Findings

SUMMARY

This report covers the remainder of the first year of our present NSF grant (07-58018)
and a part of the second. The group continues with its concentration on experiments at
the frontier of fundamental interactions and symmetries. This concentration has four
main aspects:

Measurements of the polarization of the gluon component of the proton along its
spin direction, as well as a measurement of the effects of transverse polarization
as a measure of the quality of perturbative treatments of proton structure and the
use of parity-violating process to measure the sea quark distribution.

A search for evidence of neutrino oscillations or new processes at short
distances.

Measurement of the components of the weak interaction through its interference
with competing strong reaction processes with different spin and isospin degrees
of freedom.

A search for an electric dipole moment of the neutron (in a new co-magnetometer
using polarized *He), electron (from the bulk magnetization of a garnet crystal
subject to an electric field), and charged particles such as the proton and
deuteron circulating in a storage ring.

Significant progress has been made along all of these lines, as is described in this
report. Perhaps the most notable is the discovery of parity-violating domains within the
products of colliding relativistic heavy ions at RHIC. This result, which has been
published in Physical Review Letters, is the work of llya Selyuzhenkov, a post-doctoral
researcher working with the STAR group at Indiana.

The major scientific results from this period include:

The measurement of parity-violating domains within relativistic heavy-ion
collisions is manifest as correlations among particles with the same charge
relative to the angular momentum of non-central heavy ion collisions.

Tighter constraints have been imposed on the polarization of the gluons within
the proton, making it extremely unlikely that this is a contributor to the spin of the
proton.

The first results have been recorded for parity violating W* production, a tool for
measuring the sea quark distribution of the proton.

The excess of muon to electron neutrino conversion events observed at low
energy (< 475 MeV) and short range with the MiniBooNE detector remains



unexplained with a 3  significance above background. Anti-neutrino conversion
rates so far show no such excess, although the statistical precision of this result
is less.

Double-differential cross sections have been measured for the charge-coupled
guasi-elastic process of muon neutrino absorption on carbon.

Studies at LANSCE across two years have delineated the conditions under which
solid oxygen can act as an effective moderator for the production of ultracold
neutrons.

The first run of neutron spin rotation in liquid helium has generated an upper limit
of <0.9 x 10° rad/m.

In parallel, progress has been made on the preparation of a number of experiments:

The aCORN apparatus for measuring the “little a” correlation in neutron beta
decay has successfully completed most of its commissioning, demonstrating that
the magnetic field can be shimmed to a uniformity of 1:10,000, the collimator
system can be aligned with a precision of < 80 m along a distance of 3 m and
made parallel to the magnetic field axis, and that photons (and hopefully decay
protons) can be detected with a resolution of = 3 keV. All but the detector and
high voltage systems have been shipped to NIST where they are being
assembled on the NG-6 neutron line.

Preliminary work on the radiative capture of polarized neutrons in heavy water
(D20) indicates a non-zero neutron polarization that will guide preparation of this
experiment for the Spallation Neutron Source.

Polarimeter R&D tests were completed for a deuteron polarimeter to be used in
the storage ring search for an electric dipole moment. The extraction of the beam
onto a thick target in the ring met expectations for efficiency, indicating that it is
possible to develop a polarimeter with about 1% efficiency and analyzing powers
near 1/3. Studies of the sensitivity to rate and geometry systematic errors found
that such errors can be managed in real time by calibrating two correction
scréemes that can remove the error effects to much less than the required level of
10°.

Improvements were made to the STAR data acquisition system by replacing the
transfer protocol for calorimeter data, improving the L2 trigger software, and
improving the barrel shower maximum readout.

Development of the neutron electric dipole moment search continued with
progress in maintaining high voltage and extracting scintillation light in liquid
helium.



A. STAR Collaboration Activities in FY2009

W.W. Jacobs, J. Sowinski, S.W. Wissink, G. Visser,
I. Selyuzhenkov, B. Page, J. Stevens

A.1 Overview

Over the past year, the IU STAR group has aggressively expanded its role in several
development and analysis projects deemed critical to the STAR spin physics program, and is
now heavily involved in essentially all major efforts. We continue as key players in the inclusive-
jet double-spin asymmetry measurements which have, to date, provided the tightest constraints
on G, the contribution of gluonic spin to that of the proton. We lead STAR’s efforts to extend
these studies, using both jets and leading hadrons, into the higher pseudo-rapidity regions
accessed by the Endcap Electromagnetic Calorimeter (EEMC), and have completed first
measurements of the double-spin asymmetry A . for neutral pions in this regime (Wissink, He
[PhD 08]). As the RHIC luminosity continues to improve, our interests have evolved towards the
correlation studies, such as di-jet cross sections and spin asymmetries (Sowinski, Page) and
photon-jet coincidences (Jacobs, Selyuzhenkov), that become technically feasible, and will
allow us to ‘map out’ the gluon helicity distribution g(x) as a function of gluon momentum
fraction. In 2009, RHIC also pushed along its energy frontier, with the successful completion of
the first proton-proton run at s = 500 GeV. Though the beam quality (intensity and
polarization) was slightly below expectations, the data have already revealed clear, charge-
separated signals for W* production, a crucial step towards studying the flavor dependence in
possible sea quark polarization. A PRL on this measurement is in preparation (Wissink and
Stevens among the principal authors). We also continue to maintain a strong presence in a few,
select aspects of the STAR heavy-ion program, especially those related to fundamental studies
that require “spin-like” analyses. Recent observations of charge separation along the orbital
angular momentum vector of the colliding system, which may signal the formation of parity-odd
domains in the QCD vacuum, are described in papers published in both PRL and PRC, and on
which U post-doc Selyuzhenkov is a principal author.

During the period covered in this report, Run 9 at RHIC was carried out successfully. This
run, devoted entirely to polarized proton collisions, not only significantly augmented the existing
200 GeV data set (adding ~25 pb™ for the triggers of primary interest), but also provided a first
glimpse of the running environment that will exist at STAR during 500 GeV operation. While
‘background’ processes, due to electronic pile-up and higher event multiplicities, grew as
expected, our ability to carry out the proposed spin physics program—including W production,
as discussed above—has been confirmed. Perhaps just as importantly, the BNL Collider-
Accelerator group now has a better understanding of the challenges that remain when running
at this higher energy, so issues of reduced luminosity and lower-than-expected beam
polarization can be addressed.

It should also be noted that the IU group plays increasingly important roles in STAR
operations beyond simply taking shifts and performing data analysis. During each run, we
provide “expert” EEMC help, available 24/7 for the STAR shift crews, resetting and ‘fixing’ the
detector as needed. Prior to the run, we supply the manpower and equipment needed (largely
phototubes and bases) to ensure high reliability. Beyond these standard maintenance tasks, we
led a major hardware effort to speed up transfer of all EMC data (from both the Barrel and
Endcap) to STAR’s level-2 trigger, by designing, fabricating, and programming new data
collector output boards with advanced DDL data transfer protocol. We have just completed a



project that will increase the readout speed of the Barrel Shower Maximum Detector (BSMD),
the slowest system in the STAR DAQ1000 era. These programs, initiated by the IU group and
led by our engineer Gerard Visser, are discussed in more detail in the technical section of this
report.

The group continues to make significant contributions to STAR run planning, detector
development, and longer term RHIC timeline and priority discussions: Jim Sowinski is on the
STAR Spin Physics task force, while Will Jacobs serves as Coordinator for STAR Endcap and
Barrel EMC’s. Members of the IU group also play leading physics analysis roles: Sowinski is a
co-convenor for the Spin Physics Working Group, while Jacobs coordinates the photon
reconstruction analysis group. Scott Wissink is a leader in the newly formed W-boson
reconstruction group, and post-doc Selyuzhenkov plays a similar role in the parity violation
analysis.

A.2 Results on Gluon Polarization

A.2.1 Inclusive jet studies
(W.W. Jacobs, B. Page, J. Sowinski, J. Stevens, and S.W. Wissink)

Determining the fraction of the proton’s spin carried by the gluons that bind the nucleon together
has been a widely sought, yet elusive goal of nuclear physics for many years. Despite the large
body of precise inclusive and semi-inclusive polarized deep inelastic scattering (PDIS) data that
has been collected, recent theoretical analyses [Le07, Ha06, Na06] suggest that significant
uncertainties remain regarding the magnitude, shape, and even the sign of the Bjorken-x
dependent gluon helicity function Dg(x). Measurements of the spin-dependence of high-pr
inclusive production processes in polarized pp collisions, studied at RHIC using the STAR
detector, have begun to place new, statistically tighter constraints on DG, beyond those
obtained from deep inelastic scattering.

Our group continues to lead several of these experimental efforts, in which we probe gluonic
helicity preferences within the proton using particles produced in quark-gluon and gluon-gluon
hard scattering processes. To date, analysis of inclusive jet production has provided the most
stringent constraints on DG from the set of STAR measurements. Our results from Run 6 for the
double-spin asymmetry A, are presented in Fig. A.2.1, and compared to four predictions from
the GRSV analysis [GI01]. Expectations for A if all gluons were polarized either along the
proton spin direction (red dot-dash curve) or against (green dashed) are strongly disfavored.
The solid black curve is the best fit to the DIS data set and corresponds to DG = 0.24, while the
dotted blue curve assumes the gluons are completely unpolarized at the input scale. The STAR
data points fall largely between these two curves, with a clear preference for the DG = 0 solution.

On the right side of Fig. A.2.1 we indicate confidence levels for a range of polarized
distribution functions (PDF’s) from the GRSV group [GI01]. The gluon PDF's represent the best
fits to the full DIS and SIDIS data sets when the integral DG is held fixed to the values shown
along the horizontal axis. A more quantitative analysis has been carried out recently [De08] in
which our 2006 inclusive jet results, along with our published 2005 results, have been included
in a global fit to all DIS and RHIC data. The c? values of the fits generated in this analysis are
shown in Fig. A.2.2, along with the values one obtains using only individual data sets.



O 2005 STAR Final

A, [ 4 2006 STAR Preliminary
0.4F — GRSV-std e |
| =— GRSV Ag=g -
[ == GRSV Ag=0
0.08[ GRSV Ag=-g
[ - G8C

A ® 2006 STAR Preliminary

oooo0gWd®
P a
. o

CL
T T

&

107
»

(m]
[

0.06

\.

0.04 102

\,

0.02

10°

o
1]

. . . <]
Online polarization =

i I I U AR B R 10 I R

s -+ = L * L T - !
P, (GeVic) Ag(Q2=04GeV)

-0.02

Alll\\lll\l'llll\\‘l

g
[ Ag=0,
std

Figure A.2.1 (left) Inclusive jet A, results from the 2006 STAR run. Vertical bars show
statistical error, while gray bars represent systematic errors in Ay (height) and pr (width). The
curves are described in the text. (right) Confidence level of these data with respect the GRSV
solutions for a range of the integral JG, compared to that achieved in 2005.

L L 'l L] LI LJ ] T L] L] T L] J
- PHENIX - 15
. . L X - -=-=- STAR 1 Ay?
Figure A.2.2 Impact of the STAR inclusive jet data [ SIDIS ] Ci
(and PHENIX inclusive /° data) when included in a |- seeeee DIS - 10
global fit [De08] to the world’'s supply of DIS and [ ]
semi-inclusive-DIS data. The importance of the [ I
STAR measurements, particularly in ruling out [~ 1 3
significantly negative values for the integral of g,is [ ]
evident. o 1o
‘ 0.
Ag"' 0.05-0.2 )

This analysis suggests that Dg(x), when integrated over the range 0.02 < x < 0.3, is
surprisingly small, with STAR’s inclusive jet results setting the strictest limit for negative values,
as well as providing competitive constraints on the positive side. Moreover, the best-fit results
of this work [De08] leave open the possibility that Dg(x) may have a node within this range of X,
and that substantial gluonic contributions to the proton’s spin may exist at lower values. Though
the 200 GeV data from Run 9 has not yet been produced, i.e., reduced to a form amenable to
physics analysis, STAR is already well-positioned to address both the shape of Dg(x), and to
explore possible contributions at lower x. With its large acceptance for charged particle tracks
and electromagnetic energy, combined with the increased luminosity expected for RHIC in
future runs, measurements of 2-body final states, such as di-jet and photon-jet coincidences,
will provide much more precise information on the momentum fraction x carried by the initial-
state partons. In addition, the extension of these types of analysis into regions of higher rapidity,
using the Endcap calorimeter (1 < < 2) and the Forward Meson Spectrometer (2.5 < < 4),
will allow us to probe gluonic spin preferences when x < 10, These advantages are discussed
in more detail in the following sections of this report.



A.2.2 Inclusive pion production in the EEMC
(W.W. Jacobs, J. Sowinski, J. Stevens, S.W. Wissink)

Like inclusive jets, the production of high-pr neutral pions (p”s) in pp collisions at RHIC is also a
high-yield process which results from hard partonic interactions. When studied using
longitudinally polarized beams, observed asymmetries in the spin-dependent p° production rates
are predicted in pQCD to be sensitive to gluon helicity preferences within the proton.
Interpretation of these results, however, requires theoretical guidance; even after correcting for
trigger and reconstruction biases in the analysis, one must still unravel the pr -dependent
contributions from competing sub-processes (primarily gg, qg, and qqg scattering), just as one
must do for jets. Calculations by Guzey, Strikman and Vogelsang [Gu04] shown in Fig. A.2.3
suggest that for p”s the greatest sensitivity to the gluon polarization is in the intermediate pr
range (~ 5-15 GeV/c) where polarized quarks serve as efficient probes of the struck gluon’s
helicity. In this energy regime, the validity of pQCD is well established, but scattering between
(largely) valence quarks does not yet dominate the scattering yield. Calculations such as these,
carried out using NLO pQCD combined with current models of the parton distribution functions
in the proton and of quark/gluon fragmentation functions, allow us to place statistically
meaningful constraints on the integrated gluon helicity preference DG from our measurements.
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To carry out these measurements, efficient detection, reconstruction, and analysis of high-
energy p”s is critical, and the Indiana group has played the lead role in developing these
capabilities. Former graduate student Weihong He increased the reconstruction efficiency of
our p’-finding algorithms by as much as a factor of 5 at the highest pr, and also greatly reduced
many of the biases introduced in previous versions of the software.

