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Ahstract

We proposs to meanure the parity-violaling esvemmetsy A, of the oorrelation beiwsss ths dires-
tion of emission of the gamma ray E, and the nestron polarization &, in the reaction @ +p - d+ 7.
This nsymmetry is axpectod to be 22 § x 10°%. We argoe that it is pessible to oblain a statigtical
uncertalaty of 0.6 = 10-F at LANSCE. We arpue thal systematic errors are expecied &0 be small
compared Lo ihe statistical ervor, The symmetries of the strong, weak and ceciromagnetic inter-
netlons imply that A, is determined by the AF = 1 part of the weak interaction. The sessitivity of
ihe dewisron wave Function o the long-range compoaneins of the MV inleraciion imples thas 4 &
dominated by the longest-range &1 = 1 combribrtion, which b doe Wb weak piob eechange. The asyms-
metry, Ay, can therefore be related o Lhe weak iBovection plot-nucleon-neckos ooopling, HY, with
negligible uncertainty dus to nuclear strocture. (We uss the definition of the weak nucleon-nocieon
oouplings of Adelborger and Haxion [1].] We will deiermine H! with an uncertatnty of 1.0 x 1077,
1'% af ita expected valee, 1.1 & 1077, AL pevseni ihere are e experimenis; gaming ray circolar
polarization for "'F (M) «< 0.3 = 10°*) and the anapole moment of "5 (H] = 24 £ 06 = 10~%)
thit bave been tisrpreted Lo give very differesd wales of H

There are thies physles goak thal thin messurament sddresses, matched 1o Uhree diffsrent ensrgy
regimis. A measiremonl of N 1o the propoesd sccoracy will B its valee, thereby resolving the
curran controversy. We owllioe a beasible and pastally complete program of messurements that
will over-conitrain the weak NN couplingl. Completion of this prorrem will Goslly aliow parity
wiclation messremens 10 be used 1o addiem questions in neclear physics. A reiiable messarement
of K] i§ an sssemin! pan of an exjerimentsl progrem o ower-determine the weak NV cogplings
and theteby bhel the iternal conalisney of L masos. cxchange peciune of the weal NN interartion
Boch & trst of the meson exchange picliare has the potestial 1o tell us omeihing new about low
energy JUD, esperaally if the mmon piciure lafls. Finally, oo the 41 = | Bavor-conserving weak
NN intevaction b dombnated by gearb-guark seatrel ourrents sl Lhe clecirowead scale, we cas lears
berm Lhe eflective sirength of quark-guark eedsal corvents i medified by QO
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1 Introdoction

The haddrnlc weak iateaction munibmts itsell b parity-vislsting phenomens bolh s the el
wymbim and is pecke, A panity-nielaing sged B nessory LW iselas orperimentally the hadronic
woik interaction (which doss mol consesve parily ) from ithe much luger effects of the strong and
eloctrmnagnotic miersctbons (which consrve parity). The waak intersction beiwess socdeons = a
nucheus was firel ohasrvd in experiments on low energy polarised pevtron captere in 1964 (1. Since
i pioneering evperiments of Aboy, parily-violsing phenomens in noclel bave been exiensively
miuelnid experimentally.  Parity-violsting alpha wransitsons, parity-violsting croular p-ray polaris-
Lo, pariiy-violsting saymmetries from polarised podel, and most reosntly asapol moments of
nuclear graund sates have hees observed and measnred with good precision.

Although a theorsibcal framework (Lhe weal meson-sxchange potential) has been developad, the
theoratical undersianabing of weal interactions i muclel has not kept pace with experiment In
particular

1. The weak couplings thai give the spin, sospin, poition, and momentom dependsnce of e
pateniial have pol yel been determiped

2 The salidity of the deseri pibon of the weak interaction n miclel msing & Beson-=xchange po-
venbial maslel biaa mot been eatablished.

3 A quantiistive deseription, of many messured parity-violating observables does not exist.

The determination of the weal meson-exchange couplings from measurernents in ooclsl has been
difleuli because tha observables depend on the nuclear wave funetions of the stales imvolved in either
uransitions of momanis, Theas waye fumctions can not be exacily calculated, excopl o (Fw-mecleon
pyatems, Messurements of parity violation bave been made io the lvo-nutleon pp systom, whero
nuchear abruciiore does not effect the interpretation, Howover, a8 discusssd balow, these abeervahles
dupenid apon the weak g and o couplings  In order to unambiguously determine the long-range
A = | roanponent of the wenk interaction carvied by the pion, measuraments in the np syslem am
repuined.

The alm of the present praposal is to determine experimencally the most importani of the cow-
ﬂwmthmhmﬂnppnhmﬁﬂ.thmhplmmﬁ:mtmpﬂqﬂ*. AR in thar pp
wyatem, thare will be no ambiguliy in the Interprecathon of the result arising rom nuclear structon.
We will measure ihe parity-violsting directional eorrelation A, between the spin direction of po-
larizes] neutrons and the p-ray direction in the reaction A +p = d + 5. The obssrved asymmetry
depands on only one of the couplings, the A = | pion coupling B, and "wrefare the lack of knowl:
edge of Lthe siber couplings doss oot affect the determination of ! The: weak exchange of the =,
which is the lghtest moson, comtributes the longest-range component o the wmak meson-pochasgpe
potential In addition, the weak exchange of the pion contributes only o the AF = | channal.

The determination of H! & mportant far several reasons:

I A knowledge of M is necessary to upderstand and interpret mensurements of parity-violating
chserwmbles in complex pasclei ﬁrﬂnﬂﬂl.ndﬁhﬁ-;mwmum
interpretation of the measured anapois moment of ' Cs immiving the value of H!

2 mwdﬂlkummﬂimudmmmmm
i determine: & complete sl of the couplings in the weak meson-rrchangs potantial. Buoch &
prograe i both Fasible, and partially complee

|



i Im Fect manirEments i Lhe i pucken system o possiblo b over constraln Lhe
waoik mason-exchange couplings and el the wlidity of the menon exchangs daseription of the
wwak force botwwin nuckona. Onos the saeak mesoi-eschange potantial has besi sstabibahd
by measuressnis U Vsoemicleon gysiema, Lhe inlevprecalion of parity-violating phenomena in
flnste miclel will be roduced W eaderiianding che nclaar strcturs of the siaies involved.

