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SUMMARY 
 
 

The IU nuclear physics group continued to advance its scientific agenda during the last 
six months of the grant (number 04-57219).  The STAR group worked on run 8, which 
was a mixture of heavy ion and polarized proton running; the MiniBooNE and SciBooNE 
experiments operated at Fermilab; and work was done on the np� d�  reaction and 
neutron spin rotation in LHe at Los Alamos and NIST.  New results were published in 
Physical Review Letters on the neutral current cross section for � � C� e� X from the thesis 
work of Chris Cox at the MiniBooNE experiment at Fermilab.  Several members of the 
group have exercised leadership responsibilities within their experimental group efforts, 
including leading analysis efforts, planning new initiatives, and serving in administrative 
capacities. 
 
The scientific highlights of the last six months include: 
 

·  Measurements of inclusive jets from longitudinally polarized p+p collisions at 
RHIC were shown to be consistent with very small or negative values for the gluon 
polarization within the proton over the range 0.02 < xBj < 0.3.  Preliminary analysis 
of the 2006 data tightened the acceptance band for both positive and negative � G 
values.  This result is supported by the analysis of inclusive � 0 production. 

·  An excess of � � �� e conversion events measured at short distance in the 200 < E�  
< 475 MeV range in the MiniBooNE detector remains (without explanation) and 
became more significant as additional data has been analyzed. 

·  Analysis of d+d elastic scattering cross sections at intermediate energies show 
scaling with momentum transfer across this energy regime; however theoretical 
predictions of the process, while improving, do not provide enough precision to 
permit a new generation of charge symmetry breaking calculations for the 
dd��� 0 reaction. 

 
In parallel, a number of technical advances were made, including experiments that have 
obtained partial results on the way toward more precision with additional running: 
 

·  Simulation and design is underway for the forward GEM tracker detector at STAR 
which will improve e+/e�  separation in preparation for sea quark distribution 
measurements through W+/W�  production.  IU will focus on the detector readout. 

·  Progress has been made across a number of improvements to the STAR detector 
for triggering (rebuilt L2) and event identification that will improve the statistical 
quality of past and future data sets. 

·  Tests have shown that photomultiplier tubes are capable of operating at cryogenic 
temperatures, making simpler the extraction of a signal in the neutron electric 
dipole moment search.  PMT dark rate properties have been measured. 

·  A proposed method to polarize anti-protons by scattering them from polarized 
electrons was shown not to work by no depolarization of the stored proton beam 
at COSY-Jülich when it was run through electrons from the cooler apparatus. 



A.  STAR Collaboration Activities in FY2008 
 

W.W. Jacobs, J. Sowinski, S.W. Wissink, J. Balewski, S. Choudhury, 
P. Djawotho, W. He, B. Page, I. Selyuzhenkov, J. Stevens 

�
A.1  Overview 
 
The IU STAR group continues to take leading roles in many aspects of STAR hardware, 
software, and data analysis, particularly those regarding electromagnetic calorimetry and 
triggering.  The group also provides ongoing maintenance and operational support of the 
Endcap EMC (EEMC), whose design and construction were led by IU some years past. 
 

The plan for Run 8 at RHIC had been to run two species, d+Au and polarized p+p 
(both at Ös = 200 GeV), with the latter providing a sizable integrated luminosity sample for 
the spin physics program.  Unfortunately, FY’08 budgetary issues at the national and 
laboratory level cut the pp run short with respect to most physics goals.  The pp runs will, 
however, provide a data sample for direct g and p0 analyses with a significant reduction of 
material from the area around the collision diamond, e.g., minimal beam line support with 
the Silicon Vertex Tracker removed (a task for which the IU group was prominent in 
helping make the case).  The Run 8 data has not yet been produced, but we know from 
ongoing photon reconstruction efforts with the Run 6 data set that a significant number of 
photons (in some trajectory regions, up to ~ 20%) convert well before reaching the 
EEMC, producing both statistical losses and increased backgrounds.  Success in future 
pp running demands that we maintain a reduced mass environment, and we are actively 
working (analyzing, simulating, lobbying, etc.) to try and limit material additions in front of 
the calorimeters that may arise from the ongoing STAR upgrade activities.  
  

Despite the absence of longitudinal pp data in Run 8, preparations and subsequent 
run efforts were carried out, along with several performance improvements with positive 
impact for future years.  Primary developments from the IU group included:  (1) leading 
the hardware effort to speed up transfer of EMC data (both Barrel and Endcap) to level-2 
trigger by designing, fabricating, and programming new data collector output boards with 
advanced DDL data transfer protocol;  (2) supporting oversight and detailed upgrades of 
the STAR level-2 software trigger, to take advantage of new hardware speed and other 
algorithm improvements that will enhance efficiency, selectivity of triggers, and figure of 
merit for di-jet events, and separately for direct photons and p0’s; and (3) in anticipation of 
needed developments for Run 9, beginning efforts to speed up Barrel SMD readout for 
the STAR DAQ1000 era.  These items and other are discussed in more detail in the 
technical section of this report. 
 

It should also be noted that the IU group plays increasingly important roles in STAR 
operations beyond simply taking shifts.  During the run, we provide “expert” EEMC help 
24/7 for STAR shift crews and supporting the detector we built.  The group continues to 
make significant contributions to STAR run planning, detector development, and longer 
term RHIC timeline and priority discussions:  Jim Sowinski was co-author of the updated 
“spin white paper” submitted to DOE management May ’08, while Will Jacobs serves as 
Coordinator for STAR’s Endcap and Barrel EMC’s.  Members of the IU group also play 
leading physics analysis roles: Jim Sowinski serves as co-convenor for the Spin Physics 
Working Group, and Will Jacobs coordinates the photon reconstruction analysis group. 
 



A.2  New Results on Gluon Polarization 
 
A.2.1  Inclusive jet studies 
(J. Balewski, S. Choudhury, P. Djawotho, W.W. Jacobs, I. Selyuzhenkov, J. Sowinski, 
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] continue to find significant uncertainties in our knowledge of the magnitude, shape, 
and even the sign of the Bjorken-x dependent gluon helicity function DG(x).  In the last 
few years, however, new measurements of the spin dependence of high-pT inclusive 
production processes, initiated with polarized pp collisions at RHIC, and studied using the 
STAR detector, have begun to place significant constraints on the behavior of DG(x) 
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.  
Values for the longitudinal double-spin asymmetry parameter ALL, measured for jets from 
the 2005 data, were published recently in Phys. Rev. Lett. [Ab08], with Sowinski among 
the principal authors (PA).  Other PA’s include former IU post-docs Renée Fatemi and 
Murad Sarsour (current Physics faculty at the University of Kentucky and Georgia State, 
respectively) who started working on this analysis while employed at IU.  These results 
showed that our data place new and significantly tighter limits on the average value of 
DG(x) over the range 0.02 < x < 0.3.  In particular, contributions over that x range larger 
than the GRSV-std [Gl01] fit to DIS data, which has an integral DG = 0.24, are excluded.   

  
During our 2006 run, STAR recorded 5.5 pb-1 of longitudinally polarized pp data, with 

55-60% average beam polarization.  For this data set, backgrounds were substantially 
reduced compared to previous years, due to additional shielding stacked in the tunnels at 
the recommendation of a committee co-chaired by Sowinski and aided by analyses by 
our post docs. Sophisticated real-time software triggers were also implemented for this 
run, allowing us to pre-select events that were more likely to contain jets headed towards 
STAR’s extensive electromagnetic calorimetry.  This development effort was led, and in 
large part carried out, by staff scientist Balewski and post-doc Djawotho from our group.  
In recognition of Balewski’s extensive contributions to this and other aspects of the data 
acquisition and analysis, he was also made a primary author on the paper in preparation.   

 
Our preliminary results from Run 6, released last spring, are presented in Fig. A.2.1, 

where they are compared to four curves from the GRSV analysis [Gl01]. The dot-dashed 
(red) curve corresponds to expectations for ALL if the gluons were 100% polarized along 
the proton spin direction, a scenario already strongly disfavored by our run 5 results. The 
dashed (green) curve also represents gluons that are fully polarized, but now opposite in 
sign to the proton spin.  The solid black curve is the best fit to the DIS data set, DG=0.24, 
while the dotted (blue) curve assumes completely unpolarized gluons at the input scale.  
To the right of this figure are shown confidence levels for a range of gluon polarized 
distribution functions (PDF’s) from the GRSV group [Gl01].  These PDF’s represent the 



best fits to the DIS data set when the integral DG is held fixed to the values shown along 
the horizontal axis of the plot.  Very recently our 2006 preliminary results, along with the 
2005 published data, have been included in a global fit [De08] of all DIS and RHIC data. 
This analysis suggests that the contribution to DG over the range 0.02 < x < 0.3 must be 
surprisingly small, with STAR’s inclusive jet results setting the limit for negative values, 
and providing competitive constraints on the positive side as well.  This global analysis, 
however, as well as others based primarily on DIS data [Ha06, Le07, Na06], still leave 
open the possibility that DG(x) may have a node in this region of x, and that substantial 
gluonic contributions to the proton’s spin may exist at lower values. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure A.2.1. (left) Inclusive jet ALL results for inclusive jets from the 2006 STAR run.  
Vertical bars indicate statistical error, while gray bars represent systematic errors in ALL 

(height) and pT (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 DG, as compared 
to that achieved in 2005.  
 
 

For the 2009 data run and beyond, STAR is already well-positioned to address both 
the issue of 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, it is clear that measurements 
of 2-body final states, such as di-jet and � -jet coincidences, will play an essential role in 
these investigations.  With detailed information on the directions and energies of both of 
the outgoing particles / jets, we gain direct access to the initial-state parton kinematics, 
and thereby sensitivity to xgluon (assuming the parton of lower x is a gluon).  Coincident 
studies will increase the quality of our measurements over the x range of interest, and 
allow us to map out DG (x) at the measured scale.  In addition, the extension of these 
types of analysis into regions of higher rapidity, using the Endcap Calorimeter (1 < �  < 2) 
and the newly installed Forward Meson Spectrometer (2.5 < �  < 4), will allow us to probe 
gluonic spin preferences when xgluon < 10-2.  The physics cases for these measurements, 
which are expected to begin in 2009, were developed in the STAR Beam Use Proposal 
[St08] and RHIC Spin Plan Report Update [Bu09].  For both documents, Sowinski was a 
lead author on the DG sections, and incorporated important contributions from our group. 
 



 
A.2.2  Pion production 
(W. He, W.W. Jacobs, J. Sowinski, J. Stevens, S.W. Wissink) 
 
Like inclusive jets, the production of high-pT neutral pions (p0’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 p0 
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 pT -dependent contributions from competing sub-processes (primarily gg, qg, and qq 
scattering), just as one must do for jets.  Calculations by Guzey, Strikman and Vogelsang 
[Gu04] shown in Fig. A.2.2 suggest that for p0’s the greatest sensitivity to the gluon 
polarization is in the intermediate pT 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. 
 

To carry out these measurements, efficient detection, reconstruction, and analysis of 
high-energy p0’s is critical, and the Indiana group has played the lead role in developing 
these capabilities.  Continuing the earlier work carried out by post-doc Jason Webb while 
at IU, grad student Weihong He has not only substantially increased the reconstruction 
efficiency of our p0-finding algorithms (by as much as a factor of 5 at the highest pT), but 
also greatly reduced many of the biases introduced in previous versions of the software.  
Key improvements include: 

 
1. Developing a “splitting” algorithm that recognizes when two electromagnetic showers 

happen to pass through the same set of scintillator strips in one SMD plane.  By 
dividing this SMD energy according to information provided by the other plane, two 
nearby showers can be fully reconstructed.  This significantly increases our efficiency 
for detecting high-energy p0’s, when the two decay photons are closest to collinear. 

�

Figure A.2.2  The fractional 
contribution of each partonic 
subprocess to the inclusive p0 

yield, as a function of pion pT.  
Predictions [Gu04] are NLO 
pQCD calculations for Ös = 
200 GeV pp collisions at a 
pseudorapidity of �  = 0. 



2. Minimizing losses due to showers that cross a calorimeter tower boundary. For these 
showers, energy will be shared among two or more towers; hence, any single tower 
will have only a fraction of the photon’s energy, and may fall below threshold.  We 
compensate for this by using position-dependent (within a tower) energy cuts, then 
looking for the ‘missing’ energy in the adjacent tower(s). 

 
3. Introducing a more sophisticated algorithm for matching energy clusters between the 

two SMD planes.  Because the pions of interest are usually part of a jet, there are 
multiple ‘clusters’ of fired strips in each plane.  Pairing up these clusters to form the 
‘points’ needed for invariant mass determination is now carried out using a method of 
maximum likelihood, based on energy-matching comparisons among the clusters. 

 
4. Compensating for the additional broadening of the electromagnetic shower that is 

observed in the second SMD plane.  This effect, which is not reproduced by our slow 
simulator, results in larger strip-to-strip energy fluctuations in the SMD plane that is 
further from the event origin, i.e., the one ‘behind’ the other plane, making cluster 
identification more difficult and prone to error. 

 
Beyond the above changes to our actual pion reconstruction algorithm, we have also 

adopted a different philosophy throughout the analysis, in which all thresholds and ‘cuts’ 
are kept as low as possible, even if this introduces increased background beneath the p0 
peak in an invariant mass plot.  Our hope, which appears to be realized, is that following 
this approach will not only add to our true pion yield, but will also produce a background 
which has not been ‘sculpted’ by tight software cuts, and thus can be fitted with a simple 
function involving only a few free parameters.  How well this latter idea works in practice 
folds directly into our systematic error budget. 

 
Detailed analysis of the 2006 data set for p0’s in the STAR endcap is now complete.  

Substantial improvements in the quality of this data, relative to our 2005 results [We06] 
are readily apparent, due to a potent combination of:  (1) using the L2 software triggers 
mentioned previously to not only acquire a more selective data sample, but also provide 
real-time feedback on beam-related and detector problems that in previous years might 
have gone undetected for many hours, if not days; (2) reduction of beam backgrounds by 
roughly an order of magnitude as a result of additional shielding in the RHIC tunnels; and 
(3) the software enhancements described in previous paragraphs. 

 
A typical invariant mass distribution is shown in Fig. A.2.3, for pions with pT in the 

range 6 < pT  < 7 GeV/c.  The heavy black curve is the fit to the data for 0.05 < mgg < 0.40 
GeV, and consists of a skewed Gaussian peak plus a purely exponential background: 
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The solid pink curve is the background component of the fit, while the thin blue line is our 
pion spectrum (data – fitted background).  The vertical red and green lines indicate the 
true p0 mass and our summing limits, respectively.  For this analysis, the pion yields are 
not derived from the Gaussian fit parameters, but are determined by summing all counts 
in the blue histogram between the two green lines.  To reduce sensitivity to potential spin-
dependent fitting errors, the mass spectra for each pT bin are first summed over all four 
spin states and fit.  The four spin-dependent yields are then extracted by fitting each of 
the four spectra separately, allowing only the amplitudes A1 and A2 to vary. 



