 cm 3, used in TRIUMF E372. These belong to the University of Manitoba group, and
have been shipped to LAMPF for use in E1097. The scintillator will provide the first level
trigger, and will measure the flight times (and therefore velocities) for the np---_ppn-
protons.The vertical angular acceptance of the drift chamber is approximately from -60° to
+60°; the horizontal acceptance (Phase II) is from- 120° to 120° (for Phase I the horizontal
acceptance can be larger). The cylindrical chamber has a total of 448 sense wires, and
will be able to detect ali three particles for more than 50"% of phasespace. The chamber
will measure positions perpendicular to the wires by measuring the drift time, and along the
wires using charge division. This requires that the analog signal from both ends of each
sense wire be read into ADCs and that some fraction of these signals be diverted into a
summing circuit for discrimination and input to a TDC. We plan to use the LeCroy FERA
system to provide these digitizations. Its extremely fast digitization and buffer transfer time
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(20 its) makes it uniquely suited to the LAMPF beam structure (120 Hz at 10% duty).
Since the cylindrical drift chamber is the major component of the E1097 detector system,
most of our efforts for the past two years have involved design, fabrication, and testing of
this detector.

6 scint=llator bars (3 ea¢l_
s_de,43" coverage each) '18scintillator bar_, 200x'lOx3cm 3

"_k _ (9 .ac_ sid., 60" coverag..ach)

6 scintillator bars.
280x5 lx2 54crn3

cylindrical dritl chambers
448 sense wires in fl planes

t: .

• _!(.

Liquid hydrogen :_
target (phase I) ....

i:

! •

Figure 10:E1097 Experimental detector

3. 1991 Progress

We have made steady progress on E1097 during 1991. During the first few three
months our major project involved the stringing of the 1792 high voltage (HV) and 448
sense wires of the cylindrical drift detector. This was carried out at the Physics Department
clean room at Rice University. In early May the detector was moved to LAMPF and
installed in ca'ca BR downstream of the E876 setup for testing. For the summer E1097 test
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runs we instrumented "7of the 28 sense wire modules of the detector, each with 16 sense
wires• The experimental setup used is indicated schematically in figures l I and 12. A
chamber support, an Ar/Freon/isobutane gas system, and a data acquisition system,
including a microVAX II computer, MBD, tape drives, NIM and CAMAC crates, CAMAC
crate controllers, branch highway cables, as well as FERA electronics, were provided by
LAMPF. Scintillator paddles were installed on each side of the drift chamber to serve as
charged particle triggers. High voltage and signal cables (shielded ribbon cables with 16
twisted pairs) were run between the MRS counting house and BR. The tests were carried
out in a parasitic mode in the NPL laboratory (BR) at LAMPF, using (n,p) recoil protons
from the large (15 liter) E876 LH2 target. The main objective of the tests was to
demonstrate the operation of the cylindrical drift chamber and to verify that the resolution
is adequate for our needs.

Scintillators

Wire planes " ' , ' .
s •

e o e

e • • •
e •• • e

• • • e e e e e •
t e • • • • • e • • •

s • • • • s •
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o •
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Scintillator

Figure 11:E1097 phase 0 apparatus• Arrow indicates
direction of protons scattered from E876 LH2 target•
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E1097-- Trigger Busy Logic

STRIO ORV GAI

TFC STRT

DRV ROD
" - EVENT S

COMP BUSY

E1097 FERA ELECTRONICS l
RECEIVER BOARD /

ADC 17-32(TOP _ = .... =

TDC INPUTS _FC_

A0¢1.16
(BOTTOM)

Figure 12: Trigger logic for E1097 phase 0.

Overall, our tests were successful, although they certainly demonstrated several
problems. Noise pickup in the 250 foot long, twisted pair signal cables running between
the preamp boards at the chamber end-plates and the discriminator boards (in the counting
house) constituted, as expected, a major problem. Much time was spent in trying to reduce
pickup and to eliminate ground loops. We were unsuccessful in bridging CAMAC crates
with the FERA system, and we ended running with only one CAMAC crate of electronics,
which restricted our testing to 3 modules at the same time. The last few days of the run
were spent in testing modules 2, 7, and Y !, in respectively layers A, B, and C of the drift
chamber - with a total of 48 sense wires, :)6 ADC's (excluding the additional 48 required
for the TDC outputs) and 48 TDC's. We were able to obtain simultaneous TDC and ADC
spectra for the wires, and carded out preliminary z-position calculations and efficiency
checks. The data were recorded on tape for further off-line analyses. Most work was one
with a 70/30 argon-isobutane gas mixture, and with high voltage --2500 volts. Although
breaking of HV wires proved very troublesome (about 15 HV wires broke during the
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summer), during the final week of running the chamber proved to bc both stable and
rcliable.

The passiveADC-TDC splittingnetworkdesignedforthediscriminatorboards
provedunsatisfactory,andonlyaftermodifyingthecircuit(ofa fewdiscriminatorboards)
asindicatedinFigure13werewe abletoobtainsatisfactoryTDC signals(andfromthe
bottomendsofthewiresonly).The testrunsdemonstrated,inaddition,a needforbetter
mountingofthepreamplifierboardstoallowbetteraccesstothedetectorendplates,the
nccdtobcableto"see"insidethedriftchamberbetterthanatpresent,andthenccdfora
betterchamberstandtoprovideforbetterstability,limitedmotion,andyettoalloweasy
acccsstobothendsofthechamber.

I I I

I _ I I_l_ 0.l_1_

I v I I

cia/_ I _ I _,_ II I _ I

i_ o.1
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[. Modified circuit used
on-line in phase 0,

I I allowingsadsfactory
I I TDC signal from only

oneendofthesignal
I I wire. This c_uit will
I I I be,replaced later.

' '
I

Figure 13: Preamplifier boards used for E1097 detector.

An E1097 update was presented to the LAMPF PAC by Peter Riley on August 21.
The response received from Jim Bradbury includes the fotlowing: "I am pleased to support
the PAC recommendation for 500 hours of L-type beam at 800 MeV for Phase I with A-
priority." The subcommittee report states that, "The Subcommittee remains convinced that
the results of this experiment will bc important to the understanding of hadronic reactions
above the pion threshold. Although similar experiments at Saclay and TRIUMF have
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already obtained some results, this is the only experiment proposing to obtain data on spin
correlation parameters which will be crucial in the interpretation of the results ....
Significant progress was reported in the construction and testing of the crucial
component-- the cylindrical drift chamber. However, the subcommittee is concerned that
lack of a sufficient number of actively involved people is impeding progress on this and
related issues. For example, it is not yet clear how to track lower energy pions and achieve
kinematic reconstruction in the large magnetic field gradient of the frozen spin target needed
for Phase II of the experiment. The subcommittee urges that the membership and
organization of the collaboration be revised to offset the extensive other comrnitme.ats of
many of its members."