Detailed analysis of the 2006 data set for p”s in the STAR Endcap is now complete. Values
for the longitudinal double-spin asymmetry A, are presented in Fig. A.2.4 below. [He08]. The
vertical bars represent statistical error only (including contributions from background
subtraction), while the horizontal ‘errors’ indicate the range of pr included in each point.
Systematic errors, indicated by the tan band near the bottom of the plot, are dominated by
fluctuations in the values determined for A when the background fitting function is varied. The
four curves shown are from the GRSV group [GI01], and have the same meaning (and colors)
as discussed in the section on inclusive jet analysis.
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Our inclusive p° results, much like the 2006 jet data, strongly disfavor the scenario in which
the gluon spins are fully aligned with that of the proton (red curve). Discrimination among the
other curves shown, however, will require data of higher statistical precision than has been
achieved so far, as well as further reduction of systematic error at the higher prvalues. We also
note that these data probe lower x values than p°s detected at mid-rapidity, and hence provide
constraints somewhat complementary to those obtained from the high-precision PHENIX
results. Unfortunately, physics is working against us in this regime; at the forward angles
probed here, the partonic spin asymmetries calculated in pQCD are quite small, resulting in
predictions for hadronic A., that are reduced by a factor of ~2, compared to similar predictions
at = 0. Finally, we point out that recent progress in generating a more realistic model of the
Endcap response in simulations will enable a more accurate estimate of our pion reconstruction
efficiency. This is the last ‘ingredient’ needed in order to extract the p° cross section at these
forward rapidities, and should serve to confirm that NLO pQCD is valid in this region.

A.2.3 Progress towards di-jet and  gjet coincidence measurements
(W.W. Jacobs, B. Page, |. Selyuzhenkov, J. Sowinski, J. Stevens, and S.W. Wissink)

Beyond the inclusive studies discussed above, members of our group are also heavily
committed to developing analyses that involve more complex, multi-particle final states. After a
brief discussion of the kinematic advantage of studying hard-scattering processes with 2-body
final states, we will focus on the additional benefits, and the limitations one encounters, when
trying to extract information on the gluon helicity distribution function Dg(x) directly through
coincidence measurements, and the current status of such efforts.

The highest priority of the STAR spin program remains the goal laid out in our original
proposal for construction of the endcap EMC: to obtain a detailed map of the proton’s gluon
helicity distribution over the largest possible range in x, with minimum reliance on model-
dependent input. Data taken during the last two running periods, when we had better shielding
from upstream sources of background, and reduced material near the interaction region, will
provide direct sensitivity to the x dependence of the gluon helicity distribution g(x). This
function can be extracted from coincident detection of particles associated with each of the
outgoing partons, as in di-jet or g-jet events. With its almost hermetic electromagnetic coverage



for -1 < h < 4, STAR is uniquely positioned to carry out this program, with sensitivity to gluon
momentum fractions from ~0.3 down to a few times 10™. To see this, we note that assuming
2® 2 kinematics in a collinear geometry, the initial state momentum fractions of the colliding
partons are directly related to the transverse momentum and pseudorapidities of the final-state
partons via

X = %[exp(i@ +exp@hn,)].

Accurate knowledge of the two outgoing parton directions, with a measurement of pt for either,
provides sufficient information to extract x; and X, in leading order and determine the full NLO
guantities [Vo09]. In gjet coincidences, pr can be accurately determined for the photon using
STAR’s extensive e.m. calorimetry, out to = 4. For di-jets, both the partonic c.m. scattering
angle g* and the initial-state parton momenta ratio, x,/x,, can be extracted without knowledge of
pr via the relations /s — A, = tanh'l(cos g*) and /s + A, = In(X4/X,), though an estimate of pr from
the jets helps untangle x; and x,. The data from this past run should provide significant
constraints on g(x). Looking ahead just a bit, our group will take primary responsibility for
analyzing the di-jet data (Sowinski, Page thesis project) and photon-jet data (Jacobs, Wissink,
Selyuzhenkov post-doc project) obtained at 200 GeV. By extending these analyses to polarized
pp collisions at Gs = 500 GeV, we will lower the accessible range of x by a factor of 2-3, allowing
us to determine Dg(x) at lower values than any existing or proposed experiment. With two high-
statistics data sets (in a few years) at different c.m. energies, powerful consistency checks can
be performed by comparing the parton helicity distribution functions extracted at the same x but
different p+, after accounting for the (calculable) evolution of the distribution functions.

Beyond these kinematic arguments, gjet events offer strong physics advantages as well.
Simply detecting a high-pr photon in a pp collision is already a strong indication of the
contributing pQCD sub-process. In leading order, about 90% of all photons directly produced in
pp interactions result from so-called “quark-gluon Compton scattering,” in which a gluon is
absorbed by a quark from the other proton, then re-emitted as a photon. The competing process,
g+g® g+g, is suppressed by roughly an order of magnitude, due to the small number of
anti-quarks relative to gluons in the low-x regions of interest. Thus, compared to inclusive
processes or even di-jet events, photon-jet events are less sensitive to theoretical ambiguities
resulting from having to sum over several contributing sub-processes. QCD Compton scattering
is also a highly efficient analyzer of the gluonic helicity, in that the correlation between the spins
of the interacting g and g (the double-spin asymmetry at the partonic level) reaches its maximal
allowed value of unity when the gluon is back-scattered, i.e., when g* approaches p, and so the
photon is emitted along the direction of the incident quark (in the partonic center-of-mass frame).
Finally, this is a case where physics has been kind, in that the cross-section for quark-gluon
Compton scattering also reaches a maximum for back-scattered events. In summary, as a
function of g*, the gjet events with the highest yield are also the most sensitive to the alignment
of the gluon’s spin relative to that of the proton

With current inclusive jet results suggesting that Dg(x) is small when integrated over 0.02 < x
< 0.3 (see section A.2.1), and new global analyses [De08] pointing to a possible node in this
region, the importance of probing gluons at lower values of x becomes clear. Combined with
the observation that quark polarizations within the nucleon grow almost linearly with x [De08],
we see that the most interesting events will be highly asymmetric at the partonic level, with
highly polarized, high-x quarks interacting with (very abundant) low-x gluons. Thus, all final-
state particles will be boosted in the incident quark direction in the lab frame. Folding in the
angular dependence of &, as described above suggests the events most useful in constraining



DG at low values of x will involve high-pr photons headed towards the STAR Endcap, in
coincidence with a jet that is also boosted forward in pseudo-rapidity.

The effort to develop and implement this analysis is concentrated almost exclusively within
the 1U group. Though QCD Compton scattering measurements will certainly be ‘statistics
starved’ — the cross section is down by roughly two orders of magnitude from quark-gluon
elastic scattering — a much greater concern is estimating how well we will be able to
discriminate between the direct photons of interest and the large background of photons
resulting from other processes, primarily neutral meson (p° and ) decay. This discrimination is
subtle and ultimately relies on deciding if the observed e.m. shower was ‘isolated’ or part of a
jet-like pattern of energy deposition. To gauge our ability to make this distinction, we have
examined three event samples: a MC simulation of gjet events; simulated di-jets (“QCD
background”); and 3.1 pb™ of pp data from Run 6. Each sample was run through the STAR jet
finder software, and only 2-jet events were analyzed since a high-pr isolated photon would
easily satisfy our ‘jet’ criteria. We further required that the jets be back-to-back, that one jet (the
“photon candidate”) have > 90% of its detected energy in e.m. particles with no charged particle
tracks or other e.m. towers firing within a radius of 0.7 (in -f space), and that for the “away-
side” jet, the neutral energy fraction be < 90%. Due to the current lack of forward tracking in
STAR, this last condition has the effect of limiting the pseudo-rapidity range of the second jet to
roughly h < 1.4.

Our analysis of the simulated data suggests ~60% of all gjet events with p;?> 7 GeV will
pass these cuts, while only ~20% of the background events would survive, as shown in Fig.
A.2.5. We are working to improve this rejection ratio through more selective cuts on the tower
energy distribution. By accounting for the expected energy-sharing across tower boundaries,

pt>7 pt 55 we hope to reduce background rates by another
factor of ~3, with less than 5% loss of signal.
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cuts, designed to distinguish between gjet Unfortunately, it became increasingly clear

events and non-photonic QCD di-jets. that the current GEANT simulation of the EEMC

did not adequately reproduce the measured
SMD energy response. This was due in part to having a significant amount of material (primarily
other detectors) upstream of the SMD which was not adequately described in our simulation



models. A much more serious issue was discovered very recently: the special gas that flows
throughout STAR for the TPC was given the attributes of solid iron (!) in the code, so thin,
‘empty’ spaces within the Endcap became efficient radiators. We are just starting to re-do
essentially all of our large simulation sets. Preliminary analyses suggest that many properties of
the Endcap response — sampling fraction, transverse shower shape, etc. — will be markedly
different, and will bring simulation results into substantially better agreement with data. This has
significant implications for the quality of our direct photon identification, our g - hadron
discrimination, and estimates of our p° reconstruction efficiency.

A.3 W production at mid-rapidity
(W.W. Jacobs, J. Sowinski, J. Stevens, and S.W. Wissink)

The production and leptonic decay of W bosons offers a unique means of accessing the helicity
preferences of the anti-quark ‘sea’ in the proton. At RHIC, W'’s are produced via quark/anti-
guark fusion in polarized pp collisions at s = 500 GeV, followed by efficient detection and a
precise energy measurement of the decay lepton (e or 7). Establishing the flavor of the struck
anti-quark (and that of the ‘probe’ quark) relies on determining the charge sign of the detected
lepton. Resolving the final ambiguity — which of the protons carried the g or q into the collision —
is not possible in general, though certain kinematics will strongly favor one combination over the
other. For example, detection of an isolated high-energy electron in the STAR Endcap would be
a robust signature for W™ production, in which a high-x d quark from the proton headed towards
the Endcap interacted with a lower-x u contained in the other proton. By studying the effects of
flipping’ the spin of one beam or the other, and extracting the parity-violating single-spin
asymmetry A_ for each, the flavor dependence of the sea quark polarization — and an
independent check on the valence quarks — can be unraveled with relatively little model
dependence.

This program, and some of the experimental challenges encountered at high rapidity, will be
covered in the technical section of this report. However, as a first and critical step forward, a
new STAR analysis group has been formed (consisting primarily of IUCF and MIT personnel) to
develop and test W identification algorithms, using the W'’s that were produced rather copiously
near = 0 in Run 9. To collect an appropriate data sample, specialized triggers were
developed that not only signaled possible W events, but also set a flag that shunted the event
data into an “express stream” that could be produced quickly for offline analysis. Detector gains
and status tables were generated for both the Barrel (MIT) and Endcap (IU) calorimeters, and
calibrations for the STAR TPC were fast-tracked. In the end, these physics results from Run 9
have been released from the Spin Working group earlier than any results from Run 8.

A brief overview of the status of this work is outlined here:

In Run 9, STAR recorded ~10 pb'1 of useful data at Gs = 500 GeV.

Valid events were triggered by detecting an Er > 7.3 GeV in a single BEMC tower, and
Er>13 GeVin a2 x 2 ‘patch’ of towers (one tower is 0.05 x 0.05 in h x f).

Offline, select only events that contain a single primary TPC track (i.e., one that
extrapolates to a valid vertex) with pr > 10 GeV/c. Keep the event only if the same track
also ‘points’ to a 2 x 2 cluster of BEMC towers with E; > 15 GeV.

Apply a “near-cone” veto: sum BEMC and TPC transverse energy within R = 0.7 (in h-f
space) of the track, check that it is < 12% of the 2 x 2 cluster energy.



Apply an “away-side” veto: sum BEMC, EEMC, and TPC transverse energy over -1 <h
< 2, Df = £0.7 centered opposite track, must be < 8% of cluster energy.

In words, by associating a high-momentum charged-patrticle track with large, isolated energy
deposition in an e.m. calorimeter, and checking for the absence of an oppositely-pointed jet (i.e.,
a neutrino), we were able to obtain a relatively background-free sample of W events. A typical
event that passed the above set of cuts is shown in Fig. A.3.1

Figure A.3.1 Example of a W boson event in STAR, showing the detector sub-systems used in
this analysis. The radial ‘height’ of the red rectangles indicates the tower energy, while the
momentum of charged-particle tracks is apparent from their curvature.

For all such events, a Jacobian peak can be formed simply by plotting the transverse
momentum pr of the detected leptons. In our first-pass analysis, we have neglected the pr of
the W itself, so full reconstruction of the transverse mass is problematic. Whether this type of
analysis is reasonable for a detector without hadronic calorimetry, especially at large pseudo-
rapidity, is under investigation. A side-by-side comparison of the shape and absolute magnitude
of the lepton p+ distribution between simulation and preliminary STAR data is shown in Fig.
A.3.2, where the full PYTHIA + GEANT simulations have been scaled to an integrated luminosity
equal to that of the data set. The agreement is quite good, which suggests that our estimates of
the trigger and reconstruction efficiencies are reasonable. More quantitative estimates of the
“QCD background” events, due primarily to misidentified jets, will require substantial computing
resources in order to carry out the (very) large simulation studies.
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Figure A.3.2 Comparison of the shape and magnitude of the Jacobian peak predicted by
simulation (left) and as measured (right) for the lepton detected following W decay.

While there is no way to know which
proton contained the quark or anti-
guark, a critical test for the analysis is
to demonstrate that the charge sign of
the decay e* can be determined, even
at the highest pr. This has now been
established, as can be seen in Fig.
A.3.3, where the ratio of the charge Q
(= £1) of the track to its momentum is
plotted versus the lepton energy, as
measured in the e.m. calorimeters. The
clean ‘valley’ between the positrons and
electrons is seen to persist up to the
highest lepton energies.
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Figure A.3.3 Separation of the detected leptons
by their charge sign, as determined by the TPC.

Following onto these successes, the W analysis group is about to release first results for the
single-spin asymmetry A, for the W*sample. (Note that the W~ sample is smaller statistically by
about a factor of 5, consistent with theoretical expectations [De08a].) Due to the ambiguity as to
which initial state parton (the u or d ) is being ‘flipped,’ the physics impact of this result will not
be great; however, a non-zero value is predicted [De08a], and rough agreement with theory
would lend credibility to the entire analysis procedure. Moreover, this would represent the first
‘large’ (> 5%) spin asymmetry observed at STAR near mid-rapidity. A PRL article on these
results, including an absolute cross section measurement and a single A, point for the W*
sample, is in preparation, with Wissink and Stevens among the principal authors.