 
 

Our preliminary results for the longitudinal double-spin asymmetry ALL are presented 
in Fig. A.2.4 below.  The vertical error bars on the points represent statistical errors only, 
including contributions from background subtraction, while the horizontal ‘errors’ indicate 
the range of pT  for each.  Systematic errors, indicated by the height of the tan band near 
the bottom of the plot, are dominated by variations in the extracted value of ALL when the 
fitting function, its range, or the selection of parameters held fixed are changed such that 
the overall quality of the fit (c2) does not increase significantly.  The four curves shown 
are from the GRSV group [Gl01], and have the same meaning (and colors) as discussed 
in the section on inclusive jet analysis. 
 

 
 

Our inclusive p0 results, much like the 2005 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 especially 
at the higher pT values.  We also note that physics is working against us in this regime; at 
the forward angles probed here, the partonic spin asymmetries calculated in pQCD are 
getting small, resulting in predictions for hadronic ALL a factor of ~2 smaller than at �  = 0. 

Figure A.2.3  Invariant mass 
distribution for p0 candidates 
with 6 < pT  < 7 GeV/c.  The 
heavier lines show features 
of the fit, while lighter lines 
derive from the data – see 
text for additional details. 

Figure A.2.4   The 
pT dependence of 
ALL for inclusive 
p0s detected in the 
STAR Endcap (for 
1 < �  < 2).   The 
error bars and 
theoretical curves 
are explained in 
detail in the text. 



Many of the difficulties encountered in trying to reconstruct p0’s efficiently with the 
STAR Endcap calorimeter either arise or are greatly exacerbated by the high probability 
that one or both of the decay photons will convert to an e+e— pair before entering the 
detector.  These conversions often occur in materials far upstream of the calorimeter, 
such as in the Silicon Vertex Tracker (SVT) that surrounds the STAR interaction point. It 
is therefore very relevant for the future of the EEMC p0 program that the SVT subsystem 
(and much of the associated material on the west end of this region) was removed prior 
to Run 8.  Though the Run 8 data should be of little value towards constraining DG, we 
are eager to see the data produced and run through our software; we expect that the 
greatly reduced probability for photon conversion upstream of the Endcap should allow 
for more efficient, unbiased, and stable p0 reconstruction. 

 
Finally, we note that essentially all of the improvements discussed here,  which have 

been introduced into the EEMC SMD cluster finding and fitting algorithms for p0 analysis, 
are also critical for our efforts at g/p0 discrimination (see following section).  Identifying 
direct photons relies primarily on our ability to use the SMD information to distinguish, 
with reasonable efficiency, between a single shower and a pair of nearby showers at 
electromagnetic energies of up to 30-40 GeV. 

 
 
A.2.3  Progress towards photon-jet coincidence meas urements  
 
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.  
Some of the kinematic advantages derived from studying di-jets, or other processes with 
2-body final states, have already been mentioned in section A.2.1.  In this section, we will 
focus on the additional benefits, and also the limitations one encounters, when trying to 
extract information on the gluon helicity distribution function DG(x) through study of 
photon-jet coincidences, and the current status of such efforts. 
 

Simply detecting a high-pT photon in a p+p 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, 
as shown schematically in Fig. A.2.5 below.  The competing process, g+®+ gqq , is 
suppressed by roughly an order of magnitude, due to the smaller 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 much 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 q 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 q* approaches p, and so the photon is emitted close to the direction of the incident 
quark (in the partonic center-of-mass frame).  A leading-order QCD calculation of this 
spin correlation is shown on the right in Fig. A.2.5.  Finally, we note that this is a case 
where physics has been kind to us, in that the cross-section  for quark-gluon Compton 
scattering has its maximum in the same kinematic region, i.e., for back-scattered events.  
Thus, as a function of q*, the events with the highest yield are also those most sensitive 
to the alignment of the gluon’s spin relative to that of the proton. 
 



 
 
 
 
 
 
 
 
 
 
 

 
Figure A.2.5  (left) Schematic representation of QCD Compton Scattering in pp collisions. 
(right) Partonic double-spin asymmetry in LO QCD for this process, which peaks at 180°. 
  

As noted in section A.2.1, though, extraction of the x-dependence of DG requires the 
detection of both final-state particles, so STAR’s ability to determine the 4-momentum of 
the away-side jet, in coincidence with that of the photon, is essential.  Moreover, if one 
assumes a collinear geometry in the initial state, then the kinematics is over-determined; 
only the jet direction, and not its transverse momentum, is needed in order to determine 
the momentum fractions x1 and x2 carried by the colliding partons.  Because pT can be 
measured much more precisely for a photon than for a jet, uncertainties on xgluon will be 
reduced, relative to what can be achieved for di-jets. 
 

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 DG at lower values of xgluon becomes clear.  
Combined with the observation that quark polarizations within the nucleon grow almost 
linearly with xq [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 âLL as described above suggests 
the events most useful in constraining DG at low values of xg will involve high-pT 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 IU 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 (p0 and � ) decay.  In the 
absence of robust charged-particle tracking, one must also worry about charged mesons 
(p±, for example) interacting hadronically within the calorimeters, though it appears the 
various ‘layers’ of the EEMC provide sufficient information on relative energy depositions 
and transverse shower shape that distinguishing between electromagnetic and hadronic 
showers should be achievable at the needed level of precision.  A detailed description of 
the electron / hadron separation procedures we have developed for the W± program is 
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introduced in section A.4 below, and is presented more fully in the associated technical 
portion of this report.   

 
Deciding if a detected photon was produced in the primary interaction or via p0 decay, 

on the other hand, is much more 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 g-jet events; simulated di-jets (“QCD background”); and 3.1 pb-1 of pp data from Run 6.  
Each sample was run through the STAR jet finder software, and only 2-jet events were 
analyzed.  (Note that a high-pT isolated photon would easily satisfy our ‘jet’ criteria.)   We 
then required that the following additional conditions be met: 
 

·  The two jets be back-to-back, with  cos(f 1 – f 2) < –0.8 

·  One jet (the “photon candidate”) have > 90% of its detected energy in e.m. particles 

·  For this jet, within a radius of 0.7 (in � -f  space) from the highest energy tower, there 
can be:  no charged particle tracks; no barrel towers that fired; >2 firing SMD strips in 
each plane; and > 90% of all e.m. jet energy concentrated in a 3x3 cluster of towers 

·  For the away-side jet, the neutral energy fraction must be < 90%, which removes all 
di-photon events, and limits the pseudo-rapidity of the second jet to roughly h < 1.4 

Our analysis of the simulated data suggests ~60% of all g-jet events with pT 
g > 7 GeV 

will pass these cuts, while only ~20% of the background events would survive, as shown 
in Fig. A.2.6.  We are working to improve this rejection ratio through more selective cuts, 
especially on the tower energy distribution within the 3x3 cluster.  By accounting for the 
expected energy-sharing across tower boundaries, we hope to reduce background rates 
by another factor of ~3, with less than 5% loss of signal. 

 
The endcap SMD, with its fine position 
granularity, should provide a powerful 
means of discriminating between truly 
isolated e.m. showers and those within 
a hadronic jet.  Our basic approach is 
CPU-intensive, but robust:  fit the SMD 
response of a photon candidate over a 
large swath of the detector (currently 
we use ±30 strips ®  30 cm wide) and 
compare to a known energy response.  
More specifically, we integrate the fit 
residual (data – fit) on each side of the 
peak, choose the larger value for each 
SMD plane, then sum the two.  A pT-
dependent cut separates the “good fit” 
(photon) events from the background.  
The success of this method, obviously, 
depends critically on how well we can 
generate a function that replicates the 
SMD response for an isolated photon.  

Figure A.2.6  Fraction of events from the 3 
data samples that pass successive sets of 
cuts, designed to distinguish between g-jet 
events and non-photonic QCD di-jets. 



Unfortunately, we have found that existing GEANT simulation packages of the EEMC 
do not adequately reproduce the measured SMD energy response.  This may be due in 
part to the significant amount of material (primarily other detectors) upstream of the SMD, 
which is not adequately described in our current simulation models.  To improve matters, 
we have collected a ‘library’ of empirical SMD responses to isolated photons, obtained by 
selecting pairs of widely separated e.m. showers whose reconstructed invariant mass 
matches that of the �  meson.  New software has been developed in which the simulated 
SMD response is replaced by one of these library functions, appropriately shifted in strip 
number and scaled in energy.  We have also sorted these SMD shapes by the amount of 
energy deposited in the EEMC pre-shower layers, to make us sensitive to the differing 
conversion efficiencies for hadrons vs. photons, and less dependent on material budgets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure A.2.7 Correlation of SMD fit residuals vs SMD energy for the three event samples.  
The rows correspond to no energy in the preshower (upper) or more than 10 eV (lower). 
 

By tightening our tower isolation cuts and imposing additional conditions on the away 
side jet, we will continue to improve our signal/background ratio, but the results shown in 
Fig. A.2.7 are already very encouraging.  In the upper row, we see that when our photon 
candidate deposits no energy in the preshower tiles (and hence has not converted in the 
upstream material), we see very few counts in the “background” sample, which suggests 
that much of our “real” data consists of true photons.  This is supported by the similarity in 
distribution of the other two plots.  Conversely, if large amounts of energy (equivalent to 
several mips) are detected in the preshowers, the background and data samples are 
found to be similar, both in the distribution of their fit residuals and in the total number of 
counts.  Our hope is that by improving our cuts and fine-tuning our SMD algorithm, we 
will be able to achieve close to 80% photon purity and detection efficiency for pT > 8 GeV. 

    MC “QCD bkgd”             MC g-jet events               2006 pp data 



A.3  Upsilon Measurements at STAR 
(P. Djawotho) 
�
J/�  suppression induced by Debye screening of the static potential between c-cbar pairs 
was originally hailed as an unambiguous signature of the Quark Gluon Plasma (QGP). 
This naïve picture, however, is complicated by competing effects that either reduce the 
yield, such as co-mover absorption, or enhance it, such as recombination models. The 
Upsilon states, with low production cross sections, are mostly insensitive to those effects. 
Studies of heavy quarkonia spectral functions on the lattice suggest that a sequential 
suppression pattern of the successive quarkonia states is expected.  The STAR detector, 
with its large acceptance and dedicated Upsilon trigger, is well-positioned to access the 
Upsilon family and actively seek this predicted suppression pattern. Such measurements 
have been systematically undertaken in p+p, d+Au and Au+Au collisions at � s= 200 GeV, 
and preliminary results have been presented at several conferences. 
�

The main STAR detectors that make the quarkonia program possible are the Time 
Projection Chamber (TPC) and the Barrel Electromagnetic Calorimeter (BEMC), both with 
pseudo-rapidity acceptance |� | < 1 and full azimuthal coverage.  The Upsilon state is 
probed through its dielectron decay channel.  As such, the Upsilon trigger in p+p is 
designed to record events with a single high tower above 3.5 GeV, and the surrounding 
trigger patch of 4×4 towers above 4.3 GeV, coupled with a minimum bias condition at 
level-0 in hardware.  A higher level software trigger requires the invariant mass to lie in 
the interval 6-15 GeV, and an opening angle greater than 60° between the daughter 
electrons.  The trigger for other colliding systems was similar, but with higher thresholds 
and no trigger patch requirements, to reduce combinatorics from high multiplicities. 

�
In the 2006 p+p run, the Upsilon trigger 
sampled 9 pb-1 of integrated luminosity.  A 
preliminary analysis, which focused on 
one trigger setup with 5.6±0.8 pb-1, 
measured the total cross section to be 
BR×(d� /dy)y=0 = 91±28(stat)±22(syst) pb.  
Because the low statistics do not permit 
separation of the Upsilon states, the cross 
sections quoted combine the 1S+2S+3S 
states of the Upsilon family.  The STAR 
measurements are shown in Fig. A.3.1 
along with the world data and theory 
predictions of NLO pQCD CEM (Color 
Evaporation Model). 
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Figure A.3.1 Upsilon(1S+2S+3S) cross 
section vs. center-of-mass energy for 
the world data and theory predictions. 



In the 2007 Au+Au run, the Upsilon trigger sampled 502 � b-1 of integrated luminosity. 
In-depth analysis is ongoing; however, a preliminary result showing the enhancement of 
the signal above background is presented in Fig. A.3.2. During the d+Au run of the same 
year, the Upsilon trigger sampled 31 nb-1 of integrated luminosity.  A prominent peak is 
seen over a small background in Fig. A.3.3 (left panel), and after background-subtraction 
(right panel).  Estimates for an integrated nuclear modification factor RAA are underway 
and will be presented soon. 
 

The STAR experiment has systematically measured cross sections for the Upsilon 
family in p+p, d+Au and Au+Au collisions. This was possible due to the large acceptance 
of the STAR detector and a dedicated Upsilon trigger.  The IUCF group was heavily 
involved in the entire process, from implementation of the trigger to analysis of the data. 
Future upgrades to the RHIC luminosity should provide greater statistics and more 
accurate clues to the role of quarkonia as a signature of QGP and QCD thermometer. 

Figure A.3.2 (left) The STAR 
Upsilon signal in the 2007 
Au+Au run at � s = 200 GeV, 
with a centrality cut of 0-60%, 
showing the unlike (blue) and 
like sign data. 

Figure A.3.3 (below) STAR 
Upsilon in the 2007 d+Au run 
at � s = 200 GeV. 



A.4  Progress on the Forward GEM Tracker upgrade fo r W+/�  Measurements �
(J. Balewski, P. Djawotho, W.W. Jacobs, B. Page, J. Sowinski, and S.W. Wissink) 
 
 

The production of W bosons in 
500 GeV polarized proton colli-
sions will be used to study the 
polarization of sea quarks in the 
proton.  This requires the 
detection and charge sign 
separation of electrons and 
positrons in the region of the 
STAR endcap electromagnetic 
calorimeter.  The EEMC was 
designed to have sufficient 
thickness to contain the up to 
40 GeV (in pT) electrons and 
positrons resulting from the W 
decays.  Pre- and post-shower 
shower readouts were included 
in the EEMC, to add shower 
depth profile information to the 
transverse shape information 
from the shower maximum 
detector, for electron/hadron 
discrimination.   However, it has 
always been understood that 
the STAR Time Projection 
Chamber (TPC) would not 
provide sufficient tracking to do 
charge-sign separation over 
much of the Endcap, and a 
forward tracking upgrade would 
be needed to separate 
electrons from positrons, i.e., to 
distinguish u + d̄  ®  W+ from 
u + d ®  W- production.  Our 

group, and Balewski in particular, has played the lead role in developing the simulations 
needed to define the required geometry of the new tracking system. 
 

In the past year a detailed proposal for a Forward GEM tracker upgrade was written 
and submitted to BNL.  A conceptual design is shown in Fig. A.4.1.  To demonstrate the 
feasibility of this physics program,  Page and Sowinski carried out detailed Monte Carlo 
simulations to demonstrate that the EEMC could provide sufficient separation of the W 
decay electrons and positrons from the large hadronic background.  These simulations of 
tracking and background suppression were key components in the FGT proposal, and 
also figured prominently in the RHIC Spin Plan Report Update [Bu09] defended at the 
most recent RHIC PAC. The IU group will expand its strong involvement in the near term 
by producing readout boards for the FGT project, which was recently awarded approval 
for capital construction funds within Brookhaven National Laboratory.  More details on 
this project can be found in the technical section of this report. 