It is clear that manpower for the experiment has been short. However, in
September Kathleen Johnston accepted a LAMPF Post-doctoral position, and in addition
accepted the responsibility of being an E1097 spokesperson. She has taken over a major
responsibility for the experiment. Also in September, David Ambrose successfully passed
his Ph. D. qualifying examination at the University of Texas, and is now able to spend a
major part of his time working on the experiment. Effective June 1, he will be supported
by an Associated Western Universities Fellowship. Patrick Coffey, who, with David
Ambrose, spent the summer of 1991 working on E1097 tests, plans to spend the spring
and summer of 1992 working at LAMPF on E1097. Finally, Alan Lan and Ed Hungerford
of the University of Houston have both joined our E1097 collaboration and will provide
additional help. With respect to the effect of the magnetic field on the drift chamber
performance, we are proposing to carry out Monte Carlo simulations, and have obtained
the CERN library code GARFIELD.

Since September we have worked to solve problems which arose during our
summer test runs. Our problem with the bridging of CAMAC crates with the FERA system
involved the dropping of data bits when we attempted to use one FERA driver to drive
FERA's located in a different crate. Kok Heong McNaughton has been carrying out tests
using a hi-power CAMAC crate on loan from LeCroy, and has been able to read 22
FERA's w:,th one driver with no loss of data. It now appears that by using the hi-power
CAMAC crates we can solve the problem.

Kathleen Johnston has been working on the E1097 chamber electronics. At the
end of the summer we were faced with the need to modify our passive ADC-TDC splitting
network. The solution consisted in adding an amplifier at the point on the receiver board
where we split the signal, thus allowing us to send nearly ali of the charge to the ADC,
while still eliminating cross-talk between ends of the wires. We were thus faced with the
need to redesign our discriminator boards, and to buy 448 amplifier chips in addition to
discriminator boards for most of the chamber. (We had only enough for the summer's
tests of 7 of the 28 modules). However, the MEGA collaboration has recently decided to
switch from using charge division in the photon arm of their detector to the use of delay
lines for z-position measurements. The University of Houston Medium Energy Physics
group designed and built all of the MEGA charge division electronics. Dr. Ed Hungerford,
the U.H. MEP group leader (and Kathleen Johnston's Ph. D. advisor) has offered us the
MEGA charge division electronics for use on our chamber. It appears that with only slight
modifications we can adapt the U.H. chamber electronics for our chamber. Kathleen has
taken a complete set of the MEGA electronics to LAMPF and has begun tests to see if they
will be suitable for our use. The major difference between the electronics appears to be that
in the U.H. scheme the analog signal from the sense wire is split close to the chamber
(rather than in the counting house). The TDC AMP-DISC board is then also located near
the chamber, which then sends out an ECL pulse to the TDC located in the counting house.
Thus, additional signal cables will be needed for this system.
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4. Count Rate and Acceptance Studies

We have carried out rate and acceptance studies in order to _ptimize E1097 drift
chamber and scintillator array geometries, and to determine the best event trigger for the
experiment. To do this we have calculated the probability of detecting np-->ppn- events, as
well as competing events, using the CERN library simulation program GEANT. In what
we describe, the assumed configuration, as shown schematically in figure 14, consists of a
LH2 target placed in the middle of the drift chamber, followed immediately by a 1/16" thick
S 1 scintillator. The scintillator array consists of 24 back bars, with 6 "thin" bars (280 cmx
5.1 cm x 2.54 cm) sandwiched between the 18 bars (200 cm x 10.2 cm x 3 cm) used at
TRIUMF, and two side arrays of 3 scintillator bars each (180 cm x 20 cm x 3 cm) as
shown in the figure• Assumed materials and thicknesses for the LH2 target, the Sl
scintillator, and the drift chamber with its cylindrical carbon walls are indicated
schematically in figure 15. Competing reactions, and their approximate 800 MeV cro:,s
sections, are given below:

Reaction mbam
np---_pp_- 1.90
np--}npn' 7.00
np--_nnn+ 1.90
np--nin" 0.70
np--_np 27.0

nn---_nnn" 4.00
nn-onp_- 18.0
nn---xln- 1.40

All events which compete with free np--->ppn"are considered as background events.
We calculated acceptances as follows: for a given reaction, the event vertex was chosen
randomly in the space defined by the intersection between beam and target. This procedure
is not strictly correct since, for the LH2 target, "bound" nucleons are constrained to the
walls of the LH2 flask and to the walls of the vacuum jacket. Momenta were selected
randomly from the allowed phase-space distribution. GEANT then propagated each
particle through the laboratory geometry, calculating ali relevant physical processes
including multiple scattering, energy straggling, pion decay, and hadronic interactions.
5000 events were thus propagated for each reaction. We have al_ included, based on our
experience at TRIUMF, a 4% "cross talk" in the scintillator bars, where a charged particle
will fire two bars, and a 1% neutron "conversion" (to a charged particle) in the scintillator
bars. Acceptances are tabulated below for each reaction, where a drift chamber "track" is
defined as at least 3 wire pairs hit. A track originating at the center and passing straig.bt
through the chamber would normally pass through, or "hit" the cells defined by 4 wtre
pairs. Track reconstruction should be possible provided that at least 3 wire pzars are hit.
Thus, for the np--->ppn- reaction, 1677 events (out of 5000) fired three scintillator bars and
gave three tracks in the cylindrical drift chamber. Two charged particles passing by the
same wire will register as one hit; two charged particle passing through the same bar will
likewise register as one bar hit. Mercator projections of proton and pion distributions over
the E1097 detector are shown in Figures 16(a) and 16(b). Double and single hit
probabilities for planes 1 and 7 (where the chamber is assumed to consist of 8 concentric
signal wire planes) are shown in Figures 17(a) and 17(b), respectively.
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Figure 14: Top view of laboratory used in GEANT simulation.

LH2 target
Mylarflask

Aluminumoutercontainer

Plasticscintillator

8 sense wireplanes

Epoxyimpregnatedcarbonfiberwalls

Figure 15: Details _)f materials used in GEANT simulation.
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Table 2: Monte Carlo acceptance calculations
E1097 detector acceptances, where a single "track" is defined as 3 (or more)
wire pairs hit by a charged parn'cle. Nt = no. of tracks, and Nb = no. of bar
hits during a given event. See figures 10 and 14for illustration.

np--_ppg" np--_np_ °
N =4 N =4

..

Nt=0 ..... 4 110 97 16 0 380 373 20 0 0
Nt=l 7 189 760 369 20 151 3874 189 3 0
Nt=2 2 44 670 110 9 0 1 6 3 0
Nt=3 0 33 L 668 1677 208 0 0 0 0 0

np-..->nn_+ n p---->d_:*
N =4 N =4

Nt=0 1202 648 37 1 '0 453 81 - 8 0 0
Nt=l __ff__718 2260 118 1 0 183 4121 154 0 0
Nt=2 0 3 11 1 0 0 0 0 0 0
Nt=3 ..... 0 0 0 0 0 0 0 0 0 0

np-->np nn--->nn_*
=4 N =,4

Nt---0 "707 323 16 0 0 48841 98 - 1 0 0
Nt=l 503 3290 152 1 0 0 16 1 0 0
Nt=2 0 2 6 0 0 0 0 0 0 0
Nr3 0 01J 0 0 0 01 0 0 0 0

nn--->np_" nn--->dn"
N =4 N =4

Nt----0 115 474 135 8 0 188 378 106 2 1
Nt=l 31 916 548 44 1 34 500 80 3 0
Nt=2 12 615 1929 160 5 37 1090 2392 181 8
Nt=3 0 0 4 3 0 0 0 0 0 0

Having calculated acceptances, we calculated the expected event rates, r, for each reaction
from

r=q_xNxoxe
where
q_ = neutron flux,
N = number of scatterers/cre 2,
o = reaction cross section,
e = acceptance.