4 A nowledge of i) will stimmlate thovretical work Lo caloelate ! stariing from the standard.
sl demeripiion of wesh Saterarions sl 8 QU1 dsseripien of the strong e st ons

1.1 Discussion of Mass Scales of the Weak Interactions

s the mams peracd sl parity veolsiing plenomess sere by sratgated @ asche, e
e fagmd profrem @ el Al Uesy Sladyind ek e scioes el derae of parlockes
A guarky wery derosered g L deureeal sy wis drweiogend o eyplaen bptons e s
eptonis ek prooeses Ghed predel seutial ssak oorvesis b paraEstery deso Ty U Sk
interacisrs of quarks wery Exed WY and FY o prodecpes evperimests ol LEF ssd Frresilak
v ife] Wbt e strewgiive of gyt ™ and g™ wenk couplivggs could b dencribeed by Ul slandned
el |3, 4, B, 8, 7]

The challenge nom i Lo oot Lbe standarnd swadel descripaos of the badoore wwal imber s Lch
wvoas s icales. Thess mass scales range from 100 GV Lo the spacing of nechear v, | MeV,
Ay the highest mass icals, that spyropriste for the weak intsracibons of poisilibs wplons, QCD
ellocis are amall and the quark-quark weak imieracthon efecits can be caleulsiesl. Al lower mass
wales, the appropeiate degres of fresdom berome composite and the robe of the song dlersrthon
bssrmenem erucial. In order b0 put the problem of (ke weak interactiona between niscleans in context
ww will brimlly discuss ibese mass seales.

The i nuiss pesle b that of the mass of the gaugn bosons of the weak interaction, the WS
arsid bhe BV, w0 100 OV, The slandand moded s thoughi 10 very soniraisly describes the weak
indey cibona of point jike leplons; slectrons, misong, Lies, andl thelr noutrino. The leplons couple
chetn neirinos with & univenal V - A weak coupling. The decay of & 5”

PO T S A

o yyperd of this chas of decayn sl mieractioes (See Ggare | ) A small nsmbe of parsasstors, e
Wianbwry angle. the puage boson, brpoon, and sectnne mdsen, e seeirne monisg saghes. sd o
ol ber oleteT il oajerrmeeataliy

For large momemtam tamder [> 1 GeV) ihe wenh indersriions of quaiks, ook @ dlepion
prisdu i i smiering (o fipeve 3 0 cabrulabds ey et b bealeng cober QT copperiices
o andard slectrosnal (hsory The wesk mtersrtions of guasis we e compdes 1hEn thete of
bpstima Lineas drmbanses of guirk Reids, rithes U ub gaars bebds hemesive. couple o e
wak gaaps bosemi  In cosirest o the lepion Baver, gual Bave B o conservel  In addition
i vher uarh masses hed quash suxing anghes [CH b mairin clements] ma e determined fros
ar el mani -

The mass wale of bowrd systems of guarks much s merleons asd mesons s bess than the QCT
miaas soale of A = | GeV The simplesy weak mteracions of kadrons are iheir smi-leptonic decays
An suampls @ neuinon beta decay,

nphe 4B,




Figuro 11 Diecay of the p~ through the leptonic weak nderaction.
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Figure 2: T_'liln|.|{-u-:|| praduction in pi scattering,
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abown in figure 1 The stromg mteracyions of quarks, ihrosgh ghem apchangs, modifly ssmol-lepionie
deviy rales from the wahes thal would be sepected i Uhetr abeenes For example, tse magndids of
the uial vortor coupling constant G 5 i ceutrin bata decay s 30% lurger than the wedior coupling
comaianl o'y

n: fu fa 4

Figare 3 Docay of the pewiron through the semi-leplonic enak inieraction

Jusd |ike pirely keptonic amd semi-leptanic eeak interartions, gy hedronie wsal inbsaction
Iotwren naclsons can s medisted by ik exchange of the W'® and Z¥ bosons. AL momsnbiom
iranalers typical of nucleon-nocleon or nudear mieractions, == 300 MeV, the spprapriate degrees of
frasnibosim are meson anad mucleons, The rangs of the W and 29 s s 0.0 fm, misch shomar thas the
ilistance beiween nucleons. The hard-core repalaion in the 8V (aleraciion keeps U nucleons mueh
farthast apard than the range ol the weak piage bosona. The long-raiige weal fonon botwesn nuclsons
o medisied by the aschange of Hght mesow. As shown in figum 4, & wenk gaiage hosan, (8 emitied
by & gquark, wravels a short distance, and changns it & w, g, ar o, which then couples srengly
w annthetr nucleon. As o the cage of semi-leplonie decays, Uthe coupling strengihs am modlfed by
urong interaciions of the bouml quarks

CRTRCE Cougugdip

p fa

v fu T AT d.:nﬂ -

Figure 4. Newiron-proton scalisemng. medisied by L badromsr wask irtessitlion




The abivn description of parity-violsting phenomens i nucls has takon 25 its stardng polnt the
weah meon-sechangs polesiial model described by Bgure 5. The degrees of fesdom s nucleons
ase] memors. The exchanged seab gauagye boson haa heen eollapeed into a weak imesan-tcleon werbex.
The weak intsractos can change mospin asd therefore Boepin is oot conserved al the weak verisx.
Thee vther wertes describes the the strony nteraction of mesons and noclenns and the couplings
wrn inoerm enperimentally  Pecsuss (PO has not been solved for boond yysiema, the weak meson-
machenn couplings W' must be determined from experiment. The weak mesos-svchangs potantlal

Wi i b oy
Vo = E E H:’v:lt n
e AT
where Vi, is 5 linesr cosnbinstion of Lorms esch imvalving, the exthange of a 5, p, or w meon with
a s inden describdng uUhe sapin exchasged in the weal mieraction For exampls the Al = |
jplon potential has the allowing form:

V= 216 =&l 18+ 80) 549, (m

whera w18 the nackeon mass,
—
i-{ﬂ'li-ii—';- ' (L1

#ig b Lbe plon mas, 7= F ~f, and §F= f —FB. Tie Yolowa function is () (ssd ths seak
potentinks for the other mesana) gives the deperdence of 1] on the separation of the ten intarscting
mscloons. The range of V)] i longer than that of the other wrak meson

Tl paarhly-vinlating nuckson-noclean interaction is moch seaker than the sirong michaon-nucleon
intoraction,  Thinries of parity viclating phenomens in moecls stan with solutions of the strong,
parity-tomerving, nuclens Hamiltoninn o and admix parity-odd componenis & tresling the two
by wisk meson-exchange potential a5 4 pertuirbation.