 
 
 
Figure A.4.1 A cutaway view of the STAR detector 
with the Forward GEM Tracker and Heavy Flavor 
Tracker upgrades.  The beam passes horizontally 
along the center line, interacting at the center of the 
picture.  The primary tracking in STAR is provided 
by the TPC whose tracking volume is colored gray 
in the figure.   The EEMC is shown at the right and 
is represented by purple trapezoidal slats.  The FGT 
is shown as 6 green disks located along the beam 
line near the interaction point. 
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B.  Neutrino Physics 
 

R. Tayloe, D. Cox, T. Katori, and C. Polly 
 
B.1.  MiniBooNE  
(R. Tayloe, C. Polly, D. Cox, and T. Katori) 
 
B.1.1.  Overview 
 
The MiniBooNE experiment [Chxx] is located at Fermilab and searches for �

�
�  �

e 
and`n

�    

�  `n
e  oscillations with parameters as indicated by the signal previously reported by the 

LSND experiment [Ag01]. First results from the �
�
�  �

e  
search from data collected 2002-

2005 were published in 2007 [Ag07].  Since that time, MiniBooNE has collected additional 
data in both neutrino and antineutrino modes, done further analysis on the neutrino 
oscillation data, in particular, an investigation of the previously reported “low-energy 
excess”, and continued on neutrino cross section  analyses, producing results on several 
channels. 
 

Our IU group has contributed to these efforts by continuing to staff shifts on-site at 
FNAL as well as playing leading roles in the analysis efforts.  C. Polly is an overall 
analysis coordinator, R. Tayloe is leader of the quasielastic analysis group,  D. Cox has 
finished the first MiniBooNE neutral-current elastic scattering analysis (and graduated in 
Jan. 2008), and T. Katori is in the final stages of an analysis of charged-current 
quasielastic scattering and is expected to graduate in Dec. 2008. 
 
B.1.2.  Neutrino oscillation analysis 
 
In the first results from the �

�
�  �

e 
analysis [Ag07], MiniBooNE reported no excess of 

signal above data in the energy region 475 > � �  > 1250 MeV and set a limit on oscillations 
that ruled out the LSND results (interpreted as oscillations of the “standard” type) to the 
98% confidence level.  However an excess of events in the 300 > � �  	> 475 MeV range 
was reported.  In the last year, MiniBooNE has investigated this excess with further 
studies of the backgrounds and errors in this energy region.   These studies have 
included consideration of additional hadronic backgrounds, an improved cut to eliminate 
backgrounds from neutrino interaction in surrounding dirt, and the addition of another 
energy bin which lowers the energy threshold to � �  	= 200 MeV. The results of this 
procedure show a persistent excess of 129 ± 43 with 200 > � �  > 475 MeV.  These results 
are shown in Fig. B.1.1.  The limits on oscillations as reported previously [Ag01] which 
use data with 475 > � �� 	> 1250 MeV are unaffected.  
 



 
 

Figure B.1.1:  Results from a recent reanalysis of the MiniBooNE neutrino oscillation data 
set.  The top plot shows the data overlaid with expected backgrounds.  The bottom plot 
shows the background subtracted data. 
 
 
B.1.3.  Antineutrino oscillation search 
 
In 2006, the current in the booster neutrino beam focusing horn was reversed and 
antineutrino running commenced.   With the exception of a polarity switch to neutrinos 
(for SciBooNE, see below), running has continued in this mode since.  Antineutrinos will 
allow MiniBooNE to further investigate the low-energy excess that was observed in 
neutrino mode, conduct a search for `n

�    �  `n
e  oscillations, and measure antineutrino 

cross sections.  As of this writing, MiniBooNE is approved to run through mid-2009 in 
antineutrino mode, should provide approximately 5 × 1020 protons-on-target (compared to 
approximately 6 × 1020 in neutrino mode).  The expected sensitivity for the antineutrino 
oscillation search (shown in Fig. B.1.2) is not as strong as that for neutrinos, but 
nevertheless significant.  First results from this search (using a partial data set), are 
imminent. 
 



 
 

Figure B.1.2: Expected sensitivity for the MiniBooNE antineutrino oscillation search.  The 
blue curve delimits the expected 90% CL region with all errors excepting one background 
which is expected to be small. 

 
B.1.4.  Cross Section Analyses  
 
In the past year, MiniBooNE has completed analyses on several neutrino interaction 
processes [Ag08, Ag08a, Co08].  Many more are in progress, and additionally, 
antineutrino data are now being analyzed.  The event samples provided by MiniBooNE in 
the 1 GeV energy range are of world-record size and will allow much needed 
measurements of interesting processes.  Particular contribution from our IU group include 
the analysis of charged-current quasielastic scattering (CCQE) of muon neutrinos from 
carbon (�

�  
C ®  e�  X).  This work [Ag08] was performed by IU graduate student T. Katori 

and described in our annual report of last year.  Further analysis on this channel has 
been performed in order to extract the double differential cross section for this process.  
Final results are expected soon and will serve as (part of) T. Katori’s thesis work 
(graduation expected in Dec 2008). 
 

The neutral-current (NC) elastic scattering of muon neutrinos from protons and 
neutrons (�

�  
p,n®  �

�  
p,n)  is a unique weak-neutral-current probe of the nucleon. In 

addition it has allowed for a constraint on the amount of scintillation light produced by 
sub-
 erenkov-threshold hadrons within the MiniBooNE detector.  The NC elastic reaction 
is identified in MiniBooNE by selecting for low-energy events with a small fraction of 
prompt light (the signature for proton/neutron scintillation only) and no associated muon 
decay.   
 



A NC elastic event sample has been extracted from approximately 10% of  the total 
MB data sample.  This sample consists of approximately 4000 events with an expected 
background of approximately 20%.  The differential cross section for this process has 
been extracted and is shown in Fig. B.1.3.  This was the thesis work of IU graduate 
student Chris Cox (graduated Jan. 2008). 
 

 
 

Figure B.1.3:  MiniBooNE NC elastic differential cross section compared to that measured 
by Brookhaven experiment BNL734. 
 
�
B.2.  The SciBooNE experiment  
(R. Tayloe and A. Hanson)  
  
The goal of SciBooNE is to measure precisely, with a fine-grained detector, neutrino and 
antineutrino interactions on carbon to provide measurements required for oscillation 
searches and physics insight into neutrino interaction processes.  The SciBooNE 
experiment [Agxx] was built in 2006 and 2007, ran in 2007 and 2008, ending just recently. 
It was located 100 m from the production target on the booster neutrino beam line at 
Fermilab (as is MiniBooNE). 
 

The SciBooNE detector, shown in Fig. B.2.1, uses the (preexisting) SciBar detector 
[Ni04] that served as a near detector for the K2K experiment at KEK in Japan.  This 
device is a fully active, finely segmented tracking detector consisting of plastic scintillator 
bars. It is combined with an electromagnetic calorimeter and a muon range stack, and is 
used in SciBooNE to reconstruct neutrino interactions with fine granularity.   
 
 

�



 
 

Figure B.2.1: Schematic view of the SciBooNE detector. 
 
 

SciBooNE took data from June 2007 to August 2008 and collected neutrino 
(antineutrino) data from 1 × 1020 (1.4 × 1020) protons on target.   Analysis is currently in 
progress on a variety of charged- and neutral-current neutrino interaction processes.  
Preliminary results on charged-current � �   production are shown in Fig. B.2.2.  The data is 
consistent with the (surprising) result that there is no coherent production of pions in this 
channel. 

 
 

Figure B.2.2: Preliminary results from SciBooNE on neutrino charged-current � +  

production.  
 

IU graduate student A. Hanson (who started work in Jan 2008) is analyzing neutral-
current elastic scattering in SciBooNE with the goal of extracting the strange part of the 
axial form factor (GA

s).  
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C.  Neutron Parity Violation 
 

W.M. Snow, Chris Bass, Chad Gillis, Da Luo, Jaiwei Mei, 
Yun Shin, and Zhaowen Tang 

 
 
C.1.  n-4He Spin Rotation 
(Chris Bass, Da Luo) 
 
Nonleptonic weak interactions remain one of the most poorly understood sectors of the 
Standard Model. A quantitative description of the weak NN interaction is needed to 
understand weak interaction phenomena in atomic, nuclear, and hadronic systems. 
Measurements of parity violation with low energy neutrons in few body systems can lead 
to significant experimental progress and have the potential to illuminate poorly-
understood features of QCD. 

 
A transverse rotation of the neutron spin about its momentum vector as it passes 

through isotropic, unpolarized matter describes a corkscrew in space. This effect 
manifestly violates parity [Mi64] in a direct manner which is obvious even to a 
nonspecialist. From a neutron optical viewpoint, this phenomenon is caused by the 
presence of a helicity-dependent neutron index of refraction. An order-of-magnitude 
estimate leads one to expect weak rotary powers in the 1.0 × 10-6 rad/m range. 

 
Our goal is to achieve an accuracy better than 1.0 × 10-6 rad/m, which will start to 

constrain the weak NN interaction in a meaningful way. A calculation done in the DDH 
framework [Dm86] shows that, within the isoscalar/isovector subspace of NN weak 
amplitudes, PV spin rotation in helium constrains a linear combination which is 
approximately orthogonal to already-measured PV effects in the isospin-conjugate p-4He 
system [La85] and in 133Cs [Wo97]. 

 
IU has played a leadership role in a new PV neutron spin rotation experiment in 4He 

at NIST. Previous reports have described the cryogenic target, the neutron polarimeter, 
and the polarimeter characterization measurements in detail. An overview of the 
apparatus to measure PV neutron spin rotation in liquid helium is shown in Figure C.1.1.  
�

The experiment to search for parity violation in neutron spin rotation in 4He completed 
data taking in July 2008. Liquid helium data was collected for 3 NIST reactor cycles 
during Jan-May 2008 with the final reactor cycle in June 2008 devoted completely to 
studies of systematic effects. The liquid helium target operated almost continuously over 
this period of time with high reliability. The plots below show the distribution of PV 
asymmetries and the common-mode noise reduction from the split beam used in the 
experiment. The statistical accuracy of the asymmetry data is consistent with that 
expected from neutron counting statistics. A nonzero parity violation signal consists of a 
shift in the mean of the distribution away from zero. Data analysis is in progress. We 
anticipate a statistical error for the parity-odd spin rotation angle smaller than 1.0 × 10-6 
rad/m. This would be the most precise neutron spin rotation measurement ever 
performed. 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1.1: Apparatus for neutron spin rotation measurement in liquid helium. Polarized neutrons 
are guided into a magnetically-shielded region with the cryogenic target and precession coil. The 
target liquid is moved using room temperature actuators through the combined action of a 
centrifugal pump and flexible pipes pulled into open and closed positions using strings. A 
polarization analyzer and oscillating guide field converts the in-plane polarization component into 
an intensity difference measured by a segmented current-mode ion chamber. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1.2: The left plot shows the distribution of P-odd asymmetries for neutron spin rotation in 
liquid helium from the NIST experiment. The right plot shows the reduced common-mode noise 
achieved by taking data with two parallel beams through the apparatus, without which a 
statistically-limited measurement would have been impossible. The width of both distributions is 
consistent with neutron counting statistics. 
 



Chris Bass defended his PhD thesis on the initial data and the design of the liquid 
helium target for this experiment. He now has a NRC postdoc at NIST. Da Luo will 
analyze the n-4He data for his Ph.D. thesis. If the data analysis shows no systematic 
effects and establishes that the experiment is statistics-limited we will consider a next 
version of the experiment to be proposed for the new cold neutron beamline at NIST now 
under construction, which is expected to possess a larger flux by about one order of 
magnitude and to be completed in fall 2010. 
 
C.2.  NPDGamma 
(Chad Gillis, Jiawei Mei, and Zhaowen Tang) 
 
The NPDGamma collaboration proposes to measure the parity-odd component in the 
angular distribution of gammas in polarized neutron capture on protons to an accuracy of 
10 ppb [Sn00]. This should be sensitive enough to observe a nonzero effect from weak 
pion exchange in the NN interaction. The first version of the experiment, conducted at 
LANSCE in fall 2006, achieved a statistical error of 200 ppb and a systematic error 
smaller by an order of magnitude. The accuracy was limited by neutron counting 
statistics. This preliminary result was described in previous reports. Indiana led the 
subprojects for design and construction of the two largest hardware items in the 
experiment: the 48 element current-mode CsI gamma detector array [Ge05] and the 16 
liter liquid parahydrogen target. Both devices operated successfully at LANSCE. 

 
The collaboration decided to move the experiment to the new Fundamental Neutron 

Physics Beamline (FNPB) at the Spallation Neutron Source at ORNL. NPDGamma is the 
first experiment approved to run at the new beam. Indiana has played a leading role in 
both the NPDGamma experiment and in the establishment of the FNPB beam.  

 
The CsI array has been moved to ORNL and is ready for the SNS experiment.  The 

liquid hydrogen target for the NPDGamma experiment was moved to IUCF for 
modifications needed to run the experiment at the Spallation Neutron Source at ORNL. 
Students Chad Gillis, Zhaowen Tang, and Jiawei Mei have been involved in several tests 
and design modifications as well as the reconstruction of the target at IUCF. The 
schematic below shows views of the apparatus as it will look at SNS. We have designed 
a new hydrogen target and vacuum line, a new external hydrogen ortho-para converter 
chamber, and several other smaller modifications to the target system in response to the 
different safety requirements for the target at ORNL.   
 

The target design modifications are under ORNL safety review. When approved we 
will start construction in collaboration with ORNL. The goal is to move the target to Oak 
Ridge in 2009.  
 



 
 
Figure C.2.1: Side view (above) of the new liquid hydrogen target system for NPDGamma as it will 
appear at the SNS. 3D rendering (below) of the new FNPB beamline with the NPDGamma 
experiment installed. 
 

 
 
 
 
 



C.3.  NDTGamma 
(Zhaowen Tang) 
 

A parity violation experiment in the gamma asymmetry in polarized neutron capture 
on deuterium is a possible follow-on experiment to NPDGamma at the SNS.  Theoretical 
calculations to relate parity violation in this reaction to the weak NN couplings have been 
done and can be improved using new EFT and few body techniques. The linear 
combination of weak NN amplitudes accessible in this system differs from both 
NPDGamma and n-4He spin rotation and therefore can provide independent information.  
The major unanswered question on the feasibility of the experiment is how much the 
neutron polarization is reduced in a D2O target in the several neutron scatterings which 
will inevitably occur before neutron capture. A collaboration among IU, NIST, DePauw 
University, ORNL, LANL, UNAM, and the University of Kentucky conducted a test 
experiment at LANSCE in July 2008 to determine the average neutron polarization upon 
capture in a D2O target by analyzing the circular polarization of the 6.24 MeV gamma in 
n-D capture using a gamma polarimeter. Figure C.3.1 shows a picture of the gamma 
circular polarimeter installed on the LANSCE beamline. This data is under analysis. 
Zhaowen Tang worked on the experiment and it may become his PhD thesis project if the 
result is encouraging. 
 

 
 
Figure C.3.1: Gamma polarimeter (enclosed in blue shielding) for the measurement at LANSCE of 
the circular polarization of 6.24 MeV gammas from polarized n-D capture in D2O as a test for a 
possible weak interaction experiment at the SNS. 