The neutron flux, based on an average proton beam current of 500 nA, a macro-pulse, or
"spill" length of 600 _tsec, with spills at the rate of 100 Hz, and the E1097 LH2 target a
distance of 15m from the LD2 production target, is 430 n/cm2/spill (at the LH2 target).
Assuming a neutron beam diameter of 4.24 cm at the LH2 target, we obtain a neutron flux
of 773,000 neutrons/see passing through the LH2 target. For the LH2 target (a 3 inch
diameter cylinder, with its axis vertical) we obtain 3.05x1023 free protons per cm 2, and
3.26x 1022 per cm 2 for each of bound neutrons and protons from the mylar flask and
vacuum jacket windows The acceptance, e, is defined as the percentage of events which
satisfy a particular trigger requirement. Table 3 below gives the results obtained, first in
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terms of rates in Hz for each event, and then in terms of acceptances, in percentages, for
the specified trigger The most restrictive trigger specified is Nb> 1, Nt>2, where Nb refers
to the number of scintillator bar hits, and Nt refers to the number of tracks (each with a
minimum of three wire pairs) in the drift chamber Thus, the overall acceptance for
np----)pprt-, with Nb>l, Nt>2, is 51%. lt is clear that hardware triggers, such as Nb>l,
Nt>2, will be needed both on the number of bar hits (Nb) and on the number of wire hits
(NO in order to reduce background events. This will be particularly important for Phase II
of the experiment, which uses a polarized proton target, lt should be pointed out that we
have not considered the scintillator S 1, a 1/16" thick Bicron 404 scintillator in our rate
calculations. Vertex reconstruction should eliminate these events on replay, but they will
contribute to the counting rate of the experiment. We estimate a thickness of 0.16 gm/cm 2
from S 1, about one third the total thickness of the LH2 target. Thus, our overall count rate
estimates, above, are too low.

Table 3: Rate Estimates for E1097
Estimates of EI097 rates for signal and background, given different trigger
requirements.

Beam parameters
Beam width (cm) ! 4.24
Neut/spill/area 430.0
Neutrons/spill 7730.4
Spills/see 100.0
Neutrons/see 773036.8

Target parameters

Target material Dens(g/cm 3) Thickness (cm) Area (cm2) Nucleonslcm 2
LH 2 0.071 7.620 30.554 3.05x 1023

'Mylar flask" 1.390 0.026 0.114 2.24x1022

Mylar window 1.390 0.050 0.215 4.22x 1022

Target summary

P free/cm 2 3.05x 1023
P bound/cm 2 3.24x 1022

N bound/cre 2 3.24x 1022
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Approximate rates for each ,eaction

L,Reaction mbams Abs Prob - Rel Prob Rate (Hz)

np-->pl_- 1.90 5.80x 10 .4 1.00 448.18
Free nP--_np_ ° 7.00 2.14x10-3 3.68 1651.19

Protons np...>nnn+ 1.90 5.80x 10-4 1.00 44 8.18
n_ ° 0.70 2.14x10-4 0.37 165.12

np---_np 27.00 8.24x10-3 14.21 6368.89

_ _.._...__-_ - --

nn_nnn ° 4.00 1.29x10-4 0.22 99.98

nn----_nl_" 18.00 5.82x 10-4 1.t30 449.92
Bound nn_dn- 1.40 4.53x 10-5 0.08 34.99

Nucleons np--->ppn- 1.90 6.14x 10-5 0.11 47.49
np----_nl_° 7.00 2.26x10-4 0.39 174.97

np--->nnn+ 1.90 6.14x 10-5 0.11 47.49
np--g_ ° 0.70 2.26x10-5 0.04 17.50

np---)np 27.00 8.73x 10-4 1.51 674.88

Acceptances for each reaction, given different triggers
(Nb = Number of bars hit; N t -- Number of tracks reconstructed)

[Reaction , t NI#l- NI#2 i l-[ Nlp>I,Nt>I Nb>l,Nt>2np._)pI m- 92% 48% 67% 51%
Free np-_nlm o 4% 0% 0% 0%
Protons np_.._nn_:+ 3% 0% 0% 0%

n_ ° 3% 0% 0% 0%
4% 0% 0% 0%, np-->np --__

nn---_nnn° 0% 0% 0% 0%

nn---_npn- 57% 4% 42% 0%
Bound nn---gin" 55% 4% 52% 0%

Nucleons np--)pl m- 92% 48% 67% 51%
np-_nl_ ° 4% 0% 0% 0%

np_.._nnn+ 3% 0% 0% 0%
n_ ° 3% 0% 0% 0%

4% 0% 0% 0%n _n._.___,___.._.._ __._.___ .
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Event rate: Events/second III

Reaction Nb> 1 Nb>2 Nb> 1,NI_>1 Nip>1,l_t>2

np---)plm" 4.12x102 2.15x102 3.00 x102 2 .29x102
Free np---)nlm° 66.0 0.00 3.30 0.00

Protons np_.)nnn+ 13.4 5.38x 10"1 1.25 0.00
np--odn° 4.95 0.00 0.00 0.00
np--->np 2.55x102 0.00 7.64 0.00

nn-onnn° 0.00 0.00 0.00 0.00
nn-onpn" 2.56x 102 18.0 1.89x 102 6.30x 10-1

Bound nn_" 19.2 1.50 18.2 0.00

Nucleons np--->plm" 43.7 22.8 31.8 24.2
np-.onl_: ° 7.00 0.00 2.10xi0-1 0.00

np_onnn+ 1.42 0.00 1.42x 10" 1 0.00
n_ ° 5.25x 10" 1 0.00 4.20x 10 -2 0.00

. np---)np 27.0 0.00 1.35 0.00

rEstimated signal/background
Reaction NI_ 1 Nly_2 Nb> 1,Nt> 1 NI?>l,Nt>2

np--oplyg" 1.00 1,00 1.00 1.00
Background 1.68 0.20 0.84 O.1.1

np--oplrtr" ] 37.25% 83.39% 54.22% 90.21%
Backngxound ] 62.75% [ 16.61% 45.78% 9fi9%

Recommended ettpty runs
Empty runs ] Nbar> 1 Nbar>2 Nb> 1tNt> 1 Nb> 1,Nt>2
% of beam [ 44.20% 28.95% 40.36% 23.83%

We next sought to determine where the 49% acceptance loss was occurring using
the trigger Nb>l, Nt> 2 for the np---_ppn" reaction with the EI097 setup. The factors
contributing to the acceptance loss and their respective percent of events lost are shown
below. The sum of ali losses, 56.2%, is somewhat higher than our calculated acceptance
of 49% since no account is taken in table 4 below of overlapping events. For example,
tracks may be lost from double hits on a single wire, and in addition one of the protons
may range out.

