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Figur(> 5: Meson-exchange model of the badronk weak interaction . 

.... hen a polarized neutron is captured on a proton , ii+p --t d+l'. We show below that this obsenable 
is uniquely related to the longest range and most important of the weak Oleson-nucleon couplings. 
f1~ . The bulk of the proposal describes an experiment that will determine fI~ with a statistic.al 
at<l.Iracy of 10% of h.s expe<:ted vallie and v,itb systematic errors much Less than statistical errors. 

The remainder of the introduction is organized as follows. We briefly discuss ",bat is known 
experimentally about H! and other weak meson-nucleon couplinr.s. We outline a strategy of how to 
experimentally determine the weak meson-nucleon couplings in two-body systems . Indeed enough 
two-body experiment! are either underway or possible to over-<onstrain the weak meson-exchange 
C(Juplings and test the applicability of the ~.ak m<:son.exchange potential to the description of 
parity-violating phenomena in nuclei . Once the weak. meson-exchange potential Is determined and 
established, it can be u$CXi as the starling point for the descripl;on of parity-violating phenomena 
ill A > J nudei. We next discuss theories that seek to relate H~ to the next higher mass scale. 
The:le theories seek to d~ribe or predict tbe values of the weak meson-exchange couplings starting 
from a pictures of mesons and nucleons as made up of quarks and intenu:tion through the exchange 
of gluons, QCO . We con,J ude the introduction by discussing the expression for the diroclionai 
asymmetry in ii + p -t d + 1 in terms of the weak couplings. 

1.2 Status of Our Knowledge of the Weak Meson-Nucleon Couplings 

J.2_1 Tbeorelical Estimates of the 5i~es of the Weak Meson-ExchaDge Couplings 

The order of magnilUdc of the weak NN couplings (5 >< 10-1) can be estimated on dimensional 
grounds as the prouuct of I he aV1)fage momentum of nucleons in the nucleus (0.2 GeV Ic) and the 
weak coupling (Gp/(hc)3 = 1.16 >< 1O-~ GeV-7

). The most systematic theoretical analysis of this 
approach La describing the weak NN interaction is gh·en in a review by DesplanquCll, Donoghue, 
and HolStfoin (DDH) [8] . These authors used the non-relati\'istic quark model. PCAC, weak 5U(6) 
symmetry, curreat algebra, and strong 5U(3) symmetry to relate kna.m as "'" I hyperon decay am
p litudes to the weak meson-nucleon-nudeon couplings. There art considerable model dependencies 
in I.hese estimates arising from the difficulties in treating strollg interaction effects. These authors 
produr.~ "best n estimates and "reasouable ranges~ for the couplings, given in table 1. Desplanques 
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~hat attempt to evaluate H! and will stimulate work in t he calculation of the modification of weak 
tnt.eractions between qUMks in the non-pefturbative regime. 

1.5 Symmetry Considerations for n + p -+ d + 'Y 

It is worth understanding the reasons why the parity-viola.ti.ng ga.mm.a &8yll'lIJletry, A., , in tbe reaction 
n+p -+ d+-y is primacily sensitive to only tbe iiI :::: 1 romponent olthe weak inWaction. First of all, 
due to the large size of the deuteron amy tbe longest-range compcment.s of tbe NN interaction (due 
to]f and p exchange) are important in this reaction . From tbe noD-relativistic wea.k NN pot.ential, 
weak 'If exchange is Al = I and weak p exchange is IMinly 61 = 0 and iiI :::: 2. 

Now consider the possible electromagnetic tramitions in the if + l' -+ d + "( reaction. For low· 
mere neutrons, we will consider only L "" 0 and L = 1 capture and reaction channels. Without 
parity violation, the channels for the initial state are IISo, I = 1)1 and 13SI, I :::: 0), and tbe final State 
channel for the (J-, I) =- (1 + ,0) deuteron is ['SI' I - O} D (ignoring the small teu.sor component in 
the deuteron). The weak interaction mixes to the following L - 1 componenLS to the singlet and 
triplet S-.aves in both the initial aod finAl states: 

IISo. l ::: I), ....... [150,1::: I), + 10 I'PIt .1 = I), . 

I'SI ,1 = O}, --+ I'S •. I = 0), + 90 liP. ,' ::: 0), + 91 13P .. 1:::: 1)" 
I'S .. 1 = 0)0 ....... I'S .. I = 0)0 +110 [lp,, 1 == 0)0 +h! l'p\.1 = I)D' 

(I4) 

( IS) 

(16) 

where the I" 91 and h, terms are the amplitudes of the small weal.t interaction-induced admixtures 
with '-pin change I . If one now writes down the mauu elemenu of the elce\.tomagnetic interaction, 
keeping only the lowest order multipoles consistent with parity conservation in the electromagnetic 
interaction and witb iso6pin selection rules that forbid EI transitions in self-conjugate nuclei like 

the deuteron , one obtains the parity conserving term (MIleSI ,I "":: OIDH~", [ ISo.l = 1) and the 
parity violating terms 

l o(EI ICS." = OlD H...,,13
po,1 = I), 

91(EIICs\,1 = 010 H .... [Jpl • 1 = I ), 

hi (EI[('PI.I "" 110 H .... I'S .. I :: 0). 

(17) 

(18) 

(19) 

Finally, since a gamma &8ymmetry cannot be produced from a J "" 0 initial staLe, we are left 
with only a iiI = 1 cootribution to parity violation in the p.mma asymmetry. There are smaJI 
corrections to this argument {rom ilOllpin violation. higber-order multlpo\e contributions, relativistic 
effecu etc. but the main result survives a more exact treatment. This result was first. obtained by 
Danilov 134J. 

There are two calculations of A .. &8 a ftlnction of t he "·w couplings. Adelberger and Haxton 
iiI find : 

A .. :: -0.045 (H! - O.02H! + O.02H! +OJMH'~) . (20) 

The contributions of the non-pion couplings are estimated by taking tbe DOH upper li.a:tit.s H! = 
5)( 10-' and H! _ 8)( 10- 7

• Desplanques and Missimer, who use H! and weak nucleon-nucleon 
amplitudes X to parameterize the weak nucleon-nucleon interaction 1351 , find : 

A .. -= -0.045 (H! + O. IIX~ - O. IIX;') . (21) 

w. I 
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IIlong the neutrOD spin. However the longitudinal configuration has a considerably larger st.atistlc.al 
error than the trazuverse con6guratioo. The ClTor for the transverse configuration doesn't change 
much after 4. layen and this choice appean appropriate. 

3.2 Neutron Polarize r 

This experiment requires a neutron polarizer with several unique featu res: 

1. The polArizer should be broad band, providwg polariud lIeutfons of energy up to at least 
Hi meV, and preferably higher. 

2. The polarll.Cf should provide the maximum flllx of neutrons (per uni t energy) at the detector 
and therefore lfansport the neutron ~ frorn the neut ron r;uide to the e?Cpel'iment with 
maximum effic.ency. A c.rOl>l! sectional area of 100 em' is needed to make full use of the 10 em 
)( 10 em beam. 

3. The polarizer :should optimize the figure.of-merit P~T .. , "'here P" is the neutron polariz.ation 
and T" is the t ransmission of the polarizer. 

" . The polarizer should product" negligible or easily shielded gamma baclc.grouods and any residual 
background should be connant. 

5. The pola.ciur may provide an :uid.itional reversal of neutron spin without cb<Ulging any static 
(or oecillatin!,) magnetic ~Ids. The import.arlce 0( th is additional spin reversal is discussed in 
section 4. 

Neutron p...olariution with a polarizing super mirror and ·.\·ith a poIariud l ife spin filter should be 
considered for this experiment. As discussed below, the polarizing super mirror is a weU developed 
leChnology and a reasonable a1teHlative for this experiment, however there are many advantages to 
the use of the polarized lHe spin 61tec that strongly motivate us to implement this technology for 
this expe-iment. 

3 .2 . 1 Polari:l:ing SlIp4!r Mirrors 

SUper mirror polariufa have provided highly polarized col~ neutrorl beams at Grenoble and elsewhere 
fo r many yean [391, and are also an optioll for this experimeot. A super mirror consists of several 
leaves st.a.cked across the neutron beam. Eac.b leal consists 0( a multi·layer of ma,;netiud cobalt 
and titanium laid on a gadolinium layer on top 0( a &lass substrate. For very small «lancing anr;1es, 
neutrOM of one spin state magnetically scatter from the magnetiud Corn multi-layers. The layers 
o f Co and Ti on each leaf have varying thkkocss to reRccr. a variety of neutrOIl energies. Neutrons of 
the other spill state pass througb the ColT! multi.layer into the «adolinium where they are captured 
«ivin, off a cascade of «amma. rays with coer-pes up to 7 MeV. The lea\"C8 themselves ace curved 
btlm upstreaJl1 to downst ream. As the neutrons reflect along the curved leaves, they ace diverted 
from their initial direction by around 15 wad. Th~ rate of CW""Vature rtetermines a cutoff neutron 
energy. If the curvature is too great, neutr~s will not be able to follow the leaves tllrou&h small 
an,1e reflections. A smalJer curvature aJJows hi&her eIlel"gy neutrons to be tra.n.srnit t.ed, but the !luper 
mirror must be len~hened to insure that there is no line of sight through the device. Typical super 
mirrors are mad!! with a curvature that transmits neutrons below 9 meV. In principle it would be 
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posIible to raise this cutoff if the leaves are longer and have a smaller curvature. Though larger than 
most super mirrors, a group at Gatchina believes that they can make a 10 em x 10 em Super mirror 
for the proposed experiment that would fill the entire beam. 