{8 Veneul}
W=o+ Ly (4)
An abiserveble uch as 8 noclear anapale moment o cam be exprossed aa a matris slement of e
cETespiding nperatoc: o
= 17 = ), (5)

where ¢ is the quantum of charge and 4 ks the magnetie moininl of Lhe unpalrod nucloon. 1T Ue
ohservable involves o tramition between states, the initial and final oisten woull be differant. 1t is
evidant that sach pariiy-violating observable is given by & linenr combination of the weak meson:
nuclon couplings times matrix elements of operatois befween nucloar stales. For tha two-body
wyitemn Lhe wase funclions are koown, the matrix slements can be refiably calculatod, and the
relationakip betwwen observables and the couplings s wunambiguous. For more than o few badios
the mockear waw fenctions can not be exactly caleulated and the expressiom for parity-violating
observables are uncerisin for (w0 ressons the couplings are pot dmowmn and b puckonr matris
clements can sot be refiably caloulated

The strategy of the present proposal i to cvercome the problem of imperfeet knowledge of the
mnclesr wage funciion by euperimentally determining a parity. violating obwervable @ the twa-body
iystem. We propote 1o mesure the directionsl ssymnetry of e dirsctlon of amission of the v ray

I




N N
nip,®
pvip--22P 2 (pc
N N

Figure 5: Meson-exchange model of the hadronic weak interaction.

when a polarized neutron is captured on a proton, fi+p — d+7. We show below that this observable
is uniquely related to the longest range and most important of the weak meson-nucleon couplings,
H!. The bulk of the proposal describes an experiment that will determine H! with a statistical
accuracy of 10% of its expected value and with systematic errors much less than statistical errors.

The remainder of the introduction is organized as follows. We briefly discuss what is known
experimentally about H) and other weak meson-nucleon couplings. We outline a strategy of how to
experimentally determine the weak meson-nucleon couplings in two-body systems. Indeed enough
two-body experiments are either underway or possible to over-constrain the weak meson-exchange
couplings and test the applicability of the weak meson-exchange potential to the description of
parity-violating phenomena in nuclei. Once the weak meson-exchange potential is determined and
established, it can be used as the starting point for the description of parity-violating phenomena
in A > 3 nuclei. We next discuss theories that seek to relate H! to the next higher mass scale.
These theories seek to describe or predict the values of the weak meson-exchange couplings starting
from a pictures of mesons and nucleons as made up of quarks and interaction through the exchange
of gluons, QCD. We condlude the introduction by discussing the expression for the directional
asymmetry in 71 + p = d + 7y in terms of the weak couplings.

1.2 Status of Our Knowledge of the Weak Meson-Nucleon Couplings
1.2.1 Theoreiical Estimates of the Sizes of the Weak Meson-Exchange Couplings

The order of magnitude of the weak NN couplings (5 x 1077} can be estimated on dimensional
grounds as the product of the average momentum of nucleons in the nucleus (0.2 GeV/c) and the
weak coupling (Gg/(he)® = 1.16 x 107% GeV~?). The most systematic theoretical analysis of this
approach to describing the weak NN interaction is given in a review by Desplanques, Donoghue,
and Holstein (DDH) [8]. These authors used the non-relativistic quark model, PCAC, weak SU(6)
symmetry, current algebra, and strong SU(3) symmetry to relate known AS = 1 hyperon decay am-
plitudes to the weak meson-nucleon-nucleon couplings. There are considerable model dependencies
in these estimates arising from the difficulties in treating strong interaction effects. These authors
produced “best” estimates and “reasonable ranges” for the couplings, given in table 1. Desplanques

TR
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bz recenily revised 1he “ressonable range” for K] [9). DDH coosiderod exchangns of the thres light-
et memnns, @, §, 80d & There are seven posnible couplings thal are labeled aoconding Lo the ménon
exhangrd and the moapin ecchanged A6 & the varie. Adelbarger and Haston [1] ghve expressions
for parity-violaling chservabdes in thelr mrview.

Exchanged Meson Coupling A1  "Best Vaine® (10-3) “Raasonable Range” (10-7)

. H} 1 1.08 00271
» H® 0 150 - 1.50-4.99
» i} 1 003 0.0-0.053
» H 2 134 - 1.06-1.54
# N, 1 .00 Pone

w [ o CL -2.35-4 70
- H 1 0.4 0.2 0.8

Table |' Estimated weak memon-gockeon couplings from ref. [1]

It s evident that if the couplings N} and H°, satisfy the bounds given in table 1, they will play
& megligihle robe b determmimg b outoones of experimants bn what follows ws conorsirats on e
iemmning b couplings

1.2.7 Whasi We Know frem Experiments

Eaxperimenis in ibhe pp System An colesaslee program of hagh-qualily sxperimenia haa bean
eartied oul Lo messee e parily -riolating kogiludinal ymmetey A, o U seatienng of polarised
prutons from sopolarised protons s 13 snd 43 MV, Thess experisents show the predicied eoergy
deperndrnne of the loagitistina asymeriry. The speriments dasrmine o near combinacon of ssab
rvmplingy, bor enamgdle gl 45 eV A, s gieen by

A, = - 0.053 (W2 + 03B - oo (W2 + R, i8)

io an securacy of 0%

Experiments in ithe ap Sysism Aessuremsens heee been made 0 up capiore of both 1
direcibnal asymmeiry A, asd cirealer polariestion P, of the emitiod -rays. Boll experiments weie
labintbeally lbniied, shd yielded null resiilis. 1 e el coe, Covingrae, of &l [10] report & wiles of
Ay = 006 & 2.0 w 1077, which givos for ihe AT = | wosl pion coupling H! = - 13447 « 107" (see
eetbon 20}, In the socoid case, KuyasTov, of ol [11] report & walee of P, = 1.5 LE= 107, which
gives for the combination of the AF = 0 and ? weak rho couplings HY + 26?6 =82 482« 10"
(s piquation 13), The verse reaction, deteron photo-disintegration by croslerly poleried rays,
has bern measursd by Earle, ef al [12], who also repont & null result.  These experimental fmits
e bisw wuringent than the “ressonable anges™ given in tabie | Clearly, experimests with improved
suaLigibenl precision ane regaired
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Measurement of P, from "*F aod its Inderpretation  The determination of the weak meson-
nipclenn exchangn couplings from experimental messurements in nucke are disnpaed in the review by
Adelberger and Haxton[l]. There are substantial uncertainties in interpreting most experiments |
mecipi because one cannot make reliable ob mitio caleulstions of the smplitudes of the weak mesog-
mucleon exchange potential opesators. The circular polarization Py of the 18] keV transition in "SF
is an axception to this unfortunate siluation becaise the matriz elemeais nesded Lo exiract & valge
for H! from experiments can be measured, The cireulsr polarzation of 8 &) = 1 parity forbidden
gamina transition in "F has beon messured in five different and interoally consiatent experimenis
[referances given in |1}, To a good approximation the circolar polarization |5 due to the pasity-
vislating mixing between the J = 0, f = 0 parity-odd level {[=)) in "*F and the mearly dogenarace
4 =0, even-parity, I = 1 leval (|4}, The cirewlar polarizsilon is given by

2 {4 |Vine| = Haal M 1| +)
AE lga[E1[=]