Table 4: Acceptance loss for E1097: trigger Nb>l, Nt>2.
Reason for loss % of events lost
Pions lost out of the top of the chamber 0.6%
Tracks lost from double hits on a single wire 8.7%
Protons ranging out (initial KE<60MeV) 18.7%
Pions ranging out (initial KE<20MeV) 13.5%
Original proton track lost from hadronic processes 7.4%
Original pion track lost from hadronic processes 8.0%
Sum of ali losses. Some losses may overlap 56.2%

GEANT simulations are underway to m.ap out the efficiency of the E1097 detector
throughout phasespace for several possible trig.gcr configurations. The simulations will
produce a complete history of a simulated run m a standard format. From these data we
will be able to analyze the simulated run using the same procedure that we expect to use to
analyze data from actual runs.
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5. E1097 tracking and Reconstruction Software

A major part of the E1097 analysis will be the extraction of the five kinematic
parameters which characterize a three-body final state. We will calculate 5 such parameters
for each event using the directions of each of the 3 particles as determined by the drift
chamber (6 values) and the times of flight for forward particles (normally two values)
deduced from the scintillator array. Thus the data set will contain more information than is
needed to reconstruct the kinematics of the events. The quality of fit, which assume the I
kinematics of np--->pp_", is used to identify background events. It is necessary that the
data be over-constrained in order to cut against background in Phase II, where the frozen
spin target is expected to introduce much noise due to quasi-free scattering of neutrons with
the bound protons in the carbon (or nitrogen) nuclei in the target. The bound events in
general have larger than the free events due to the Fermi motion associated with their
protons.

A software package has been developed at the University of Texas by David
Ambrose to process both real and simulated wire chamber data for tracking particles
through the detector and reconstructing three-track events. Ti_e tracking programs consist
of four main routines: data input, track pattern recognition, track fitting, and event
reconstruction. The input stage will read in either detector data for real events, or simulate
the data for a desired event type. Single-track events simulating Phase 0 operation (with
elastic protons from the E876 LH2 target traversing the chamber) or np--->pp_- events can
be generated. Other, more detailed simulators, such as GEANT, which can incorporate
physical processes such as energy loss and multiple scattering, can also be used. The track
pattern recognition routine converts this input data, in the form of ADC and TDC values,
into cylindrical coordinate hits. The hit distance along the sense wire (cylindrical z-position)
is found through charge division of the ADC values from both ends of the wire, while the
perpendicular drift distance of the hit from the wire must be calculated from the drift time
(TDC) with a calibrated polynomial equation. Once the hit coordinates of an event have
been established, certain hits are grouped together to form tracks by routines which
recognize lines through the detector.

The third section of the tracker fits the track hits to a straight line by performing
least squares analyses. From the slopes and intercepts of these lines, two angles describing
the trajectory can be extracted. Uncertainties in these angles, dependent on the resolution
and number of hits in the track, are also calculated. Finally, if ali three np--->pp_- reaction
products have been detected, the final program routine reconstructs the events by
identifying the particles and calculating the momentum and energy of each.

In addition to these main program sections, other subroutines have been developed
to calculate and histogram specific quantities of interest, compare tracking results with
simulated data, and display graphically the events. At present the program is being applied
to the Phase 0 test data from the summer of 1991. Analysis of this data has given us a
measure of the efficiency and resolution of the chamber. These parameters can then be
used by the program in our np_ppn" reaction simulations to predict the performance of the
chamber in Phases I and II of the experiment. Our Phase 0 parasitic data consists almost
exclusively of events in which a single particle passes horizontally through the chamber. A
typical such track (run no. 174, event 34) is shown in Figure 18, where the x's are used to
indicate wire hits and the dashed lines are the reconstructed track projections. Hence, we
expect the z-position along the wires should be nearly identical for ali the hits in a given
track. By calculating the difference in z-position between pairs of single-track hits with a
sense wire layer, the charge division relation has been tested, and a z-position resolution of
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about 1 cm has been found as shown in Figure 20. Additionally, drift distances have been
calculated from the TDC values for the test data. Simulation of the experiment shows that
these drift distances should be fairly uniform over the range of the sense wire cell, while
the drift times measured during testing are non-linear over the TDC range. Thus, a
polynomial fit has been made to convert the measured drift times to distances. This
conversion from time to drift distance is shown in Figure 20 for 381 phase 0 tracks. The
resolution of the drift distance, which is a function of the drift time and TDC resolution,
has been estimated to have a maximum near 200 ktm.

r7
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Detailof ev_t dJowinlldrith u x's

Figure 18:EI097 phase 0 event with $ hits. Track fit is
shown as dotted line.
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Figure 19: Drift time function and drift distance for E1097
wire chamber.
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Figure 20:E1097 wire chamber vertical resolution.

S. E1097 Plans for 1992.

During the summer of 1992.we plan to carry out further parasitic tests of the d,_-i'ft
chamber and its associatedelectromcs in LAMPF area BR behind the E876 setup, tor
these tests we hope to have.at least one-half of the chamber fully instrumented, including
the requisite FERA electromcs. If we can successfully test one-half of the chamber, we can
be ready for Phase I of the E1097 experiment by 1993..During. the January - June of 1992
we must finalize the chamber electronics, carryout extensive wiring of the c.ham,ber, design

and build a detector stand, and begin work on testing and assembly of the scmfiUator arr_r.The wiringchamber work is necessary since we mustnot only replace the broken
wires, but we plan on modifying the connection of the.sense wires to the inserts at the
chamber end-plates to ensure stability and length uniformity of the sense wires.

6. Monte Carlo Comparison Between Theoretical Predictions and
Experiment for np_ppx"

In our experiments we typica_y make measurements over a large rangeof k_ cmafic
points in phase svace and then bin the data to selected var'tables. A prob.lem wtm t:_/_ ana
E 1097, both of'which measure spin observables over a l_ge fractton of phase space
available, lies in how best to bin data in order to allow meaningful comparisons between
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experiment and theoretical predictions• The phase space for a three body final state
contains five independent variables, which means that we must measure Ns events, (where
N is the number of bins per variable) if we wish to get a single count in each bin. Thus, if
we wished to see onl_ 10 bins per variable with about 100 counts in each bin, we would
need to take about 107events; if we wanted 100 bins, we would need 1012events. A way
to avoid the need for an unrealistic amount of data is to pick fewer independent variables to
bin against, and to integrate over the remaining variables. However, this sometimes makes

it difficult to compare with theo_ with experiment, The theoretical code written by
Dubach, Kloet, and Silbar (DKS) called PIPROD85 calculates spin observables for a
given set of input kinematic variables. The kinematic parameters it uses to define an event
for the reaction np----_ppn"are Pp (momentum of the f'u'stproton), 0p, On, and @n. The
code implicitly assumes the fifth parameter @p---0 (again for the first proton). As it is
written, the code is not suited to allow easy comparisons with our data. lt would be useful,
using predictions of the DKS (or of some other theoretical calculation), to be able to
generate predictions that are directly comparableto our data. For example, we might want

C *to show plots of our experimental yield versus os0n (the center of mass angle of the
pion), as a function of different bins of Mpp, the invariant mass of the two protons. This
represents integrations over the three other phase space variables, On,cOS0p,0p. The DKS
code does not integrate over arbitrary variables, so we would be unable to make direct
comparisons to the DKS predictions.