A.4 Signatures of parity-violation in heavy-ion co llisions
(W.W. Jacobs, I. Selyuzhenkov, J. Sowinski, and S.W. Wissink)

Although parity violation in the weak interaction has been known for over 50 years, it is rarely
noted that our present understanding of QCD also permits violation of parity (and other
symmetries) in the strong interaction. The source of this violation stems from two main
contributions: the structure of the QCD vacuum (the presumed mechanism for the large mass
of the ¢meson), and the quark mass matrix. Using a ‘naturalness’ argument, one would expect
the magnitude of parity violation (PV) in the strong interaction to be of order unity. The fact that
such violations are constrained by experiment, e.g., through measurement of the electric dipole
moment of the neutron [Ba06], to be 10™ or smaller has led to what is commonly called the
Strong CP problem. Though the reason for this enormous suppression is not understood, it
may signal the existence a new symmetry in nature [Pe77] that is broken in the QCD vacuum.

One of the primary motivations for the study of ultra-relativistic heavy-ion collisions at RHIC,
therefore, has been to search for experimental observables that might signal a change in the
structure of the QCD vacuum. In these collisions, metastable states could be formed in which
the excited vacuum breaks parity and CP symmetries with a strength approaching unity (see
[Kh98] and references within). Recently, several groups [Kh08, Fu08] have proposed a possible
experimental signature for the formation of such states, due to the “chiral magnetic effect.” In
this scenario, the extremely large magnetic field generated by the two colliding nuclei acts as
(essentially) an external field in which the interacting quarks and gluons are immersed.
Because magnetic fields are odd under time reversal — and hence break TR symmetry -- unique
effects may occur when the symmetries of the strong interaction are broken due to the presence
of the self-created magnetic fields. In the chiral magnetic effect, these fields cause the quark
spins to align themselves preferentially either along or against the collision angular momentum
vector L, depending on the charge sign of the quark. Locally, a violation of parity under these
conditions would lead to a non-zero chirality of the quarks, which occurs as the quarks’
momentum component along L is modified. If this latter process were to occur, it would
manifest itself as a separation of charge along the angular momentum vector, that is, the
positively charged quarks might move along L, while negative quarks would move in the
opposite direction. Whether the positive quarks would move along or against L depends on the
specific properties of the excited vacuum in the metastable region. As has been pointed out
though [Mu09], even if such domains were to be created, the ‘direction’ of charge separation
with respect to L could fluctuate from event to event, or even from one domain to the next
within the same event. If this were to be the case, experimental detection of this effect would be
extremely difficult.

The STAR collaboration has recently analyzed correlations among charged hadrons near
mid-rapidity in Au + Au and Cu + Cu collisions at Gsyy = 200 GeV. Because any parity-odd
observable would be expected to average to zero when analyzed over many events, it was
necessary to compare the measured charge separation signal in each event with the
fluctuations one would expect to arise due to non-parity-violating effects, i.e., one must look
among multiparticle correlations. In practice, what was extracted for each event was the
azimuthal distribution of charged particles, dN./df , sorted by charge sign. As described in
more detail in a very recent PRL [AbQ9], the relevant term in this expansion is the sin(f - Y)
component, where Y is the azimuthal angle of the reaction plane. The coefficients of this
component, a., should average to zero over many events; but the average of correlated
guantities, such as a. a,, might not. In order to reduce sensitivity to the (many) parity-even
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Fig. A.4.1 Angular correlation between particles of types a and b, relative to the reaction
plane, for same and opposite charge signs in heavy ion collisions at STAR, plotted as a
function of event centrality (left) or particle multiplicity (right). The shaded areas reflect
uncertainties in the elliptical flow rate values; the thick solid (Au-Au) and dashed (Cu-Cu)
lines are HIJING estimates of background contributions from many-particle clusters.

backgrounds, the actual analysis performed was somewhat more complicated [AbQ9], but the
basic idea remains the same.

Shown in Fig. A.4.1 are the results from STAR of multiparticle correlations, relative to the
event reaction plane, from 200 GeV Au+Au and Cu+Cu collisions. Analyzed tracks were
required to satisfy |h| < 1, with a transverse momentum 150 MeV/c < pr < 2 GeV/c. Looking at
the left panel, there is a strong correlation among same-sign charges when emitted in the same
hemisphere, while the correlations between two particles of opposite sign are close to
expectations from background. The variation in magnitude of the signal also scales with
centrality (or impact parameter) as one would expect qualitatively if this were the result of the
chiral magnetic effect.

Nevertheless, though the data are solid, the interpretation above remains somewhat
speculative. Two new analyses are currently being pursued: examining the dependence of
these angular correlation observables on collision energy, with the expectation that the signal
would vanish if one fell below threshold for formation of a quark-gluon plasma; and performing
the same analysis on the same data sets shown in Fig. A.4.1, but now checking correlations
between a (say) positively charged particle and a neutral particle. Carrying out this latter effort
using neutral and charged pions would be an excellent test, though reliable p° reconstruction in
the heavy-ion collision environment remains highly problematic.
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B. Parity Violating Neutron Reactions

B.1. Parity-odd Neutron Spin Rotation
(M. Snow, C. Bass, D. Luo)

We have analyzed the data from an experiment performed at NIST [Ba05, Mi0O6] to search for
parity violation in neutron spin rotation [Mi64] in liquid *He. The IU group accepted the major
responsibility for the liquid helium target and for the characterization and analysis of systematic
errors. The preliminary result from our measurementis (n, ) =[1.7 + 8.3 (stat) + 1.3 sys)] x 10°
" rad/m (see Fig. B.1). PV spin rotation effects in n-*He as large as ~1.5 x 10° rad/m are
possible in the DDH [Des98] theoretical framework. Within the isoscalar/isovector subspace of
NN weak amplitudes [Dmi03], PV spin rotation in n-*He constrains a linear combination which is
approximately orthogonal to already-measured PV effects in the isospin-conjugate p-*He system
[La86] and in ***Cs [W097] Da Luo defended his PhD thesis on this experiment. The small
systematic error encourages an improved experiment with higher neutron flux at the new
fundamental neutron physics beamline under construction at NIST, and the apparatus is being
improved at IUCF to take advantage of this beam.
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Figure B.1. Distribution of the parity-odd spin rotation angles measured in “He at NIST.
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B.2. Understanding Ultracold Neutron Production in Solid Oxygen
(Chen-Yu Liu, Chris Lavelle, Dan Salvat)

From August to October 2008, we have collected a comprehensive set of data studying
ultracold neutron (UCN) production in solid O, using cold neutrons on Flight Path 12 (FP12) at
the Lujan Neutron Scattering Center at the Los Alamos Neutron Science Center (LANSCE). The
experiment explored the dependence of UCN production in solid O, on the target temperature,
phase, volume, incident cold neutron energy, and the external magnetic fields up to 5 T. In the
past year, we have completed analysis of the majority of the data set. In order to construct a
solid understanding, we have carried out additional measurements on the inelastic scattering
kernel of solid O, using the inelastic neutron scattering instruments DCS at NIST and Pharos at
LANSCE. The UCN guide transmission efficiency was independently measured using the UCNA
source one month after the UCN production runs.

The major source of background in the UCN data collected on FP12 was the cold neutron
flux incident on the target cell at a fixed repetition rate of 20 Hz. The cold neutrons interacted
with the target to produce UCN. However, a non-zero fraction of the transmitted cold neutrons
scattered off the stainless steel elbow and traveled down the UCN guide (see Fig. B.2.1) to be
detected by the UCN detector. Figure B.2.2 shows an averaged time-of-flight spectrum,
triggered by the proton pulses on the spallation neutron source. The peaks observed on the
spectrum are associated with the scattered cold neutron background and are identified with the
elastic Bragg scattering of the UCN guide material (as shown in Fig. B.2.3). Due to the
characteristic slow motion of the UCN, it took UCN on average of 600 ms to travel down the
guide from the production target. Therefore, we exploited this distinct difference in timing
structure between the UCN signal and the cold-neutron background to perform careful
background subtraction. The signal to noise ratio was about 5:1 for runs with nominal conditions.

Figure B.2.1: A cut-away view of the UCN
production apparatus installed inside the
_ cave on FP12 at Lujan Center. The cold
' CNHuidc neutron beam enters the front Al window,
) \‘ interacts with the target cell situated in the
N middle of the warm-bore of the
superconducting magnet crystat, and
exits the apparatus through the SS elbow
that is a part of the UCN guide. The target
cell is cooled through a horizontal cold
link by a Cryocooler refrigerator.

Superconducting
Cold neutron

solenoid

beam

Measurements of the transmitted cold neutron flux can be used to extract information on the
total cross-section of neutron scattering off solid oxygen in different low temperature phases
(see Fig. B.2.4). It was observed that incident cold neutrons were significantly attenuated inside
the medium and large-size cells, i.e., 47% and 83% attenuation, respectively. This resulted in a
position dependence on the birth of UCN to be weightly strongly towards the entrance side of
the target. The collectable UCN flux was affected by the mean-free path, which could be short if
the solid target were significantly fractured by the thermal stress during cool-down. Quantitative
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estimation of such an effect was hard and the size may depend on the detailed process of target
preparation. We have developed Monte-Carlo codes to analyze the effects of non-uniform
illumination by cold neutrons. With the additional information about UCN production cross-
section (and upscattering cross-section) directly extracted from the scattering kernel
measurement, we were able to perform a global analysis of our data set taken with temperature
a range from 5 K to 55 K and with different cell dimensions using models with only two free
parameters, one of which characterizes this excessive UCN scattering from density fluctuations.
The result of one such fit is shown in Fig. B.2.5. The complete set of experimental data enables
careful studies on effects on the cold neutron Bragg scattering and the UCN mean-free-path for
the very first time.

As shown in Fig. B.2.5, there is an abrupt change in the UCN production between the alpha
(<24 K) and the beta phases (24-44 K). The explanation becomes obvious with the additional
data on the neutron scattering kernel, S(q,w). Fig. B.2.6 shows the two-dimentional map of
S(q,w) in the alpha and beta phases of solid oxygen in a polycrystalline sample. In the beta
phase, there exists a pronounced “quasi-elastic” peak around Q=1.3/A that corresponds to the
anti-magnetic ordering in the basal plane. It was pointed that the additional dynamics are due to
spin diffusion [Cha93]. The spin diffusion couples to the incident cold neutrons, giving rise to a
large inelastic scattering cross-section, and thus the UCN production in the beta-phase is mostly
magnetic in origin. The broad quasi-elastic feature disappears when the solid is in the alpha
phase, resulting in a smaller UCN production cross-section. The UCN production cross-section
can be readily extracted from the S(q,w) table by integrating the scattering intensity under a free
neutron parabola. The result is shown in Fig. B.2.7. As expected, oxygen in the liquid-like
gamma phase has the largest rate of UCN production. However, the equally strong upscattering
cross-section makes the UCN yield small and limits its usage as a practical UCN production
source. The beta-phase has a strong cross-section that produces a significant amount of UCNs
at 24 K, however the UCN production saturates at a target thickness of about 1 cm. In contrast,
the alpha phase has a smaller UCN production cross-section and it requires a larger volume to



observe the superthermal temperature dependence, i.e. an increased UCN vyield with a
suppressed upscattering loss produced by reducing the temperature of the production source.
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Figure B.2.5: UCN production count rate from solid oxygen in the medium sized cell. The data
were taken during a 6-day cool down process in which the liquid solidified into the gamma
phase, and then subsequently cooled slowly into the beta (24 K-44 K) and the alpha phases
(<24 K) at its saturated vapor pressure. The solid curve is the best fit results with only two free
parameters.
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Figure B.2.6: Neutron scattering kernel S(q,u). These data were collected using the DCS
inelastic neutron scattering instrument at NIST. A similar data set for S(qg,) was collected using
Pharos at LANSCE to study the effects of Zeeman splitting of the magnetic modes in solid O..

The combined data from different volumes indicates that the UCN mean-free path is longer
than 20 cm. The experimental data provides evidence to support the proposal of using a large-
sized solid oxygen cell as a UCN source if the problem of flux attenuation of the incident cold
neutrons could be addressed. The UCN production rate is measured to be about 3 times
smaller in the alpha phase of solid oxygen compared to that of solid deuterium. However, the
major advantage of solid oxygen originates from the long UCN mean-free path that is not limited



by incoherent scattering as in the case of solid D,. The UCN vyield from a solid O, source could
be larger than that from a solid D, source if one used a large scale source of solid oxygen while
maintaining a high efficiency for extracting UCN out of the source. A new geometry that
incorporates the UCN source in a cold neutron flux trap could be the solution. Such a geometry
could aim to increase the cold neutron flux by taking the Bragg scattering into consideration:
through multiple bounces of the cold neutrons, a large “effective” size of the source (up to a few
meters) can be attained while keeping the physically size at a more manageable scale (about
0.5 m in linear dimension). A solid-O, based UCN source with a reduced size should make the
implementation of such a cryogenic source more practical.
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C. Neutrino Physics

R. Tayloe, M. Boy, L. Garrison, A. Hanson, T. Katori, H.-O. Meyer, and C. Polly

C.1. Search for short baseline oscillations and th e measurement of neturino
interaction processes, MiniBooNE and SciBooNE expe  riments
(C. Polly, A. Hanson, T. Katori, and R. Tayloe)

The MiniBooNE experiment [Ch98] has been running at Fermilab since 2002 and searches for
n n and'n ‘ne oscillations at Dm?~ 1 eV?as indicated by the signal previously reported by

the LSND experiment [Ag01]. Results from these searches have been published over the last
several years. The experiment continues to run in antineutrino mode to increase the data
sample size and sensitivity for'n ‘neoscillations. In addition, the MiniBooNE experiment has

produced and continues to produce valuable measurements of neutrino scattering on carbon in
the ~1 GeV energy range.

MiniBooNE searches for n n (“neutrino-mode”) and'n ‘ne (*antineutrino-mode”)
oscillations by detecting n_or (‘ne) in a 800 ton detector located 550 m downstream of a source
of n ('n) created in proton collisions on a beryllium target. Data corresponding to 5.5 x 10%°

“protons-on-target” (POT) was collected in neutrino-mode from 2002-2005 and the subsequent
analysis ruled-out the LSND result [Ag01l] when interpreted in the standard two-neutrino
framework [Ag07]. However, an anomalous excess of events was observed in the 200-475 MeV
range, below the window of analysis for oscillations. This excess is not well-explained by
neutrino oscillations with the expected L/E behavior. The analysis was refined and increased
neutrino data was added (for a total of 6.5 x 10*° POT) to further investigate this anomalous
result [Ag09]. The excess remains at 3.0 in the neutrino energy range of 200-475 MeV. To
explain this result with known backgrounds such as neutral current ° production or D radiative
decay requires an increase in these backgrounds by more than 5.0 . Many hypotheses to
explain the excess have been offered [So04, Ha07, Pa05a, Go07, Ne08, Ko04].