TIle transmission of a polari~ing super mirror is limited by the curvature o( the ~vcs as men
tioned above, and by the range of incident angles reflected by a m&le leaf. A given Iw typically 
reftect.8 neutrons with gLancing an&les less than 

(25) 

where 80 1'\:1 860 J.uad·..rev. We htlVe modeled the transmission of such a device based on our 
reoettt e:xpericaoo at NlST and the anticipated features of the LANSCE nuclear physica be.~m. The 
transmission is energy dependent, falling from 25% at the lowest energies to 18% at the cutoff energy, 
9 meV. Below the cutoff eoergy. the polariution of the tranllmitted beam is greater than 96%. For 
a super mirror polarizer, we estimate the figure-of.merit, P~T .. , to be 0.18 below 9 meV and close 
to 0 above 9 meV. 

Despite the high figure of merit. super mirrors have drawbacks. The 9 meV cutoff energy affects 
the statistical accuracy since 25% or the gamma ray yield comes from neutrons above this energr. 
Neutrons above this e!lerc capture in the mirror. producing a background of 7 MeV gammas, 
requiring massive shielding for the detectors. In addition, the energy cutoff makes some sysLematic 
test:! impossible ; thOtie that rely on the rapid depolarization in the LHl target for neutrons above 
15 meV. Also, since a polari%ing super mirror is a permanent magnet device, the polarization 
direction or the beam can ooly be reversed by changing the dire<:tiQn of tbe saturation field, which 
can affcct the detector gains. By conl.rast, the spin of 3He <:all be quickly reversed with respect to 
static magnetic fields. and a 3He spin filter bas n(' t ransmiSllion cutoff for neutron eoergy. A 3He 
spin fi lter provides a.u additional reversal of neutron spin of great value in reducing systematic errors 
associated with flipping the neutron spin. Another disadvantage of a. super miTror polarizer is that 
an 1I.1Oalyr.er is required to measure tbe beam polarization. This is Dot tbe case for a 3He polarizer 
[40[. io"inally, s.iuce a super mirror is a reflective device, the beam line is not straight. complicating 
the alignment of the apparatus. 

3.2.2 Neutron Polaruation with a 'He Spin Filter 

An alternative method for polarizing the low-energy neutron beam for this experiment is to use 8 
polarUing spin filter. Spio filters operate by selectively removing one of the neutron spin states 
from the incident beam, and allowing tbe other spin state to be transmitted Ilo;th only moderate 
attenuation. A neutron spin filter can consist of eilher poIariud protons or polarized ' He g&.!!. 
Because the first option i., complicated, expensive to build and operate, and requires a. several Tes1a 
magnetic field, we consider here only the second option. the polarized 'He neutron spin filter. 

The statisLical uncertainty of the experiment depends strongly upon the level of JHe polarization 
achieved in the spin filter. This dependence can be seen from equatiofUI 26 and 27 and figure 10. 
Il will be a technic.a.J challenge to reach the necessary level of pola.rit..ation. However. we be-lieve 
tbat the systerr.atic advantages of a spin filter jusLi;y the technic.al effort. 'He SJIln filten possess 
properties that improve control OIo"Cr the systematic errors of the experiment. Spin filters do not 
alt.er the direction o( the ocutron beam; they transmit a broad range of neutron energjes; and 
their polarir.atiou ctirection can be changed quickly and easily without changiog magnetic lields. 
As discussed below, each of these propt'rties can be used to address specific s)'5tematic concerns. 
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"~igure 12: Figure-of-merit, P~Tn ' for neutron spin filters with helium polarizations of 40% (dashed), 
50% (solid), and 60% (dot t.ed), and a Larget thlckn C:$S of 5 atm·cm . 

Figure 13: Neutron t ransmission, Tn, (dashed), polarization, Pn• (dotted), and figure-o£-meri t, P!T .. , 
(solid) for a neutron spin filter vo'ith SO% polarization and II target thickness or 5 lltm ·cm. 
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ratfl for the experiment. 

3.3 RF Spin Flipper 

There are a number of options for rapid reversal oflhe neutron polariutlon; Om! standard technique is 
~a.diabatic fast passage" (AFP), which bas an advantage in that the spin flip results from application 
of a radio-frequency (RF) field; the RF field can be easily shielded, eliminating pouible count 
rate/asymmetry changes with a changing DC bias field. Unfortunat.ely, AFP requires a substantial 
magnetic field gradieot which, upon spin reversal in the envisioned Seometry of the experiment, will 
create a substantial change in the neutron beam tfl¥l8venlC momentum; the resultins chanse in the 
incident neutron spatial distribution at the ta:rget can easily give a systematic effect. at tbc 50lIght 
level of ex?erimental sensitivity. 

A first-order calculation shows that the trajectory angle changes by 

(32) 

where..,. is the neutron gyro-magnetic ratio, B,"",~ is the maximum value of the magnetic field in the 
AFP region, and E is the neutron energy. Taking Bmn = SO G (as required for efficient reversal of 
the fast.e<;t neutrons) and E = OJ):H eV pves an anpllar deOection of 3 x 10- 7 radians; after a 1 D'l 

Oight from the spin Oipp2f, the center of mass of the neutron beam for this energy neutron would 
change by 3 x 10- 4 nun; if tbe cifective target/detector diameter is SOO mm, the first order change in 
count rate asymmetry (due to, for example, cI.a.ugcs in beam positioll coupled with det.ector coupling 
efficieocy or target density variations) could be of order I Y. 10- ', which i.s wtaCceptabie. 

In order to eliminate the magnetic field gradient deflection, we propose to reverse the Mutron 
polarization using a resonance spin flipper (RSf), which is also based Oil application of a RF field, 
hcwever, in this case, in the presence of a homogeneous static magnetic field. The basic idea is 
that in the presence of homogeneous static and oscillating magnetic fields, one can transform into 
a rotating frame (about the static field Boi) where the RF field becomes static. The effective field 
berom~ 

B- (B w). B, . (33) = 0-- :+-11 
211:..,. 2 

ror a RF' field given hy B., = BI cos{wt)Y. If 2."..,.Bo = w, a neutron initially polarized along i will 
precess aboul lhe effective field (B./2)". U the RF field is applied for .a time 

T=--
08, 

(3') 

the neutron Rpin direction will be reversed relative to z. 
We envision a system where a RF field is confined to a limited space along the neutron beam, 

in the presence of a homoseneous guide field, with the neutron momentum directed along y, the 
direction of the RF field. for fixed RF and guide field values the time/amplitude relation for the 
spin reversal can be satisfied for only a single velocity component of a continuous beam. HowlNer. 
for a spallation SOll.rce, 8. can be varied as a function of time, satisfying the spill reversal condition 
for all the neutrons in a pulse. 

Specifically, we are interested in a ncutron energy range 'If 0.5 to 50 meV, colTesponding to a 
velocity range of 300 to 3000 m/s. U we assume an RF field confined to a length Lc = 30 em along 
the beam, the maximum RF amplitude would be 3.4 G, which is easily adtieved. For a spin Hip coil 
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Figure IS: Schematic diagram of the Llh target design (nol to scale). 
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Process 
Cool down from 300 K to 120 K 
Guol down from 120 K to 80 K 
Cool down from 80 K to 20 K 
Condensation 
Ortho-para conversion 

Heat load (JJg) 

'''JO 460 
630 

"" 670 

Table 2: Summary of calcula.t.ed heat loads during liqueCaction and filling of the LH2 lafgel. 

hydrogen to about 120 K. It may also contain some onho-pa.ca-hydl"Ogeu catalyst material to pre
convert some of the gas. The gas then ~ through a pre-heat excilanger, which cools it further 
to 80 K, after which it enters tbe condenser. Hydrogen coodenses onto copper fins attached to the 
20 K cold head, drips down into the ortho-para-hydrogen converter, and follows the r..ondcnsate line 
into the bottom of the target vessel. Liquid hydrogen that boils in the v~l flows up through the 
lxiii-off line to the top of the condenser where it is liquefied again. This process COlItinues until 
the target is Cull, at which point the gas flow is shut off to fonn a dosed system. The target is 
then maintained at a constant (~ 18 K) temperature, bet~n the melting 8.lId boiling points of 
hydrogen. The calcuJated heat loads during liquefaction and IDling ate summarized in table 2. Tbe 
total heat needed to fill the target is 3600 kJ in the LN2 precooler, 690 kJ at the 80 K cold head, 
and 2600 kJ at the 20 K cold head. To completely fiJI the target in 72 hours would require 2.7 W 
at the 80 K head and 10 W at the 15 K head. Tb:s is weU within the capability of commercially 
avai lable cryo-refrigerators . 