The magnitwdes of the M1 and K1 ransition amplitudes and the energy splitting AR = 39 kel
between the levels are known experbmencally. Benpet, Lowry, and Krien [13] and Haxton [14] pointed
out that the unknosn amplitude, {+{Veel -}, could be related to the letimg of the first forbiddes
beta decay Letween issharic anadog states of [+) and |-} in "Me For beta transitions bétween
oppedite parity J = 0 levels, apln and parity sebection ndes exclude all bat pwo of the slx possibie
trangition amplicudes. One of thes vanishes in the loog wavelength Bmit Jeaving only the MJ
amplitude. Haxton uses PCAC, currend algebra, and ibe approaimation that the peutfon and protan
dengities are the pame for the 4 = 19 system o argue that ihe vso-body pard of M3, rensrmalizes
the ome-body part and that the operator fae the weak nuclesn-nuclean potential due Lo pion exchanpgs
i# o within a known constant an isospin rolation of the operstor for M. Haxlon estimates the
contribiticos of heavy mesons &5 a 5% correction Lo the pios tarm, Since the experimontal valoe of
the asymmetry, Py = 8439 % 10" is congistent with zero, an rpper Lmit for ) pesults. Adelbergar
and Haxton find B! < 0.35 = 1079 This value & a fraction of the DDH “best” vahie and i3 an order
of magnitude smaller than the “reascnable range™. This resuli has hom interpreted & evidenes
for {unexpectod) suppression of quark-guark neutral currents. Haxton's arguments, outlined abois,
appear sourd, The comparison of B from “F and B! from @4 p = d+5 will test the applicabilipy
of tha woeak meson-pachange potastial tn weak phenomena in A = 3 nuclel.

P7 - {?]

Measurements of the Anapale Moments "**Cs and *T1 and their Interpretation e
cenily, the anapole momenis of nuchsar ground stades have been ohssrved using laser spectroscopy
on abomic beams. These messurements have observed, for the frst time, & stacie moment of & 0
clenis that ia forbddden by parity. Although in ies infancy, U experimental sindy of nuchesr anapole
mamenis is potentially imporiant to the enderstanding of the seak inteaciion in nuclel becanse
nclear anapole momenls can be measured in many noels amd their sysematic hebavior mtahlished
Kmowledge of systematies can then be uzed to check the cormectness of the mioxdals wsed o dedermne
the nuclear wave hmclions

The anapole moment operator [15] & & parigy-odd rank one tensor and & given by

i=—a fr’jlr]djr. (8)

whesn jir) is ibe eleceronagnetic currem densiy operavor The anspede mofent has an prpectation
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value of zero for states of definite parity, The size of the anapole momend is given by the dimensionless
constant w,, whase yabus is thought o be theoretically stabbe for three reasons:

L. The anapole moment of o nuclenr state s & diagonal matcix elément, in contrast to a transition
matrix ebement.

2. The maeclear waye function can be constrained by Lhe meassired meagnetic moment of Lhe stats
The single-particle eatimate 8 g = 172 for "208 and g = 279 for 5T (see, lor example,
[1&]). By comparison, the experimental valives are pe,, = 158 and g = 164, respoctively
The rough agreement between the aingle-particls estimates and experimental values of ke
magnetic moments justifies the theoretical spproach Lo apapole moments of starting from
single-particls estimates and then adding many-body effects as correcthons, Information on
the ;5|;|a-|.|,.u.l distribution of the electromagnetic courrent can be obtained from the nagnetic
hyperfine anomaly. ‘This mformation can be used o consirain the wave funclion.

3, The pontribution to anapale moment of the span of the odd prowon {neistcon] ean be estimated
analytically and gives results close Lo those from full many-body caleulations® [17].

The estimate of the one-body part of the anapobs moment i similar to the caleulation of the
comtEibution of the spin of the unpaired nuclson to the magnetic moment of a nocleus. ‘The analytical
estimale [18] gives avalue in mough agreement with detailed nuclear stescture caleulations by Haxten
[19], Haoeton, Healey, and Musall [20], Flambeom and Morray [21], and Emitkes and Teliesin [17]
The latter |8 the most recent caleulation and mcludes the effects of spin, spin-orbil, convection, and
contact curients, many-body corrections, and APA re-pornialization of the weak interaction addition
to the single-particlo weak interaction.

The noo-zero measurement of U anapols moment of "0 [22] has been apalyzed by Flambaum
and Murray [21] 1o extract & value for H]. Their result, f; = 2.26 £ 0.500expa) £0.83{theor) » 10~*
1% a [actos of two larger thas the DDH value and & factor of sewen lagger than the upper limit sat by
ihe "F experiments. Their anndysis, however, is controversial for teo reasons (23] First, the 1905
anapole moment |8 almost a8 sensltive to K} as to H]. Wilburn and Bowman find

xa = 106 = 10° (H] + 0.69HT) (9]

Hicausa of this senaltivity. and becasse of the lack of model-indepmmadenl constraints on H:. it &
pideibbe to extract values of the twoe couplings thai agree with both experiments, Socondly, the
result from 0y are incoasistent. with an earliee ol measurement of the anapole moment of 24T
[24). The sitisation is swmmarized In figare 5, Thiz result supggesis thai mecleser strueture sfects thal
are ot included in the theory may be important in interpreting the measurements, assuming bath
MBS PR e LS AP COFTPCL

The present coniroversy conpoeming the interpretavon of meamwed noclear anapobe moments
highlights the need to determine the weak couplings from experiments in few-nuckeon systems whoss
interpretation i (vee from uscerialniles In nuclear stroctime and demonsicates the nockenr physics
ihat can be learmed, [F the weak meson-nucloon coaplings were known, the preseni controversy
coild be more definitively addressed. One would calculste the valies of the anajpole moments @ing
the measured wmlues of the couplings from few-nucleon experiments; i the measured valoes of the
anapale moments disagrend with these predictions, the problem would lie with the measorements,
the nuclear theory, or the applicabllity of the mescn-exchange model W nochei.

' Demigriey asd Teditsin fimd thal & nsive harmonis wecillator model gooes resubis (hat agrees silh tair Fall caloulation
e within WIS
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Figure 6: Weak coupling constants M) and HY extracted from the '"F (light baod), *™T1 {medium
band), and "Cs (dark band) experiments. Also shown are the DDH “best” values (aquare) and
“reasonable range” (box).

1.3 Strategy to Determine the Couplings from Two-Nucleon Experiments

The purpose of the present proposal is Lo determine the most important coupling, H,. This deter-
mination of H!, free from any uncertainties arising from muclear structure, will be the comerstone
of any effort Lo determine & complete set of couplings. In the expressions for most experimental
observables, H! occurs in combination with others. It is therefore highly desirable to develop an
expriimental program o determine the otber cosplings.

As discutsed in section 1.2.2, the PSI measurement of A, in pp scattering at 45 MeV s given by
a lincar combination of H?, H2, H®, and H!