MiniBooNE collected data in antineutrino-mode from 2005-2009. An analysis of this sample
[Ag09b], corresponding to 3.4 x 10%° POT, using the same cuts and methods as employed for
the neutrino sample, yielded an excess consistent with zero in both the oscillations analysis
energy region (475-1250 MeV) and in the low-energy region (200-475 MeV) where the excess
was seen in neutrino mode. This sets a limit for "n ‘ne oscillations interpreted in a 2-

neutrino framework and constrains explanations of the low-energy excess in neutrino mode.
However, the data sample used for this antineutrino analysis is significantly smaller than that for
the neutrino analysis. In antineutrino mode, the event rate is smaller by about a factor of six
because of a smaller antineutrino production rates and interaction cross sections. As can be
seen in the MiniBooNE neutrino and antineutrino confidence limit (CL) plots (Fig. C.1.1), the
neutrino result rules out effectively all of the LSND region at 90% CL, while the current
antineutrino result does not cover all of the LSND region. Further running of MiniBooNE in
antineutrino mode is currently in progress.
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Figure C.1.1. MiniBooNE neutrino (left) and antineutrino (right) 90% confidence limit plots.

Results from the LSND, KARMEN2, and Bugey experiments are indicated as well.

In addition to the neutrino oscillation search, the MiniBooNE experiment measures neutrino
interaction processes. These are important for providing reaction rates for current and future
oscillation experiments, as well as for the physics insight they provide. The charged-current
guasielastic (CCQE, C m X) is a particularly interesting channel as it is the most ubiquitous
neutrino reaction in the detector and is typically the signal reaction for detecting neutrino
oscillations. A four-momentum (Q?) shape analysis was first performed [Ag08] in order to correct
the simulation result to the data for the oscillation analysis. A subsequent analysis was
performed in order to extract the (first ever measured) flux-averaged double differential cross
section for this process [Ka09]. This result is shown in Fig. C.1.2 and formed part of the Ph.D.
work of 1U graduate student Teppei Katori (Ph.D. '08). This data has generated excitement (and
some consternation) in the neutrino community as the extracted cross section is ~30% larger
that expected from previous experiments. The total cross section for CCQE as a function of
energy as measured with MiniBooNE is shown in Fig C.1.3. As can be seen in this plot, the
MiniBooNE data indicates a cross section significantly larger that expected from previously
indicated model parameters. In addition to the CCQE analysis, MiniBooNE has recently
produced measurements of charged- and neutral-current pion production [Ag08b, Ag09b].
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The SciBooNE experiment [Ag06] ran at Fermilab in 2007-2008, collecting data on n
and'n scattering using the fine-grained “scibar” detector (originally built for the K2K experiment

[KiO4]) located approximately 100 m from the neutrino production target. First results on
coherent pion production from this experiment have been published [Hi08] and data analysis on
other channels such and charged/neutral-current quasielastic in progress.

C.2. Neutrino detector development: The SciBath De  tector project
(H.-O. Meyer, L. Garrison, M. Boy, and R. Tayloe)

The SciBath detector technique [Ta06] utilizes a grid of wavelength shifting (wls) fibers
immersed in a large liquid scintillator volume to detect neutral particles. It was originally
conceived for the FINeSSE [BuO4] neutral-current elastic scattering experiment. A prototype
consisting of (0.5 m)? liquid scintillator viewed by 768 wis fibers has been constructed. The
fibers are read out with 64-anode photomultiplier tubes which required a custom system. These
readout electronics were designed at IUCF, built under contract by an outside firm, and are
currently in operation. Several sample PMT waveforms are shown in Fig. C.2.1. This waveform
sampling allows for amplitude and time information to be extracted from every PMT hit using a
single ADC channel.

The scibath prototype device (see Fig. C.2.2) is currently being commissioned in the
basement of IUCF and will soon be collecting first events.



Figure C.2.1. Sample waveforms
from the 64-anode photomultiplier
tubes digizitized with the custom-
built scibath detector electronics
module.

Figure C.2.2.  Graduate students
finishing fiber splicing on the SciBath
detector, Summer 2009.
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A. STAR Technical Activities in FY 2009

W.W. Jacobs, J.Sowinski, S.W. Wissink, B. Page, |.Selyuzhenkov, J. Stevens, G. Visser
A.1 EMC and Endcap Shower Maximum Detector DAQ upg rades

Previously the EMC tower readout, transferring the digitized calorimeter tower data from the U
built data collectors to STAR trigger and DAQ, was upgraded to a modern DDL type protocol
modeled after the readout of ALICE at CERN (e.g., see documentation in the 2008 Annual
Report). Besides the desire to get rid of the old GLink and VME based receivers, a main
objective was to significantly increase the data transfer speed (to ~ 80 pus) and deliver directly to
L2 trigger level processors (with subsequent pass of selected data to DAQ) in order to initiate a
fast level 2 trigger. This capability, along with increased use of L2 decision software (see next
section for additional details), provided the capability for optimizing STAR’s data taking during
the polarized pp running parts of Run 8 and Run 9.

For Run 9 we decided to extend this readout upgrade to the Endcap Shower Maximum
Detector (ESMD). Since the ESMD is scintillator based with individual FEE channel digitization
and transfer to a data collector much like the tower information, it could in principle also be
shipped to L2 and participate in the triggering decisions. However without a clearly
demonstrated physics need and in view of the significantly larger number of channels involved
(9,216 vs. 720 for the Endcap towers), it was decided at least for now to follow a path directly to
DAQ. Using the newly designed data collector output boards from the tower upgrade, Gerard
Visser (IUCF Engineer) was responsible for implementing a solution for the ESMD by revision of
the output board firmware, using the same SIU-DRORC plug-in data transfer components from
CERNTECH so as to follow the adopted STAR standard for new subsystems in this upgrade.
The integration of this new data transfer protocol to a PC based receiver mounted in the STAR
DAQ room went relatively smoothly, and quickly became a standard part of detector operations.
A similar direction has been pursued for the Barrel EMC SMD for Run 10 as described in A.1.3
below.

A.2. STAR Level-2 Trigger in Run 9

Along with the hardware advances mentioned above that quickly delivered both the Endcap
and Barrel EMC tower data (ETOW, BTOW) to the level 2 trigger processors, the L2 software,
individual algorithms along with an ungrade to its overall structure, was installed in Run 8 to
better match these new capabilities. The structure provides common “calibrated” ETOW and
BTOW data for each event to the individual algorithms (the calibration is run first while the rest
of the trigger data is accumulating) and subsequently the shell in which the individual algorithms
are run and reported. Because of the reduced time scale afforded by the data transfer arrival,
many of the algorithms needed upgrading to increase their speed and overall efficiency (see
previous annual report documentation). As Run 8 pp running was cut short due to budgetary
constraints, the full physics impact of all these efforts was not manifested. However the push to
get many of the the new upgrades coded, commissioned, and documented (along with an
associated monitoring system), was instrumental in helping to make the subsequent long Run 9
polarized pp running a success.



For Run 9, the full upgrade to the STAR TPC readout (“DAQ1000") was put in place,
meaning that much higher trigger and data rates became accessible with corresondingly lower
dead time incurred by the TPC readout. Nonetheless, a limit on the raw (hardware level) LO
trigger rate was still imposed by the allowed safe operation (with regard to long term aging) of
the TPC gated grid. For Run 9 this limit was set to < 700 Hz, although during the initial 500
GeV portion of the run, conditons were quite variable due to many factors including first
experience (higher occupancy, etc.) at this energy. More stable running was achieved later at
500 and subsequently 200 GeV by lowering TPC FEE voltages as allowed by the superior
signal to noise of the new readout system.

The L2 trigger software was again updated for Run 9, necessitated by a change in the basic
trigger structures and related software, as well as the desire to improve some of the L2
algorithms and add others. For the 500 GeV running, special W algorithms to enhance the W
boson production signal were written for both BTOW and ETOW, setting higher thresholds for a
High Tower response than allowed by the Tower FEE and trigger hardware as configured. The
jet algorithm was re-written (IU student Brain Page) in order to remove a previous trigger bias
resulting from a restricted choice of tower clustering size. This, plus continued use of the
piecewise threshold vs. di-jet kinematic cuts on the sum of jet pseudorapidities ( 1+ ), helped
collect a data set of higher figure of merit, emphasizing di-jets and gamma-jets including
particularly those from the Endcap region.

As the above developments unfolded, several hardware issues had to be managed during
Run 9. A new Trigger Control Unit (TCU) could not be successfully commissioned by the trigger
group in time, necessitating the use of the old TCU to accommodate the increased demands of
this spin physics run. Extensive use of L2 helped bridge many of the issues arising from
combined LO triggers, etc. On the other hand, it was found that the STAR trigger DAQ (parts of
which itself were upgraded for DAQ1000) would not reliably run with hardware aborts of the
newly upgraded Barrel Shower Maximum RDO crates, so that the use of L2 in this respect was
limited for the suite of triggers employed and could only be applied selectively. In the end this
compromise was workable given the lowered Barrel SMD dead time that became available for
Run 9 (e.g., see next section "phase I” description).

In any case the L2 software upgrades for Run 9 functioned well. Besides the "ped”
and "calibration” algorithms associated with the overall structure, "jet”, "BTOW gamma”, "ETOW
gamma”’, "High Energy” (passes tower data to a higher level trigger), "Upsilon” and "W”
algorithms were run very successfully in order to produce an overall acceptable STAR DAQ
event rate to tape. Web based displays, dumped run-by-run, of the QA plots for each L2
algorithm, along with similar QA plots for LO trigger, RHIC spin settings, scalers and other
important monitoring activities, ensured a high quality data set. The spin Physics Working group
(with a strong IU component) was primarily responsible for all these efforts.

A.3 Further Upgrades to STAR Readout for Run 9

With the successful completion of the DAQ1000 upgrade to the TPC readout, the barrel
calorimeter shower-maximum and preshower detectors (BSMD) were in line to become the
biggest deadtime contributor by far to STAR'’s physics program. In the 2008 summer shutdown
and startup period of Run 9 we successfully completed “phase I” of the BSMD readout upgrade,
cutting its deadtime by about half (see the 2008 Annual Report) and paving the way for the
“phase 11" work, begun in summer 2009 and on track to be ready at the start of Run 10.



To briefly summarize the phase | (mainly Gerard Visser’s) work: the three FPGA designs in
the BSMD readout crate were entirely rewritten to improve the readout timing, fix certain design
issues (e.g., poor gated clock logic leading to corruption of the capacitor ID in the readout), and
migrate from an archaic vendor-specific format to VHDL. The BSMD DAQ receiver crates were
re-organized to improve data bandwidth, and zero suppression was implemented there to
further improve bandwidth and to reduce loading on the event builders, storage, and production
software. Additionally, of course, there was the opportunity to investigate the structure of the
(nearly dormant) BSMD hardware and software, and give more direct thought to logical the next
steps.

In phase Il of the BSMD upgrade, we proposed to convert the BSMD from a slow detector
(handles only 1 event at a time) based on the original STAR GLink hardware and VxWorks VME
crates, to a fast detector (multiple events with fixed deadtime independent of DAQ loading)
based on the ALICE DDL hardware and LINUX PC’s. Additionally there were three key benefits:

Eliminate the old and outdated VxWorks DAQ software; eliminate also the old BSMD
DAQ VME based receiver boards for which there were no good spares.

Eliminate the legacy event builder interface to BSMD and consequent not completely
understood system instabilities that plagued Run 9 (e.g., problems with particular mixes
of triggers and detector group readouts as mentioned in the section above).

Provide a fixed 315 ps busy which is not stretched out for any reason. Effectively
equivalent to the old BSMD at low rates, this busy providing at least a factor of two
improvement for trigger rates of several hundred Hz or more. [Note: The fixed busy
could be as short as 210 ps with the replacement of known “bad” SCA chips that were
used in fabricating FEE boards primarily for east BSMD (e.g., these chips won't run
reliably at the required clock frequencies well within their specifications). Such a
replacement would be a significant effort.]

To implement this plan, there were several steps, associated tasks and some additional
improvements:

1. The 6U VME fiber output board “FOB” of the BSMD RDO had to be replaced by a new
design. The new FOB consists essentially of an FPGA, SDRAM, and the DDL SIU
mezzanine board and takes over some functions (trigger interface and SCA control) that
were previously handled by the master trigger board (“PTB”) in the RDO crate. An added
improvement here is the ability to adjust the sample clock phase for each of the 12 RDO
crates independently (in the old system there was no ability to individually set the crate
timing, and various compromises were made).

2. The FPGA on the new FOB is a new design, merging most of the old FOB and PTB
FPGA'’s, the SIU interface (modified from the recent ESMD design), and an SDRAM
controller.

3. There are several improvements: storage for 4095 events (maximum number of trigger
tokens in STAR) guarantees that BSMD never has to raise a busy in response to a DDL
link busy; and the data, written to a token-indexed dual-port buffer (built from SDRAM),
is pushed upon request to read and transmit from that buffer into a FIFO (4096 deep)
which can be operated to send the data on the DDL link when the link is ready. For
servicing and updates: while the SIU-DRORC duplex connection provides access to the
FOB, a JTAG output from the new FOB connects to the JTAG chain of the other crate
boards (“AMB”) so that all aspects of the readout sequence can be remotely updated.



4. The three DAQ 9U VME crates and receiver and processor boards are replaced by two
PC'’s of the same type used for the TPC DAQ1000 upgrade, each with three ALICE D-
RORC boards and associated new (duplex) fiber runs out to the STAR detector.

5. Zero suppression, pedestal subtraction, and pedestal calculation software are migrated
to LINUX and the modern PC hardware.

The IU/IUCF part of the above work was essentially the FPGA programming task of items 2
and 3 along with all design efforts in item 1 related to the new functions delegated to the FOB.
In addition during the course of the work, a significant amount of interfacing, coordination and
trouble shooting was required, particularly in the final stages of installation and pre-
commissioning effort before real data from collisions was obtained. The other items/tasks on the
above list were carried out by personnel at BNL and STAR.