The direct solution is to integrate the theoretical predictions over the same variables
that the experimentalist integrates his data. This would imply a major rewriting of
PIPROD85, and probably of most other codes, to produce predictions that are convenient
to our measurements. Further, we wish flexibility in choosing which variables to bin
against in order to test different aspects of the physics involved. A direct change of the
codes means we cannot be flexible about our variables, since we cannot rewrite the
theoretical codes every time we want to try binning to new projections in phase space.

To resolve the problem, we propose to integrate the theoretical codes by a Monte
Carlo technique• This procedure will have the advantage of being flexible (we will be able
to integrate over any variables) and easy to implement allowing us to use it with a number
of different theoretical codes. The basic strategyis as follows.

(1) We will run a phasespace Monte Carlo subroutine which returns the kinematics of a
three body reaction (np-->ppx') chosen uniformly in phase space•

(2) We will then input each three-body event into the DKS code, and calculate the
experimental observables for each event. For each event we will calculate its probability of
occurrence, which in the sim,plest case will be its predicted differential cross section,
dSc_/d_5 (normalized so that Jd_o=l). However, to include spin effects, we must supply
additional weighting caused by asymmetries which can be calculated from the spin
observables. We weight the event probability by (I++)(dSc_/dflS),where I++is (as in the
paper of Shypit et al.2)

I++- 1 + AbPb ++ + AtPt ++ + AbtPb++Pt++.

In general, I refers to the event rate, the "+" signs to spin and target orientation, b to the
beam, and t to the target. Thus, Pb refers to the beam polarization, Pt to that of the target,
and Ab to the beam analyzing power. The calculation of the event probability will be done
by a subroutine that incorporates PIPROD85 or any theoretical code which makes these
predictions.
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3) Each eveat s_lected may be written to disk. The chance of being written to disk will
be based on the probability calculated in ste.p 2. As the Monte Carlo loops through, events,
those with higher probability will be wntten to disk more often than events w_th lower
probability. The resulting file will contain events in a density which reflects the physics of
the theoretical model. At a later time, we can bin these events in the same way that we bin
our experimental data so that the comparison will be direct. For example da/df2 vs.
cos0n* plotted as function of several bins of Mop could be generated. We would calculate
cos0n* and Mp_ for ali the stored events on disl_, then bin those events which have MaDin
a desired rang'e in bins of cos0n*. The resulting histogram of counts will be l_roponl"o'nal
to the differential cross-section (to actually get the differential cross-section, we divide the
bin counts by the bin width and the total number of events, then multiply by the total cross-
section). In a similar way, we can calculate analyzing powers by tabulating left - fight
asymmetries for each bin. These calculations are the same as we do to our experimental
data.

In selecting events from phase space we will employ the Metropolis algorithm 3,
which is essentially a random walk technique. We choose an event in phase space, x, and
then calculate its probability based on the observables for that point. Next, we choose
another point in phase space, x', and calculate its probability. We move to the new point
x' if a random number r chosen from 0 to 1 is less than P(x')/P(x). Thus, if the new
position has a larger probability density, the algorithm will always move there. If not, it
may move there. After each iteration, we write the current phase space point to a file. The
resulting f'de contains points distributed with the probability P(x).

An example of this algorithm is shown for the hydrogen atom. The probability for
finding an electron at point x=(r,0,¢) in a given quantum state (n,l,m) is given by:

P(x) = I_n,l,m(r,O,t_)12

where for n=3, l=2, m=0,

W3.2.0(r,O,¢) = Y2,0(0,¢) ' R3,2(r)

--"1-rf-6el .r/3r2" (3cos20. 1)

Using the Metropolis algorithm, we can produce events in phase space (in this
example, we consider only the position space of phase space). The resulting distribution of
events is shown in the figure below. The experimentalist may actually only measure the
angular distribution of electrons, but with the data set it is easy to integrate over radii and
azimuthal angle to compare to the theoretical predictions.
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Figs, re 21: Results of Monte Carlo technique for the hydrogen atom

Although the procedure is simple in principle, we anticipate some problems in the
details of writing the code. The DKS program PIPROD85: for example, implicitly
assumes that _ for the first proton be 0, whereas _ can, in reality, range over ali values.
We will take _is into account by rotating our systeha (the beam, target and polarizations)
through the correct _p angle in calculating asymmetries. Thus, our Monte Carlo
probabilities will be bas&l on the projections of the polarizations to the plane defined by the
first proton and beam.

We expect to input theoretical predictions other than those of DKS into our Monte
Carlo "theoretical simulation." Silbar4 has suggested that it should be possible to run not
only Tjon-vanFaassen model amplitudes, but also Earl Lomon's model amplitudes through
PIPROD for 3-body final states. It would then be possible to have three model curves to
compare directly to our experimental histograms.

1 j. Dubach, W. M. Kloet, and R. R. Silbar, Nucl. Phys. A466, 573 (1987).
2 R. L. Shypit et al., Phys. Rev. C40, 2203, (1989).
3 N. Metropolis, A. Rosenbluth, M. Rosenbluth, A. Teller and E. Teller, J. Chem Phys.

21, 1087, (1953).
4 R. R. Silbar, (private communication).
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E. BNL E871: A New Search for Very Rare KLo Decays

Overview
The present description of the fundamental particles and their electroweak and

strong interactions is the Minimal Standard Model (MSM). Although this model has never
been shown to be wrong, because of its many arbitrary parameters, it is suspected to be
incomplete. Measurements performed in recent years make it clear that incompletentzss
must originate with physics at very large mass scales. Rare decay physics probes some of
these higher mass scales.

In the MSM the decay KL°--->_teis forbidden by conservation of electron and muon
additive quantum numbers. Its observation would be the first direct evidence of physics
beyond the MSM. The decays KL°-->l.tl.tand KL°--->ee are permitted in the MSM, but are
highly suppressed. I"L°-->ee has not yet been seen, and observation of a branching ratio
for this process that is significantly above MSM predictions would also be evidence for
new physics.