C.4. Neutron Phase Space Compression 
(Yun Shin) 
 
The theory of neutron phase space compression (moderation) in the cold to ultracold 
neutron regime is sensitive to collective excitations in the medium and therefore is not 
well-developed compared to the higher energy regime (eV to MeV) in which single 
particle collisions dominate. In particular there is a new realization that bright neutron 
sources in the “very cold neutron” (VCN) regime in the 1 meV to 1 � eV range could open 
new scientific possibilities for neutron scattering and fundamental physics. Such a type of 
moderator operated at the Low Energy Neutron Source (LENS), nearing completion at 
IUCF, could be used to develop a unique scientific niche for this source. In addition, a 
VCN moderator is under consideration as one of the possible neutron moderators to be 
installed at the planned second target station at the SNS.    
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
     
 
 
 
Figure C.4.1: Comparison between MCNP calculations of the brightness of the LENS neutron 
source using our new theoretical model of neutron scattering in phase II CH4 and experiment. 
Agreement is good if the solid methane is cooled slowly with paramagnetic impurities (oxygen) to 
ensure spin temperature equilibrium of the protons in the methane molecules is achieved. 
 
As a first investigation in this field we decided to perform a theoretical analysis of the 
present solid methane cold neutron moderator at LENS. We developed a theory for slow 
neutron moderation in phase II CH4 starting from first principles which agrees with the 
measurements of the spectrum from LENS. In addition to its value in characterizing LENS 
and as a more accurate neutron scattering kernel for solid methane, this work has also 
led us to propose specific suggestions for other promising materials to investigate for 
cold/VCN neutron moderation. In particular methane clathrate and methane doped with 
~10% krypton emerged from this study as promising materials for a VCN neutron 
moderator. This work, in combination with experimental studies of ultracold neutron 
(UCN) production, formed the Ph.D. thesis of Yun Shin.  
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D.  Polarized Antiprotons 
 

H.O. Meyer 
 
 

When beams of antiprotons became available more than 20 years ago, there was an 
immediate demand for polarized beams. Since then, many ingenious methods have been 
devised but none of them provides a simple, affordable, and convincingly efficient way to 
make polarized antiprotons. By now, we have come to accept that this task will be 
difficult, and that probably the only practical solution is to store antiprotons in a ring and to 
polarize them via their interaction with an internal target. 

 
The declared goal of the PAX collaboration [PAxx] is to provide the community with a 

stored, polarized antiproton beam. In part, this effort is also motivated by the new Facility 
for Antiprotons and Ions Research (FAIR) near Darmstadt, Germany, which is now under 
construction. The PAX group is using the COSY facility to address problems related to 
the stringent demands on storage ring performance, and plans to mount an experiment at 
CERN to measure spin correlation in proton-antiproton scattering.  

 
An unpolarized, stored spin-½ beam may be polarized either by depopulating, or by 

flipping one of the two spin states selectively. Both processes require a polarized target. 
The depopulation method, or spin filtering, has been demonstrated experimentally with a 
stored proton beam, interacting with a polarized internal hydrogen target [Ra93]. 
However, the flipping method would be much preferred, since it conserves the beam. 
Unfortunately, spin flip cross sections tend to be too small. Thus, it came as a surprise 
when it was proposed to use polarized electrons (or positrons) to polarize a stored proton 
(or antiproton) beam [Wa07]. The proposal was based on the prediction that the spin-flip 
cross sections in electron-proton or positron-(anti)-proton scattering become very large at 
low relative velocity [Ar07]. The polarized leptons would be provided as an overlapping 
beam, moving at almost the same velocity as the stored beam.  

 
During the period covered by this report, the PAX collaboration carried out an 

important experiment to test this proposal with a proton beam stored in the COSY ring. 
To this effect, we measured the depolarization of a polarized proton beam with an 
unpolarized electron beam. This measurement is equally sensitive to the spin-flip cross 
section but technically much easier, since we could use the existing electron-cooling 
beam, slightly detuned to the desired relative e-p velocity. In this experiment, we deduced 
the polarization of the proton beam from the asymmetry in the scattering from a 
deuterium gas jet target. The apparatus used is shown in Fig. D.1. Data were obtained for 
a range of electron energies around 1 eV in the rest frame of the protons. The analysis is 
still in progress, but it is already clear that the measured depolarization is within the 
uncertainty of the method, and orders of magnitude smaller than predicted. 

 
This leaves us with just the filtering method. Whether this scheme works with 

antiprotons depends on the spin dependence of the proton-antiproton interaction, for 
which we still have to rely on theoretical estimates. At this time, the collaboration is 
actively developing the polarized hydrogen target and the magnets for spin manipulation 
to be installed in the AD at CERN. 

 



The success of the filtering method also critically depends on the stability of the 
storage ring, and the availability of long lifetimes for the beam and its polarization. The 
required performance surpasses that of existing machines, such as COSY. During the 
reporting period, we therefore conducted a number of runs studying the performance of 
the COSY ring in an attempt to understand and alleviate the machine properties that limit 
the crucial parameters. 

 
The IUCF nuclear physics group participates in the PAX program with one co-PI 

(HOM). Travel to Germany and living expenses there are covered by a prize from the 
Humboldt Foundation, thus no significant contributions are requested from our NSF grant 
to support this activity. 

 
 

 
 
Figure D.1.  Detector setup in the target chamber of the ANKE spectrometer. The red arrow 
indicates the beam axis. The cluster jet beam enters the target chamber from the top (blue 
arrow).The detector telescopes (green) are mounted to the left and right of the interaction region. 
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E.  Few Body Studies: the d+d System  
 

C.D. Bailey, E.J. Stephenson, A.D. Bacher 
 

 
E.1.  Introduction 

 
In 2003, initial results were published for the cross section for ����� 	 � 
 �� , a reaction 

which breaks charge symmetry [St03].  A theoretical effort was made at that time to 
predict the total cross section based on several charge symmetry breaking operators 
[An04].  Later, when the initial d+d entrance channel wave function replaced plane waves 
in this calculation, the total cross section prediction increased by a factor of about three, 
making it at least that much larger than the experiment [Mi03].  Because of this 
sensitivity, a correct calculation for the d+d initial state interaction is essential to an 
estimate of the CSB effect in this pion production channel. 

 
In order to provide further information to aid in the construction of the d+d entrance 

channel wave function, a separate measurement of the cross section and analyzing 
power angular distributions for the d+d elastic channel was taken with the IUCF Cooler 
Ring in 2002 at the larger of the CSB experiment energies (232 MeV) [Mi07].  In this 
case, due to some of the features of the PINTEX detector with which the data was taken, 
there were difficulties in distinguishing the breakup channels from d+d elastic events, 
resulting in a systematic error on the cross section of the order of 50%, which was higher 
than the level desired for constraining the theoretical predictions.  Furthermore, not only 
was the theoretical prediction for the d+d elastic process low by at least a factor of two, 
most likely due too few partial waves being included in the three-body t-matrix interaction, 
but the prediction also did not reproduce d+p scattering—a well understood process from 
a theoretical standpoint.  These factors provided a strong motivation both to repeat the 
experimental measurements as well as to refine the theory, and in particular to include 
more partial waves in the three-body contribution to the process. 

 
On this basis, we joined an existing initiative to look at all two-, three- and four-body 

channels starting with d+d at the Kernfysisch Versneller Instituut (KVI) in Groningen, the 
Netherlands.  A proposal was submitted to the KVI Program Advisory Committee to use 
the Big-Bite Spectrometer (BBS) and the BINA 
�  detector to measure these outgoing 
channels using a polarized deuteron beam—in particular, the Big-Bite Spectrometer was 
used to look at the d+d elastic and d+d� p+t channels.  This proposal was accepted, and 
running time for the experiment at 180 and 130 MeV was scheduled for November and 
December 2006.  IUCF took responsibility for the spectrometer targets and the analysis 
of the spectrometer data.  Due to both a lack of documentation for the existing analysis 
software at the KVI and the difficulty of exporting a working version of this software, the 
data was converted at the KVI into CERN Library n-tuple format and brought to the IUCF.  
Once here, it was our task to reconstruct algorithms for handling multiple tracks in the 
wire chambers, deal with wire chamber inefficiencies, and perform ray-trace tracking to 
determine effective solid angles for the data.   
  

Additionally, d+p elastic scattering data was also taken using the BBS at 180 and 130 
MeV for use as a benchmark for the analysis.  We expected to verify our procedures by 
comparing answers with results reported previously in the literature. 
 



 
E.2. Big Bite Spectrometer analysis procedure 
 
E.2.1. The BBS and IBP 
  

The Big Bite Spectrometer consisted of a target/scattering chamber, a slit wheel 
containing a selection of entrance apertures, two quadrupole magnets for beam focusing, 
a dipole magnet which provided particle (momentum) selection, two sets of vertical drift 
wire chamber detectors, and a scintillator plane (which provided an event trigger).   
  

In order to obtain analyzing powers, five 
beam polarization states (vector and tensor) 
were used (V+, V�, T+, T�, and 
unpolarized).  The beam polarization was 
monitored by the In-Beam Polarimeter 
(IBP), an apparatus located upstream from 
the BBS that utilized solid CH2 targets and 
d+p elastic scattering for polarimetry.  The 
IBP consisted of four planes of symmetric 
pairs of Phoswich detectors that were 
triggered by a coincidence measurement of 
the deuteron and the proton (the relative 
angle between the two detectors was set by 
kinematics).  These four detector planes 
yielded eight count rates separated by 45° 
in azimuthal angle. 
 

These rates were modeled using a 
cosine expansion as a function of 
  and �
  
whose coefficients were determined by a 
best-fit matrix inversion.  Then these 
coefficients were combined with known 
values of the d+p elastic analyzing 
powers—collected from the world database 
of d+p elastic data [Ha84, Wi93, Se02] and 
interpolated to our energies—to yield values 
for the vector and tensor beam polarization 
(py and pyy). The polarization values 
measured by the IBP throughout the 
experiment are shown in Fig. E.2.1. 
 
E.2.2.  Data Analysis 
 

Analysis of the data consisted of track reconstruction (to recover certain multiple track 
events), angle reconstruction (in order to establish the solid angle at the target), carbon 
background subtraction (targets were solid CH2 and CD2), beam integration (to normalize 
counts), inefficiency corrections, and lastly, a measurement of the beam polarization 
during the course of the experiment (as described above).   

 

Figure E.2.1.  Measurements of the vector 
(py) and tensor (pyy) polarizations as a
function of November date. 



The angle reconstruction algorithm was 
determined through the use of what is called a “sieve 
slit”—an aperture on the BBS which has several pre-
drilled holes at known positions, creating a 
corresponding pattern of peaks in the detector.  
Several sieve slit runs were conducted at various 
angles during the course of the experiment.  For each 
of these runs, the � - and y-positions of each of the 
centroids in the focal plane detector was carefully 
determined.  Then a reduced chi square fit was 
performed to generate polynomials which mapped 
each centroid position in the detector space back to 
its original position in the target space given by the 
coordinates of the holes in the sieve slit.  Because 
sieve slit runs had been taken at several scattering 
angles, and since the coefficients of the polynomials 
scaled linearly with the derivative of the momentum 
with respect to spectrometer angle, we were able to 
characterize the angular dependence of the 
coefficients.  Then we were able to create a 
reconstructed picture of the target space at each 
angle and impose solid angle cuts in software, as 

shown in Fig. E.2.2. 
 
In addition to the d+d runs using the solid CD2 targets, runs were also taken at each 

spectrometer angle using a solid carbon target with the same spectrometer settings as 
the d+d data.  This produced a separate carbon spectrum which, up to a normalization 
factor, reproduced the background spectrum present in the d+d data.  If carbon structure 
was present, then the carbon background spectrum was re-normalized to match the 
shape of the background in the d+d data, and the background events where then 
subtracted from the d+d events in each bin across the spectrum.  When no apparent 
carbon structure was present in the d+d spectrum, a first- or second-order polynomial 
was used to characterize the carbon background and these values were subtracted from 

Figure E.2.3: The left plot shows events as they appear in the "virtual focal plane" of the BBS.  
The right plot is a 1-D x-position spectrum of the same data. Note the sharp deuteron elastic 
peak.  The horizontal dotted line represents the carbon background.  The plot is from 27
 d+d 
elastic data at 180 MeV.  The rise to the left of the peak is from recoil deuteron breakup. 

Figure E.2.2:  A picture of sieve slit 
centroids that have been mapped 
back into the target space.  Note 
the regular pattern formed by the 
dots.  Dotted lines represent typical 
solid angle cuts (1
 wide in q).  
Data was taken at 15
 - 180 MeV. 



the original d+d spectrum (Fig. E.2.3). In either case, to improve the quality of this 
subtraction, events in the detector plane were first transformed to a virtual plane in the 
BBS where the band of scattered particles was “focused” to the same x-position.  This 
created a strong, sharply focused peak of scattered events, above a small, relatively 
smooth carbon background, thereby making the background subtraction cleaner. 

 
After the track reconstruction, angle reconstruction, and background subtractions 

were performed on the data, the events were sorted according to polarization state and 
several state-dependent corrections were applied (such as the wire chamber inefficiency 
corrections and the beam current normalizations provided by the Faraday cup).  For each 
run, five separate polarized cross sections were calculated.   Finally, these five cross 
section values, combined with the averaged beam polarization values, yielded through a 
best-fit matrix inversion process the analyzing powers Ay and Ayy. 
 
E.2.3.  Results  
  

As was previously mentioned, d+p elastic data was taken in addition to the d+d data 
at both 130 and 180 MeV for use as a benchmark to verify our analysis process.  
Unfortunately, for several reasons most of the 130 MeV d+p data was not analyzable.  
However, the 180 MeV data yielded values for the d+p cross section and analyzing 
powers over a good range of center of mass angles.  Figure E.2.4 shows a comparison of 
our measurements along with four other sets of measurements at similar energies.  
Clearly there is a good agreement between the sets of data, leading us to conclude that 
our analysis methods were legitimate, and that we could apply them to the d+d channels. 

  

 
 
 
 

 
 

 
 
 
 
 
 
 
 

 

Figure E.2.4:  Cross section and 
analyzing powers for d+p elastic 
scattering.  Data included in the 
analyzing power plots are:  (� )—C. 
Bailey, IUCF/KVI (Ed = 180 MeV), 
(� )—K. Hatanaka, RCNP (200 MeV) 
[Haxx], (� )—K. Sekiguchi, RIKEN 
(200 MeV) [Se02], and (� )—H. 
Mardanpour, KVI (180 MeV) [Ma07].  
Additional cross section data (� ) is 
from O. Chamberlain at 192 MeV. 



 
 

 
 
Analysis was also completed for the d+d elastic channel at 130 and 180 MeV (Figs. 

E.2.5 and E.2.6) and for the d+d� p+t channel at 180 MeV (Fig. E.2.7).  The data shown 
includes point to point systematic errors that were determined from a consideration of 
data variations and that are typically larger than the statistical errors.  A scale factor 
systematic error of 5% applies to the d+d elastic cross section data and primarily reflects 
the target thickness error.   A scale factor error of 1.3% and 2.1% applies to Ay and Ayy 
respectively at 130 MeV.  At 180 MeV these errors are 1.8% and 2.1%.  This primarily 
reflects the error in the polarimetry calibration which come from the errors in the 
interpolated d+p elastic analyzing powers used to calculate the beam polarization as well 
as the errors in the beam polarization measurements themselves. 
  