The radiation shield will be cooled by the 80 K cold head of the refrigerator. The power load on 
the refrigerar.or due to radiative heatiog all the shields is estimJ.ted to be about 20 W. Using copper 
and aluminum conductors, it should not be difficult to maintain the temperature of the shield at 
about 180 K or less around the target vessel. In this care the radiative heat load all the target vessel 
is about 250 mW. This heat wiU be removed by the second stage of the refrigerator. 

During ['onnal operation, the target temperature is regulated to approximately 18 K. The liquid 
temperature is determined from the pressure, which will be monitored by a pressure transducer. This 
signal will also be used to automatically control a heater on the 15 K to maint.ain this temperature. 
This will keep the target in a stable condition and prevent the formation of bubbles, which may 
cause a false asymmetry. 

3.4.4 Vacuum system 

The target vacuum system will use a turbo-molecular pump to maintain system vacuum < IO - ~ TOfT. 
Standard ion and thermocouple gauges \.,.iU measure the ~-acuum . A hydrogen sensor will be used 
to nJ(lnitor the vacuum system for hydrogen leaking from the target. 

3.4.S Hydrogen Safety 

Special attR.ntion is given to hydrogen safety. We are have fonned a working group at ~ Alamos 
for the hydrogen safety of the target. The group consists of ES&tH personnel, engineering, and 
cryogenic and pressure \-essel experts. The working group wiU be involved in the design of the target 
in the early slag!! of the work, and its charge will be to provide guidelines for the design, fabrication, 
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testing, installation and operation of the target. This group will also establish review procedures (or 
different phases of the work. We have also !.Ieen in contact with personnel at Jeft'erron Laboratory 
where two small-size LH~ targets were recently operated . We plan to draw from their experience 
and their approach to LH2 taxget safety. 

Hydrogen gas is explosive in air in concentrations between 4.7- 94%. Normally a spark of some 
kind is needed for ignition, but hydrogen vapor escaping from leaks has been known to spontaneously 
combust. Therefore it is of paramount importance to design the LH2 target so that in case of leak 
or rupture the gas "'ill not exceed the lower explosive limit (LEL) of 4.7%. 

A loss of either refrigeration powcr or vacuum will lead to rapid boiling: in the target and an 
overpressure condition in the target system. The first line of defense against th~ wiU be to place 
the refrigerator and vacuum pumps on an un-interruptible power supply 1.0 rrolect. the system from 
a power failure. U there is an overpressure condition, pressure relief valves on the target system will 
vent the gas into an argon-filled. dump line, through a one-way valve, and into a trunk that exhausts 
outside the building into a non-Rammable area. A large, explosion-proof fau in the trunk ""ill 
circu.late sufficient air to keep the vent.ed bydrogen gas below the LEL. The hydrogen concentration 
will be continuously monitored in the trunk and in the experimental area. Alarms will alert the 
operator(s) in case of loss of refrigeration, Joss of vacuum, overpressure in the target, or > 10% of 
the LEL in any of the hydrogen monitol'll . 

Another mode of failure is a leak from the target system into the vacuum . A hydrogen sensor 
will continuously monilor the vacuum and alert. the operator in case of an increase in the hydrogen 
pressure, which would indicat.e a slow leak. In case of a large leak or rupture, the vacuum pumps 
will trip off, but not vent the system. in CASe of overpressure, burst discs on the vacuum system will 
vent hydrogen gas into the dump line and outside tl'.e building as descr ibed above. 

Normal warmup and venting of the target will procood as folloW!!. The target heater will be 
energized to increase the rate of boiling to 0.1- 1 g/s. A vent valve, wbich is located in parallel to 
the relief valv"S, will be opened and throttled to release hydrogen gas to tbe dump line at a low 
and controlled rate, and then through the trunk to the atmosphere outside the building. The gas 
level will be monitored and kept well below the LEL during this process. When the target SySWTl 
is emp~y, the S)'lItcm will be warmed to room temperature while Rushing with Inert gas to remove 
residual hydrogen. 

3.4.6 Instrumentation 

A primarily hardware-based instrumentation and control sySV'..Jl) for the LH, target is preferred for 
reliability and safety. There will be no need for Operator control during normal operation of the LH2 
target syRteffi SYl>tem pressure (and hence temperature) will norma1ly be kept within a. Darrow range 
slightly above 1 atm (t:.g. 16-18 p6i) by a heater on th(: IS K cold head, regulated b)"'ll PID controUer. 
The follOWing parameters will be continuously monitored: target pressure (pressure transducer) , 
target level indication (10",", pow':r resistors), refrigerator cold head temperatures (thermocouples), 
vacuum pressure (ion gauge) . hydrogen in the vacuum (hydrogen sensor) , Vj!JJt line temperature 
(thennocouple), and hydrogen gas concentration at various points (hydrogen sensors) . 
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3.5 Gamma Detector 
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personal computer (pel-based data acqui!lition system. The PC system perfonns the taSks of 
monitoring, COn~rol, and online analy!is and display. An off-line system is also required for the final 
I\nalysis of t he experimental data. In addition, since the collaboration consists of many iostituliollll, 
a mecllanlsm must exist fOr providing remote access both to the data and 1.0 the computing resoW-ce'!. 

3.7.J VM&.BlllUld Data Acquisitioo E lectl'onics 

The stun and difference signal .... iIl be digiliud by commercially ava.ilable7 16-bit transient digitiz.
ers, with a maximum sampling ral.e of 100 kHz. The aignals need to be sampled several times during 
eada beam burtt to provide neutron time-of.Rigbt infOnna1ion. There is., however, a more nringenl 
requirement on the sampliog rate. Because of the very high COU!lting rates, small statistical accu
rwes &re obtained in a short time. If the sampling interval is too long. the one-bit IlIICe{tainty io 
the digitiz.atiOD process can approac.b the ~i7.e of the st.at.istical uncertainty. For this reason , we will 
MlTlple >\t 10 jJS intervals. Several samples can then be averaged to redu~ the amount of data, while 
retaining the statistical accuracy. The etecuoniC:6 arrangement for one fourth of the full detector 
array is sho .. n schematically io figure 18. 

The transient digitizer contains a controller and its own memory. The memory will be divKied 
LillO two buffers, which will be used to bold the data from alternate beam pulses. The in.actiY1! buffer 
Catl be read by the VME hcost computer, which perfornu the 5i,"aI averaging and combinet the data 
... ·ilh other Information , luch as neutron time-of-flight and spin direction. The full eY1!nt information 
is then transferred both to tape and to the PC data acquisition system (DAQ) for further omine. 
processing, monitoring and display. Control CO'I"lmands can be sent from the PC DAQ to the VME 
ho.st to stop and st.aTt d3.1.3.1Cqt!i!i~ion, or dlllt1&e to diagnostic modes, for example. All of tbe VME 
(t)mponenU are commercially available and supp«ted with ind ustry-standard software. 

3.7.2 PC-based Data AequiliitioD System (PC DAQ) 

Thf! PC t>;.sed data a...quisition system (PC DAQ) will provk!e monitoring and control of the VME 
system, as well as online analysis and display. PC DAQ is a full-featured DAQ and analysis shell . 
l'h~ provam provides both OAQ and replay (disk fil~ input) modes. It can also be used for Monte 
Carlo projects. Ext.ensiY1! softw&.re control flags , wbich may be set either in script command files or 
interactively. are provided so that the user can control the 80w of data through the program. PC 
DAQ it designed to run on a 32·bit Wind0W5 operating system (Windows 95, Windows NT 4.0, or 
above) running nn the INTEL 8Ox86 processor lilIe. 

PC DAQ provides histosramming, testing, and plotting packages. Histogram data can be ex
ported to spreAdsheets I)r analyzed in user supplied Pl"ograms. Th~ test package defines tests that 
are used to see which hlstoyams should be incremented. Tests can be defined in scripts or interac
tively (indirect gates and boxes) . Test result summaries can be printed or copy/pasted into other 
prop-ams. The plotting package is based on the xyPlot package defi ned by Tom Mottershead. P lots 
Cart be copied as bitmaps to otber programs or printed. Plot a.naJysis is in user supplied FORTRAN 
analysis code. 