BNL E791, a high sensitivity search for KL°--->l.teand KL°--->ee, completed data-
taking at the Alternating Gradient Synchrotron facility (AGS) of the Brookhaven National
Laboratory in 1990. The E791 spectrometer provided precise tracking with good
(redundant) particle identification. Very high rate capability was achieved using custom
built front-end electronics, a i_ge parallel readout architecture, and a multi-level trigger
system utilizing SLAC 3091/E emulators. The experiment had three production runs
spanning 1988-1990. When data from the 1988, 1989, and 1990 runs are combined, the
single event sensitivity to the decay KL°-->l.te will be about 1.5 x 10-11. The E791
collaboration concluded that more running with the same apparatus is not an attractive way
to make further gains. Therefore, a new collaborationm with substantial overlap with
E791M has formed to perform a new search for KL°-_kte and similar modes. A new
proposal was written, E871, "A New Search for Very Rare KL Decays," (Spokesmen; W.
R. Molzon, University of California, Irvine, S. G. Wojcicki, Stanford, and J. L. Ritchie,
University of Texas), and was presented to the BNL Program Advisory Committee on
November 8, 1990. The new experiment will build on the experience of E791, the most
sensitive kaon decay experiment performed to date, and will re-use some of the E791
equipment. Through increased acceptance, higher rate-handling capability, and
improvements in several detector systems, the experiment should to reach a single event
sensitivity below 2 x 10-12. At this sensitivity, a few decays of the type KLO-->eeshould
be observed if the decay occurs at the Standard Model level, along with about 10,000
KLO--->_tl.tdecays. The experiment is possible because of the increased beam flux made
available by the Booster.

After the 1990 production run, a beam dump or "plug" was installed in the second
dipole magnet to investigate whether such a concept could be utilized for a new, factor of
10 type improvement, experiment. The purpose of the plug is to stop the neutral beam near
the upstream end of the spectrometer. Based on the results of the plug test, the E791
collaboration designed a new plug for additional tests which were made in the Spring of
1991. We helped to prepare stand-alone neutron and photon detectors which were used
during the beam tests in the spring of 1991 to measure neutron and photon fluxes and
energy distributions at different locations. We also operated several parts of the E791
spectrometer during the beam tests to make rate measurements in actual detector elements.
During the summer, these tests were analyzed, and a new presentation was made to the
BNL PAC by Jack Ritchie on August 28. Subsequently, E871 was approved for
approximately 5000 hours of beam time over the next several years.

!

I
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E791 Results and Detector

The E791 layout is shown in Figure 22. 24 GeV protons were incident on a one
interaction length copper target. A neutral beam was defined by a series of collimators
centered at a 2.75 degree angle from the incident proton beam direction. Two dipole
sweeping magnets removed charged particles from the beam. The "decay volume" was a
region extending from 10 meters from the target to the most upstream drift chamber at 18
meters from the target. Tracking was performed by 5 drift chamber modules (each module
makes two x and two y measurements)• Each of the two dipole magnets provided
APT---300MeV, but with opposite sign. Downstream of the final drift chamber, followed
a finely segmented scintillator hodoscope, a gas threshold Cerenkov counter, another
hodoscope and a large lead glass array. The scintillation hodoscopes provided the signals
used in the lowest level (fast logic) trigger. The Cerenkov counter also provided a fast
signal, indicating the presence of an electron, which was used in the low level trigger. The
lead glass gave an electromagnetic energy measurement which was used for offline r_:e
discrimination. A meter of steel followed the lead glass to stop ali particles except muons.
Downstream of the steel, a segmented scintillation hodoscope provided a fast muon signal
for the low level trigger. Finally, muons were stopped in a segmented absorber stack with
large proportional wire chambers spaced throughout the stack• This "rangefinder"
provided a muon range measurement which corresponds to a 10% measurement of
momentum and was important in the offline muon identification.

Trigger decisions were made in two stages. A low level fast logic trigger was
based on the scintillation counter hodoscopes, the Cerenkov counter, the muon
hodoscopes, and mean timer signals from the upstream drift chambers. A high level trigger
was based on rudimentary event reconstruction using drift chamber hits. This was carried
out by eight SLAC 3081/E parallel processors.

Results from the analysis of 1989 data are as follows:

Br (KL--->lte) < 8.4 x 10-11(90% confidence level)
Br (KL--->ce) < 1.1 x 10-1° (90% confidence level)
Br ( KL--->I.t_t)= (7.6:ff).5(stat.)_+0.4(syst.)) x 10 -9 .

Although results are not yet available, the sensitivity of the 1990 run was about 1.3 times
better than that of the 1989 run.

The E871 Detector
E871 will, like E781, be mounted in the AGS B5 beamline, and will re-use a significant

part of the existing E791 detector. The key features of the new experiment will be the
following.
• The beamline will be rebuilt to provide a longer collimation channel.
• The decay volume will be lengthened.
• A high precision tracking device, probably a straw drift chamber, will be installed

inside the vacuum decay region. A second tracker will also be used in the downstream
part of the spectrometer and will perform both trigger and tracking functions.

• Detector apertures will be increased by using the existing 96D40 magnet as the
upstream spectrometer magnet and building a new magnet to be located downstream of
the 96D40.

• A beam stop, or plug, will be inserted in the 96D40 to stop the neutral beam.
• The two dipoles will be operated with opposite fields, but tuned to provide a net PT

kick of about 220 MeV, which will make daughters from 2 body KL decays parallel to
the beam direction. This parallelism will be used in forming the Level 1 tugger.
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• Three existing drift chamber planes will be reused, but one new plane will be built. A
faster drift chamber gas will be used than in E791.

• A new Cerenkov counter and an instrumented iron muon tilter will be built.
• The lead glass array may be reconfigured and reused, but other alternatives will be

considered.
• The muon rangefinder will be reconfigured and reused.

The layout of the new experiment is shown in Figure 23. E871 will rely on placing
a beam dump, or plug, inside the spectrometer to stop the neutral beam. There will reduce
the rates to to KL decays in the detectors for downstream of the plug. The advantages of
this new approach are summarized below.
• The acceptance of the experiment will be increased by about a factor of 2 over E791.
• The beam plug will reduce the rates in the detector elements downstream of the 96D40.
• the particle identification should be cleaner, owing to the much lower rates in the lead

glass and muon detectors.
• The parallelism of tracks from 2-body decays will provide a large suppression in the

Level 1 trigger rates and make it easier to group signals from trigger counters, the
Cerenkov counter, and the muon counter.

• The improved trigger rejection at Level 1 will allow more time per event for the online
processors. The parallel tracks at the back of the spectrometer will provide a powerful
handle for fast pattern recognition.

• The parallelism of tracks will simplify the Cerenkov optics.
• The radiation dose in the lead glass will be much reduced.
• Making detectors continuous across the beam centerline will eliminate the degradation

of performance the occurs near detector edges for some detectors (leakage, edge
effects).