Though the agreement between the present theory curves and the data is not 
particularly good, there are certain features in the data which help build confidence in the 
measurements, particularly at 180 MeV, such as the symmetry in the cross section data 
about � c.m.=90
 and the apparent zero-crossing in Ay at the same angle.  The d+d� p+t 
cross section data also appears to show the same symmetry about � c.m.=90
. 
 
 
 

Figure E.2.5:  Cross section and analyzing 
powers for d+d elastic scattering at 130 
MeV.  Solid lines represent the current 
theoretical predictions (using the CD-
BONN+�  potential).  Point to point 
systematic errors are shown.   

Figure E.2.6:  Cross section and 
analyzing powers for d+d elastic 
scattering at 180 MeV.  Solid curves 
represent current theoretical prediction 
(using the CD-BONN+�  potential).  Point 
to point systematic errors are shown. 



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 
 
 
 

Figure E.2.7:  Cross section and 
analyzing powers for d+d� p+t 
channel at 180 MeV.  Point to 
point systematic errors are shown. 

Figure E.2.8:  Several d+d elastic 
cross sections taken at various 
energies, plotted as a function of 
momentum transfer.  The top five 
curves range from 52 MeV to 80 
MeV.  The solid diamond and circle 
curves are the IUCF/KVI data at 130 
and 180 MeV, respectively.  The 
downward pointing dotted trangles 
are also KVI data taken at 130 MeV 
using the BINA detector.  The 
bottom open circle curve is the 232 
MeV data taken at IUCF in 2003. 



A particularly compelling view of the d+d elastic data is a comparison against other 
d+d elastic data, taken at various energies as a function of momentum transfer (Fig. 
E.2.8).  The top set of curves range from 52 MeV to 80 MeV [Al78]; and the solid 
diamonds and circles are the IUCF/KVI data at 130 and 180 MeV, respectively.  The 
downward pointing dotted triangles are a separate measurement at 130 MeV data from 
the BINA detector (the 
�  detector mentioned earlier) at the KVI [Ra08].  The bottom 
curve of open circles are the 232 MeV d+d elastic scattering data taken at IUCF [Mi07].  
In general, the shape of the cross section is a function of energy.  But when plotted as a 
function of momentum transfer, however, an energy independent “scaling region” 
appears for the lower values of momentum transfer.  Our data is not only qualitatively 
consistent with other data as a function of energy, but it also falls into the scaling region 
with the other data as well.  This also helps to build confidence in our analysis process.  It 
is not known whether the apparent shortfall in the measurements at 232 MeV represents 
an experimental systematic error or a weakening of the simple momentum-dependent 
interaction that gives rise to the scaling behavior. 
 
E.3. Conclusions 
 

In summary, the cross sections and analyzing powers for the d+d elastic scattering 
and particle transfer channels were measured at 130 and 180 MeV to aid in the 
construction of an initial 4-body entrance channel wave function that will hopefully lead to 
a better total cross section prediction for ������ 	 � 
 ��  reaction (CSB Experiment) as well 
as serve as a testing ground for new four-body theories.  In addition to these data, cross 
sections and analyzing powers were measured for d+p elastic scattering at 180 MeV as a 
benchmark for the analysis procedure.  These d+p measurements compare well with 
previous measurements at similar energies and give confidence in the results.   
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Collaboration). 
 

�  Measurement in progress of the Parity-violating neutron spin-rotation in liquid 4He, D.M. 
Markoff, C.D. Bass, J.M. Dawkins, T.D. Findley, J.C. Horton, C.R. Huffer, D. Luo, M.G.�
Sarsour, W.M. Snow, K. Gan, A.K. Opper, A.M. Micherdzinska, B.R. Heckel, H.E. 
Swanson, J.S. Nico, B.E. Crawford, and E.I. Sharapov. 
�

�  The Parity-Odd Gamma Asymmetry in Polarized Neutron Capture on Protons an NN 
Weak Interaction Theory, W. Michael Snow (NPDGamma Collaboration). 
 

�  The Parity Violating Longitudinal Asymmetry in the Capture of Cold Neutrons on 3He, 
Michael Gericke, J. David Bowman, Christopher Crawford, Seppo Pentilla, and W 
Michael Snow. 
 

�  SciBooNE experiment, the neutrino cross correlation measurement, Teppei Katori 
(SciBooNE Collaboration) 
�

�  Sivers Transverse Single Spin Asymmetries for Di-jet Production in� s = 200 GeV 
Polarized Proton-Proton Collisions at STAR, Issam Qattan (STAR Collaboration). 
�

�  Status of the Fundamental Neutron Physics Beamline at the Spallation Neutron Source, 
Geoffrey Greene, Vince Ciancolo, Richard Allen, Paul Huffman, W. Michael Snow, and 
Takeyasu Ito. 
 

¶ Studies of Polarization Rotation in a Storage Ring, Erick Smith and E.J. Stephenson. 
�

�  Upsilon Production in STAR, Pibero Djawotho (STAR Collaboration). 
 
 
Scientific Workshop on the NSF Deep Underground Science and Engineering Laboratory, 
Washington, DC, November 3-4, 2007. 
 
�  Neutron-Antineutron Oscillations at DUSEL, W.M. Snow. 
 
 
DAE Symposium on Nuclear Physics, Sambalpur University, Orissa, India, December 11-
15, 2007. 
 
�  Parity-violating gamma asymmetry in ������� , S. Santra, L. Barron-Palos, J.D. 
Bowman, R.D. Carlini, T.E. Chupp, K.P. Coulter, C. Crawford, M. Dabaghyan, M. 



Dawkins, S.J. Freedman, T. Gentile, M.T. Gericke, R.C. Gillis, G.L. Greene, F.W. 
Hersman, G.L. Jones, M. Kandes, B. Lauss, M.B. Leuschner, R. Mahurin, M. Mason, J. 
Mei, G.S. Mitchell, H. Nann, S.A. Page, S.I. Pentillä, W.D. Ramsey, A. Salas Bacci, P.-N. 
Seo, E. Sharapov, M. Sharma, T.B. Smith, W.M. Snow, W.S. Wilburn, and H. Zhu. 
 
 
International Symposium on Pulsed Neutron and Muon Sciences, J-Parc, Mito, Ibaraki, 
Japan, March 5-7, 2008. 
 
�  Neutron Physics at the Spallation Neutron Source, W.M. Snow. 
 
 
2008 Spring Meeting of the APS, St. Louis, Missouri, April 11-15, 2008, Bull. Am. Phys. 
Soc. 53, No. 5. 
�
�  Experimental verificatioin of predicted oscillations near a spin resonance, V.S. Morozov, 
A.W. Chao, A. D. Krisch, M.A. Leonova, R.S. Raymond, D.W. Sivers, V.K. Wong, A. 
Garishvili, R. Gebel, A. Lehrach, B. Lorentz, R. Maier, D. Prasuhn, H. Stockhorst, D. 
Welsch, F. Hinterberger, K. Ulbrich, A. Schnase, E.J. Stephenson, N.P.M. Brantjes, 
C.J.G. Onderwater, and M. da Silva. 
�

�  Inclusive�� 	 �Production in Longitudinally Polarized pp Collisions at� s = 200 GeV Using 
the STAR Endcap Electromagnetic Calorimeter, Weihong He (STAR Collaboration). 
�

�  Measurement of the Cross Section and Analyzing Powers for d+p Elastic Scattering at 
180 MeV, C.D. Bailey, E.J. Stephenson, A.D. Bacher, A.M. Micherdzinska, J.G. 
Messchendorp, A. Biegun, M. Eslami-Kalantari, L. Joulaeizadeh, N. Kalantar-
Nayestanaki, H. Mardanpour, H. Moeini, A. Ramazani-Maghaddam-Arani, S.V. Shende, 
H. Wörtche, E. Stephan, St. Kistryn, and K. Sekiguchi,. 
�

�  RF spin resonance strength for stored polarized deuterons, M.A. Leonova, A.D. Krisch, 
V.S. Morozov, R.S. Raymond, D.W. Sivers, V.K. Wong, J.M. Williams, R. Garishvili, R. 
Gebel, A. Lehrach, B. Lorentz, R. Maier, D. Prasuhn, H. Stockhorst, D. Welsch, F. 
Hinterberger, K. Ulbrich, A.M. Kondratenko, E.J. Stephenson, N.P.M. Brantjes, C.J.G. 
Onderwater, and M. da Silva. 
�

¶ A Solid Oxygen Ultra-Cold Neutron Source, Christopher Lavelle, Chen-Yu Liu, and Yun 
Shin. 
�

�  Studies of Electrical Breakdown on Pressurized Superfluid Helium-4 for the SNS 
Neutron Electric Dipole Moment Experiment, Maciej Karcz, Craig Huffer, Young Jim Kim, 
Chen-Yu Liu, and Josh Long. 
�

�  Studies on Magnetometry and Samples used for an Experimental Search on the 
Electric Dipole Moment of the Electron using Solid-State Techniques, Young Jin Kim, 
Craig Huffer, Maciej Karcz, Chen-Yu Liu, and Goverdhan Reddy. 
 
 
American Conference on Neutron Scattering, Santa Fe, NM, May 11-15, 2008. 
 
¶* Design and Performance of the LENS Cryogenic Moderator, D.V. Baxter, C.M. Lavelle, 
W. Lozowski, Y. Shin, W.M. Snow, and P.E. Sokol. 



 

¶* Status of the Low Energy Neutron Sources (LENS), P.E. Sokol, D.V. Baxter, R. Pynn, 
D. Bossev, H. Kaiser, W.M. Snow, T.C. Rinckel, and M. Hess. 
 

¶ A Solid Methane Cold Neutron Moderator Study at IUCF, Y. Shin, W.M. Snow, C.-Y. 
Liu, C.M. Lavelle, and D.V. Baxter. 
 
 
International Workshop on Particle Physics with Slow Neutrons, Institut Laue Langevin, 
Grenoble, France, May 29-31, 2008. 
 
�  Neutron-antineutron Oscillations: Can Current Experimental Limits Be Improved? W.M. 
Snow. 
 

�  Parity-odd Neutron Spin Rotation, W.M. Snow. 
 

�  Parity Violation in Neutron-Proton Capture: The NPDGamma Experiment, M.T. Gericke, 
J.D. Bowman, R.D. Carlini, T.E. Chupp, R. Alarcon, S. Balascuta, M. Dabaghyan, S.J. 
Freedman, T.R. Gentile, R.C. Gillis, G.L. Greene, F.W. Hersman, T. Ino, G.L. Jones, B. 
Lauss, M. Leuschner, W.R. Lozowski, R. Mahurin, M. Mason, Y. Masuda, G.S. Mitchell, 
S. Muto, H. Nann, S.A. Page, S.I. Pentillä, W.D. Ramsey, S. Santra, P.-N. Seo, E.I. 
Sharapov, T.B. Smith, W.M. Snow, W.S. Wilburn, and V. Yuan. 
 

�  Prospects for a New Cold Neutron Beam Measurement of the Neutron Lifetime, M.S. 
Dewey, K. Coakley, D. Gilliam, A. Laptev, J. Nico, W. Snow, F. Wietfeldt, and A. Yue. 
 
 
XIII International Conference on Calorimetry in High Energy Physics, Pavia, Italy, May 
26-30, 2008. 
 
�  STAR Calorimetry, W.W. Jacobs (STAR Collaboration). 
Fourth Asia-Pacific Conference on Few-Body Problems in Physics 2008, Depok, 
Indonesia, August 19-23, 2008. 
 
�  Study of all reaction channels in deuteron-deuteron scattering, A. Ramazani-
Moghaddam-Arani, H.R. Amir-Ahmad, A.D. Bacher, C.D. Bailey, A. Biegun, M. Eslami-
Kalatari, I. Gašpari� , L. Joulaeizadeh, N. Kalantar-Nayestanaki, St. Kistryn, A. Kozela, H. 
Mardanpour, J.G. Messchendorp, A.M. Micherdzinska, H. Moeini, S.V. Schende, E. 
Stephan, E.J. Stephenson, and R. Swort. 
 
 
Workshop on Gluon Polarization in the Nucleon, University of Illinois, Urbana, IL, June 
16-17, 2008. 
 
�  Constraining � G and � g(x) with Future Measurements at STAR, J. Sowinski. 
�
�
�
�
�
�
�



Colloquia 
�
Hunting for Evidence of Time Reversal Symmetry Violation: A Search for the Electric 
Dipole Moment of the Electron, Chen-Yu Liu, Amherst College, Amherst, MA, November 
1, 2007. 
 

Searching for Neutrino Oscillations, Rex Tayloe, Ball State University, Muncie, IN, 
November 1, 2007. 
�
�

Seminars 
�
Hunting for Evidence of Time Reversal Symmetry Violation: A Search for the Electric 
Dipole Moment of the Electron, Chen-Yu Liu, University of Kentucky, Lexington, KY, 
December 6, 2007. 
 

Neutron Physics (4 lectures), W.M. Snow, al-Farabi Kazakh National University, Almaty, 
Kazakhstan, May 19-22, 2008. 
 

RHIC and STAR: New Tools for Studying the Proton’s Spin, Jim Sowinski (STAR 
Collaboration), Jefferson Laboratory, Newport News, VA, October 4, 2007. 
 
Zeroing in on the Gluon’s Contribution to the Spin of the Proton, Jim Sowinski, IUCF, 
Bloomington, IN, September 19, 2008. 



Contributions to Resources for Research and Educati on  
 
 
 

A.  STAR Technical Activities in FY2008 
 

W.W. Jacobs, J. Sowinski, S.W. Wissink, J. Balewski, S. Choudhury, 
P. Djawotho, W. He, B. Page, I. Selyuzhenkov, J. Stevens 

�
A.1  Endcap EMC and STAR: Development and Status  
 
A.1.1  Hardware and software upgrades to STAR L2 tr igger  
 
The data paths for both the BEMC and EEMC to STAR’s L2 high-level triggering was 
substantially upgraded in preparation for RHIC Run 8.  The increased pp luminosity for 
Run 6, along with the extensive and successful use of L2 data processing (and vetoing), 
brought up questions regarding the EMC data speed to the L2 processors, as well as 
overall issues of deadtime associated with detector readout and data transfer. One issue 
for the STAR calorimeters was how the L0-triggered data (digitized data transferred from 
the EMC tower FEE’s to “data collectors”) should be made available for the next level of 
triggering decision.  While provision was originally made in the collectors (designed and 
built at IUCF) for a separate and faster path to L2, this had not yet been implemented in 
Run 6, and the data took a path with less stringent timing requirements through DAQ on 
its way to L2.  Detailed timing measurements made during Run 6 and during the summer 
shutdown that followed showed that the earliest arrival of EMC data to L2 was ~ 800 � s 
after the L0 decision, with a long exponential tail whose size grew with event rate.  This is 
to be compared to a typical L2 processing time of 100-200 � s.  While there is a limit on 
the raw (hardware level) L0 rate allowed by operation of the gated grid of the STAR TPC, 
a shorter transfer time of EMC tower data to a L2 trigger decision would certainly boost 
overall data collection efficiency, especially when used in conjunction with “clever” L2 
(vetoing) software, in order to produce an overall acceptable STAR DAQ event rate.   
 