As of this writing, as we await first collisions from RHIC Run 10, all the above firmware and
associated hardware is in place, tested and ready to go after completion of a very tight
schedule!

A.4 Ongoing Responsibilities of IU STAR group

Beyond efforts in physics analysis and the above technical issues, our group continues to
provide essentially all EEMC support during data taking and between-run maintenance. We
make significant contributions to STAR run planning, detector development, and long-term
RHIC priority discussions. Jim Sowinski serves as co-convenor for the Spin Physics Working
Group, and is also chair of the RHIC-AGS Users Executive Committee. Will Jacobs is systems
manager for all of STAR electromagnetic calorimetry, and convenes the photon analysis group.
Scott Wissink is a leader in the newly formed W-boson reconstruction group, and postdoc llya
Selyuzhenkov plays a similar role in the parity violation analysis.



B. Neutron Equipment Development

B.1 aCORN Construction and Commissioning
(George Noid, Guillaume Darius, Alex Komives, Edward J. Stephenson)

aCORN is an experiment to measure the “little a” parameter in neutron beta decay [Wi05]. This
parameter is the correlation coefficient between the momenta of the anti-neutrino and electron.
A value for this parameter can be directly related to the ratio of the vector and axial vector
coupling constants associated with the weak interaction. In combination with a measurement of
the neutron lifetime, it can also be used to estimate the V4 element of the CKM matrix. In
contrast to previous measurements of a that were based on the shape of the proton energy
spectrum, aCORN uses a collimator system to select regions of the decay phase space where
the electron and anti-neutrino momenta are nearly parallel or nearly anti-parallel. Electrons
travelling in one direction strike a plastic scintillator system that records their energy. Protons,
after a boost of about 2 kV, travel in the opposite direction along a path of more than two meters.
The collimation system, along with an axial magnetic field of about 400 G, eliminates decays
with much transverse momentum. The events so selected fall into two groups with the anti-
neutrino momentum either parallel or anti-parallel to the electron momentum. These two groups
are distinguished by the time of flight of the protons to a silicon detector measured with respect
to the time of arrival of the electrons at the plastic scintillator.

For some time, IUCF has been the site where the aCORN apparatus is being constructed
and commissioned. Time will be available at the NCNR (reactor) located at Gaithersburg, Md
starting in December, 2009 for the installation and operation of the experiment on the NG-6
beam line. This current plan is to operate aCORN at this end station until the reactor is shut
down in the spring of 2011 for the installation of new beam lines and a new guide hall. The task
at IUCF has been to assemble and test each important system within aCORN before shipment.
These include shimming the magnetic field, aligning the collimator system with respect to the
magnetic field, and demonstrating that the silicon detector can be operated at cold temperatures
and at a 30 kV accelerating potential so that the decay protons can be detected with very low
background interference. This process is nearly complete, and each sub-system’s status will be
reviewed below.

B.1.a. Axial Magnetic Field

Inside aCORN, an axial magnetic field is used to maintain the solid angle acceptance while
protons from the decay are transported and subsequently focused onto the silicon detector.
This field in generated by a series of 25 pancake magnetic coils, each with 121 turns of copper
strip, separated by 12 cm. About 30 A of current flows through the coils in series. During
manufacture, each magnet was equipped with a trim winding that can be separately powered.
The goal, after adjusting the trim currents, is to produce a field in the proton collimator region,
that is flat to 1:10,000. The requirement in the electron region is about an order of magnitude
less stringent. The coils are surrounded with an iron structure that acts as a support for aCORN
as well as a flux return. At the bottom of aCORN where the electron detector is installed, there
are additional windings (called beta trim coils) just above and below the large steel plate of the
flux return in order to make a magnetic field that will disperse the electron trajectories on their
way to the scintillator. This, along with veto detectors, is intended to suppress events in which
the electrons backscatter out of the scintillator material, depositing less than their full energy.
The acceptance of aCORN, and therefore the solid angle corrections associated with the
calculation of the asymmetry that gives a, depends on electron energy.



Variations in manufacture led to variations in the magnetic field produced by each main
magnet winding, as shown by the varying curve in Fig. B.1.1. These measurement were made
with a Hall probe system mounted on a carriage that, under motor control, can travel inside a
square mapping mandrel along the length of aCORN and observe all three components of the
magnetic field on the apparatus center line as well as 5 cm displaced. The same graph shows
with a red curve the target field for aCORN. This field rises slightly in the region of the upper
beta trim coil before it falls as the position of the steel plate is approached. Using a magnetic
field program that included the flux return, an axial field shape was calculated for each of the 25
trim coils. Using a fitting routine, currents were chosen for each of these trim coils and the
predicted field (based on the measurement) is shown as the black curve overlaying the red.

Figure B.1.1. Measurements of the axial field
<:I in Gauss as a function of coil number. The
dashed and solid black curves are the
untrimmed field and the predicted field after
trimming. The red curve is the target field.

Figure B.1.2. Measurements of the trimmed

axial field in Gauss (black) as a function of coil ::>
number. The target field is in red. The dashed

red lines show the limits in the proton region.

Figure B.1.2 shows the same target field, this time overlaid with the measurements of the
trimmed axial field. This field is within the £40 mG tolerance limits over its entire length. It was
important to measure this field with a single pass of the mapper measuring this field only, as the
magnetometers showed considerable drift with time. Some of this drift could be related to large
temperature changes at the probes. Zeroing of the Hall probe was done at one end of the
mapper’s travel using a mu-metal shielded housing.

Having the right magnetic field also means that the transverse components must be zero to
the same level of tolerance. At aCORN, the main contribution to the transverse field was the
earth’s field of about 0.5 G. This travelled at an angle through the apparatus and was distorted
at either end of aCORN because of the presence of the large flux return steel plates.
Measurements were made of the transverse field using X and Y Hall probes and rotating the
mapper carriage by 180° The difference of these two measurements was taken as the true
transverse field while the sum was a combination of zero offset in the probes and the



component of the axial field recorded at the probe positions because they were not completely
perpendicular to the probe axis.

Trimming the transverse field required “Helmholtz” windings made on two sets of frames (X
and Y) mounted around the body of aCORN. Loops could be wrapped around the position of
any of the 25 axial field pancake coils. The correction strategy was to use large windings to
cancel the field to good approximation over the whole of aCORN, then add smaller individual
windings where additional corrections were needed. The results are shown in Fig. B.1.3 where
the blue curve shows the final X-axis field and the red curve the final Y-axis field. The black
curve is the sum in quadrature of the X and Y measurements, and it shows that the transverse
field is within the 40 mG limit. At low coil number, cancellation of the transverse field was
hampered by the upper beta trim coil which, through a mishap, was mounted about 1 cm off
axis. This created local transverse field components on a scale that was too small to be erased
by the larger coil windings outside the aCORN vacuum.

Figure B.1.3. Measurements of the
corrected transverse field along the X
(blue) and Y (red) axes as a function of
the coil number. The combined field is
given by the black curve. This field is
within the +40 mG limits as needed in
the upper, proton part of the coil
number range.

B.1.b. Collimator Alignment

The collimator system consists of a long assembly containing a series of circular apertures
made from 20-mil thick tantalum. There are 5 such apertures on the proton side and 17 on the
electron side. The assembly was carefully adjusted to that the collimators were all within 3 mils
of the centerline.

The center axis of aCORN is established by the center line of rotation of the magnetic field
mapping system. This line is given by the two bearing that support the mapper mandrel at
either end. To place the collimator system along the same line, optical sights were placed in the
two bearings, and a transit system aligned on these targets. Then the collimator system was
inserted, and optical sights on either end allowed adjustment until the collimator axis was
parallel with the mapper axis (but not necessarily coincident). The collimator was fixed at the
bottom and adjusted at the top using three movable pins in a triangular arrangement. After
setting the alignment, some bowing of the collimator assembly was noted; this was repaired by
adding shims to the bottom to shift the loading on the collimator support.



B.1.c. Silicon Detector Testing

After considerable design work utilizing electromagnetic field modeling software and a Monte
Carlo description of the proton trajectories inside aCORN, a concept was developed for the
silicon detector that involved deflection of the protons to the side followed by focusing onto the
face of a 600 mm? silicon detector. This arrangement is shown in Fig. B.1.4.

HV feed-through system

Pre-amplifier

Silicon detector
Focus grid and ring

Cryo-panels

Figure B.1.4: Cutaway view of the cryostat panels (copper) and detector mount for aCORN
along with the service cross for the top of the apparatus and the feed-through for the HV
components. The detector is placed to the side so that electrons do not backscatter from the
detector or its mount and return to the beta spectrometer, creating a false event. To steer and
focus the protons, a focus grid and ring assembly biased to 30 kV sits in front of the detector.
On the far side there is also a positive steering electrode (gray). The detector system is
mounted inside ceramic tubes that carry the signals away from the pre-amplifier, which is placed
close to the detector to minimize noise. All detector services lines (signal, power, bias) exit
through a HV feed-through assembly and are gathered into a HV conduit that goes out to the
right. The detector signal itself is carried to ground potential along an optical fiber (not shown).
The detector and pre-amplifier are cooled from the cryo-panels, which themselves are cooled
with liquid nitrogen that enters from a dewar at the upper left of the drawing.

This arrangement avoids false events that originate with an electron that backscatters from
the detector or its mounting and appears again in the beta spectrometer at the other end of the
apparatus. It is mounted inside a copper panel held at liquid nitrogen temperatures for cryo-



pumping the apparatus. This cold surface also serves to cool the silicon detector and pre-
amplifier, a feature that is needed to reduce thermal noise on the signal.

Protons will enter the detector having been accelerated by a voltage of about 30 kV that
separates the neutron decay region (biased at ~2 kV) from the surface of the silicon detector.
This energy is enough to get the protons through the entrance dead layer and diode junction on
the detector. But the noise in the detector and electronics needs to be minimized so that the
signal can be cleanly separated. If this is not the case, then the threshold on the proton signal
might cut into the signal unequally for the two groups of proton events (with electron and anti-
neutrino momenta either parallel or anti-parallel), generating a systematic error in the
measurement of the correlation coefficient. The strategy for minimizing noise involves (1)
cooling the detector to reduce the thermal contribution, (2) keeping the pre-amplifier close to the
detector to minimize the capacitance of the detector and cable that carries the charge signal to
the first amplifier stage, and (3) feeding the pre-amplifier output signal directly into a digitizing
system. The latter feature avoids the series of shaping amplifiers and delay lines typical of older
modular electronics systems (although our initial testing was based on such electronics).

Tests of the detector and pre-amplifier at room temperature using the signals from “He
particles emitted from the decay of **Am were successful. By the end of the summer, we
started the first tests with the detector in place and cold. For this, we chose to observe a
gamma-ray from the decay chain of ***Am that is prominent at 59.5 keV. While this gamma-ray
is about twice the energy of the protons expected in the experiment, it is nevertheless useful for
determining the properties of the electronics and making a measurement of the resolution. After
resolving some issues, a spectrum of this gamma-ray was obtained (see Fig. B.1.5). The
Gaussian width of the peak is about 3 keV, narrow enough for good separation of the signal
from the electronic threshold.

Figure B.1.5: ADC spectrum of the
59.5-keV gamma-ray peak from
#1Am on top of a background of
noise from thermal and electronic
sources. The silicon detector and
pre-amplifier were cooled to about
200 K for this measurement. The
radioactive source was mounted to
the front of the detector with a
sheet of paper to stop “He nuclei.
The bias was 120 V for a thickness
of 300 m.

Two issues remain to be resolved before this system is considered to be ready for data
taking at NIST. The first is that there appears to be a limited range in temperature over which
the detector and pre-amplifier can operate successfully. Below the lower limit, small signhals
such as those from the gamma-ray are lost, even as larger signals from “He are still detected.



The second is that there is excessive corona current from electrons emitted from the detector
structures when the system is placed at high voltage. Redesign of some of the components is
underway to reduce the electric field present at the metallic surfaces. Further testing will be
conducted at IUCF while the aCORN apparatus is assembled and aligned at NIST.
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B.2. Parity Violation in Neutron Photo-production Reactions
(C. Gillis, J. Mei, W.M. Snow, Z. Tang)

The NPDGamma experiment [Sn03, Sn00] proposes to measure A, in the capture of polarized
neutrons on protons, n+p® d+g, to 10 ppb at the Spallation Neutron Source (SNS) in a year of
running. NPDGamma took data at LANSCE and is the first approved experiment on the new
FnPB beamline at SNS. This observable is dominated by the long-range component of the weak
interaction between nucleons, which is invisible in all previous parity-violation measurements in
the pp system. Indiana University is responsible for major additions to and reconstruction of the
liquid hydrogen target required for safety at the SNS and to reduce what may be the largest
systematic effect from parity violation in polarized neutron capture on aluminum. This data will
provide Ph.D. theses for Jiawei Mei and Chad Gillis.

Figure B.2.1: Modified liquid hydrogen target vessel with thinner aluminum windows in
preparation for NPDGamma at SNS.

Over the last year the IU group has worked closely with ORNL to design a new LH, system
which meets ORNL safety constraints and reduces the capture gamma background in the
experiment. We are constructing a new version of the target vessel (shown above), a several
meter hydrogen gas fill/vent line, a third mechanical refrigerator for cooling of the incoming
hydrogen gas, a new liquid hydrogen data acquisition system, and a new gas handling system
and vent system. We will deliver the target to the SNS in 2010.

A,in the capture of polarized neutrons on deuterons, n+D® t+g, accesses different NN weak
amplitudes. The previous experiment [Av86] reported A, = (4.2 = 3.8) ° 10®: our goal is an



order-of-magnitude improvement in sensitivity. The expected size of the PV asymmetry for n-D
is about an order of magnitude larger than for n-p because the parity-conserving part of the
neutron absorption cross section in n-D is anomalously small, a suppression not present for the
E1 gamma ray that the PV component of the weak interaction induces [De86]. However all
practical deuterated targets can depolarize the neutrons before capture, and the walls of any
cryogenic vessel needed to hold liquid deuterium give unacceptable gamma backgrounds. D,O
is the next best choice.

Figure B.2.2: Preliminary asymmetry analysis for the circular polarization of deuterium capture
gammas from polarized neutron capture in D20 at LANSCE.