An uJ>RTade to provide VME capability is undertl."8.Y. Other usability changes can also be ex
pected. A full description of PC DAQ may be found in In]. 
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3.7.3 Data Storage and Distribution 

Raw data froUl the VME system will be written to tape through a standard SCSI interface. This 
data wiU be written at a time-averaged rate of approximately 600-700 kbyt.es/s, and will consist 
of digitized difference signals for each detector, averaged over approximately 100 samples, as welJ 
as digitized sum signal5, neutron time-of.ll.ight, and auxiliary information such as beam intensity, 
neutron spin direction, etc. This rate is well below the Jimjts of current technology. Since each 
tape has a capacity of 20 GbytC!;, tapes will be ruled at a rate of approximately one every two days. 
Automatic tape changers are available to ensure that new tapes are loaded as needed. 

PC DAQ writes its data, i.e. histograms and lest results, to disk. Past practice with PC DAQ has 
been to periodically archive these disk files onto tape and then reclaim the disk space. PC DAQ can 
automatically start new runs at fixed intervals so that no One run is too large for efficient anal .... sis. 
This also means that it can run in an unattended mode for long periods if the tape drive has a tape 
changer attached. Since PC DAQ will be writing the compressed data only, requirements on speed 
and storage capacity are approximately 10 times less than for the raw data. 

The full data-set after one year (live) of running will coosist of approximately 4 Tbyt.es of raw 
data and 400 Gb)1.es of compressed data. Access to the raw data will rarely be needed, and it will 
remain archived on tape. Collaborators at remote locations will, however, require access to the full 
set of compressed data. The simplest and most cost-effective alternative, at present, is to make tbe 
tapes available through a large.capacity (approximately 20 tape) tape changer. The disadvantage of 
this primary approach is acress time, which could becomll prohibitive, if low-level data analysis is to 
take place remotely. Alternative technologies include large disk farms and digital video disks. While 
both of these options are, at present, quite expensive, prices are dropping rapidly as the technology 
advances and may soon (mid-I998) be practical. 

3.8 Magnetic Guide Field 

Three different sets of transverse magnetic fields are required by the experiment. The first field is 
the IJ G Helmboltz field of the polariUT, the second field is the 10 G field that guides the neutron 
spin to the spin flipper and then to the LH2 target. The third field is the 10 G static field of the 
resonance spin Hipper described in section 3.3. Careful design is needed to match the fields to each 
other to prevent depolarization. 

For maximum SHe polariU\t.ion and minimum polarization losses during polarization reversal by 
the adiabatic fast passage, the inhomogeneity of the polaru.er field has to be less than 3 mG /em 
173. 74]. Magnetic: field gradients in the SHe cells would cause spin relaxation of the polarized SHe 
gas, which would compete with the slow spin exchange polarization process. Once the neutron beam 
is polarized, a static magnetic guide fidd is required to maintain the polarization. The projection 
or the neutron spin on the field direction is an adiabatic invariant, and is approximately conserved 
when WO/W L is small. Here, WB is the rate of change of the magnetic field direction, and WL is the 
neutron spin Lannor frequency, 29 kllz at 10 G. The 10 G guide field is large compared to ambient 
magnetic fields. 

The magnetic guide field will be created by a SEries of !1elmholu coils, oriented along the direction 
of neutron polarization (vertical). The diameters of the coils will vary according the size of the 
apparatus and the homogeneity requirements in each region . Trim coils will be used to improve 
the field unifonnity in the transitions between adjacent coils. Monte Carlo {751 calculations of the 
neutron spin transport will aid in the design of the coils. 

,) 
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4 Systematic Effects in the Experiment n + p -+ d + '"Y 

We distinguish between statistical (section 4.1) and systematic (section 4.2) errors. Theexperiment is 
designed to measure the directional asymmetry oC the emission of gamma. rays with the neutron spin 
direction. A syst.ematic error produces a signal in the detector that is coherent with the state or the 
neutron spin; for example, the current in a magnet used to Alp the neutron spin might be picked up 
by the gamma detector, or a guide field might steer the neutron beam up-down as the spin is changed 
hom up to down. A source or statistical error produces a detector signal that is not correlated with 
the neu"t!on spin direction; Cor example fluctuations in the nUlOber oC detected gamma rays due 
to counting stAtistics or drifts in amplifier offsets. The sire of statistical errors is important when 
discussing systematic mors, becAuse it is important to be able to di~ systematic error1l in a 
time that is short compared to the t ime it t.a.kes to measure the di rectional.., asymmetry. Systematic 
errors can be further classified according to whether they are instrumental in origin and are present 
whether or not. neutrons are being detected Of arise from an interaction 0{ the neu'roo spin other 
than the directional ., asymmetry in the ii + p -+ d +.., reaction, for example the parity-allowed 
asynunetry i .. ·(k .. xk,). Finally, it is important to isolate and study experimentally potent ial SOW"CeS 

or systematic erron. For example we can search ror false asymmetries from activation or components 
or the apparatus due to the capture or potamed neutrons bI emptying the liquid hydrogen target. 
We can monitor in situ effects such as the parity allowed. i .. . (A:" xky) correlal.KlIl in ii+p -+ d+., that 
produces lel"t-right asymmetries. W~ discuss auxiliary and in situ systematics checks in section 4.4 
below. 

4.1 Statistical Errors 

The statistical uncertainty associated with the number or gamma rays detected, counting st.ati.~tics, 
is unavoidable; the limit is set by the beam intensity and the detector soUd angle. The design goal 
or the detector, elect ronics, and data acquisition system is to make other sources or noise small 
compared to c.ountil'1t statistics. In order to measure the asymmetry with a statistical accuracy or 
0 .5 x 10 I in o Lle year, it is necessary to·observe "II 4 \( 10'6 photons. The asymmetry must I>C 
measured with an accuracy or I x 10- · ror each neutron beam pulse. In section 3.6 we showed 
that eJoctronic noise and drifts were small compared to counting statistics. The preamplifier noise 
is more than 100 times smaller than counting statist-ics at the ratc5 that ",ill be achieved in the 
apparatus. This very 10", level or electronic noise has important implications for our ability to 
diagnose systematic errors that are instrumental in origin. 

4 .2 Sources of Systematic Effects 

4 .2.1 System a tic Errors of Instrumental Origin 

h is not possible to give a complete list of sources or instrumental systematic erron. Many come 
tc.. mind: the influence of magnetic fields 00 detector gains, shifts in the mains voltage as power 
supplies are turned on and off, leakage of control signals into preamplifiers, etc. It is esse$.ial to be 
able to tell whether such effects are present in a short time, to learn whae they come from, and fix 
them . T hese effects are not associated with the neutron beam. There are t WO types of instrumental 
asymmetries; additive couplings and gain sbil't.s. Additive couplinp will be diagnosed by running 
the expefiment wi th the beam off and looking ror a non-urn up-down asymmetry. The electronic 
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materials in the apparatus. The susceptibility o f liquid hydrQ&en and aluminum an ,mall and 
the magnetization of these mat.erialtl in a 10 C&USI field are 2)( 10- 10 and 3)( 10-', MSpectively, 
relative to fully magnetized iron, and these materials pose no problem. 

Neutro D Beta Decay n -+ 11 + e- + j) The weak decay symmetries, in regard to analyzing 
power induced false asymroeLries, are P- and T +; the beta direction is t.OlTelat.ed _ ith tbe neutroo 
.spin directton. The fraction of neutroM that deay in the Larsetla approximately the stopplDS time 
divided by the neut ron decay time 

(38) 

Tbe a5ymroetry is 0 .1 1 and the conversion of beLa enerl)' to samma entrr;y In the sJowins down 
process is Iffl ftll - the fractional radiation yield for a beta havinS balf the end point erlerl)' Q6/2 "" 
0.39 MeV is 3.6 )( 10- 4 {791. We estimate the fabe &1ymmet.ry F to be 

F 1:::1 (l0-')(0. 11 )0.3~ev (3.6)( 10- 4 ) l1li 7 )( 10- 1) . (37) 

where s.. = 2.2 MeV. The effects o f the radiative decay n --t p + e + 1I +,.. internal brernsstrabluns. 
is eslim<t.tect as 

F ~ (10 - ')( 1.1 )( 10-1) (1gB 11:1 3 )( 10- 0, , (38) 

where 0 is the fine s tructure constant. The circu lar poIanution of gammas from bremsstrahlung is 
:::: I, but the small Malyzing power lOr ci rcular polari~atlon discussed above in the ca...e of i., . i ... 
makes t his source of false asymmetry negligible. 

n + d -+ t+...,. A deuterium (D:ll oontamination in the liquid hydrogen target can produce gammas 
via n + d -.. t +...,. An upper limit for the gallll ... asy mmel.ry of 1.5 )( 10- ' was obtained using 
the DDll li 'niu for 1I~ and Fr; . The abundance of D In II is.s Ui)( 10- ' . the D cross section is 
1.5)( 10- ) that of H. and tbe energy of t he gamma ray ia 6 .2 MeV. We e:<I timate the false 3SYIDOletry 