For Run 8 we decided on a solution that would allow us to tackle several recurrent 
issues at once: upgrade the data transfer from the present G-Link to a new DDL protocol 
(modeled after ALICE at CERN), transfer the data directly to a trigger L2 machine with 
subsequent delivery to DAQ, and accomplish all this via a newly designed data collector 
output board which would be replicated in sufficient quantities to alleviate concerns over 
availability of spares.  Gerard Visser (IUCF Engineer) was responsible for the design, 
construction, and final implementation of the new boards that used the SIU-DRORC plug-
in data transfer components from CERNTECH (now an adopted STAR standard for new 
subsystems following the ALICE-based electronics protocol).  The integration of this new 
data protocol (data path directly to L2 processers with subsequent pass of selected data 
to DAQ) required extensive software support from the STAR trigger group, as well as 
considerable commissioning and debugging with test data and with initial collisions during 
the startup of Run 8.  In the end, both Endcap and Barrel EMC tower data were 
successfully transferred to the L2 processing machines in less than ~ 80 us, somewhat 
faster than the readout of the full STAR suite of trigger detectors.  In the later stages of 
the run, the trigger detector readout speed was improved by engaging STP networks to 
speed the trigger data transfer. This capability, along with increased use of L2 decision 



software (see next section for more details), provided the opportunity for optimizing the 
use or STAR’s limited bandwidth during the Run 8 polarized pp data taking. 
 
 
 
A.1.2  Level-2 Trigger Software Structure and Upgra des 
 
In Run 6, the IU group headed the effort to provide level-2 (L2) software triggers aimed at 
enhancing STAR’s efficiency for acquiring di-jet data, as well as supporting the effort to 
produce advanced L2 algorithms to enhance rare events (e.g., photons and electrons 
through modified High Tower / Trigger Patch decisions).  This task paid off handsomely in 
terms of the quality of the data set acquired, the physics output realized, and even led to 
a PRL published on the basis of the L2 trigger data along, bypassing the normal (and 
much slower) STAR data production and analysis procedures.   
 

For Run 8, the hardware advances described in the previous section were driven by 
the desire to increase the utility and throughput of the L2 trigger, and to do so by sending 
the EMC data to the L2 processing CPU more rapidly.  The L2 software then required a 
corresponding upgrade, in order to better match these new capabilities.  A key task in this 
upgrade was to implement an overall structure under which the individual L2 physics 
algorithms would run, and through which the rest of the trigger operations would interact. 
The structure also provided common “calibrated” EMC data for each event, and provided 
common QA monitoring software, rather than having each individual L2 algorithm repeat 
these calculations.  In fact, the favorable benchmark achieved by the EMC data arrival 
led us to devise a two-step L2 computation scheme, whereby the globally useful EMC 
calibrations are not only calculated first, but are carried out during the time the rest of the 
trigger data are accumulating.  The individual L2 algorithms are then run later, after all of 
the trigger information is at hand.  
 

Because of the structure and new time scale, the algorithms themselves also needed 
to be upgraded, in order to accept the common data and be optimized for computation 
speed, to yield a trigger decision at the earliest possible time.  Jan Balewski (a long time 
member of the IU group who recently transferred to a staff position at MIT) created the 
new structure software, streamlined several of the algorithms, and worked with the IU 
group to provide oversight of the upgrade contributions provided by other STAR (largely 
spin group) collaborators.  For di-jets, we updated the code used successfully in Run 6 to 
select high figure of merit events through a kinematic distribution decision. The code used 
in Run 6 code worked by lowering the hardware (“L0”) jet trigger thresholds from the 
EMC’s, and then selecting events at L2 to increase the di-jet event acquisition rate by 
almost an order of magnitude. The code treats the Barrel and Endcap EMC’s as one 
contiguous object spanning pseudorapidity range -1 �  �  �  2 and full azimuthal coverage, 
and identifies two non-adjacent clusters of EM energy in definable software jet patches 
(sliding freely to optimize jet position as opposed to the hard wired L0 trigger).  Added to 
these capabilities for Run 8 was the ability to adjust thresholds by kinematic region so as 
to maximize acquisition rate for events with the highest figure of merit.  Although strained 
resources prevented a full upgrade of the code to the new environment, the algorithm ran 
successfully and worked well with the overall upgrade path described above. 
 

As mentioned elsewhere, Run 8 pp running was cut short, so the full physics impact 
of this work was not manifested in the final data set.  However, the push to get the new 
upgrades coded, commissioned, and documented with an associated monitoring system 



and QA provides a solid benchmark for future application.  This capability will continue to 
be important in the future, even as the upgrade to the STAR TPC readout (“DAQ1000”) is 
put in place, to limit data set size via L2 while enhancing physics signal.  Already L2 is 
squarely in our plans for Run 9 triggering, and we are working to further enhance all our 
capabilities (e.g., the IU group will continue to improve the dijet code) in order to extract 
the highest quality physics, as well as provide on-line monitoring of EMC performance at 
several levels, to ensure the soundness of the data we collect.    
 
A.1.3  Upgrades to STAR Readout for Run 9 
 
The STAR experiment is undergoing a number of design upgrades, one of which will 
significantly increase (factor of 20 from present) the maximum readout speed of the TPC 
in Run 9.  When completed, the “DAQ1000” upgrade will enable a STAR event rate of up 
to 1 kHz with minimal deadtime, along with significant TPC data compression (70 GB/s to 
~400 MB/s).  The new frontend readout that makes this possible takes advantage of 
electronics developed for the TPC of the ALICE experiment at the LHC/CERN.   
 

The advent of DAQ1000 has implications for other STAR subsystems.  In particular, 
the barrel calorimeter shower-maximum (BSMD) and preshower detectors, which use 
essentially the same readout electronics, will become the slowest detectors in STAR, and 
thus contribute the largest deadtime during data taking.  While other slow detectors 
remain (for example, the forward TPC’s), their deadtime impact may not be as critical as it 
can be reduced by omitting their readout from many of the triggers.  The BSMD, on the 
other hand, is crucial to a wide range of physics and therefore must be included in many 
triggers, including those most critical to the spin physics program. 
 

The BSMD readout, as originally built, uses a stored capacitor array (SCA) in the front 
end electronics (FEE) located on the detector, and analog readout upon an event trigger 
to crates (RDO) with digitizers mounted on the STAR magnetic backlegs.  It is not 
feasible, from a resource point of view, to replace all this electronics with modern fast 
readout (e.g., similar to the TPC).  However, based on our direct experience with various 
BSMD readout issues encountered during Run 8, we have developed a plan to improve 
its speed and capability. 

 
Presently, the deadtime of the BSMD for an accepted event is a minimum of ~700 µs 

(a little less for an aborted event).  We intend to attack the timing issue here at IUCF on 
several fronts, covering any improvements which can be made by FPGA changes alone. 
We do not plan to make any patches or component value changes on the readout crate 
boards themselves, as there don’t appear to be easily realizable gains to be made there. 
The timing improvements upon initial study of the FPGA designs include reducing the 
current scheme of reading four time buckets (~130 µs each) to essentially a single read, 
along with several other steps to speed up the read and transfer process.  Overall we 
expect to improve the livetime of the BSMD by somewhat better than a factor of two, by 
revising at least two of the three FPGA designs in the readout crates and changing the 
BSMD TCD busy timing.  More specifically, we expect to improve the BSMD deadtime, at 
1 kHz L0 trigger rate and 500 Hz accept rate, from about 70-75% to about 30%.  A BSMD 
test crate and associated electronics has been shipped to IUCF, and electronics engineer 
Gerard Visser has begun the work on this project, which should be completed, 
downloaded to crates at STAR, and tested in situ before Run 9 startup in February 2009. 
 



The above work is independent of a separate STAR plan to replace the VME-based 
BSMD receiver boards and DAQ CPU with a PCI / linux version.  The latter will serve to 
improve the deadtime at high accept rates (~700 Hz or greater, when the BSMD is 
presently 100% dead), but will have no influence on the basic readout crate deadtime, 
which dominates at lower accept rates.  The best performance (for instance 30% dead at 
1 kHz trigger and accept rate) will be realized by carrying out both of these upgrades.  
 

The move to PCI / linux at DAQ will make it possible to implement zero-suppression 
of the BSMD data (presently stored unsuppressed), thus saving considerably on storage 
space.  While the change in receiver boards may be delayed due to lack of resources, a 
version of the zero suppression will be deployed in Run 9, and the STAR EMC group will 
be charged with the considerable task of getting all the protocol, software and monitoring 
tasks up and running. 
 

As a final note on the overall performance of STAR electromagnetic calorimetry, we 
mention the work of IUCF, and in particular the electrical engineering support we provide, 
in diagnosing and proposing a ‘simple’ fix for the signal saturation that plagued previous 
BSMD response data.  The problem was found to stem from the FEE line driver and the 
way in which it was terminated.  The issue was successfully resolved, such that the full 
ADC range was recovered for our Run 8 BSMD data.    
 
A.1.4  Ongoing Responsibilities of the IU STAR grou p 
 
The IU group retains primary responsibility for maintenance and improvement / upgrades 
of the hardware and software for the Endcap (EEMC) calorimeter.  On the hardware side, 
this includes:  replacement of failed HV bases and electronics between runs and during 
short access breaks during the run; removal and installation of the STAR west poletip at 
the beginning and end of the run; and all commissioning tasks early in the run, followed 
by 24/7 expert availability throughout the run.  Fulfilling these responsibilities mandates 
that we maintain significant manpower on site over a period of several months.  Ongoing 
software support, performance monitoring, and carrying out calibration procedures are 
also required.  During the 2006 pp run, the EEMC again worked remarkably well, with 
over 99% of all channels (including the calorimeter towers, their pre- and post-shower 
layers, and the scintillator-based SMD planes) functioning and calibrated.  Much of this 
essential, though somewhat repetitious, activity has been detailed in previous annual 
reports, to which we refer the interested reader. 
 
.  



 A.2  Status of the STAR Forward GEM Tracker (FGT) �
(J. Balewski, P. Djawotho, W.W. Jacobs, B. Page, J. Sowinski, and S.W. Wissink) 
 
The technical need for additional tracking in the pseudo-rapidity region 1 < h < 2 (which 
corresponds to 37° > q  >15°) in front of the EEMC is demonstrated in Fig . A.2.1. The 
figure shows slightly more than a quarter section of STAR, with the interaction region at 
the lower left surrounded by a central tracking upgrade package consisting of Si 
detectors.  The EEMC is along the right edge and the TPC tracking volume is shown as a 
blue rectangle in the center.  Three electrons have been simulated at different angles or 
pseudorapidities (h = 1, 1.5, 2).   The TPC readout is on the face in front of the EEMC so 
that as h increases fewer and fewer points are recorded in the TPC for tracking.  The 
lower right corner (as shown in the figure) of the TPC is not part of the useful tracking 
volume because in this region there will be less than 5 hits on a track and this is not 
enough to find and connect the track segment to other detectors.  So not only is the 
resolution degraded by losing points, there is essentially no tracking beyond h =1.5.  A 6 
GEM plane configuration was chosen for the FGT project, optimized for inner and outer 
diameters and location along the beam line for the proposal during the past year.  
Detailed studies were also performed to optimize strip geometry to limit occupancy. 
 
   

 
 
 
Figure A.2.1.  High pT electrons in STAR.  A quarter section of the STAR detector is 
shown with central and forward tracking upgrades options.  The beam line is horizontal 
near the bottom of the figure.  The beams interact at the lower left, with a vertex 
distribution characterized by s =30 cm.  The EEMC is at the right edge of the figure and 
the TPC tracking volume is in the central part of the figure as a blue rectangle.  Electrons 
are thrown from the center of the interaction diamond at 3 pseudorapidities, h = 1, 1.5 
and 2 (q = 37o,25o,15o). A 6 disk option was chosen as optimal for the project. 



 

Figure A.2.2.  Hits available for tracking for 3 vertex locations:  -30 cm (left), 0 (center) 
and +30 cm (right).  The h of the thrown track is shown along the x axis.  For a given � , 
one can follow vertically and determine how many hit points contribute to the tracking.  
For example, in the center plot for h = 1.5, the hits are beamline constraint (red), 2 FGT 
hits (magenta), 6 TPC hits (blue), and the EEMC shower max detector (red). 
 
    
Figure A.2.2 shows the radius of hits in the tracking detector subsystems vs. the pseudo-
rapidity of the tracked electrons originating from 3 vertex positions (z=-30cm, 0, +30cm) 
characterizing the expected beam vertex distribution.  Vertical lines at h =1, 1.5, and 2 
illustrate the detectors traversed for these pseudorapidities.  At all angles a transverse 
vertex constraint (red) of 200 mm is used.  This is typical of constraints used regularly in 
STAR and simulations show that a constraint up to 1 mm does not seriously degrade 
performance of the tracking upgrade.   At low h, central tracking points (black) of 20 mm 
resolution and many points of the TPC (blue) of 1 mm resolution are available.  In all 
cases the point from the EEMC shower max detector (red) with 1.5 mm resolution is 
used.  By h ~1.5 the number of TPC points is considerably reduced, and fully missing for 
z=+30 cm, but FGT (magenta) with 60 mm resolution points have been added.  Beyond h 
~1.5 the tracking is done using only the FGT, beam line constraint and points from the 
EEMC SMD.   
      

We demonstrate that the addition of the 6 GEM planes provides sufficient additional 
tracking in Fig. A.2.3.  Here we show the charge sign discrimination probability vs. h for 
the 3 vertices characterizing the extent of the interactions along the beam line.  The 2 
panels show the cases for the existing TPC and EEMC SMD and the addition of the GEM 
tracking planes and demonstrates that charge sign discrimination is well over 80% for the 
full range of the EEMC, i.e., out to h > 2.  Studies within this framework were able to 
demonstrate that 4 GEM planes were not sufficient and that the resolutions assumed had 
sufficient margin of error.  In addition, it was demonstrated that the 6 planes could be 
rearranged to still provide sufficient tracking if the central tracking was not installed for 
early runs. 



 
 

 
 
 

Because W production is a low cross section process, electron/hadron discrimination 
must provide hadron rejection approaching a factor of 1000, with low loss of electrons or 
positrons.  Early simulations based on Pythia showed that the backgrounds could be 
reduced by a factor of up to 100 by making isolation cuts and vetoing on energy opposite 
inj .  We are counting on other calorimeter information to provide another factor of 10 
reduction in backgrounds for the signal to dominate down to ~25 GeV in pT.  In the past 
year we have performed the first full simulations based on large samples of both W and 
QCD hadronic background events.  These simulations used the full STAR geometry and 
GEANT based model of detector responses.  Our MIT colleagues were able to provide 
800 pb-1 of W events and 300 pb-1 of hadronic background events, a huge technological 
advance using a grid facility and prefiltering techniques. 