The Beam Plug
A critical feature of the E871 is the beam plug, which must stop both the neutral

beam and the bulk of the secondary particles that are created in the beam plug. Work is
continuing in order to optimize the design of the beam plug using a code HETC-MORSE
that reproduces both hadronic showers and low energy neutron production, transport, and
absorption. The space available for the plug is about 2 meters longitudinally, 1 meter
vertically, and about 40 cm in width. The plug needs to be of high density, short interaction
length material in the upstream part and in the core region, to attenuate hadrons as fast as
possible to suppress pion decays to muons. Hydrogen rich material to attenuate slow
neutrons is needed, on the other hand, on the periphery of the plug, and at the upstream
and downstream ends. The plug consists of a tungsten core, backed up by copper, and
surrounded by borated polyethylene. An outer layer of lead or tungsten attenuates the
photons emitted in the capture of thermal neutrons. The quantity of tungsten used is about
4 tons. Figure 24 shows horizontal and vertical cross section views of the beam plug.

Schedules, Costs, and Responsibilities

The major milestones for the experiment are as follows:

November, 1990 Begin beam plug purchase/fabrication
March-May, 1991 Beam test with plug
Spring, 1992 Completion of beamline, beam tests
Spring, 1993 Detector in piace, engineering run
Winter/spring, 1994 Physics run
Winter/spring, 1995 Physics run
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The total hours requested for E871 are 6400. The total estimated cost is $5,088K,
of which $2,095K are for the beamline, $1,975K is for the detector, and $1,018K is
contingency• At present, five institutions: UC Irvine, Stanford, Temple, Texas, and
William & Mary, are part of the collaboration making this proposal. Work has been
underway at Texas to understand the problems associated with three E871 detector
systems: straw tube counters, the electromagnetic calorimeter, and instrumented iron. The
straw tube counters, which will replace E791 drift tubes counters at the upstream end of the
detector system, have been proposed because of the high intensity of the E871 beam, the
hostile plug environment, and the required overall robustness needed of the tracking
system. The electromagnetic calorimeter mainly provides _:e discrimination, lt may also
be valuable in I.tdiscrimination. The instrumented muon filter will (1) provide a signal to
the level 1 logic which indicates the passage of a parallel muon with momentum greater
than 1 GeV/c, and (2) allows determination of muon momentum in the 1 GeV/c to 1.5
GeV/c range to about 5% via range measurements in the iron. The detector will consist of
about 2 meters of iron plates, three planes of x-y scintillators, and 19 MRG panels.
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Figure 22:E791 Experimental detector
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III. Status of Experiments

LAMPF E1072: pp Elastic Absolute Cross Section Measurements
SDokesDerson: M. W. McNaughton
Particioatin_ Institution_; LANL, University of Texas, Texas A&M University, Rutgers
University, UCLA
Status: Running period June-September, 1988. Data analysis has been completed.
Comments: The aim of this experiment, which was carried out during the summer of 1988,
is to measure the differential cross section for pp elastic scattering to an absolute accuracy
of 1%. The data were taken at 500-,580-, 650-, 733-, and 800-MEV beam energies and
over the angular range 15"to 90" c.m. The data were analyzed by a joint effort from the
University of Texas (Kok Heong McNaughton) and Texas A&M University. The Ph. D.
dissertation research of Tony Simon, of Texas A&M University, is based on E1072.

TRIUMF E372: Single Pion Production in np Scattering
St_okesDerson: N. E. Davison
P_a'_ici_Datin_Insti[utions; University of Manitoba, University of Alberta, California State
University, _-dUMF, Rice University, University of Houston, University of Texas.
Status: Final data acquisition runs took place in September, 1990 and again February,
1991. Data are currently being analyzed at the University of Texas. The Ph. D. dissertation
of Mark Bachman, of the University of Texas, will be based on this experiment.

LAMPF E876: Spin Transfer Measurements for np Elastic Scattering
SDokesDerson: M. W. McNaughton
Participating InstitutiQas: LANL, University of Texas, Texas A&M University, Rice
University, Rutgers University, ANL, University of Montana,Washington State University
$[atus: Approved with A priority in the summer of 1990. Requires the high intensity
optically pumped p" ion source. Phase 1, which consists of measurements of the spin
transfer parameters KLL, KSL, KLS, and KSS, has now been completed and the data
analyzed. A paper describing the 788 MeV work will be published in the December, 1991
issue of Physical Review C. The 500 MeV and 650 MeV results are being written as a
second paper. Phase 2, measurements of KNN at 500, 650, and 800 MeV, will be carried
out during the summer of 1992.

LAMPF E1234: KLL and P for np Elastic Scattering
$pokesperson: M. W. McNaughton
Participating Institutions: LANL, University of Texas, Texas A&M University, Rice
University, ANL, University of Montana,Washington State University, University of
Central Arkansas
Status: The measurements were completed during the summer of 1991. The data have been
analyzed, a manuscript has been written and will be submitted for publication by the end of
1991.

BNL E791: Study of Very Rare KL° Decays
SDokesoeotfle: W. R. Molzon and R. D. Cousins
p_rticit_atin_ Institutions: University of California, Irvine; University of California, Los
Angeles; Los Alamos National Laboratory; Stanford University; Temple University;
University of Texas; College of William and Mary
_lg.t_: The 1990 run time, the last one planned for E791, was an 18 week period from
January-May. (Previous runs were made in 1988 and 1989 respectively, before our
involvement in the experiment.)
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Comments: The main goal of E791 is to search with high sensitivity for the separate lepton
number non-conserving decay KL°_l.te. The f'u'st stage of the offline analysis of the 1990
data is now complete. When ali three data sets (runs from 1988, 1989, and 1990) are
combined, it is expected that the single event sensitivity for KL°---_ktewill be about 1.5 x
10"11, which is expected to be the world's best limit for this decay.

BNL E871: A New Search for Very Rare KL° Decays
Spokespeopl¢: W. R. Molzon, J. L. Ritchie, and S. G. Wojcicki
Porticipating Institutions: University of California, Irvine; Stanford University; Temple
University; University of Texas; College of William and Mary
Status: Approved. The tentative schedule calls for completion of the beam-line upgrades by
the Spring of 1992, an engineering run with the detector in piace by Spring, 1993, and
Physics runs in 1994 and 1995.
Comments: The main goal of E871 is to search with even higher sensitivity than did E791
for the separate lepton number non-conserving decay KLO---_kte. Through increased
acceptance, higher rate-handling capability, and improvements in several detector system,
the experiment should reach a single event sensitivity below 2 x 10"12• At this sensitivity, a
few decays of the type KLo_ee should be observed if the decay occurs at the Standard
Model level.