"'00 
(39) 

n +e Li--+'Li" -+ a +, ' LiF will be used to line tbe liquid bydrosen tarset to absorb neutrons 
that don't capture. This process is dangerous because a lar,e fraction, ~ 30%, of the neutrons that 
~nally entered the LH: tal"set will be captured by 'u III tbe proposed ,eorMtry. n +' Li -..' 
U' -.. 0- + f . The pMity violatlnS;,. . fG correlat.lon bas been meaaured to be < 6 )( 10-' [80J. The 
alphas make (0. n) reactions ieadinS to fast neutrons with a productiou probability of:::: 10- 4 181J. 
These fast neutrons un deposit large ener&ies, -= 20 MeV pmma equr.-alent , in the detector. We 
estimate the falst- asymmetry to be: 

F < 0.3 )( 6)( 10- 1 )( 10-4)( ~ :::: 2 )C 10- 11 , (40) 

where E .. = 20 MI"V and s.. = 2.2 MeV. The fraction of neuUOO5 tbat upture on the 'Li and the 
ifF will be small because the capture cross sections are amaJI, 0.16 and 0.034 bams at 2 meV as 
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opposed to 3.S x 10' barns for IIoLi at. 2 meV. We assume 10% 7Li and 90% ILl. The fraction of 
neutrons tha t captuce on tLI aDd IIF are then O.S)t 1O-~ and 1.2 x 10- 6 , We COll.5ider the Calse 
asym.rneuies from tht- beta decay 0( d~ polari'l.ed species below. 

Mott-Schwinger Scattering of Polarited Neutrons The electromacnetic neutron spio-«bit 
interaction is much larger at low en«gWs than the nuclear spifK)fbil scaU,f·ing: the &lllplitude is 
about 10- 3 or the strong interaction neutron scattering amplitude for a bare nucleus. Howe~ tbi!l 
amplitude is imaginary, and iLS interference with the nuclear tcau.ering amplitude is IUppressed fo r 
most nuclei, "'hose nucle3l scatterin& amplltudes are almost entirely real at low energy. FUrt.hennore, 
the electromagnetic scattering amplitude is reduced at smaIJ momentum transfl!r (large impact 
parameter) by the saeening of the nuclear chatge by the atomic electrons. Tbe left- right scattering 
asymmetry causes the beam to tDOVe kh-right bet......eetl t ilt! two polarization di rections. 

A r..areful calculauOll was performed for the bydrogen Wget. The calculation tOOk int.o account 
the detAils of the angular dependence of the Mott.$chwin&er seattering due w the diffe ring form 
factors for the ooutron scattering from the nuclear &J1d electronic charge distribuLions, the oorreclionll 
due to the shape of the molecule. and the geometry of the target 311ft detector a rray. The resul t is 
an analyting power :::. 1O~7 at a scattering angle of 45 deuees. The beam center shifts left-right by 
a small amount. The resultin@: change in thl'. gamma ray intensity is about IO- a in the left-right 
direction. The symmetry of the apparatus reduces this effect in tbe Ulrdown direction by 10- 1 

~ving a fal!\C asymmetry of 10- 111 at 2 meV. M')st of the asymmetry comes from scattering in the 
liquid hydrogen; the effect from the aluminum entrance window is minimal because the interaction 
probability is small. The time.-of.flight dep~ndence of this effect is c'··. 

ij . V B T~ Ii . "B force can steer the neutrons u~ down aod cause an uv-down asymmetry. 
This effect is minimized by the use of the radio-frequency spin flipper. The 10 Gaus~ guide field i~ 

homogeneous from the 311e polarizer and the fl - VB force vanishes. For A 0. 1 Gauss field change 
nw'r the dLmensions of the apparatus we estimate a false asymmetry of 10- 10. This false asymmetry 
depcn-is on Tor as I. The fal~ asymmetry changes sign when tbe guidl'! Geld i~ re\'ersed. 

8n • kn The neutron experienr.es a parity violating in ' k.. inlera.ction as it propagates through the 
liquid hydrogen. Heckel estimates a spin rotation of 2 x 10-7 radian~/cro . Tbis produces a rot.a.tion 
or 6)( 10 - 6 radians in the 30 cm thi~ of the target. Tbls rotation has the same consequences 
as the detector asymmetry. Tbe rotation produces a false asymmetry by coupling sollie left-right 
asymmetry jnto the up-down d irection. We have assumed a detector asymmetry of 10- 2 abov~ Md 
6 x IO - ~ « 10- 2 • The parity violating lonptudinal asymmetry is IX k" and is nq;:Ugible for Olld 
neulrons. This asymmetry shirt.:! t he beam in a forward-back ... a rd direction and is rejected by the 
symmetry of the apparatus. 

Beta Decay of Pu larized N udei from tbe Capture or Polarised N eut rons The false effect 
from these proces5e$ arises from the parity·violating beta decay cr polarized nuclei. We..a.ssulne a 
correlation of 0. 1 between tbe neutron spin d irection and the direction ol emission of the bel&. The 
false asymmetry i~ reversed by a factor of jQ(1/ £." where QfJ is the end·point energy, I is the fraction 
of the beta energy CQnverted to bre~l.rahlung in the slowing down process, and E; = 2.2 MeV. 
We Lake this fract ion from ref. [791. The lime structure of the beam &J1d the reiaJw.tion of thf: nuclear 
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11 AI :RIMg 'u lVI" 1·0 !/liZ. totpb 

AbuDdance 1 0.11 0.1 1 o.em 0.03 0.52 
Daugbter 1a AI 17Mg 'Li ~F "0 ·'Zr l09Pb 

Mean Life (5) 138 570 0.8< 11 .4 " 6. 1 >( 10' 1.2 )< 10' 
g IA " 10- · 3.2 )( 10- 6 2.7>< 10- 1 1.7)( 10- - 6.5)( 10- a 4.1)< 10- > 1.6 x 10- 7 

O' .... ~r. (b) 0.85 0.13 0.16 0.11>1 5.7 )( 10- + 0.08 Ll x 10- 1 

0 11 (MeV) ••• 1.8 16.0 7.0 3.' ,.., 0.64 
Fraction 1.9 " IO- J 3.3 x IO-~ 1.1 " 10-1 1.2 Ie 10- ' 4.3 x lQ_v 5.0 .. 10- 1 1.7 x 10- 6 

F •• ., (E,.,/2) 2.0)( 10- 1 8.9 x 10- 1 3.1 )( 10- 1 1.4 ><10-1 9.4 " 10- 1 .... 1 x 10- 2 3.8)( 10- 1 

E,F •• ,,/4.'" MeV 2.1 )( 10 - 2 3.6)( 10- 1 0. 11 2.2 )( 10- 1 7.5)( 10- 1 2.5)( 1O- J 5.5 )( 10- 1 

F 5.6 II. 10- 1& 2.1 x 10- 1• 1.4 1<10- /0 2.6 I( 10- 11 1.1" 10- 11 5.1 " 10- 11 7.8 I( 10- 11 

Table 4: P ropertje& of nuclei that can contribute to false asymmetries by beLa decay alter capturing 
polarized neutrons. The isotope that gi~ the largest false asymmetry is shown. 

the fabe asymmetries generated by these changes is fast spin reversal. This aJlows asymmetry 
measurements to be made in each neutron spin state very close together in time, before siplificant 
drUt occurs. In addition, by carefully choosing the sequence of spin reversal, the effects of any 
remaining drifts can be further reduce-I. We plan to reverse the neutron beam polarization at 
20 Hz; that is with each beam pul'!e. The optimal spin-reversal sequence depends upon the specific 
chilfactcristics 0( the largest systematic drifts and has yet to be determined. We will describe ODe 
possihle sequence. 

The importance of the spin reversal sequence "..an be illustrated by considering an effid'incy 
d ifference between up and down detectors that drifts linearly with time, such that the diff~nce is 
positive and Increasing. If the neutron spin is Simply alternated between the two states t ~ j J. ... , the 
second !;talA1 will always have a larger asymmetry, leading to a false effect. However, if the four-step 
sequence tUt is chosen instead, th ... effect is canceled. Carrying the process one step further gives 
the eight-step sequence t.w. t J. ttJ., which cancels time-ordered drifts to quadratic order [821. 

A more r~listic examrle is a spin-independent fa lse asymmetry that has an exponential time 
dependence £ = Ae- I/· . We take for amplitude A = 1 X lO- 6 and for the time constant T = 
lOOT, where T is the time between spin states. These pMameters reflect reasonable values for 
slowly d rift ing systematic effects . This false asymmetry is great ly reduced by taking the difference 
between asymmeu ies measured with positive and negative neuuoo spin directions, but the size of 
tht' reduction depends strongly on the spin-flip sequence chosen. We will consider three different 
sequences, consisting of eight asymmetry measurements, four for each oeutron spin direction: 1) the 
two-step sequence t J. j J. j .tt!, the four-step sequence t.w.ttJ.J.t, and the eight-step sequence rUr! tt J.. 
The result.s. summarized in table 5, clearly show that for this type of systematic dril~ the eight-step 
sequence is superior. 