As = 0053 (HD + H}/VE) - 0006 (HE + HY) (10)

An experiment in progsess at TRIUMF [25] to measure 4, at 221 MeV is sensitive to only the p
couplings:
A, = 0028 (H + H}/V6). (11)

The low energy pp experiment and the TRIUMF experiment will determine the linear combination
of w couplings H® 4 H) and the linear combination of p couplings /1% + H2/V8. One further
experiment is necessary Lo separate Lhe two g couplings

The problem of separately determining the weak p couplings could be resolved by moasuring the
circular polarization P, of the gammas emitted in the 7 + p — d + v reaction. This observable is
primarily sensitive to the Al = 0 and 2 p couplings [1]

, = 0.022H7 + 0,044 /6 - 0.o02i?. (12)

The combination of this measurement and the TRIUMF pp measurement would then independently
determine HY and HZ. In practice, it is experimentally casier to measure the inverse reaction, the
directional asymmetry in the photo-disintegration of the deutercn by circularly polarised photons,
duc to the low efficency of v-ray polarization analysers. As in the case of A, existing measurements
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of P, [or of the inverss reaction) |26, 11, 1] aro not of mlBickent precision to acoomplish this sk
With the avallabliity of very intense gammns beams from Compron back-scatiering using fres olsetron
Insrs [27], & more nrecise measmrement of e deuteron photo-disintegration Asymmetry is possibbe
and shauld be pursoed.

Finally, there is another ohservable in the np system that is primarily sensitive 1o H): the parity-
violating spin rotation of trarsvarsoly polarised peutrons is o ligeid para-bydrogen target. Thers
is & theoretical calenlation for the low-snergy neitron spin roustlon angle deyc por anit bength in
para-bydroges [25]

drnc = ~1L3H; - 023H] - 0.25H - 01AT, {13)

in wmits of rafaes per meter, which implies Ussl this observable is also primarily sssithe o N,
thdMi-m“uﬂﬂnm-ﬂhmu-uhﬂ
for the DOH walue of H] The sessitivity goal for & similar experionent i progres to search for
mvﬂ.ﬁ;mqﬁtﬂﬂiﬂ.“h!lm"nﬁﬂmm An experiment
w messars the loagiiodne arymmely A, i np xallermg ol sewivon ergies of e of eV =
also poasible. This ohservable is smsitive o i) snd other couplings. A theoretical calrulation of
this obssrvable & b progress [30], With the sddition of thess two experiments, we bagin 1o b sbls
Lo over constrain the weak couplings and test ihe intermnal conslstency of the meson suchangs ploiars
of the weak NN interaction.

1.4 Calculations of H]

The estimate of ! from the guark modil and weak SUS) symooetry have homn discusssd sbowa,
The revised estimate of the “reasconable range”™ by Desplangues is: 0 < H! < 0.8 x 10°* down
from 0 < B! < L1 = 10Y by Dvaplangim, Donoghoe, and Holstsin, Recently, Henley, Hwang, and
Kisalinger [31] have earried oul QOD mum rule caleulations of H!, These caleulations Includo the
effects of gluon exchangs that e absent in sarlier quark model calenlations. Henlay of al maks ibs
approvimation that there are no fesnge quarks in the nuclenn or charged pion. There ae thersfore
mo contributions to H) hom W mxhange [12]. s any case, ihe contribuilons of charged currents
ﬂhm“miﬂ"m-ulh:hﬂ The calculation of Henley ef al sdds
I guckange 1o the disgrams invelved in U sirong aeraction of the pion and U nuckeon. Mos-
pﬂlﬂhﬁn‘m.lmhﬂ”h’lhpﬂuﬂdi;ﬁlmummm
of the sroay pon- muclern suclene oupling, §, . &l the weik mescn-suckeon- sk coupling,
H. Hepley o ol B the polarissbility of the pion condescate (o the experimenial wlos of gowy
This procsdere leads o a prodiction of & small wlve of B! = 05 = 1077, sbowt hall L s
experie] from e proqeses] seensremme

Haplan and Savage presont & tonlrary view fonterning the role of srangenss (13 They eslismate
N} and other parity-wiolsting couplings in the Framesork of pion dhiral periurbation theory, They
explicitly consider the strangs and snil-sirange ses quark component of the ouclenn wave functon
Kapinn and Savage estimate that the contribution of strange components of the mucloon w N}
may be &5 large an 1.4 & 1079, TWmmu]ﬂ-pﬁmuﬂnmminmugmmm
the ""F experiment can be lnborpreted & & messurement of H}. Kaplan and Savage give a large
iheoretical unceriainty in thens owibmales. The quark meedel and QUD calewlatbons avor small
values of H). mwmwmmmmmmmhuurmmmhhp
due to strangensss, bul the uneerialnty in thess sstlmades i3 large. An experiment that provides o
statistically accurate value of 8 with small nyntematic and theoretical errors will challenge theorks

i

PR FE T e




that attempt to evaluate H) and will stimulate work in the calculation of the modification of weak
interactions between quarks in the non-perturbative regime.

1.5 Symmetry Considerations for fi +p - d+

It is worth understanding the reasons why the parity-violating gamma asymmetry, A, in the reaction
fi+p — d+7 is primarily sensitive to only the Al = 1 component of the weak interaction. First of all,
due to the large size of the deuteron only the longest-range components of the NN interaction (due
to w and p exchange) are important in this reaction. From the non-relativistic weak NN potential,
weak m exchange is A = 1 and weak p exchange is mainly Al =0 and A = 2,

Now consider the possible electromagnetic transitions in the 7 + p — d + v reaction. For low-
energy neutrons, we will consider only L = 0 and L = 1 capture and reaction channels. Without
parity violation, the channels for the initial state are |'So, J = 1), and |°S),J = 0), and the final state
channel for the (J*,I) = (1*,0) deuteron is [%5,,1 = 0),, (ignoring the small tensor component in
the deuteron). The weak interaction mixes in the following L = 1 components to the singlet and
triplet S-waves in both the initial and final states:

|130‘I= "); — |isﬂnf = l),"'fo I:!PU‘I = l)in (14)
1,1 =0), — ’Si. 1 =0), + 9 |'"P.I1=0), + &, PP, I =1),, (15)
':’Sh".-_- D}D - PS;.I 20)9 +ho|lP3,!=0)D+h: IJPI,! = l)D‘ (16)

where the f;, g; and h; terms are the amplitudes of the small weak interaction-induced admixtures
with isospin change I. If one now writes down the matrix elements of the electromagnetic interaction,
keeping only the lowest order multipoles consistent with parity conservation in the electromagnetic
interaction and with isospin selection rules that forbid E1 transitions in self-conjugate nuclei like
the deuteron, one obtains the parity conserving term (M1](°Sy, = 0|, Hem|'So, I = 1) and the
parity violating terms

Jo(EA(*S1,1 = 0|, Hom| Po, I = 1), (a7
01{E1|(’S1,1 = 0|, Hem|'P1, 1 = 1), (18)
m(EV (P = 1|y Hom| 1,1 = 0). (19)

Finally, since a gamma asymmetry cannot be produced from a J = 0 initial state, we are left
with only a Al = 1 contribution to parity violation in the gamma asymmetry. There are small
corrections to this argument from isospin violation, higher-order multipole contributions, relativistic
effects etc. but the main result survives a more exact treatment. This result was first obtained by
Danilov [34).