 
Figure A.2.4 shows the effects of selection cuts on the detected ET spectrum in the 

EEMC for hadrons (left) and electrons (right).  The initial spectra (black) are for the 
energy deposited in a calorimeter 3x3 tower patch.  The effect of the Monte Carlo 
prefiltering below 20 GeV is clearly visible.   The red curve shows the effect of restricting 
the fiducial volume to remove the towers at the edge of the calorimeter, i.e. at �  =1.08 
and 2.0.  The blue curve shows the effect of a calorimeter isolation cut.  The magenta 
and dash dot blue curve below it show the effects of vetoing on calorimeter energy and 

Figure A.2.3 Charge reconstruction efficiency 
for 3 different detector configurations.  At the 
upper left is shown the number of tracks 
identified with the proper charge over the 
total number only using the TPC tracks for 
electrons at 30 GeV/c.  The upper right adds 
in a point from the EEMC SMD.  At the lower 
left is the optimized FGT geometry with 6 
GEM disks and central tracking 
�



tracks opposite in �  where a recoil jet would be expected for jets.  The next curve (purple 
dash) is an additional isolation cut based on tracks.  The remaining cuts rely on shower 
profile information as detected in the various segmentations of the calorimeter.  These 
include in order, energy sharing in adjacent towers, the transverse shape at the shower 
max. detector, the total number of strips in the SMD and energy deposition in the post-
shower detector (deepest scintillator layer).   The yields after all cuts are compared in Fig. 
A.2.5 where one sees that a s:b ratio greater than 1:1 is achieved to below 25 GeV.   
Tracking is not fully implemented in the simulations as yet.  Some cuts made the 
assumption that neutrals (say photons from p0s) do not produce tracks.  In order to 
estimate the effect of conversions before the tracking we assumed that 30%, 
corresponding roughly to material equivalent to 0.3 rad. lengths, converted and produced 
tracks resulting in the plot at the right in Fig. A.2.5.   The better than 1:1 signal to 
background ratio is preserved above ~28 GeV.   

 
 

 
 
Figure A.2.4  Electron/hadron discrimination.  The left plot shows the detected hadron ET 
spectrum as various cuts are successively applied.  The black curve is the detected 
spectrum.  (Note prefiltering of in the MC generation gives the cut off below 20 GeV).  
Both plots are normalized to 300 pb-1.  The cuts are described in the text. 
 
 

In Fig. A.2.6 we show the predicted parity violating AL sensitivities vs ET for 1 < �  < 2.  
The statistical errors are based on 300 pb-1, beam polarization of 70% and assume 
realistic backgrounds as described above.   The theory curves [De05, De08, Gl01] are 
selected to reflect the currently allowed range of � u-bar and � d-bar.  The backward 
asymmetries (lower row) extracted by flipping the polarization for the beam headed away 
from the EEMC are most sensitive to the anti-quark polarizations at low x.   



 

Figure A.2.5. Comparison of electron (red) and hadron (black) yields for 300 pb-1 after all 
cuts are applied.  The left plot show the case corresponding to Fig. 21.  At right is the 
corresponding plot when it is assumed that 30% of neutral tracks convert before the 
tracking begins. 
 
 

 
Figure A.2.6.   Predicted parity violating AL sensitivities vs. ET for 1 < �  < 2.  Statistical 
errors and the theoretical curves are described in detail in the text. 



B.  Multi-channel Light Pulser for the Scibath Dete ctor 
 

H.O. Meyer, P. Smith and B. Martin 
 
 
In order to test a novel scheme for neutrino detection that would combine a large 

detector mass with the ability to track charged reaction products, we are currently 
constructing a prototype of such a detector (‘Scibath’, discussed elsewhere in this report). 
This detector consists of a light-tight cubic container, 45 cm on a side, filled with liquid 
scintillator. The scintillation light is collected by wavelength-shifting fibers that are 
submersed in the oil. An array of 16 by 16 fibers connects each pair of opposite cube 
walls; thus, there are three sets of mutually orthogonal fibers. One end of every fiber is 
connected to multi-anode photomultipliers, resulting in a total of 768 electronics channels. 

 
It was felt necessary to provide a diagnostic tool to test each of the electronics 

channels separately, and to verify the correspondence between channel assignments 
and the physical location of the fibers. For this reason we have developed the dedicated, 
computer-controlled, multi-channel, fast light pulser system, as described in the following.  

 
As light source we are using Lite-On blue LEDs (model LTL1CHTBK2), which emit at 

a wavelength of 468 nm. The LEDs are driven by the circuit shown in Fig.B.1. The 
switching elements (Q1,2) are two BSS138 DMOS field-effect transistors. When 
 

 
 

Figure B.1.  Driver circuit of one of the LED channels 
 

 
triggered, Q1 discharges the capacitor C1 through the LED (D1). After 4 ns the pulse is 
ended by draining C1 through Q2. The light intensity depends on the DC voltage supplied 
to C1, which may range from 0 to 10 V. The trigger is a 5 V signal, generated from a NIM 
input of at least 20 ns width by means of a comparator and a CMOS driver circuit. 

 
A printed-circuit board was designed that houses 64 LEDs (see Fig. B.2). By 

operating the appropriate switches along the x- and y-direction of the 8 × 8 matrix, a 
circuit path through a single LED may be established. The MOSFET switches are under 
control of a Xilinx XCR3128 programmable logic device. This device implements 8 bit 
registers which are filled via an RS232 serial port. The remaining components on the 



board include an LP2980 regulator which converts 5 V to 3.3 V to power the Xilinx CPLD, 
an SN75107 NIM receiver, a MAX232 RS232-to-TTL level shifter, a DS1100 delay line, 
an MX7224 DAC, and four EL7457 quad CMOS gate drivers. 
 

 

 
 

Figure B.2.  Layout of the PC board, housing 64 LEDs. Along the left edge are the 
connectors for the power, the trigger NIM pulse  

 
 
A total of 12 such boards are needed to supply all 768 fibers with test pulses. The 

design allows one to daisy-chain up to 63 boards. The data sent via the RS232 bus 
include an address that identifies a particular board when the address byte matches a set 
of 8 switches, a parameter that controls the voltage on C1 (i.e., the light pulse intensity), 
and an x- and y-address that determines which LED fires.  

 
The power requirements for one board are +5 V (40 mA) and +15 V (5 mA). Serial 

communication takes place at 9600 baud, with 8 data bits, no parity and one stop bit. An 
aluminum block that slips over the LED matrix contains aligned mounting holes for 0.5 
mm step-index optical fibers. These fibers are coupled to the free end of the Scibath 
wavelength-shifting fibers by removable brass sleeves.     



C.  Research and Development for the Neutron EDM 
Experiment at the Spallation Neutron Source 

 
M. Karcz, C.-Y. Liu, J. Long 

 
 
C.1.  Introduction 
 
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, Kh07].  
Neutron precession is monitored via an optical system that detects light from the capture 
reaction of the neutrons on polarized 3He atoms in the bath, in conjunction with a SQUID 
magnetometer system [Ne02, Ne07].  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 15 
institutes. The experiment began as a US Department of Energy project and received 
Critical Decision CD-1 status (approval of conceptual design) in February 2007.  It is 
nearing the end of the research and development phase in preparation for the CD-2 
review (approval of preliminary engineering design), which has been delayed until early 
2009.  The collaborating institutions traditionally supported by the NSF, including Indiana 
University, submitted a construction proposal for the nEDM experiment to that agency in 
late 2007.  The proposal was approved by the NSF in March 2008, contingent on 
successful completion of the CD-2 review. Using funds from the proposal, Indiana 
researchers will contribute to construction of the high voltage, light collection, 
magnetometry, and neutron beam monitoring subsystems for the experiment.   In late 
2007 and 2008, they continued to contribute to research and development on these 
subsystems. 
 
C.2. High Voltage System 
 

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.2.1. 
 
 

 
 

Figure C.2.1. Assembly drawing (elevation view, to scale) of the HV test system central volume, 
showing the capacitor with movable ground electrode. This apparatus is surrounded by a copper 
radiation shield and enclosed in a 1 m3 insulating vacuum chamber.  LHe is supplied via an 
auxiliary cryostat mounted to the top of the central volume main chamber.  A second vacuum 
system is used to pump on the LHe in the main chamber through the supply cryostat to cool the 
bath to 1.7 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 to 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. 
 

In late 2007 and 2008, nEDM high voltage research continued along two main lines of 
investigation: 
 

1. Modifications to the prototype HV test system at Los Alamos continued and were 
designed 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, preliminary results on the 
breakdown strength of SF LHe at 2 K and under pressure, and with different 
electrode materials, were obtained in a much smaller cryostat at Indiana 
University. 

 



The “dual-use” cryostat at Los Alamos, shown in Fig. C.2.2, 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 3He into a volume of SF 4He.  The cryostat contains a large dilution refrigerator 
(DR) and a special insert to couple the DR to the HV experiment. 
 

 
 

Figure C.2.2: nEDM dual-use cryostat and components.  Left: Schematic of the experiment. The 
HV prototype apparatus is attached to the bottom. The HV prototype receives LHe through a long 
vertical insert in the upper cryostat. The insert connects to the inlet of the HV system via a heat 
exchanger.  After the HV system is filled with LHe at 4 K, a heat plug is inserted in the fill tube 
above the exchanger.  A thermal link between the exchanger and the DR is then engaged, cooling 
the HV system to the desired temperature.  The liquid in the HV system can be pressurized by 
introducing gas above the heat plug. Right: components of the HV insert procured in 2008. 
 
    Major progress in the procurement and construction of the modified HV experiment in 
2008 included:  
 

1. All parts for the insert were procured by April 2008 (see Fig. C.2.2).  
2. The installation of a second heat shield in the HV prototype, between the LHe 

volume and the original heat shield, to reduce the radiative heat load (see Fig. 
C.2.3).   All parts of the heat shields were procured in June and pre-assembled in 
July 2008. 

3. The design of a new safety vent, completed in June 2008.  Procurement of the 
vent parts is expected by mid-October 2008. 

 
Final assembly of the HV experiment is expected by the end of October 2008. First 
results on the dielectric strength of SF He below 1 K are expected within the following 
month, pending the availability of the dual-use cryostat.  Commissioning of the cryostat, 



in which IU investigators participated in the summer of 2008, has been delayed several 
weeks primarily on account of vacuum leaks appearing as the system was cooled to 
cryogenic temperatures. 
 

 
Figure C.2.3: Modifications to the HV prototype system at Los Alamos. Left: LHe central volume, 
showing tubing to allow flow of cryogens for pre-cooling welded to the exterior.  Right: Main part of 
second copper radiation shield, to be inserted between central volume and original shield. The 
new shield will be cooled to near 4 K with cold He vapor flowing through the tubing attached to the 
exterior.  This tubing has been extended around the original shield in order to cool it to 
temperatures below the 90 K typically attained in previous runs of the experiment.  
 
 

 
 

Figure C.2.4. Schematic of the HV test cryostat at IUCF (not to scale).  Black: High-voltage 
electrodes (plate-sphere geometry, chosen to reduce uncertainties in the minimum gap) are 
enclosed in a small (0.3 liter) inner volume and connected to a power supply via an evacuated 
feedthrough.  Blue: Inner volume is installed in an outer LHe volume (10 liters) that can be sealed 
and pumped with an external vacuum pump, cooling the inner volume by conduction to as low as 
1.5 K.  Red: inner volume can be isolated from outer volume via a (nominally) superfluid-tight 
valve, and pressurized by the introduction of He gas through a standard regulator.  Inner volume 
pressure is inferred from mechanical gauge, and temperature from ruthenium oxide sensor. 
 



As construction of the dual-use cryostat and modifications to the large HV experiment 
have been in progress, a small cryostat, fitted with a pair of HV electrodes and capable of 
testing the dielectric strength of SF He under pressure, has been constructed and 
operated at IUCF by IU physicists Chen-Yu Liu and Josh Long, IU physics graduate 
student Maciej Karcz, and IU undergraduate Craig Huffer (Fig. C.2.4).  

 
The first experiments with this apparatus used a measurement cycle designed to 

explore the same regions of the 4He phase diagram accessible with the large prototype 
system at LANL as quickly as possible, then to explore SF at pressures up to one 
atmosphere: 
 

1. Inner and outer volumes are filled with normal state LHe at atmospheric pressure.   
2. The inner volume is sealed, and the outer volume pumped to cool the system 

along the 4He vapor pressure curve. 
3. He gas is introduced to the top of the inner volume to bring it to the desired 

pressure. The pump on the outer bath continues to cool the inner volume, now at 
constant pressure, back below the lambda point.   

4. The He gas flow is adjusted to bring the pressure in the inner volume down in 
steps.  

 
Breakdown measurements are performed at each of these stages. 
 

Results from these measurements show that: 
 

1. The dielectric strength of 4.2 K LHe at atmospheric pressure is greater than 150 
kV/cm. 

2. Degradation is observed as the LHe is cooled by pumping below the lambda 
point, as in the large HV test system at Los Alamos.   

3. The dielectric strength recovers on pressurization, and remains so even as the 
system is cooled at constant pressure back to the lambda point.   

4. The LHe need only be pressurized to 0.15 atmosphere for full recovery to be 
attained.   

5. Surprisingly, the high dielectric strength is mostly maintained even as the pressure 
in the LHe is reduced isothermically, back down to the vapor pressure curve. 

 
These results are illustrated in Fig. C.2.5.  They imply that the high dielectric strength 
observed for 4.2 K LHe at atmospheric pressure can be recovered below the lambda 
point by pressurizing the LHe, even for a short time and to a pressure much lower than 
an atmosphere.  Given the anticipated technical difficulties of maintaining the large 
volumes of sub-Kelvin LHe in the nEDM experiment at atmospheric pressure, these 
results bode well from the point of view of engineering.  This assumes that they are 
repeatable for the larger volumes and lower temperatures of the actual experiment, 
conditions which will be tested with the HV system in the dual-use cryostat at Los 
Alamos. 
 



 
Figure C.2.5. 4He phase diagrams, showing dielectric strength of LHe in the small IUCF cryostat.  
Points indicate temperature and pressure of LHe between electrodes; dielectric strength is 
indicated for the points at which HV breakdown tests were performed. Left: After initial cool-down 
(blue points), LHe was pressurized to 1 atm and cooled back to lambda point at constant pressure 
(red points), then de-compressed to vapor pressure curve (green points).  Right: After initial cool-
down (blue points), LHe was pressurized to 100 torr and cooled back to lambda point at constant 
pressure (red points), then de-compressed to vapor pressure curve (green points). 
 

Subsequent tests with the small HV cryostat have included experiments to better 
understand the hysteresis in the pressure-temperature behavior of the LHe breakdown 
strength, and tests which currently would be prohibitively expensive in the large system 
such as the assessment of different electrode materials.  Recent results include: 
 

1. The breakdown strength degrades by a factor of 3 when the LHe is de-
compressed from 1.0 to 0.1 atmosphere isothermically at 2.5 K, just above the 
lambda point. 

2. Only ~ 50% of the breakdown strength at 4.2 K is recoverable after pressurization 
when the HV polarity is reversed (so that the large planar electrode serves as the 
cathode). 

3. Breakdown strength degrades somewhat when the temperature drops below the 
lambda point as the system is initially cooled at constant pressure (1 atmosphere).   

4. Breakdown strength in compressed SF LHe can be degraded by agitation of the 
liquid with an ultrasonic transducer, but the effect is not consistently repeatable. 