T he most imporlant time-dependent systematic effects arise from drifts in detector efficiencies. 
Thi~ is because differf'.nces in detector efficiency are the o rigin of the largest time-independent sys
tematic asymmetry, which is of order lO-~. To the extent that this effect is conslant with time, it is 
removed by reversing the neutron spin. Thus, it is only the time-dependent ririfu! that C¥ cause a 
false effect . We divide the detector drift into two componenu: an intrinsic tcnn, which is indepen
dent 0( environmental conditions and a temperature-dependent term. Both have been measured by 
Frle?, e( al. [701 for similar detectors, who rt'port coefficients of 1% per week fo r intrinsic drift and 
I % peT degree C for temperaLUre-dependent drift . 
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The neutroo depolariution above IS meV not only effectively turns 01T the parity violating si~: 
it also must tum off all systematic effecu that require the neull'OOI to be polarized in the para· 
hydraten wget . for ex:unple, Mott-Schwinger scattering effects in para-hydrogen, brem5ltrahlung 
from parity. violating beta decay of 7Li formed from poIa.ri1.ed neutron capture In the !.arget liner, 
and the parity-conserving asymmetry must vanish above l S meV . On the other hand, systematic 
effecUi not associa.t.ed with hydrogen, sud! as Mou-Schwinser lCallering a'td bremsstrahlung from 
rarity-violating beta decay of window materiab before Lhe target, will still be present at neutron 
energies above IS meV. 

The combination of these diagnostics is an imJKIrtant tOol fOr identifying suffiCiently large system
atk effects that either ha~'e been overlooked or underestimated in our analysi5. We have indicated 
in the systematic effects section both the expected time d;!pendence of the .ystematic effect and 
whether or not it turns aff as the neut.ron., Me depolarized in the target above 15 meV. 

4.3.2 Target Diagnostics 

Two properties of the t.arget must be ensured. It is essential t hat the ortho-hydragen content in the 
wget remain small, to minimiu neutron depolarization before capture. In additian, it is important 
to verify that the neULron polarizatkm upon capture in the target behaves as eKpected in order to 
make full use of the timc-of-flight diag.nOfitic t.echnique for Iystemalic effecu described above. 

There are two conveoient ways to monilol tbe Of tOO-para ratio of the wget. For.1 20 K liq
uid hydrogen target held at atmospheric pressure the equilibrium concentra.Lion af para·hydrogen is 
99.8%. This concentration can be mea.~ured with a gas thermal conductivity cell . One measures the 
resistivity change of io. wire in thermal contact with the gas. The technique exploiu the Significant 
difi'erenl.."e bet'N()Cn the thermal conductivities of ortho and para. hydrogen gas 183, 841. The mea· 
sll[emellt accuracy of this technique is about 0.4%. This methad suffers from possible changes in 
the ratio due to conversion on the tube walls during extraction of the gas. In additloll , it may not 
h(' oompatible with the safety requirements for the target. 

Another solution Is to allow a fraction of the forward SCl\u.ereJ neutrons in the target to escape 
the eU neutron shiel.~ing and reach a beam monitor behind the! wget. The beam monitor can be 
used to see changes in the relative oonC(!ntrations of ortho-hydrogen Ilnd para.hydrogen in the t.arget 
(asld in the 11eutron oold source). This is possible doe to the very large dlfferen~ in neotron cross 
lICCtions for the t .... o species at 10\00' neotron energies (500 fi~ 21) . At <4 meV neutton energy, for 
example, the ortho-hydrogen cross section is larger than the para.hydrogo,!n cross section by a factor 
of about 20. Furthermore, this cross section ratio dt3l1ges as a function of energy in a k.nown .... ay 
in our energy regime. f or a. small change in tbe onbo-bydrogen concentration of the target, the 
fractional change in transruis. .. ~ion is therefore wger (by the same (a.ctor) than an equivalent change 
In the target density. Doobling the 0.2% equilibrium artho-hydrogen COfIGentratian in the target, for 
example, leads to a 10% decrease in the l.I'ansmi$slon &1 4 meV. Thill monitoring method is more 
di rect aDd is oomplet.cly compalible with liquid hydrogen aafcty requiremenu. The tra.nsrnission 
method" &ellsitive to ortho-para changes in the cold moderator as ..-ell. Changes in the efficiency 
of the cald moderator are expected to be smaller fot a given chant,e in ortbo oonc:entratian than 
changes in the para.hydrogen target transmission. We .... ilI veriry thi5 expectat ion with empty
talget. measurements 600n after the cold moderator is operatIOnal. Once tbe steady-state properties 
of the moderatol and target are established, a lime-independent tr3llllm1s3ion specll'um is suffident 
\·erifiG.\tion that the ortho concentration is acceptable. 

The appropriatr. tK-am lnonitor for this task would need to posst:SS an efficiency with Iwown 
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Figure 21 : Measured scatt<. ~g cross sections for neutrons on para-hydrogen (circle5) and neutrOnl5 
on normal (75% ortho-) hydrogen (squares) . The solid line is the CfOS-' section for n-p capture. [851. 
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energy dependence. Tbe two practical ways to achieve this goal r~ low energy neutron beams are 

1. to use a '"thin" detector and exploit the lJv dependence of neutron absorption cross sections, 
~d 

2. to use a totally absorbing detector. 

In the latter case current mode detection may be required due to the bigh rates. A 10'" Z target 
is also preferred to reduce sensitivity to the intense gamma flasb from the spallation burst and to 
capture gammas from the source. Such a beam monitor has ainady been developed by the TRIPLE 
collaboration (56}. It is a dual ion chamber with ' He and 4He '15 the WCM"nog g&Sell. The signals 
from the two ion chambeTS are subtra.cted to remove the gamma-induced component of the signal. 

Information on the neutroo polariutkm before c.apture is m()£e difficult to obtain experimentally. 
The ideal approach would be W introduce a liquid tbat depolarizes neutrons in the same _y as para
hydrogen and possesses a nuclear species with a l3r&c parity-violatiog asymmetry. »Cl possesses a 
parity-violating gamma asymmetry integrated over the oeulron captu~gamma spectrum of2" 10-6 

187] , which is Iwge enough to collect counting statistics in a short time. CI is a component in several 
room-temperature liquids. No liquid containing t rus I :::: 3/2 species will reproduce the full energy 
dependence of neutron depolarization produced in the para-hydrogen tarset, bowever. To the extent 
that the depoIaru:ation could be calculated for some liquid with )SCI, it would certainly be useful 
a3 a demonstrat ion of the techoiques described above. 

The poIa.rization of the neutrons leaving the target carries 90Ille ioformatioo on the energy 
d~pendence of the depolariut.ion process. One can anal)'V! the polariz.ation of Corwarc. scattered 
neutrons as a function of enCTgy using a polarized ' He analyzer and a transmission detector. Similal' 
measuremen18 have recently been performed, at LANSCE in an effort to determine the absolute 
neutron beam polarization produced by a polarized ' He wget 1881. Only a relative transmission 
measurement is required [40J. This measurement would give a upper bound as a function of energy 
on the neutron polarization beCore capture. In addition, such a measurement can be used as a check 
on a f.hooret ical calculation of the depola.rization. 

4.4 Auxiliary Measurements 

Auxiliary measurements to test for and limit possible systematic errors can be divided into two 
broad cla.,ses. T he first class are those measurements done ~on-line", that is , while n + p -+ d + ..., 
data is being acquired. 

Because of the geometrical suppression expected by the left-right and Up-<iOWll symmetries of 
the detcct.or, any ob5e~ left-right current asymmetry (expected to be 2 J( 10-' due to a parity 
conserving I: .." interaction, see section 4.2.2) can be divided by 100 to get the possible contaminatioo 
to the up..down (parity) current change correlated with the neutron spin reversal. 

It will also be importa.ot todetemine whether there is any change in neutron trajectory correlated 
with the spin Hipper operation. Such a trajectory change could give a false parity signal because 
the gammas created by the neutron capture will have a S"patial dislribution, hence a different solid 
angle at each detcctor. The change in couot rate R betweeI'! the two detector5, for a pofnt sowce 
located between them at a distance d from each, is given by the change in solid angle AO to each 
detector; 

I I 46 
tlRaaOor (d _ c!i)2 - (d+6)2:::: dl (42) 
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Figure 22: Experimental arrangement for the test experiment, showing the neutron beam, polyethy
lene target, and Cd deteCtors. 