There are two calculations of A, as a function of the weak couplings. Adelberger and Haxton
[1] find:

A, = —0.045 (H: ~ 0.02H} + 0.02H] + u,mn*;) . (20)

The contributions of the non-pion couplings are estimated by taking the DDH upper lirfits H) =
5x 107% and H] = 8 x 1077, Desplanques and Missimer, who use H! and weak nucleon-nucleon
amplitudes X to parameterize the weak nucleon-nucleon interaction |35), find:

A, = —0.045 (H} +0.11X}, —0.11X ) . (21)
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The X's are linsar combipstions of the & = | mesnn exchangs couplings other than H3. These
calculations of A, agree on the cosfficient of ] and both find the contributions from other mesons
to be small An sceurate messuresment of A, ko Cherelore an accurate measurement of H1.

1.6 Hole of the hadronic weak interaciion in the study of the weak inter-
sction

The sindy of parity violation in mocles has playsd an sporiast mie in the development of our
understanding of the weak mteraction  The cerrent-corrend hypolbesis fof the form of che weak
interaction mmpies that pasity admisiure in secbear reve foncthons wosld be e onder in U Permi
coupling 5y, while Ube four. Promans fofm of the weak siewrthon imples setond-order ademivigres
The ohservation of droaler polarisstios s & pusms Urassition is " Ta, P, ~ 1077, by Lobashes,
of o [36, 17] gnve stoeg Pupgant 1 Lee ourrent-narrent hypothems

1.7 Search for Mew Weak Neoutral Gauge Bosons

As the sonrch for weak neutrsl currents was being pursued, it was recopnized thet the hadomic
wank interaction might be & good place 1o ssarch for abd stady weak seotral corrents. In oo o
charged currenta the coniributions of weak neuirsl currams woibe Al = 1 hadmnic weak interaction
are not Cabibba sipspressed. The 44 = 1 pion coupling might be strongly influenced by weal neutral
currenta, in the langpiags of Lhe sandard model ZY exchange As discussed above, the pg 2% has hien
neamired in large momestum transfer experiments. The axistenss of the gqZ% coupling tmplies U
exlstence of & woak peulral eurrent conkribution o the weak pucmon-puckon intersion, mccording
to figure & The standand modal I8 widely bolsved 1o e incomplete. If in addition to the Z° of the
standard maodel, thers sxbid other gauge bowr that eoup's o quarks asd do not decay iota leptons,
these abditional F"% would also contribete w K}, bt would not be ohsarved in other processss.
The role of the badonie weali inlerartion as & direci probe of weak pewtral currents is em phasksod
by Adefbserger and Haston [I]. Hewever, e note that, the bound QUD problom has oot yol b
solved and there i conniderabds unoariainiies in calculatbons of ! from the weal noubrald current
of the standard modsel. Uneil such caboilatbsng are posgible andy very large offocts of additlonal £
will b detoczahle in ).

1.8 Summary

The experimeni Lo measyre the direetional asymmetry of gunmas A, in 7@+ p —= d + 7 and extract
a walioe of N} w of grest interest for the folliwing reasons:

i W el show s sscthon 3 that the experiment. will messore the srymmetry with & statistical
wiros of 05 5 10" snad & negligible systematic orror, A messerement of A, 15 this precision
mwm-—-mhmmﬂ

2 There is no suciess mructure eacertainty in the relationshep between ) and the sypmmetry
The uiderisinty in the extracted wabee of § will be small, 0% of the DOH thenivibesl
mstimate, grvem in table | There wnll be oo unooraintes dus 1o exprrimental systenaic
errors o nachast structsre. To & good approcimation the asymmetry depeods only an M)
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3. An unambigsous vale for H) will Gl theorien of the weak imteracion ol hadrons in Lhe
noe-periarbatove regime and stimalate thooroiscal wock in Lhis ares.

1 An unsmbiguous measurement will witle avy controvensy raised by the "™ Ca snapole moment
and "F circular polarmation remelts and their interpretsiion. The oomparison of ! frem
i+ p—d+y and H! from ""F will sl U spplicability of the pwson-exchange potential o
A = 3 sysiems

5 The determination of M} i e cornemione of & fessibls pnd partiafly complets program (o over-
eonsrain the wek NN coupling om pariiy-violiling phenomens. in the exscily caloniable
TR fnad bl FyRLem

G The stedy of parsy violaibon o the noclecn paschen mierect o nemesin L only experimentz |
means Lo direcily study the weal miutrel curren sersrton herseen quarks

2 Advantages of LANSCE

LANSCE is unbguely suitis] & & siie low this messuremen. LANSCE has the only intrrss pulsed
neutron sowce aveilable fos socleas phyasts reseaich and Los Alwews loss 8 soestifie staff that =
unumially well gaalified for this axgeersmsem

When the upgrades currendly in progress me complete, the Lujan Center spallation scare will
b ithe highest Bus gibsed soures s the world, egualing ISES in sverage fux 2nd eyreedimg it iw
pank fium. As poled throughosy thin propossl, there o rompolling ressons for carrying oot ths
experinent L & pulsed neutren sunce, Specific examples inclade:

o U pialeid nature of U benan provides wewtron Lime-ol-flight informsation, allowing determi-
rathon of the naitmn onongy,

e pyniempile ellecis can by siudied by iheir dilfering Lone-od-Bight behaviors,

& Lhe pailsedl beam allows the use of o poosand BF spin Bippar, eliminating the G V8 {oce on
e neinnnk,

& b padlo of gaminag o peaurogs is oeer Uuan an & rescion, ami
@ ihe prosipl gaains beckground is separated in time from Lhe egtrons of iptepest

Mol only does LANSCE provids b most igtense such source, I& i the only ntense pulsed noutron
fau iy s whach progeosnks for meclear plopaics sxperimenis are entertained

The Los Alamm siall associpied with chis affort i enequely qualified o carry out Lhe projased
wnth. The principsl mvestigaior, David Bowman & a world expeni in procise parity violation ex-
perimentas. le haa measered parity violation in te necleon-nockeon system as weil as in noutron
rosomantes with pulsed neulrons. Steve Lamoreaus and Geolf Greens have betwean them more Lhan
thive decades of expevience in & wide ariey of precise measprements with cold peulrons. Seppo
I'enezili has evtenive superience in measirements of famlamental symmetries and 15 & wogld axpert
in eryugenic lechnaues for neclear phsics axpanments. 5ot Wilbom has participated im procise
parity violstion sxperiments esing charged particles. Vinesst Yuan has extensive exporboncs with
puilerd meuiron expeviments. [n addition., & can be seen o appendix ©, ibe rest of the collaberation
in Fxiseenely experencrd in Wades of fundamental 5y mmetnes with low-eneny neuteone