We performed cold neutron depolarization measurements in D,O at LANSCE in summer
2009 by analyzing the circular polarization of the gammas from n-D capture in a Compton
polarimeter. An example of the gamma transmission asymmetry through the polarimeter is
shown above. Preliminary analysis indicates a statistically significant nonzero asymmetry
consistent with a nonzero average neutron polarization upon capture in D,O. This will allow us
to determine the integrated polarized neutron intensity needed for the parity violation experiment.
The design of a cryogenic D,O target and MCNP simulations to study gamma backgrounds are
in progress. This experiment can form the Ph.D. thesis for Zhaowen Tang.

The collaboration with Alex Komives at DePauw University has led to the on-site
participation of several female undergraduate physics students in the NDTGamma
measurements. Figure B.2.3 shows a picture of the DePauw gamma polarimeter on the
LANSCE beamline along with Kaitrin Higbee (right) and Michelle Whitehead (left), who
assembled the gamma polarimeter at DePauw, wrote the data acquisition system for the
experiment, and served several weeks on shift at LANSCE during data taking. Michelle and
Shelby Vondran from DePauw University participated in the summer 2008 LANSCE run.



Figure B.2.3: Gamma polarimeter (at right) for NDTGamma test measurements at LANSCE.
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C. Electric Dipole Moment Searches

C.1. Research and Development for the Neutron EDM Experiment at the

Spallation Neutron Source
(M. Karcz, C.-Y. Liu, J. Long, H.O. Meyer)

The Neutron Electric Dipole Moment (nEDM) experiment is scheduled for construction at the
Oak Ridge Spallation Neutron Source (SNS). It makes use of a technique common to previous
experiments, in which the Larmor precession frequency of a sample of neutrons held in a
magnetic field is monitored for shifts upon the application of a strong electric field in parallel.
The experiment is novel in that it uses ultracold neutrons (UCN) produced via the superthermal
process (the downscattering of cold neutrons by phonons) in a superfluid (SF) helium bath and
subsequently held in the bath [Go94, Kh97]. Neutron precession is monitored via an optical
system that detects light from the capture reaction of the neutrons on polarized *He atoms in the
bath, in conjunction with a SQUID magnetometer system [Ne02, NeO7]. The projected
sensitivity is at least two orders of magnitude greater than that of previous experiments [Ba06],
given the exceptionally high statistics, long integration times, and high electric fields anticipated
with this approach.

The SNS nEDM experimental collaboration consists of about 60 researchers from 20
institutes. The experiment began as US Department of Energy project and received Critical
Decision (CD)-1 status (approval of conceptual design) in February 2007. In 2009, the research
and development phase in preparation for the CD-2 review (approval of preliminary engineering
design) was completed with the exception of a low-temperature electric field test (described
below). Completion of that test is anticipated in early 2010, to be followed by the CD-2 review.
Using funds from a construction proposal approved by the NSF in March 2008 (contingent on
successful completion of the CD-2 review), Indiana researchers will contribute to construction of
the high voltage, light collection, magnetometry, and neutron beam monitoring subsystems for
the experiment. In 2009, they continued to contribute to research and development on these
subsystems.



C.l.a. High Voltage System
(M. Karcz, C.-Y. Liu, J. Long)

The electric field required to attain the target sensitivity of the nEDM experiment is 50 kV/cm.
This field must be maintained between a set of electrodes that flank the neutron sample cells,
which are 7.5 cm wide and hold about 5 liters of liquid helium (LHe). In the experimental
reference design, the required 375 kV potential is attained by means of an in-situ amplifier
consisting of a large, parallel-plate variable capacitor in the SF volume, connected in parallel to
the electrodes. A small initial potential is used to charge the capacitor. The potential source is
then disconnected and the voltage amplified by separating the plates and reducing the
capacitance.

A full-scale prototype of the high voltage (HV) amplifier, consisting of a variable capacitor in
a 200-liter LHe dewar, has been constructed by Indiana physicist Josh Long at the Los Alamos
National Laboratory (where much of the nEDM experimental technology is being developed),
primarily for the purpose of testing the dielectric properties of large volumes of SF LHe. The
prototype is shown in Fig. C.1.1.

Figure C.1.1. Assembly drawing (elevation view, to scale) of HV test system central volume,
showing the capacitor with movable ground electrode. The apparatus is surrounded by two
concentric copper radiation shields and enclosed in a 1 m® insulating vacuum chamber. LHe is
supplied from a separate cryostat though a horizontal tube, which also serves as the thermal
connection to a large dilution refrigerator designed to cool the system to below 1 K.

Operation of the HV prototype demonstrated that electric fields in excess of 100 kV/cm were
routinely possible in normal state LHe at 4.2 K, but that the maximum field deteriorated to below
50 kV/cm when the LHe was cooled just below the SF transition. The minimum attainable
temperature of the LHe bath in the prototype as designed was limited to about 1.7 K,
determined by the minimum pressure to which the bath could be pumped. Further degradation
of the dielectric strength at the 400 mK operating temperature of the final nEDM experiment is a
serious concern. Furthermore, the only temperature and pressure combinations available to the
prototype were determined by the helium vapor pressure curve. This made it impossible to
investigate the possibility that the observed degradation of the dielectric strength was due
primarily to the reduction in pressure as opposed to temperature. Therefore, since 2007 high
voltage research continued along two main lines of investigation:



1. The prototype HV test system at Los Alamos was modified so that the system could be
attached to a large “dual-use” cryostat for tests below 1 K and with pressurized liquid.

2. In anticipation of the complexity of these modifications, a much smaller cryostat was built
at Indiana University to investigate the breakdown strength of SF LHe at 2 K and under
pressure, and with different electrode materials.

By 2009, most of the experiments intended for the small HV cryostat had been completed.
For small volumes down to 1.8 K, HV breakdown in SF was found to improve dramatically at
pressures even slightly above the saturated vapor pressure. It was also found that
pressurization is not necessary with the use of electropolished stainless steel electrodes. These
results remain to be tested in the large prototype system at lower temperature, which is the only
remaining R&D project left to be completed before the CD-2 review.

The bulk of HV research in 2009 has focused on the completion of the dual-use cryostat.
The cryostat is itself a prototype of the main nEDM experiment. It is designed primarily to
accommodate two R&D projects (hence the name “dual-use”): the HV tests and an experiment
to study the injection of polarized ®He into a volume of SF “He. The cryostat contains a large
dilution refrigerator (DR) and heat exchangers to couple the DR to the HV experiment. The
maximum cooling power of the DR below 1 K as delivered was rated at about 100 mW.
However, the total heat load in the original HV prototype system had been measured at 2 W,
necessitating significant modifications to both devices to attain the desired temperatures. The
HV prototype was originally to have been installed below the DR, and procurement of most of
the parts for this design was complete by the end of 2008. At that time however, a new design
(Fig. C.1.2), with the HV experiment attached to the side of the cryostat, was adopted out of
concern for safety and the clearance of a crane on the laboratory ceiling.

These modifications introduced a delay of about a year in the schedule for completion of the
HV tests. Construction of the modified HV prototype in 2009 included several milestones:

1. Assembly of two concentric, actively-cooled radiation shields was completed in January
2009 to reduce the heat load. Test-assembly of the complete HV prototype resulted in
several modifications to the shields and to a new pressure-relief vent in February.

2. Liquid nitrogen cooling tests of the radiation shields were completed in the HV outer
vacuum vessel in March, resulting in additional modifications.

3. Procurement and test assembly of the major components of the thermal link was
completed in March.

4. The first (standalone) cool-down test of the complete HV prototype was carried out in
April-May. The total heat load inferred from the LHe boil-off rate from the central volume
was 300 mW, attributed mostly to thermal shorts between the radiation shields. By this
time, a new set of heat exchangers (Fig. C.1.3), containing about 1 m? worth of copper
baffles, were procured and tested to liquid nitrogen temperature.

5. Tests of the DR in May-June yielded a cooling power of 90 mW at 0.8 K, motivating the
cleaning or replacement of many of the capillaries connecting the 1 K pot, still, and
mixing chamber, and the re-design of a radiation shield. Subsequent tests in August
yielded a cooling power of 300 mW just below 1 K.

6. After repair of the radiation shields, installation of infrared-blocking viewports, and a
thermally-anchored suspension system, a second standalone cool-down test of the HV
prototype was completed in August (Fig. C.1.4). The measured heat load was 200 mW,
mostly attributed to a poorly-anchored safety vent. Though sufficient for operation with
the modified DR, special thermal anchors were added to the safety vent in September.



7. Full assembly of the thermal link between the HV prototype and the DR proceeded until
November, when it was discovered that the stainless steel construction of the DR still
would not permit sufficient heat transfer from the HV experiment. This motivated re-
location of the heat exchangers and additional standalone tests of the DR.

Figure C.1.2: nEDM dual-use cryostat. The HV prototype apparatus is attached to the side. HV
prototype receives SF LHe through a horizontal tube from the main cryostat. The tube connects
to the DR via heat exchangers; the SF itself serves as the thermal link to the HV system.



Figure C.1.3: Left: Photo of dual-use cryostat dilution refrigerator. Right: Gold-plated copper
heat exchangers designed to mount to various components of dilution refrigerator for interface
to HV prototype experiment.

Figure C.1.4: Left: HV prototype experiment during August 2009 standalone cool-down test. Circular
aluminum front flanges of vacuum system can be seen immediately to the left of the green gas
cylinder on hand truck. Right: graph of measured heat load (mW) vs. time in days during the August
test, as inferred from the boil-off rate of LHe in the central volume.

In a parallel development, the results from tests in the small HV cryostat at Indiana
motivated the replacement of the aluminum electrodes in the large test system with a set of
electropolished stainless steel electrodes. Design of the new set was completed by IUCF
engineer Walt Fox in March 2009. The electrode components, consisting of thin outer shells
with internal reinforcing spacers, were assembled in the IUCF shop in July. Grinding and
lapping of the outer surfaces to the specified (2 mil) flathess and parallelism proved a significant
challenge; a specialty shop finally delivered electrodes with a slightly relaxed surface
specification in October (Fig. C.1.5). The final-step electropolish was completed in November
and the new electrodes finally installed in the HV prototype at Los Alamos in December.



Figure C.1.5: Stainless steel ground electrode (0.46 m diameter) after surface lapping to
approximate 5 mil flatness and mechanical polish to 5 micro-inch surface roughness, before
final electropolish and installation in HV prototype experiment.

Final standalone tests of the DR are expected by late December 2009. Pending sufficient
cooling power, attachment of the DR to the HV experiment is anticipated in January 2010. First
results on the dielectric strength of SF He below 1 K are expected within the following month.
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C.1.b. The effect of gaps in a light guide
(H.O. Meyer)

In the nEDM experiment, light from scintillation in the liquid helium of the interaction volume is
channeled to a photomultiplier by acrylic light guides. The need for thermal insulation requires
gaps in these light guides. | have studied how to minimize the loss of light in these gaps.

There are three ways in which light may be lost because of the presence of a gap.

Fresnel Loss: light that traverses a gap is partially reflected from interfaces between regions
of different index of refraction. The transmittance is described by Fresnel's equations.
Internal Reflection Loss: some light rays may be totally internally reflected from the
terminating surface that borders the gap (back into the light guide).

Geometric Loss: light rays that exit into the gap may fail to intercept the entrance surface of
the continuation after the gap.

| have measured the transmittance of combinations of interfaces, and procured acrylic discs
with anti-reflective multi-layer coating, tailored to the wavelength of the wavelength shifter in use
by nEDM (tetraphenyl-butadiene). These discs will be optically coupled to the ends of the light
guides. This measure reduces Fresnel loss by at least a factor of 10. | have also tested the
mechanical and cryogenic stability of the anti-reflective coatings.

A Monte-Carlo ray-tracing program was developed to assess the effects of the other two
mechanisms, and to investigate how the loss depends on the gap width and the shapes of the
surfaces bordering the gap. Shaping the ends of light guides like lenses may actually decrease
the geometric loss, but always at the cost of a (larger) increase in the internal-reflection loss. It
is thus best to use orthogonal, planar terminating surfaces.

The findings of this study are summarized in Fig. C.1.6, which shows the optimized
transmittance through two planar gaps, of the same width, in a cylindrical light guide of 5 cm
diameter, as a function of the gap width.
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C.1l.c. Isolated, low-noise, photo-voltaic power supply for photomultipliers
(H.O. Meyer, P. Smith, and G. Visser)

We have constructed a prototype of a photo-voltaic high-voltage supply for the photomultipliers
of the nEDM experiment. These photomultipliers operate at liquid-helium temperature, and are
part of the central detector. In order to avoid interference with the operation of SQUID magnetic
field detectors, the tubes and their high-voltage supply must be electrically isolated from the
outside world, and the generation of high voltage must not rely on the use of alternating
currents.

The new high-voltage supply satisfies these requirements. It is based on commercially
available opto-isolators (Ol). An Ol is an electronic component that transfers a signal from one
circuit to another, while electrically isolating the two from each other. It consists of an infrared
light-emitting diode (LED) in line with a light-sensitive element. In our case, the output of the Ol
consists of several photodiodes in series. A sufficient number of Ols in series will produce the
roughly 2 kV needed to operate a photomultiplier (PM).

Our prototype, OPOSUM | (for ‘Opto-isolator POwer SUpply Mark I'), makes use of the
opto-isolator PVI1050N by International Rectifier, which houses two separate Ol circuits in a
single DIP-8 package. The isolation voltage between input and output is 2.5 kV. The output
voltage of this Ol is 6.8 V, for an input current of 10 mA.

Figure C.1.7 shows the layout of the OPOSUM I. There are a total of 288 Ols (144 DIP-8’s),
arranged in 36 groups of eight Ols. The outputs of all Ols are in series. The pins of the PM (a
Hamamatsu R7725, 12-stage tube) are connected to the appropriate tap points (circles in Fig.
C.1.7) via a ribbon cable.
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Figure C.1.7: Layout of the 36 groups of 8 opto-isolators. The circled numbers point to the tap
points for the 12 dynodes, the cathode (K) and the anode (A) of the PM. A ribbon cable
connects the tap points to the matching terminals of the PM. The input current is adjusted to
keep the voltage at dynode 10 constant.




The LED input current is provided to all 36 groups in parallel, using a +12 V DC source; the

voltage at the 10™ dynode is stabilized by controlling the total current. The dissipated power is
between 3 and 4 W.