Two different electronic configurations were tested. In the first, only two individual phototubes 
were connected to low-noise preamplifiers attached directly to the phototube sockets. The amplified 
signals then went 1.0 a NIM module tbat formed sum and difference. signals. This arrangement 
was used to measure the electronic noise and is similar to the design of the actual measurement, 
where each phot.ocathode will have 30 individual amplifier . In the second configuraL;on. the rll lector 
pholOCAlhodes were oon ne<;ted together in two (.!'Oups of six., 'these t .... ,o signals then went to external 
preamplifiers and then to the sum and difference amplifiers, as described above. This arrangement 
was used to study fluctuations in the capl.ure gamma. flux , cine to effE'Cts such as beam intensity and 
J)osition modulations. With this arrangement, we could measure the spectral density of the ooam 
lloise. 

The (\eU!Ctor electroniC! used for the nOise measurements are shown in figure 23. T he circuit 
consists of two low-noise current-to-volt.age (IV) amplifiers, follov.-ed by Stages that take the sum and 
di fference of the t .... o voltages. The IV arnplifier5 where d~ed using AD74SA op-amp!l. T hese 
op-arnp:'l have a typical voltage noiM! den$ity of 2.9 n V I v'Hz and a typical curr'!lIt noise density 
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2. how quickly do the neutrons depola.rize in the t.a.l"get at incident enerVes (~ 15 meV) that are 
high enough LO excite the para-hydrogen molecule. 

The I.Mget dimensions can be estimated from the need to stop and capture neutrons of a few 
meV kinetic energy. The neutron transport in the target can be thought of as being composed 
of two steps: first the neutrons reach. equiiiurlum with the target, and then they diffu.<;e in the 
target until they escape or capture. We can perform a crude estimate as follows. The mean free 
path I == l!na. for 4 meV neutrons in para-hydrogen is i\bout 9 cm, and one expects the a\"Crage 
number of oolli~\ol\!'! before capture, N "" a./a., to be about 2.5 for 4 meV neutrons. ah a. , and a. 
are the total, ,,-attering. and abSOTption cross sectiOILS. The mca.n diSLance to capture is therefore 
l../N = 14 cm. However. this estimate does not include a.ll of the dynamics of the process, such as 
the angular dependence of the scaiteting and tbe euergy transfer. To obtain an estimate including 
th~ factors , we petfonned Monte Carlo calculations. The results of the calculatiou show that a 
l.arget with a radius of 30 cm and a length of 30 cm is sufficient to capture 60% of tbe incident 
neutrons. 

The average scattering artgle as a function of incident neutron energy is shown in figure 26. Monte 
Carlo simulations. show that above 10 meV the average statt.el"ing 3rlJ;le varies from 75-60 degrees 
as the energy increases. Figure 26 also sbows the avet"age energy loss for the initial scattering event 
as a function of incident neutron energy. Above 10 meV , the incident neutron loses on average 3/4 
of its initial energy in the first collision. 

In order to understand the implications of these resul !,.:;. it is convenient to divide the neutrons 
into two classes: those above 15 meV and those below 15 nleV . Refer to figure 21, which shows the 
enef~ dependence of the neutron scatterin:; and absorption cross sections in para-hydrogen. After 
1-2 collisions the average energy of the neutrons is below 15 rneV. When this Stale is reached the 
kinetic energy of the neutron is not far frum that of the molecules in the target, and so one expe<:lS 
the neulron motion LO become isotropic. Below 15 meV the average number of scatterings before 
CapIUff" is si milar, and it varies slowly as a function of neutron energy for the range of incident 
neutroo en'?rgies in the beam. We tberefor~ expeCt that .... \: will need to make the target about twic~ 
as kIDg along the I:-"am direction as it i. .. wide due to this "free streaming" of the beam in the forward 
direction prior to the first S<"Attering. 

F"igure 27 shows the fraction of incident neutrons that produce capture gammas in a cylindTicai 
target as a function of target dimensions. We assume a 10 em x 10 em beam with the expected 
eneL"gy distribution from ;.he planned LANSCE cold moderator. About 60% of the incident neutrons 
t;apture in the hydrogen. Gi'.-en the slow rate of increas-e of tbe capture efficiency of the target with 
increasing si-re , we haw settled on a 15 cm ra.dius and a 30 cm length as the design dimensions for 
thl;' target. Of the neu~rons that do not capture in the target, about 11}-1 5% backscatter or diffuse 
out the front of the target, 5% are transmitted. and the rest leak (lut radially. These results for the 
fraction of neutrons that capture in the target are consis!.(!nt with the experience of the previous 
att.entpt to mea.sure paritr violation in rl + P ~ d +..., performed at the ILL flO]. 

The i!;,~ u~ of neutron depolarization can be discussed qualitatively as follows. As mentioned 
ahove, the ground state of the hydrogen molecule, para-hydrogen , has J = L = S = 0, and the 
first excited state, ortbo-hydrogen, is at 15 meV. Neutrons below this energy cannot u-cite the 
para-hydrogen molecule so only elastic scattering is allowed, and spin-flip SCAttering is forbidden. 
The neutron polarization therefore survives the scattering event!! that ~cur before capture. (In 
fael, lhere is a small amount of depolarization due to the presence of ort.ho-hydrogen and deuterium 
impurities: we estimate lhat one retail1s 98% of the incident polariutioD if one assumes a 0.2% ortho-
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Figure 26: MODte Carlo wcula~ioa of the average scattering angle (top) and &vtTage energy loss 
(bottom) of neutrons in pa.ra.hydro&en as a function of neutron ef\el:gy. 
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hydrogen concentration. There wil l also be a small amoUDt of dcpolarUation from the deuterium 
impurities in the t.arget). Higher energy neutrons will undergo spin.fllp scattering and wi ll depolarize. 
We tberefore expect the neutron polarizat ion before capture to be high below 15 mcV and to fali 
sharply above 15 meV as spin.flip scattering becomes possible. 

A complete calculation of the spin.fl ip scattering probability of a polarized neutron from a hydr(). 
gen molecule must take into 8C00UDt all of the details of the rotational dynamia of t.be molecule in 
the Liquid and is rather involved. However, we can perform a calculation tbat set.5 lUI upper limit on 
the ratio of the spin·flip scaltering to t.be total scattering as foUews. It Is easy to derive the following 
expression for tbe ooas sections for .spin-flip and oo-spin. flip scattering from a single isolMed nucleus 
1901: (I"o/H, = (I~+ 1/:»; and U/I;, = 2/30( where (Ie and U; an the coherent and incoherent neutron 
scattering cross section.s. When coberent scattering is dominant, the depolarization is smal1. When 
incoherent scattering is dominant, as it is for the higher energy neutrons on hydrogen. the beam is 
quickly depolarized. 

We have perfonned a Monte Carlo calculation oC the neuU'on polarization upon capture as a 
function of incident neutron energy for this ext..reme case. The resulu are seen in figure 28. Tbe 
results C&rI be understood as follows. The neutrons with enCTSY greater than. 15 meV, wbich an 
susceptible to depolari2atioo quickly (within 1- 2 coUisions) . bIe enough energy that tbeir kinetic 
energy fails below 15 meV, where they are safe from further depolarizatioo before capture. In the 
incident enCl:g.Y range from 15-SO meV, the neutrollS undergo one scattering event that bri~s their 
energy below 15 meV, and .!iO the final poIari2.ation upon c.apture is close to the theoretical extreme 
of - 1/3, that is, the polariULiOll decreases: and is reversed. At higher enerPt's where one gets on 
avera.&e tWO scattering before fa.lling below IS meV, the polari:r.at.ioo is posi, ive again and do'll'l) by 
another filCtoc' 0( 1/3. 

This CTUde estimate effectively lruts the atoms in the molecule independently and so u; expected 
to be accurate only for hjgher energy neutrons. It will wi in the intermediate eneT!:)' repon. and 
more sophinicated calculations need 1.0 be perfonned. We intend t.o pursue at! approximation in 
that only the effects of the L = O. S = 0 to L = I , S = I para-ortho tr&l1sit ioD is taken illto account, 
since it is t hl': dominant feature in the rise io tbe scattering crOS! section above 15 meV. We M.ll UJe 

t ile free rotor approximatioo for Liquid hydrogen (the Young.Koppel model) in lhis estimate. It is 
impo(lallt to ver:ify the understanding of the depolarization mechanism by &I1a1y!.ing the transmitted 
neuU'on polariutioo behind the hydrogen targel. 

5.3.2 Modeljog of Cd Det ect or Array 

Tbe goals for tbe modeling of the gamma detector array are 

J. to calculate the acceptanCi:, 

2. to model the electron-phol.On sb()\\.'Cr and determine its relevant propertiES, 

3. to determine for each detector the aver~e fraction of energy that is deposited and the Ouctu
alions in this avet'age. 