LAMPF E1097: Single Pion Production in np Scattering.
Sookesoeople" D. L. Adams, N. E. Davison, K. Johnston, P. J. Riley. Project Manager,
I)avid Adams.
Participating Institutions: ANL, California State University, University of Houston,
LANL, University of Manitoba, University of Alberta, Rice University, University of
Texas, Texas A & M University.
Status: Approved with A- priority by the LAMPF PAC, and by LAMPF management.
Preliminary testing of the cylindrical drift chamber for the experiment was carried out
during the summer of 1991, in a parasitic mode, at LAMPF. Final testing is scheduled for
1992. Phase I (unpolarized LH2) target, is scheduled for 1993; Phase II (Polarized, frozen
spin hydrogen target ) is scheduled for 1994.
Comments: This experiment will measure the differential cross section, and the spin
observables ANO, ALO, ASO, ASL, ANL, and ALL for the single pion production reaction
np---_pprt"at neutron beam energies in the range 500-800 MeV. With the polarized target
used in Phase II of E1097, a three charged-particle trigger will be required in order to
enable us to discriminate against the quasifree np---_pp_- background events. A large
acceptance cylindrical drift chamber has therefore been designed and built for E1097.
Preliminary tests of the drift chamber, and of its associated electronics, were carried out at
in area BR of LAMPF in parasitic mode during the summer of 1991. Final testing of our
detector system is planned for 1992.
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IV. Personnel Working on the Projeet

Peter J. Riley, Professor of Physics
Kok Heong McNaughton, Computer Programmer (3/4 time)
Kathleen Johnston, Postdoctorate, January-May, 1991

Graduate Students:
Mark Bachman (1/2 time)
David Ambrose (1/4 time, except for June, July, and August, when he was half time)
John Johnson (1/2 time, January through August, 1991. Terminated August 31)

Undergraduate Students:
Bernard Jobst (June, July, 1991)
Patrick Coffey (1/4 time, except for June, July, and August, when he was half time)

Peter Riley has participated in E372, E876, E1234, and E791 data runs, and has been
much involved in E1097. Much of his time is being spent on E1097 work. Kok Heol_g
MCNi_oghton lives and works in Los Alamos, and is responsible for the software for ali of
our experiments there. In addition, she assists in data acquisition runs, and in data analysis
at LAMPF. Kathleen Johnston, who joined our group for several months after completing
her Ph. D. at the University of Houston in late 1990, has spent nearly ali of the past year
working on E1097. She worked on the fabrication of the E1097 cylindrical drift chamber
both at the University of Houston and at Rice. In May she moved the chamber to Los
Alamos and insuumented it for the summer tests. She spent the summer at LAMPF,
working primarily on E1097. For the period June-August she was supported at LAMPF by
Rice University. In September she accepted a LAMPF Post-doctoral position, and also
accepted the responsibility of beir_g an E1097 spokesperson. Mark Biachman, whose Ph.
D. dissertation research is based on TRIUMF E372, has been either at TRIUMF working
on E372 data runs, or at the University of Texas, where he is now working to analyze the
E372 data. The Ph. D. thesis of David Ambrose will be based on E1097 research. David
has been responsible for the development of E1097 tracking and event reconstruction
software. He spent the past summer at LAMPF, helping both in E876 data acquisition and
in E1097 tests. He has been awarded an Associated Western Universities (AWU)
Fellowship, starting June 1, 1991, for the support of his LAMPF research on E 1097.
John Johnson. who is residing in Los Alamos, worked on E876 data at LAMPF, but left
our group in August to continue Ph. D. research with Dr. C. Fred Moore's group.
Bernard Jobst worked with us at Texas during the Spring of 1991; during the months of
June and July he assisted us at LAMPF in E1097 tests. Pat Coffev has worked with
GEANT development and preliminary benchmark tests of the IBM RISC machine (he has
previous experience with UNIX). He spent the past summer at LAMPF assisting in E876
and especially in the E1097 test runs.
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V. PUBLICATIONS and ABSTRACTS

PUBLICATIONS
i

"3-Spin Measurements in p+d--->p+d at 794 MEV," G. Igo, E. Gulmez, D. L. Adams, S.
Beedoe, M. Bleszynski, J. Bystricky, V. Ghazikhanian, T. Jaroszewicz, A. G. Ling, M.
Nasser, M. W. McNaughton, S. Penttila, G. Glass, G. Kahrimanis, W. F. Kielhorn, K.
H. McNaughton,, P. J. Riley, S. Sen, and D. Wolf, in Proceedings of the 4 th Conference
on the Intersections between Particle and Nuclear Physics, Tucson, Arizona, May, 1991,
Published by the American Institute of Physics.

"Analyzing Power Measurements in pn--->Tr-pp(1So)," Mark Bachman, Peter Riley, and
Chalrles Hollas, Physical Review C42, 1751, (1990).

"Accurate Intensity Measurements for Proton Beams with a 201 MHz Structure," E.
Gulmez, A. G. Ling, C. A. Whitten, Jr., J. F. Amann, M. W. McNaughton, T. Noro, D.
L. Adams, V. R. Cupps, R. D. Ransome, G. Glass, A. J. Simon, K. H. McNaughton,
and P. J. Riley, to be published in Nuclear Instruments and Methods A297, 7, (1990).

"Absolute Differential Cross Section Measurements for Proton-Deuteron Elastic Scattering
at 641.3 and 792.7 MEV," E. Gulmez, S. Beedoe, A. G. Ling, C. A. Whitten, Jr., M. W.
McNaughton, J. R. Santana, D. L. Adams, V. R. Cupps, A. J. Simon, M. L. Barlett, K.
H. McNaughton, and P. J. Riley, Physical Review C43, 2067, (1991).

"NP Elastic Spin Transfer Measurements at 788 MEV," M. W. McNaughton, K. Koch, I.
Supek, N. Tanaka, K. H. McNaughton, P. J. Riley, D. A. Ambrose, J. D, Johnson, A.
Smith, G. Glass, J. C. Hiebert, L. C. Northcliffe, A. J. Simon, D. L. Adams, R. D.
Ransome, D. B. Clayton, H. M. Spinka, R. H. Jeppeson, an,_ G.E. Tripard, Physical
Review C, December, 1991.

"Elastic scattering of N, L. and S-type polarized 794 MeV protons from an ND3 target
polarized in the S-L plane," E. Gulmez, D. L. Adams, S. Beedoe, M. Bleszynski, J.
Bystricky, V. Ghazikhanian, G. Igo, T. Jaroszewicz, A. G. Ling, M. Nasser, M. W.
McNaughton, S. Penttila, G. Glass, G. Kahrimanis, W. F. Kielhorn, K. H. McNaughton,
P. J. Riley, S. Sen, and D. Wolf, accepted for publication in Physial Review C.

SUBMITI'ED FOR PUBLICATION

"Differential cross section for n-p elastic scattering in the angular region 50° < 0* < 180°
at 459 MEV," L. C. Northcliffe, Mahavir Jain, M. L. Evans, G. Glass° J. C. Hiebert, R.
A. Kenefick, B. E. Bonner, J. E. Simmons, C. W. Bjork and P. J. Riley, submitted for
publication in Physical Review C.

"np Normalization via d(p,n) from 305 to 788 MEV", M. W. McNaughton, I. Supek, K.
H. McNaughton, P. J. Riley, D. A. Ambrose, K. Johnston, P. Coffey, G. Glass, J. C.
Hiebert, L. C. Northcliffe, A. J. Simon, Do Mercer, D. L. Adams, H. M. Spinka, R.H.
Jeppeson, G.E. Tripard, and H. Woolverton, submitted for publication inPhysical Review
C.
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