3 Description of the Proposed Experiment

In thils section we describe the conceplual dosign for e proposed mesmaement of A, nd4p = a4y,
The wpparatis, shown schematically in figure 7, consbits of & cold neutron soures, follewed by &
meutron polarizer, and a Gquid para-bydroges targot, sirrosnded by an arcay of gamma detectan.
Mauwtrons from the spaflation source are modaraied by o lguid hydrogen moderstor. The souie
priglsed, Lhiin albowing measurament of Beutmon ensrgy teough tme-of-Bight techniques. The neitron
gubds transports the neutrons from the moderator throsigh the binlogical shisld with high oficlancy,
The meutrons are then polarised in the verilcal direciion by iransmission through polacisd "He
fai. The peutron spin direction can be mibssquently feverisd by the radio-Erequency resonance spln
Hipper. The use of this type of & tpin Bipper @ posalble &1 & pulstd oeulron soonce, & described in
wectin 11 The uwse of this spin Sippes redecs L sywienatic error asspciatedf with the b, -7 B fores,
whrre JI, & thr Dratron magnets el Th-ﬂmmmdhlhm-ﬁw
ol liguil pars-tpdropes. This stats of hydrogen @ repoial, sae wulions depolacise spaickly i
artho-hydrogen, while thoss with snerpes elow |5 peY petain iheir polanestaon o para-hydoogen.
Gammas emittod in the capture prooess ane detacted o the Cal(Th) detecton serrsonding the Largei
The parity-venlaling asmincity chmes &b up-downs asymmery in the snguler distribagtion of the
Eamms-rays for vertical meytron spin. When the meulron spin i reversed, the up-dosn gamms
abynemetiy reverses The parity - violating asymimeiry in gamms fu
(1 b Aycd,), (23]

in & moasure of M), as discussod o tho bdmoducton

Firit we describe thr ahsolutely essential sspoct of the experiment, the omatron beam mnd guide,
A guesdion can be raised: are thore anough nestnons o LANSCE 10 measure the asymmotry with
i atabistheal accuracy of 0.5 w 1077 We ahow thai during one year of data taking the numbar
of neutrons owt of the guide will be m 1.2 ¥ 10" Next, we briefly consider the other ssentjal
elemenis of the experiment: "Ha polariser, apin Bipper, para-hydrogen target, and gumma dolsctor,
Thes we determine the optimal siae and configuration of the apparatos by roughly eptimising Uhe
pististieal seeurscy with reaperi to plee, configuration, and eost. We coneluds that & stablstbeal
soruracy of 0.5 = 10" in the gamma ssymmetry A, & schievable In the next section we conalden
the derailed desin of Lhe s e conpeonenis of ke caperirem. We Gnally dseus sywiemaile srrom
ainil concluds that systemaiic eyiors cas b nade small compared 1o the satintical srror |n Uk
evmluation of sysiematlic ssrors, U paled aaiare of the orutron saros ahd the ahility o messare L
sty o nestroms that produce gammas-rays plays sn sssential mmls in the abifity o duminaie sime
mmrmmyﬂumm%tﬁm;kmh-ﬁhmu
NEULION BRer gy

3.1 Neutron Source and Optimisation of the Experimental Configuration

In the Manue] Lufan Jr. Meatron Scadtering Conier [MLKNEC) spallation souree inlenss low-snerjy
neutron pilees are produced by directing B MeV proton pulses from the LANSCE aconleatbor
onin o tungsten wrget a2 L rabe ol 20 He After Uie completion of the sceeleriior and source
upgrade the expectod averaged prowos beam currant wil be 200 gA. This proton beam. ntenaity
bas been used in the neabren Aux cabeslstlons in this proposal. The spallatbon target conalats of teo
separile pieces of tungsien operabed in 8 Rus-reap geometey [381 MeV-snorgy neidrons prodced
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Figure 7. The concepiusl design for the proposed experimen, showing the most important elements.
ot to nde) Approsimats siees and dstances are indicared for some [eatures.
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Figure 8: Neutron flux of the nuclear physics beam line at MLNSC. This is the total neutron flux
out of the 13 cm x 13 em liquid hydrogen moderator surface with an average proton current of
200 uA.

19

. .

Fr T ——



flue (10" m 8}
'
e

_:F -
r.-;- s ._r‘—-"'_"—--—
3 | - d "
UI:I 5 10 15
k[ mehi)
_q — . e
T: 3 /’\.\‘
| 1)
0\ |
o 2 \
i
| |
3 |;'I o
.y i x\\"-\‘_
; i
; A —e 4
"0 Y T 5
£ [me)

Figure % Meutron Dus st the targel [lop] smd Ggore-ol mesit (botoom] -uhl[ldid}uﬂur.huu
[dashed) & 10 cm = 10 om newbion gulde

b

- ——— -
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polaritatiots & kow enenge sbd sl asmsiaions. The Bgure-of- et [{neution polandation] * =
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hydrogen Largsi
10
L]
2
. Y
[
L=
U i i i i i i i PR NG S S T S |

O 5 10 15
L {otm-cm) .
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The statistical error was caloulated by summing the statistical waight over the meutron energy

sperirum; .
w=Tt [ e (23)

o (24)

Here T, = 315 = 10" i the sumber of sconls in & yoar, b 5 & relerencs siatisiical eficiency for
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along the neutron spin. However the longitudinal configuration has a considerably larger statistical
error than the transverse configuration. The error for the transverse configuration doesn’t change
much after 4 layers and this choice appears appropriate.

3.2 Neutron Polarizer

This experiment requires a neutron polarizer with several unique features:

1. The polarizer should be broad band, providing polarized neutrons of energy up to at least
15 meV, and preferably higher.

2. The polarizer should provide the maximum flux of neutrons (per unit energy) at the detector
and therefore transport the neutron beam from the neutron guide to the experiment with
maximum efficiency. A cross sectional area of 100 cm? is needed to make full use of the 10 cm
x 10 cm beam.

3. The polarizer should optimize the figure-of-merit P2T,,, where P, is the neutron polarization
and T, is the transmission of the polarizer.

4. The polarizer should produce negligible or easily shielded gamma backgrounds and any residual
background should be constant.

5. The polarizer may provide an additional reversal of neutron spin without changing any static
(or oscillating) magnetic fields. The importance of this additional spin reversal is discussed in
section 4.