Our proposed segmented gamma detector contains 48 cubes of esI , IS em )( 15 em )( 15 em. The 
15 em thickness corresponds to 3 mean free paths for 2.2 MeV gamma rays. Figw-e 17 sbows the 
arrang~ment of the crystals relative to the central volume of the liquid hydrogen target . We have 
calculated the fraction of gammas [{om the target that are stopped in the array USing lhe MCNP 
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becomes posaible. It is tbought tllat elevated temperatures are more hannfuJ t.o the SUide than 
radiation damage. In any a&e, the mounting s)'3tetn will be designed to allow replacement of 
damaged guide sf!(.tions. 

The shutter mechAnism wiU COIl3ist of a steel block, about 1.5 m long, witb a penetration for a 
neutrOll !\Iide. similar to tbe guKle section inside the biokJgical sbield, to transport the beam. when 
the shutter is opt'n (the upper position). In the shutter closed position (th(' lower position) the 
beam will interact with the beAm stop, a combination of polyethylene and swcl layenl sWTouoded 
by tungsten as indicated in 6gure 30. The ahutter will be railed and lowered by pneumatic cylinden, 
aDd precision fixtures ~I establish the relative alignment of me fuc:ed and movable guide ~ions 
when it is open . To ker.p tbe r.ru.at.ion levels to an &exepu.ble level at th~ expuimeoc.a1 room, the 
shuuer mechanism has to be eoclosed within a proper desiped radiation sltield. 

6 Progress Expected in the Near Future 

During the next MLNSC production cycle, _ au planning a t.ett experiment tbat will test several 
pieces of the experimental apparatus and .... ill measure the sensitivity U) as many systemat ic effects 
as possible. Since the beam line required fl'C the fin.l experiment will not be available, these tests 
""ill be done OD an existing cold neutron beam line. We will construct a test apparatus conSisting 
of 4 of the full complemt!llt of 48 detectors. The detecl.OrS, each a 15 cm cube of CsI(TI) as in the 
fwl experiment, will be placed symmetricaily up, down, left, and right around a poIyetbylene target. 
This tArget. will be cbo5en to have the same diameter and hydrogen thiclcnt$S as the LH2 target. 
This test setup will allow (or the development and test of the data acquisition 'ystem, as well as 
tats of many systematics. 

Tbl! test will procee<\ in stll&es. In the first ,~c, ti!nm tests will be performed, both with aDd 
without gamma SOUlet'S, to test detector performance, data acquisition, noise leyels, and electronic 
pickUp. During this phase, the VME DAQ development will be completed. Stability of the detectors 
and associated electronics with tem~ature, time, and Ulll6Jletic field will be established. USing Light 
emit'ing diodes, we will mC&'!ure the syst.ero linearity. In the AeCOnd stage. the apparatus will be 
moved to an existing cold neutron beam line, with the beam being captured in the polyethylene 
target. This will allow systematic tests for asymmetrirs associated with drifts and with beam 
intensi ty and position modulations. In third st.a&e, the beam will be polu;U.ed by a small ' HI! 
polarizer. Tests for fabe asymmetries MWCiated with ncutron polariution will be conducted . In 
addition, dl!velopment and testing of the RF spin flipper, magnetic guide 6eld, and full·scale ' He 
poluizer will be conducted. 

AI. the end of this series of tests, all major components of the experiment , with the exception 
of the LH~ targetl , wiU baye been tested. In additIon, the sensitivi ty o f the apparatus to most 
systematic effects will have been established. 

7 Conclusion 

The paril,y violating asymmetry A.., in ri + p -4 d + "( can be measured to a statjstical aCCUlacy of 
5 )( 10-9 in one year of data at the upgraded version of LANSCE now under construction. The 
systematic errors will be held below the slatistical errors by creative usc of the time structure of 

JThc d~""lopm~n( of the LH2 lugel .. III p~ In p;onJlel. but will DOt require:l. neutron bum. 

n 



I , 

j 

a pulsed neutron source. A unique feature 01 this experimeot 15 that A., determlnes the weak NN 
coupling H~ with negligible uncertainty due to nuclear structUle. The propn5ed measuremevt 01 H! 
will 

I. unambiguously det.ermine its value, 

2. detel'mine the longest range and most important of the weak NN couplings, 

3. provide an essential step in over-constraining the weak NN couplings and testins: the meson
exchange picture of th~ weak NN intelact.ion, and 

4. test. QeD modifications of quark-quark neutral currents in bound systems; mcson.s and nucle
ons. The implication.s of the measurement of A.., in Ii + p -+ d +.., are discu.'IOOd in IllOre detail 
in section 1.8 at the end of the introduction. 
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Los Alamos National Laboratory 

J.D. Bowman Fellow. Extensive experience in the study of parity violation and fundamental sym
melries: PV in compound nuclear reactions, PV in p-p interactions at 15, BOO, and 6000 MeV. 
Symmetry violating pr~: '" --t e +-y and p. -+ e+ "1+,.- Exten,ive experience in det.ect.or 
development and methods to reduce systematic errors in symmelI')' tests. 

C.L. G reene Staff Member. Active in the field of p~OD meMuremenls and symmetry test 
with l(lw energy neutrons (or more than t_01y years. Participated in the lint Ob&ervatiOD of 
P.violating neutron spin precession and in measurements detennining the mass, lifetime and 
magnetic moment of the neutron, among other activities. 

G.E. HoglIll Staff Member". Extensive experience in p&l:ticle and pueleat' physics experiments. 
Played a major part in the design, construction, and running of the MEGA (p -+ e + 1') ex
periment. Experience in hardware (chambers, complex gas syst.em!l, scintiUators) &/ld SOftwlUc 
(analy~is. databases, and st.and alone DAQ systems) design and construction. Currently part 
of the Proton Radiography project. Designed and coded the PC DAQ program, a Windows 
based data acquisition program. 

J .N. Knudson Staff Member. Participated in medium-wagy nuclear physics research for more 
than fifteen years. Active participant in a program studying parity \'ioiation in nuclear systems 
for eight years. 

S.K . Lamoreaux Staff Member. Extensive theoretical and experimental work in the applications 
of atomic systems and cold neutrons to the study of fundamental interactions. Participated in 
the roost sensitive measurements of atomic and neutron electric dipole moments, 3Ild in the 
measurement of neutron-nucleon weak interactions by spin rotation. 

G.L. Morg>m St.aff Member. Active in the field of nuclear physial at both low and intermediate 
energies for over thirty yean!. Participated in numerous experiments, principally at Los Alamos 
(LANSCE) and Oak Ridge (ORELA) in both pure and applied research in tlH;: field of neutron 
physia . 

C.L. Morris Fellow, Extensive experience in medium energy physics. Active in the fields of cold 
and ultra cold neutron experimentation at LANSCE. 

5.1. Penuili Staff Member. Studied for years parity violation with low-energy neutrons, extensive 
experience in cryogenics and optically poIariud lHe, years of experience in MLNSC and its 
beam lines. 

D.A. Smith Post-Doctoral Researcher. Active in research at Los Alamos for the past eight years. 
Performed tIM! final experiments measuring parity violation in the compound nuclear system.. 
along with auxiliary experiments into neutron resonance spectroscopy. Active in the develop
ment and use or polarized 'He ror the production of iow-e.nergy polarized neutron beams. 
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F .E. Wiet(eldt Staff Member. Three years of experience witb fundamental nuclear physics exper· 
iments using polarized and unpolacized neutron beams at N.I.S.T. and the I.L.L. Participated 
in measurements of the free neutron lifetime, PNC neutron spin rotation in liquid helium, time 
reversal violation in neutron decay, and the neutrino-spin asymmetry coefficient in neutron de
~y. 

University of New Hampsbke 

M .B . Leuschner Research Assistant Professor. Experience in polarization and parity violation 
experiments, includmg measurements with low ene.-gy neutrons and gamma ray asymmetries. 
Development of techniques for polarWng noble gaoos via the spin-exchang( method. 

V.R. Pomeroy Graduate Student. Recent participation in low energy neutron physics program 
at LANSCE. Devel"pment of polari7.ed 'He neutron spin filter. Extensive experience in spin
exchange te<:hniques for polarizing noble gases. 

Kyoto Uruversity 

A. Masaike Professor . Working in the \\ide field of element.a..ry particle phySiCS, in particular 
precise test of symme'.ries, high energy spin physics, hyperon-nuclear interactions, high energy 
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Y. Matsuda Graduate SI.udent. Recently completed a Ph.D. on the study of parity violation in 
compound nuclear systems, carried out at LANSCE. 

KEK National Laboratory 

S. Ishimoto St.a'" Member. Acti\'e in the field of spin physics using polarized and liquid hydrogen 
targets for more than twenty years. Participated in the study and development of the polarized 
proton filter at KEK. Developed polarized proton and deuteron targets at KEK. LANL and 
CERN. Developed s<.'v<):raJ type; liquid hydrogen targets at KEK. 

Y. Masuda St.aff Member . Precision tests of symmetry violation in the nucleus. Poladution of 
neutrons and nuclei. 
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Indiana University 
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