Since Ols are limited current generators, the potential at the pins of the PM may depend on
the electron current that is processed by the PM. In order to explore this experimentally, we
have illuminated the PM with ~10 ns wide pulses of light of fixed amplitude (corresponding to 62
photo electrons) and variable frequency, and measured the spectrum and the potentials U, and
Uy, of the anode and the 12" dynode as a function of the average photoelectron rate fpe- The
results in Fig. C.1.8 show that, powered by the OPOSUM I, the PM gain is unaffected up to rpe ~

100 kHz, and changes less that 10 % below r,. ~ 300 kHz. During this test, the PM gain was
5.7-10".
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With the proof of principle established, further development will be centered on ways to
overcome the rate limitation, and (if the collaboration adopts this supply) on engineering of a
number of power supplies for use.

We would like to thank B. Martin in the IU Physics Department electronics shop for using his
great skill to actually build the circuits described here.



C.1.d: Field-dependent Yield of Alpha-induced Scin tillation Light in Superfluid
Helium
(Maciej Karcz, Goverdhan Reddy, Chen-Yu Liu, Josh Long)

The SNS neutron EDM experiment aims to detect the spin precession of ultracold neutrons
(UCN) through a combination of measurements on the rate modulation of the neutron-*He
capture reaction and the *He spin precession using SQUID magnetometers. The nuclear
process of neutron-*He capture releases a total energy of 764 keV and scintillates in liquid
helium through the electronic transitions of metastable molecular dimmers, He,, created in the
process of ionization of the He atoms by the proton and triton released from neutron capture.
This technique has been demonstrated in the UCN lifetime experiment performed at NIST
[Huf00]. It was also reported that the number of after-pulses following the primary scintillation
pulse depended on the detailed mechanism of energy deposition, and thus might be used to
separate the neutron capture events from the Compton-scattered electrons which constituted
the dominant background in the UCN lifetime experiment. However, the SNS nEDM experiment
requires a high electric field (50 kV/cm) to be applied to the liquid helium where the UCNs and
®He reside in order to measure the Stark-energy shift associated with the electric dipole moment
of the neutron. The presence of such a strong field could influence the dynamics of charge
recombination and suppress the scintillation light yield. To address this issue, we performed a
test experiment at IUCF at temperatures and field strengths relevant to the nEDM experiment.
The result of this test was one of the requirements for the nEDM experiment to be considered
for CD-2 review. The scintillation light yield measurement was a collaborative effort between the
Los Alamos researchers (Ito and Clayton) and the IUCF team.

On the newly arrived dilution refrigerator (procured with Liu’s IU star-up funds to be used for
the solid-state EDM experiment) we installed a test chamber (as shown in Fig. C.1.9). A pair of

Figure C.1.9: A photograph of the
test experiment.

polished stainless-steel electrodes was housed inside the test chamber, which was filled with
liquid helium that was pre-condensed at the 3-K stage of the refrigerator from pure He boil-off
gas. To reach the relevant high electric field with a limited high voltage range, the gap between
the electrodes was set to be 3.86 mm. The ground electrode was coated with ***Am, which



emits alpha particles, and served as a source to induce scintillation in the liquid helium. The test
chamber was fitted with a sapphire window to allow for optical access, and a piece of acrylic
light guide with TPB coating was placed inside the chamber in front of the sapphire window with
a view into the electrode gap. The TPB coating was required to wavelength-shift the scintillation
photons (EUV) into visible photons. A photo-multiplier tube with a special Pt underlayer,
previously characterized by Hans Otto-Meyer at IUCF (see 2008 Annual Report), was used to
detect the scintillation light in this experiment. The PMT was operated with a split-base design
that isolated the resistor chains to the 3-K plate for dissipation of the resistive heat load and
reduction of the heat load into the test chamber.

After overcoming a few technical challenges, ranging from sufficient heat load reduction to
the proper procedure for the installation of the burst disk (required for the emergency pressure
vent) and the valve-leak fixes, the experiment successfully produced results at temperatures
ranging from 220 mK to 1.1 K with the electric field up to 47 kV/cm at the position of the alpha
source.

It was observed that

The intensity of the prompt scintillation does depend on the strength of the applied
electric field. The intensity of an alpha event was characterized by the number of photo-
electrons generated on the photo-cathode. Taking into account the limited solid angle,
the wave-length shifting efficiency of TPB, and the quantum efficiency of the photo-
cathode, it was found that a single alpha event created about 10.5 photo-electrons (PE).
As shown in Fig. C.1.10, the number of PE decreased up to about 15% with the
application of the electric field of 47 kV/cm.

The intensity of the prompt scintillation also decreased by 91% when the temperature
was reduced from 2.2 K to 200 mK. This temperature dependence was qualitatively the
same as the previously reported results [Rob73], though the change was not as dramatic
in our experiment.

After-pulses were observed in the experiment. These pulses have pulse-heights smaller
than the prompt scintillation pulses by about an order of magnitude. As shown in Fig.
C.1.11, there are on average 2.88 after-pulses following each prompt scintillation pulse.
Most of these pulses arrived within 4 s after the prompt pulse. With the application of
the electric field, the number of after-pulses was observed to decrease by about 20%.

Figure C.1.10: The intensity of the
prompt scintillation pulse as a
function of the applied electric field.
The data set was taken with
temperatures of 220, 300, 400,
1000, and 1100 mK.



Figure C.1.11: A histogram of
number of after-pulses triggered
by a prompt scintillation pulse.
The distribution is described by
the Poisson distribution, where /
(the mean value) is the only free
parameter.

In conclusion, we constructed a test experiment to measure the the scintillation light yield in
superfluid helium at temperatures from 220 mK to 1.1 K. The light yield was reduced by about
15% with the application of an electric field up to 47 kV/cm, which was close to the specified
electric field strength of 50 kV/cm for the SNS nEDM experiment. In this experiment, we have
also demonstrated that the stability of such a high field can be maintained in the superfluid
helium (over a gap size of 3.86 mm) over the course of several days. The 15% reduction of the
light yield, even though not significant, should be taken into consideration in assessing the
sensitivity of the neutron EDM experiment.
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C.2. Systematic Studies of the Solid-State EDM Exp  eriment
(Young Jin Kim, Chen-Yu Liu)

We are developing a technique for using a non-ferromagnetic system (GdGaO) in the search for
an electric dipole moment (EDM) at IUCF. We plan to measure the bulk magnetization of the
GdGaO sample induced through the EDM interaction by the application of an electric field.
Using a 4-K cryostat, we have been
- developing the improved 24-bit ADC system to allow for detailed studies of the SQUID

signal, the leakage current monitors, and the high voltage monitor;

improving the magnetic shielding using active field compensation;

testing different options for high voltage polarity switch/control; and

carrying out studies of the systematic effects that produce false EDM signals.

The home-made 24-bit ADC system has a master control board (with FPGA) that controls 8
ADC sub-boards. To ensure the best channel isolation and to prevent channel cross-talk, each
ADC sub-board was housed inside its own metal enclosure to reduce the capacitive coupling.
The input analog signal was digitized to 22-bit resolution (at a sample rate of 512 Hz) and the
digital data was collected by the master board through optical fiber communication. With the
capability for high resolution in the voltage measurements, we were able to characterize the drift
of the high voltage source that was relevant to the EDM measurements for the first time. Figure
C.2.1 shows an example of the averaged time trace of the high voltage monitor. Zooming in the
data reveals the details of the voltage change: upon field reversal, there is an overshoot of the
high-voltage, following by voltage relaxation with a settling time about 1/8 of the period. The
averaged rate of voltage change before the next field reversal was about 30 mV/s.

Figure C.2.1: An example time trace of the high voltage applied to a solid sample.

This revealed the limitation of the function generator which feeds the low voltage control
waveform into the high voltage amplifier to be raised to the kilovolt range. The measured result
indicated that the voltage drift was only controlled to 30 mV/s, partly due to the finite voltage
control and partly due to the slow settling time of the high voltage supplies. We have tested
three high voltage systems which can be switched between positive and negative polarities.
The system based on vacuum tubes was found to draw the smallest amount of current (100 A)
from the high voltage supplies during field reversals, and thus could attain the smallest voltage
drift.



Such a high value of voltage drift, when applied to the electrodes, resulted in a real current
flow during the time when measurements of the EDM were being carried out. The current is
directly proportional to the rate of the voltage change, i.e., | = C dV/dt, where C is the total
capacitance of the electrode/sample geometry. As shown in Fig. C.2.2, the finite current was
present and was proportional to the strength of the applied high voltage. Together with the high
voltage monitor, we can deduce the capacitance of the electrode/sample assembly to be 13 pF,
which agreed with the measurements made with an impedance meter.

Figure C.2.2: A measurement of
the leakage current as a function of
the applied high voltage.

The leakage current could also originate from the finite resistance of the sample when high
voltage is applied. Even though the bulk resistance of polycrystalline GdGaO sample should be
higher than 100 T-Ohm, the surface resistance is less well known and could vary because of
cleaning and handling. In fact, the precise measurement of the leakage current was causing a
lot of the confusion for the past few years. Finally, with the new ADC system we were assured
the measured leakage currents flowing on the ground planes were mostly dominated by the
high voltage drift.

The presence of such a real current would result in non-zero magnetic fields that were
measured by the SQUID magnetometer and interpreted as an EDM signal. Fig. C.2.3

Fig. C.2.3: A measurement of the
EDM offset as a function of the rate
of high voltage change.



demonstrated such an effect: the high voltage drift in time resulted in a non-zero EDM value as
high as 4.5x%102" e cm. Even though this effect could be subtracted using the additional

information about the leakage current, it would limit the ultimate sensitivity of the experiment.
With a new function generator (specified to 20-bit resolution) and an improved high-voltage
amplifier system, we have demonstrated that we can suppress the voltage drift by a factor of
100.

In addition, we have uncovered a subtle effect that is dependent on the macroscopic
structure of the solid state sample placed between the electrodes. The current settling time
(after the field reversal) is much longer with the polycrystalline samples (up to several hundred
milli-seconds) than that with the single crystal GdGaO sample. This results in a non-zero value
of the current up to 10 pA, a value which could produce a false EDM of 10% e cm. With the
single crystal, such a current was suppressed to zero within the sensitivity of the present
measurement (of about fA).

In conclusion, careful measurements on the high voltage and leakage current revealed the
source of a systematic effect that gave rise to a false EDM value as large as 102! e cm.
Improvement in the voltage stability has greatly suppressed this voltage drift. Results for the
leakage current measurement further indicated that the slow charge transport properties in
polycrystalline samples would limit the usage of the ceramic-like samples for the solid-state
based EDM search. Further experimental comparison between the polycrystalline and single
crystal samples using the improved high voltage system are underway.



C.3. Polarimeter Development for a Storage Ring E DM Search
(Astrid Imig and Edward J. Stephenson)

A proposal to build a storage ring specifically to search for the electric dipole moment (EDM) of
charged patrticles is under active consideration at Brookhaven National Laboratory where there
will soon be a technical review. The proposal describes a scheme for producing a polarized
deuteron beam and using a combination of electric and magnetic fields to confine the circulating
beam and cancel the precession in the ring plane due to the interaction of the particle magnetic
moment with the ring dipole magnetic fields. In this configuration, the electric field in the frame
of the beam due to the motion of the particles through the dipole magnetic field would produce a
small rotation of the direction of the particle polarization if an EDM were present. If the
polarization is initially along the beam velocity, then the EDM signal would be an increasing
projection of the polarization along the vertical direction (perpendicular to the plane of the ring).

Detecting such a polarization change requires a way to continuously monitor the polarization
direction while the beam is stored. This must be done with high efficiency in order to achieve
sensitivities to an EDM reaching 10?° e cm. As a part of the development of this proposal, a
series of tests have been made using the COoler SYnchrotron (COSY) at the Forschungs-
zentrum in Julich, Germany. Two runs conducted in 2008 demonstrated that it was possible to
slowly extract the polarized beam onto a thick block of carbon placed next to the circulating
beam and that the efficiency for removing beam and scattering particles into polarimeter
detectors was large enough for use in an EDM search. The extraction mechanism consisted of
white noise applied to a pair of electric field plates located upstream of the target. These tests
made use of the EDDA detector system developed by the University of Bonn for nucleon-
nucleon scattering studies. In the second of the two runs, the operating point for the detector
system was established such that the forward elastically-scattered deuterons were stopped in
the final ring of scintillation detectors, a feature that is expected to be important for any EDM
polarimeter in order to have a large analyzing power.

Besides efficiency and sensitivity to polarization, a polarimeter for an EDM search must be
insensitive to any false asymmetries that might arise from changes in the beam properties such
as position, angle, or intensity that might happen during the lifetime of the beam. Historically,
polarization experiments have reduced the contribution of such errors by making use of
cancellations among a set of measurements. These have involved the use of detectors on both
sides of the beam (left and right, for example) and the comparison of runs with the beam
polarization in the forward and reversed directions. Using these four count rates (L+, R+, L,
and R), effects arising from acceptance difference s between the left and right detectors as well
as luminosity differences between the two polarization states are cancelled when the counting
rates are combined into the “cross ratio” form for spin-1 deuterons
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The cross ratio form is sensitive to position and angle errors (as well as certain other errors
such as the difference in polarization magnitudes between forward and reversed polarizations)
at second order in the errors. So the most important goal of the polarimeter development effort
was to demonstrate a method for mitigating such errors in the polarimeter data. This requires
additional information about the sensitivity to systematic errors and a scheme to simultaneously
measure the driving terms behind these errors and thus provide a correction for any measured
polarization observable. In June, 2009, we conducted a two-week run in which position, angle,



and rate errors were introduced into the circulating beam in order to demonstrate the possibility
of making such corrections routinely and at a level sufficient to detect EDM-driven effects at a
level approaching one part per million. For this purpose, errors were introduced that were one to
two orders of magnitude larger than any expected in the EDM search.

Using the four count rates from the cross ratio formula, it is possible to formulate two “index”
parameters that have enhanced sensitivity to systematic errors and reduced sensitivity to spin.
One index for geometric changes in the beam position and angle is
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For rate effects, the index parameter is the average rate
h=L(*)+R(*)+L(-)+R(-).

The one remaining combination of these four count rates is mainly sensitive to the forward and
reverse polarization luminosity difference, which is not a primary driver for systematic errors.
With only one possible index parameter that is sensitive to geometric changes, another goal of
the run was to examine position and angle errors to determine whether the effects of both could
be handled by a single correction.