5. Insertion of a thin sheet of highly reflective polymer between the electrodes has 
no effect on the breakdown strength. 

6. Use of a Semitron (a graphite-loaded plastic) planar electrode also has little effect 
on the breakdown strength, but maximum voltages cannot be maintained 
indefinitely due to high currents drawn from the power supply.  

 
Results (1) and (2) are consistent with the observation in the literature that LHe 
breakdown degrades as conditions become more favorable for vapor formation at the 
cathode (in this case a larger surface area with more defects, or maintaining the LHe in 
the normal state).  Result (4) is an inconclusive attempt to understand the initial 
experiments, and result (3), as an effect of vortex formation in SF.  Result (5) is 
encouraging for the proposed methods of improving light collection in the test cells, and 
though (6) is of possible concern for use of non-metallic electrodes, the use of Semitron 
and similar materials has been disfavored in the final experiment for other reasons. 



 
The small cryostat is currently being used to study other candidate electrode 

materials with different surface preparations. It is also being fitted with an optical readout 
system with a photomultiplier tube to study the possible background effects of sparks and 
micro-discharges on the optical readout system in the final experiment. 
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D.  Operation of a photomultiplier at liquid-helium  
temperature 

 
H.O. Meyer 

The neutron EDM experiment is based on measuring the 
relative neutron-3He precession in a bath of 4He. This observable 
is deduced from the 3He(n,p)3H reaction rate using 4He as a 
scintillator. Transporting the light to a photomultiplier (PM) is 
more efficient and technically easier if the PM is operated close 
to and at the temperature of the helium reaction volume.  

 
The EDM scientists have selected a Hamamatsu R7725-mod 

PM as the tube of choice. This tube features a bi-alkali 
photocathode with a platinum underlayer. The latter is required 
to counteract the large cathode resistivity at low temperature. 
The the present test is to demonstrate, for the first time, that a 
PM at liquid-helium temperature is still working. 

 
The PM under test is housed in a cylindrical stainless steel 

container, which is hanging from a ‘top flange’ by three G10 rods 
(see Fig. D.1). A corrugated stainless steel hose connects the 
test container to a manifold on the top flange. The hose serves 
to evacuate the test container; it also contains wires, and fiber 
optics. The voltage divider is located at room temperature 
outside the vacuum to avoid the related heat load. Connections 
to the individual dynodes are made by a specially developed, 16-
lead ribbon cable with low heat conductance. The signal 
connection is made with a stainless steel coax cable.  

 
The apparatus is inserted into the well of a bucket dewar, 

and immersed in liquid nitrogen or helium. The PM is under 
vacuum and thus cooled by radiation. This is necessary in order 
to limit the cooling rate to less than about 30 K/hour (incurred 
during the initial cool-down). The temperature is measured on 
the glass surface near the photocathode.  

 
Measurements are made by observing the response of the 

PM to light pulses (�  = 467 nm) of 10 ns width and variable 
amplitude. The pulses are transported by a 0.5 mm diameter 
optical fiber to a splitter in front of the photocathode. This splitter sends half the light 
diffusely in the direction of the photocathode, while the remainder of the light returns via a 
second optical fiber to a PM at room temperature that monitors the pulse intensity. 
 

Figure D.2 shows a typical pulse height spectrum acquired when the tube is 
immersed in liquid helium. This is, so far, the lowest temperature at which a PM has been 
shown to function. 
 

Figure D.1.  PM 
dewar for tests at 
low temperature. 
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Figure D.2.  Pulse height distribution of a Hamamatsu R7725-mod PM when the test container 
was immersed in liquid helium. The intensity of the light pulses in this case corresponds to an 
average of one photoelectron per pulse is emitted from the photo cathode. 

 
When cooling down from room temperature to liquid helium temperature, the following 

observations about the performance of the PM were made. 
·  At room temperature, the quantum efficiency of a modified PM is 20% lower than that 

of a normal PM because of light absorption in the platinum layer. A normal PM 
(without Pt underlayer) stops working below 150 K.  

·  The quantum efficiency Q at liquid helium temperature is still 90% of its value at room 
temperature.  

·  The gain G of the modified PM at liquid-helium temperature is about �  of its value at 
room temperature. This loss of gain may be easily recovered by raising the tube 
voltage by about 150 V.  

·  Starting at room temperature, the dark rate nd decreases with temperature in a way 
that is consistent with thermionic emission, reaches a minimum near 200 K, then rises 
monotonically until liquid helium temperature is reached.  

·  Afterpulses are caused by ionization of the residual gas in the PM. The number of 
afterpulses Na that follow a light pulse is thus proportional to the electron current, or to 
the number of photoelectrons emitted from the photocathode by that pulse. For a one-
photoelectron event, Na is typically about 0.01. From room temperature to liquid 
helium temperature Na decreases by about 10%. Increasing the tube voltage 
increases Na, presumably because of the increase of the gain and of the ionization 
cross section. Most afterpulses occur within 4 � s of the primary event.  

·  Helium poisoning of the PM has been studied by storing the tube for 12 hours at 
liquid-helium temperature in a dense He gas. The test container was then evacuated 
again. After warm up, the afterpulse spectrum showed no change. This shows that at 
low temperature helium diffusion through glass is negligible, as expected. 

 
These findings have opened the way for the neutron EDM experiment to use photo 

detectors at the temperature of the interaction volume.  
 
 
 



E.  Dark Rate of a Photomultiplier at T = 0 K 
 

H.O. Meyer 
 
 
The response of a photomultiplier (PM) in the absence of light is known as the “dark rate.” 
At room temperature, the thermionic emission of electrons is the dominant source of dark 
counts. When the PM is cooled, the thermionic dark rate decreases with temperature 
according to Richardson’s law. However, when cooling below about 250 K, the dark rate 
starts to increase again. This behavior is not understood. The experimental study of this 
effect described here was part of a feasibility test for using a PM at cryogenic 
temperatures, commissioned by the nEDM experiment (see elsewhere in this report).  

 
Fig. E.1 shows the dark rate per unit cathode area versus the temperature T for the 

two Hamatsu R7725 tubes studied in this experiment (cathode area 17 cm2). Also shown  
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Figure E.1.  Dark rate for two tubes of the same model (R7725). Tube 1 was cooled to 4 K (green 
triangles). Tube 2 was cooled to 80 K (blue squares) and then warmed back up to room 
temperature (red diamonds). The dashed curves indicate the temperature dependence expected 
for thermionic emission. Also shown are published data for two tubes with much larger cathode 
areas ([An06, Ni07], yellow symbols). The apparently universal behavior of the non-thermal dark 
rate is indicated by a solid line. 

 
are published data [An06, Ni07] (yellow symbols) for two much larger tubes. All four tubes 
have a K-Cs-Sb (bi-alkali) photocathode with a Pt underlayer (to offset the increase of the 
photocathode resistivity with falling temperature).  

 
Even though the (thermionic) dark rate at room temperature is seen to vary from tube 

to tube, the non-thermal dark rate (per unit cathode area) roughly follows a universal 
behavior (solid line in Fig. E.1) with a rate of about 5 Hz/cm2 at T = 0 K. It has been 



shown that the events that make up the non-thermal dark rate are single electrons, 
emitted from the cathode, and that (in contrast to thermionic emission) the non-thermal 
dark rate depends only weakly on the operating voltage of the tube. 

 
Apart from the fact that the observed dark rate must be one of the few processes in 

physics that increase with falling temperature, it is also curious that non-thermal dark 
events occur in bursts. These bursts have the following properties (with L the number of 
events in a given burst): 

·  The number of events in all bursts of a given size L is an exponential function of L. 
The average burst size at 77 K is �L�  ~ 6, but bursts with L up to 40 are observed. 

·  Both, the average burst size and the burst frequency increase with decreasing 
temperature. 

·  Bursts are occurring independently of each other, i.e., are randomly distributed in 
time. 

·  The duration of bursts may be as large as 10 ms; the average burst length is 

proportional to L . 
·  The time between events within a given burst increases from a few � s at the 

beginning of the burst to about 2 ms at the end. 
 

The mechanism for non-thermal dark emission is not known. It is hoped that the 
present data will encourage condensed-matter theorists to look for an explanation. A 
detailed account of our measurements can be found in Ref. [Me08]. 
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Contributions to Human Resource Development  
 
 

EDUCATION 
 

Post-Doctoral Associates 
 
This period marks the departure at the beginning of 2008 of Jan Balewski who began his 
work with the nuclear physics group in 1998 as a post-doc working for STAR.  Jan proved 
valuable to the STAR group for his software skills and his enthusiasm and dedication to 
the task of organizing STAR analysis.  Jan was hired as a staff scientist in 2000 to 
continue this important contribution.  In January, Jan began a new position at MIT where 
he will remain involved with STAR activities and help with the development of the GEM 
tracking system. 
 

The nuclear physics grant currently supports three continuing post-docs.  Chris Polly 
holds the Langer Fellowship position which offers additional compensation and research 
funding that can be spent at Chris’ discretion.  Chris is making important contributions to 
the analysis of measurements from the MiniBooNE neutrino oscillation experiment 
running at Fermilab.  Pibero Djawotho is working with the STAR group, concentrating on 
the analysis of upsilon particle production from heavy ion collisions at RHIC.  Chris 
Lavelle continues to work with Chen-Yu Liu on the development of moderators for the 
production of ultra-cold neutrons. 

 
We are pleased to have been able to hire Ilya Selyuzhenkov as a new post-doc 

working with the STAR group where he will continue his analysis activities and his pursuit 
of several physics initiatives.  We have also hired Goverdham Reddy as a post-doc who 
will be working with Chen-Yu Liu on the development of the electron EDM search using a 
doped garnet crystal. 

 
The usual group commitment is to have five post-docs working on various projects 

within the group.  They bring to the group an advanced level of effort.  They also serve as 
role models for the graduate students while working to perfect their own skills.  We also 
encourage whenever possible for our post-docs to present their work at conferences. 
 
 
Graduate Students 
 
IUCF continues to be one of the best-rated graduate programs in nuclear physics.  We 
offer a variety of projects with an emphasis on fundamental processes and symmetries.  
We have an exceptional technical base with the expertise available at IUCF in 
engineering, systems design, electronics, construction, and experimental realization.  
IUCF remains a place where it is possible to obtain a broad experience is all aspects of 
nuclear experiment from conceptual work through to data analysis/interpretation and 
publication.  Students are also encouraged to present their results at conferences, and 
several have done so. 

 
 



We have had two students to complete their Ph.D. requirements.  They are: 
 
 David Christopher Cox 
 “A Measurement of the Neutral Current Neutrino-Nucleon Elastic Cross Section 
 at MiniBooNE” 
 Advisor:  Rex Tayloe 
 
 Christopher Dale Bass 
 “Measurement of the Parity-Violating Spin-Rotation of Polarized Neutrons 
 Propagating through Liquid Helium” 
 Advisor:  W. Michael Snow 

 
Chris Cox has taken a position MNB Technologies in Bloomington, IN, where he is 
working on computer miniaturization.  Chris Bass has accepted a post-doctoral 
appointment at NIST where he will continue to work on a variety of neutron experiments. 
 

In addition to the two students who graduated during this reporting period, there are 
now 16 students associated with the nuclear physics work at IUCF.  They are listed in 
Table 1, along with one student who has taken a leave of absence. 

 
 

Table 1.  Graduate Student Projects 
 

Student  Project  Advisor  
Rana Ashkar Neutron beta decay (aCORN) Ed Stephenson 
Justin Stevens STAR Scott Wissink 
Zhaowen Tang NDTGamma at the SNS Mike Snow 
Somnath Choudhury STAR Scott Wissink 
Chad Gillis NPDGamma at the SNS Mike Snow 
Marceij Karcz Electron EDM Chen-Yu Liu 
Brian Page STAR Jim Sowinski 
Aaron Hanson* SciBath Detector Rex Tayloe 
Jonathan Horton° SciBath Detector Rex Tayloe 
Young Jin Kim Electron EDM Chen-Yu Liu 
Crystal Bailey D+D four-body system Ed Stephenson 
Weihong He Inclusive � 0 Production at STAR Scott Wissink 
Jaiwei Mei NPDGamma at the SNS Mike Snow 
George Noid Neutron beta decay (aCORN) Ed Stephenson 
Teppei Katori Charged Currents at MiniBooNE Rex Tayloe 
Da Luo Neutron Spin Rotation in LHe Mike Snow 
Yun Shin UCN Moderator Development Chen-Yu Liu 

* supported through a GAANN Fellowship 
° on a leave of absence 

 
We continue to strongly support the efforts of the Department of Physics to recruit 

new graduate students into the physics program.  This year we again hosted the 
Graduate Student Visitation Day when several prospective students are invited to Indiana 
University to explore the range of physics projects available here.  We also gave 
presentations in P508, a one-hour topical course aimed at acquainting the first-year 
graduate students with possible research topics.  We also were present for the 



Conference Experience for Undergraduate activities at the fall meeting of the Division of 
Nuclear Physics (APS) at Newport News.  There we opened a recruiting booth in order to 
contact undergraduates and let them know about research opportunities at Indiana. 
 
 
Undergraduate and High School Students 
 
Research projects at IUCF offer an opportunity for undergraduates to become involved.  
Chen-Yu Liu has hired Patrick McChesney and Daniel Salvat to work in her labs.  Rex 
Tayloe has a computer science masters student, Manju Chivukula, helping him with 
systems programming for data acquisition. 
 

Rex also advised a high school student, David Deumler, in a single trimester of 
laboratory activity working on the SciBooNE detector. 

 
The last six months of this grant did not include a summer REU program.  For 2008, 

that will be reported with the new grant. 
 
 
 

OUTREACH ACTIVITIES 
 

Jim Sowinski spoke at the Bloomington arm of the Science Café, a public science 
discussion forum promoted by Nova and its producers at WGBH in Boston. There are 
now many such groups in major U.S. and European cities.  Sowinski gave a talk about 
“Exploring the Big Bang with Accelerators” in an Oct. 2007 meeting of this group.  A 
broad range of scientific topics are explored in these monthly meetings and we expect 
additional opportunities for our members to speak at future meetings.  
 

A number of people from the group participate in the Physics Department Open 
House, an affair that takes place one Saturday during the fall semester.  It features 
lectures and demonstration.  Area high schools send their science classes to IU for this 
event.  This year IUCF tours were included in the activities.  All through the year there are 
a large number of tours of IUCF given to a diverse collection of groups.  Many of these 
are coordinated or introduced by someone from the nuclear physics group. 

 
In the spring, the IU nuclear physics groups helped to host the Graduate Recruitment 

Day by opening the cyclotron to tours and providing lectures on nuclear physics 
opportunities and a reception for the event. 

 
 

DIVERSITY 
 

The IU nuclear physics group actively encourages the participation of minorities, including 
women, in all the ranks of its activities.  At present we have one post-doc who is a person 
of color, Pibero Djawotho.  Women are represented by Chen-Yu Liu, an assistant 
professor, graduate students Rana Ashkar, Young Jin Kim, and Crystal Bailey, and 
computer science masters student Manju Chivukula.  Enlargement of these ranks is a 
continuing process through our policy of “deliberate recruitment” initiated in 2003. 
 