Figure C.3.1. Measurements of the left-right
asymmetry with polarized beam as a function
of the index parameter . The five closely-
spaced points in the middle represent changes
in beam position across a range from 2 to +2
mm on the target. The remaining widely-
spaced points represent changes from 5 to
+5 mrad in beam angle with the position left
unchanged. The line is a model fit to this data.

One example of the measurements from the run is shown in Fig. C.3.1. Position and angle
changes were introduced into the beam at the place where it intersects the target. The
polarimeter count rates were combined into a simple left-right asymmetry (using a single
polarization state) and the index parameter . The asymmetry values change by over 0.2, but
there is a clear and precise correlation with . This means that, knowing the value of
associated with the unmodified data point (center point), it is possible to evaluate the correction
needed to move any of the asymmetry data points to this central value. One important
conclusion illustrated here is that the same systematic error calibration curve applies to both
position and angle changes. The slope of the line is due mainly to the slope of the differential



cross section averaged over the acceptance of the polarimeter and with a small contribution
from the slope of the analyzing power that depends on the size of the asymmetry being
measured.

A similar result is shown for the cross ratio in Fig. C.3.2. In this case the systematic error
effects are of the order of parts per thousand. The curve, which is a result of a model fit to the
entire set of polarization measurements of which the cross ratio is one case, has a slope that is
sensitive to the difference in the forward and reversed polarizations times the derivative of the
average polarimeter analyzing power and a curvature that is mainly due to the second derivative
of the analyzing power. These corrections are, however, important on the scale needed for an
EDM search.

Figure C.3.2. Measurements of the left-
right cross ratio asymmetry as a function of
the geometry index parameter . The
conditions for the measurement of each of
the data points was described in the
caption to Fig. D.3.1.

In order to have more confidence in the geometric corrections, a model was created to
represent all polarization observables recorded during the COSY experiment in terms of the
systematic error introduced into the beam. This model incorporated parameters that covered the
expected effects: the beam polarizations (both vector and tensor) for four states (positive and
negative vector and positive and negative tensor as well as unpolarized), the vector and tensor
analyzing powers, the first and second derivatives of the cross section and analyzing powers
associated with the full polarimeter acceptance, and the acceptance or solid angle ratios.
Included with these data were measurements made with up and down quadrants of the detector.
Some additional parameters were included out of necessity. These were: an effective rotation of
the detector due to a broken symmetry in the detector construction, coupling of the horizontal
position and angle changes into the vertical direction, the effective distance to the detector, and
the presence of a multiple scattering tail that added events to the right detector since it also lay
in the direction where lower momentum particles from the ring emerged. Examples of the model
fits are shown for the left-right asymmetries in Fig. C.3.3. and the tensor asymmetries in Fig.
C.3.4. For the left-right asymmetries, there is a clear shift of the polarization pattern up or down
from the unpolarized position due to the prevailing vector polarization in the beam (which is
opposite the label for the vector states due to the reversal of a solenoid in the ion source). The
entire pattern is shifted to more negative values due to the extra events swept into the right
detector by spin-independent multiple scattering from the target, an effect that adds almost 30%
to the event rate in the right-side detector.



Figure C.3.3. Measurements of the left-right asymmetry as a function of either position changes
in mm (up-pointing triangles) or angle changes in mrad (down-pointing triangles). Data are
shown for four polarized beam states and unpolarized. The forward-angle EDDA detector rings
are used. The lines are model calculations described in the text.

Figure C.3.4. Measurements of the tensor asymmetry (D+U L R)/(D+U+L+R) as a function of
either position or angle changes.

In the case of the tensor asymmetry in Fig. C.3.4, the shift of the central position away from
the unpolarized case represents the tensor polarization (present even in the vector polarized
states). The pattern is shifted away from zero by the multiple scattering tail contribution to the
right-side detector rate. The slopes of the measurements are sensitive to the first derivative of
the cross section times the vector asymmetry (and thus the down-up-up-down pattern). The
curvature arises from the second derivative of the cross section.



The quality of the model fit to the geometric systematic error data is good. This gives
confidence that there are no effects whose origin is not understood. Parameters in the model
that depend on the properties of the beam, such as X-Y coupling, may be subject to change
depending on the beam setup used at any given time. Others, such as the analyzing power, are
not expected to change so long as the acceptance and operating characteristics of the detectors
are not modified.

The beam extraction used a white noise source with a constant input power. This resulted in
a rate pattern that at first grew as the phase space of the beam was increased. Thereafter, the
rate fell exponentially as the beam was slowly extracted from the machine. Figure C.3.5 shows
that the asymmetry varied in this same pattern as the detector rates went up and then down.
Plotting these asymmetries as a function of rate, as shown in Fig. C.3.6, illustrates that the
effects are linear. This makes models of the rate dependence simple. There was almost no
indication of any polarization sensitivity in these slopes. The sign of the slope indicates that
extra events are being added to the data set as the rate increases, an effect that is consistent
with pileup leading to more events crossing the detector threshold. For the model, geometry
effects were separated from rate effects by using only the zero rate intercept for the geometry
measurements.

Figure C.3.5. Cross ratio measurements as
a function of time during a COSY store. The
shape of the curve follows the instan-
taneous rate.

Figure C.3.6. Cross ratio measurements as
a function of the instantaneous rate.

The changes represented in these tests are much larger than those expected during an
actual EDM search. While these shifts were on the order of millimeters, beam tolerances for
other reasons will be held to shifts less than 10 m. Likewise, initial vertical polarization values
will be less than 1%. For these tolerances, the expected corrections based on the experience
with EDDA would be less than 30 parts per billion. For the actual EDM polarimeter, the angles
included in the polarimeter acceptance will extend to smaller values and this will increase, for
example, the derivative of the cross section by a factor of a few. But it is expected that with a
good calibration of these effects, there should be no remaining contribution to the polarimeter
errors at the level of a few parts per million.



Figure C.3.7. Measurements of the
left-right asymmetry plotted as a
function of the time during the store.
The open circles are the raw data
taken as the beam was deliberately
swept in position through a change of
4 mm. The solid circles represent
these data after correction for rate and
geometry errors. The line fit through
these data has a slope parameter of
1.4+28 x 10 ° Js.

Figure C.3.7 shows an example of left-right asymmetry measurements made during a test in
which the beam position was deliberately scanned from right to left across 4 mm of the target.
This produced a shift of 0.05 in the asymmetry over time as shown by the open circles.
Simultaneous measurements of the rate and the index parameter were used to calculate a
point-by-point correction, which is shown by the solid circles. The error bars are reduced
because of correlations between the raw data and the correction. These corrected data are flat
with time, as shown by the slope parameter in the figure caption. This demonstrates that the
model information is suitable for making corrections. With the model parameters measured in
advance, model corrections can be applied to the data in real time. This will permit information
from the EDM polarimeter to be used to make corrections to the operating conditions in the ring
in order to stabilize the orientation of the polarization during the store.



Broader Impacts

Education : The IU group has a long tradition of providing excellent training to our students and
postdocs, especially in the areas of hardware and instrumentation. Of the 22 Indiana students
who have received a Ph.D. in experimental nuclear physics over the last decade, at least eight
remain active in scientific research as faculty in academic institutes or staff scientists at national
laboratories. In the last 20 months, a particularly large number of students have completed their
degrees at IU, and are forming the next generation of scientists:

Student Thesis Project Present Position

Crystal Bailey | 4-nucleon physics APS program manager
Weihong He Forward pions at STAR Postdoc, U Texas — San Antonio
Teppei Katori | MiniBooNE charged current | Postdoc, MIT

Da Luo n-*He spin rotation Postdoc, IUCF

Yun Shin Solid O, Ultracold neutrons | Postdoc, Yale

Chris Cox MiniBooNE neutral current | MNB Technologies, Bloomington
Chris Bass n-*He spin rotation NRC postdoc, NIST

Current graduate student Brian Page was a "Lindau Laureate" in 2008 and traveled to
Lindau, Germany to attend a workshop and interact informally with several Nobel Laureates.
Chris Cox won an IU Physics award for 2007 Outstanding Graduate Student, while Chris Bass
received a National Research Council post-doctoral position at NIST. In the past year two of
our graduate students gave invited talks at international meetings. Post-doc Ilya Selyuzhenkov,
who played a key role in the study of parity violation in the strong interaction in heavy-ion
collisions at RHIC, has given three talks on this work over the last 12 months, two of which were
invited.

We invest significant resources in our recruiting efforts and continue to sponsor “Grad Day,”
in which applicants to our graduate program can visit the Physics Department and IUCF.
Beyond IU, we are active in organizing programs that benefit other graduate students: Mike
Snow and Chen-Yu Liu delivered lectures at the 2™ Neutron Physics Summer School at NIST
(which Mike Snow also co-organized), while Jim Sowinski, as Chair-Elect of the RHIC/AGS
Users Executive Committee, organized a career forum for junior attendees at Quark Matter
2009, an event that was attended by over 100 people.

At the undergraduate level, [IUCF and the IU Physics Department continue to host one of the
most successful and longest-running NSF-REU programs. Each year about 14 non-IU physics
majors are selected, from a pool of about 100 applicants, to spend ten weeks at I[UCF or on
campus, working on individual research projects with a member of the faculty or staff. The
projects exploit IUCF’s activities in nuclear, accelerator, and medical physics / radiation effects.
Several of our REU students from the past summer attended the DNP Fall Meeting, as part of
the Conference Experience for Undergraduates (CEU) program, and presented posters on their
research work. The REU program is now in its 22" year at 1U, with 255 “alumni,” over one-
guarter of whom are women.

In addition to REU students, the NPE group typically supports several Indiana physics
majors during the summer. Andrew Ferguson, an IU STARS student who worked with Rex
Tayloe last year, is now in the graduate program at Case Western. Three other IU undergrads
who carried out research with NPE group members (Patrick McChesney and Craig Huffer [Liul],
and Erick Smith [Stephenson]) received travel grants from the CEU program, and are currently



enrolled in physics graduate programs. Members of the NPE group also actively recruit
students for the IU undergraduate program, though this is often done as part of a departmental
effort. As Director of Undergraduate Studies, Scott Wissink mans a booth each Fall at IU’'s
annual Majors Expo Day. Three members of our group attended the Fall DNP meeting this year,
specifically to meet and engage promising young people at the CEU poster session. In a
related service role, Scott Wissink has served on the National Committee of Examiners for the
GRE Physics Examination for the last two years.

The IU Nuclear Physics group also typically supports 4-5 postdocs. This program has lead
to many recent successes: Chris Polly, a Langer Fellow who worked with Rex Tayloe, has been
appointed a Wilson Fellow at FNAL, starting last spring. Recent STAR postdocs Renee Fatemi
and Murad Sarsour are now assistant professors at the University of Kentucky and at Georgia
State University, respectively. Other former STAR postdocs from IU include Jason Webb, now
a staff scientist at BNL, and Pibero Djawotho, who is now in a second post-doc at Texas A&M,
and so both continue to work as part of the STAR effort. Chris Lavelle, who had been working
with Chen-Yu Liu, received an offer for a staff scientist position at Savannah River Nat'l Lab.
Additional training we provide for all of our postdocs is described in a separate supplement to
this document.

Finally, we note that over the last twelve months we have sponsored, and occasionally
provided limited financial support for, a number of ‘longer-term’ visitors to IU. These have
ranged from undergraduate physics majors from nearby universities (over a dozen from
DePauw and Hamilton alone, primarily to work on the aCORN project), to several junior faculty,
often located at small teaching colleges, who would not otherwise be able to participate in
research. A few staff members from national labs and similar facilities have also had extended
stays at IUCF, generally as part of a collaborative research effort.

Outreach : Our group is engaged in a wide range of activities that are designed to enlighten
and entertain those in our community, our university, and our public schools. For many visitors,
a high point of our departmental Open House each Fall is a chance to tour IUCF. These tours
are organized and often led by NPE faculty and scientists, so those on the tour learn about our
off-site research programs, as well as seeing our local facility. In addition, several of us (Liu,
Wissink, Meyer) have led “field trips,” in which we bring all the students enrolled in courses we
are currently teaching out to tour IUCF. Hans-Otto Meyer has even coordinated a 12-hour pp
scattering experiment, carried out at the Radiation Effects beam line, as part of our senior-level
advanced lab — a very unique experience for the lucky students involved.

As opportunities arise, we also volunteer to
speak in our schools and community to inform
others about our work. Chen-Yu gave a short
program of physics demonstrations for “Science
Night” at a local primary school, and served as a
judge in the State Science Olympiad. Will Jacobs
gave a “Meet a Scientist” presentation to a local
high school science class, and was a judge in a
science fair for 7" and 8" grades at an urban charter
school (see photo). Scott Wissink performed family-
friendly demos at IU Day at the Indiana State Fair,
while Jim Sowinski spoke on the “Physics of Ice
Skating” at a nearby rink. Jim also gave a talk at a
bookstore in town, as part of their Science Café
series, on “Exploring the Big Bang with
Accelerators.” For several years Rex Tayloe has



been organizing meetings with area high school science teachers, and occasionally visiting
classrooms, as part of the IU ACP Program.

Diversity : Though our group has been recognized as a strong proponent of diversity in hiring
and training, we strive to do better. Chen-Yu Liu and Scott Wissink are active members of the
Physics Department’s Diversity Committee, which pushed successfully for hiring a woman at the
assistant professor level in 2008. Just prior to that, the Indiana Physics Department had hosted
a visit from the APS to evaluate the climate for women. In their written evaluation, the visiting
committee gave IUCF, including the NPE group, high marks for our recruitment plans and high
retention rates for women and under-represented groups. As a specific example: we were able
to convince two female graduate students (Crystal Bailey and Melanie Boy) who had left 1U for
personal reasons, to return to the program. Crystal just defended her thesis, and is now the
Education and Careers Program Manager at the APS. As mentioned previously, we are also
proud of the high representation of women in our REU program (~25%) and in our list of longer-
term visitors (~35%)).

Looking to the future: Chen-Yu Liu has
promoted diversity through her work as a judge
for the IU “Women in Science Research Day.”
She has also served on the Graduate Women in
Science selection committee, which awards
graduate fellowships to the outstanding women
applicants to our science programs. On the
recruitment front, Scott Wissink attended the 3-
day Physics Diversity Summit Conference
sponsored by the National Society of Black
Physicists and the National Society of Hispanic
Physicists. Many of the conference attendees,
especially the undergraduate physics majors of
color, will be contacted and actively encouraged
to apply to our graduate program for the coming
Fall.