Neutron pularization with a polarizing super mirror and -vith a polarized IHe spin filter should be
considered for this experiment. As discussed below, the polarizing super mirror is a well developed
technology and a reasonable alternative for this experiment, however there are many advantages to
the use of the polarized *He spin filter that strongly motivate us to implement this technology for
this experiment.

3.2.1 Polarizing Super Mirrors

Super mirror polarizers have provided highly polarized cold neutron beams at Grenoble and elsewhere
for many years [39], and are also an option for this experiment. A super mirror consists of several
leaves stacked across the neutron beam. Each leaf consists of a multi-layer of magnetized cobalt
and titanium laid on a gadolinium layer on top of a glass substrate. For very small glancing angles,
neutrons of one spin state magnetically scatter from the magnetized Co/Ti multi-layers. The layers
of Co and Ti on each leaf have varying thickness to reflect a variety of neutron energies. Neutrons of
the other spin state pass through the Co/Ti multi-layer into the gadolinium where they are captured
giving off a cascade of gamma rays with energies up to 7 MeV. The leaves themselves are curved
from upstream to downstream. As the neutrons reflect along the curved leaves, they are diverted
from their initial direction by around 15 mrad. The rate of curvature determines a cutoff neutron
energy. If the curvature is too great, neutrons will not be able to follow the leaves through small
angle reflections. A smaller curvature allows higher energy neutrons to be transmitted, but the super
mirror must be lengthened to insure that there is no line of sight through the device. Typical super
mirrors are made with a curvature that transmits neutrons below 9 meV, In principle it would be
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possible 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 cm x 10 cm super mirror
for the proposed experiment that would fill the entire beam.

The transmission of a polarizing super mirror is limited by the curvature of the leaves as men-
tioned above, and by the range of incident angles reflected by a single leaf. A given leaf typically
reflects neutrons with glancing angles less than

bo

0 75 (25)
where 0, 2~ 860 urad-veV. We have modeled the transmission of such a device based on our
recent experience at NIST and the anticipated features of the LANSCE nuclear physics beom. The
transmission is energy dependent, falling from 25% at the lowest energies to 18% at the cutoff energy,
9 meV. Below the cutoff energy, the polarization of the transmitted beam is greater than 96%. For
a super mirror polarizer, we estimate the figure-of-merit, P2T,, 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% of the gamma ray yield comes from neutrons above this energy.
Neutrons above this energy capture in the mirror, producing a background of 7 MeV gammas,
requiring massive shielding for the detectors. In addition, the energy cutoff makes some systematic
tests impossible: those that rely on the rapid depolarization in the LH; target for neutrons above
156 meV. Also, since a polarizing super mirror is a permanent magnet device, the polarization
direction of the beam can only be reversed by changing the direction of the saturation field, which
can affect the detector gains. By contrast, the spin of *He can be quickly reversed with respect to
static magnetic fields, and a *He spin filter has no transmission cutoff for neutron energy. A 3He
spin filter provides an additional reversal of neutron spin of great value in reducing systematic errors
associated with flipping the neutron spin. Another disadvantage of a super mirror polarizer is that
an analyzer is required to measure the beam polarization. This is not the case for a *He polarizer
[40]. Finally, since a super mirtor is a reflective device, the beam line is not straight, complicating
the alignment of the apparatus.

3.2.2 Neutron Polarization with a *He Spin Filter

An alternative method for polarizing the low-energy neutron beam for this experiment is to use a
polarizing spin filter. Spin filters operate by selectively removing one of the neutron spin states
from the incident beam, and allowing the other spin state to be transmitted with only moderate
attenuation. A neutron spin filter can consist of either polarized protons or polarized *He gas.
Because the first option is complicated, expensive to build and operate, and requires a several Tesla
magnetic field, we consider here only the second option, the polarized *He neutron spin filter.

The statistical uncertainty of the experiment depends strongly upon the level of *He polarization
achieved in the spin filter. This dependence can be seen from equations 26 and 27 and figure 10.
It will be a technical challenge to reach the necessary level of polarization. However, we believe
that the systematic advantages of a spin filter justily the technical effort. *He spin filters possess
properties that improve control over the systematic errors of the experiment. Spin filters do not
alter the direction of the peutron beam; they transmit a broad range of neutron energies; and
their polarization direction can be changed quickly and easily without changing magnetic Telds.
As discussed below, each of these properties can be used to address specific systematic concerns.
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Figure—of —Merit

Figure 12: Figure-of-merit, P2T,, for neutron spin filters with helium polarizations of 40% (dashed),
50% (solid), and 60% (dotted), and a target thickness of 5 atm-cm.
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Figure 13: Neutron transmission, 7, (dashed), polarization, P,, (dotted), and figure-of-merit, P2T,,,
(solid) for a neutron spin filter with 50% polarization and a target thickness of 5 atm-cm.
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MM wiing & short buri of BF, No magnete belds nesd o be changed, alihough the circular
prelnriesti o of the lsser lhghs must be Bipped in order o melntaln e pew polarisstbon direction.
This polarleation reversal mochunbm provides s powerful eystematic reduction techpigue. The
neubron polarieation o be changed & few Lmes por day using the spin flter, and every polss using
the NF Higsper. These lulependent fips paarly sliminate sensitivily 1o systematic sffects dus o
purming an or off Usir RF apin Sipgser

Hpin filvers do pot deflect ihe polarised beam like siper-mirrom do. The target and detoctar
Erometiy can remaln in ihe same position for high rete systematie oets ik the il enpolarised
neutran beam. Alignment can be porformed independently from the meutron polariver. [n o Sdition,
the meutron cagtiste of “He does not create gamma tays. which is imrportant for 8 hackground sensitive
eaperiment. The beam polarizstion esn be soourately monitornd ising ooly the ramsmisson Usrough
U cell 40, amd the acomplance angle of the "He spin o s larger than the soceptance anghe of
Cher et -sirrar polarise

Thie sysiemati sdvanisges of & polarised "He spln Blier outweigh the challenge of prodecing the
haghty polarimed 'He gae Figure 10 shows that the statintaesl accaracy of the experimend. resnains
auite good even if v do B0t improve upon the 508 "He polarisstion achieved in the SLAC E154
wargrs. I mritleer L spisi-exc hangs nos the metssiability sachange approsche provide & seficeat
“He polariatien, U experinent can siill be rum with & polarising super-mirror.  This proven
terhnclogy backs the systemaie advantages of & spin flter, but o should provide & suffcient coumnt




rate for the experiment.

3.3 RF Spin Flipper

There are a number of options for rapid reversal of the neutron polarization; one standard technique is
“adiabatic fast passage” (AFP), which has an advantage in that the spin flip results from application
of a radio-frequency (RF) field; the RF field can be easily shielded, eliminating possible count
rate/asymmetry changes with a changing DC bias field. Unfortunately, AFP requires a substantial
magnetic field gradient which, upon spin reversal in the envisioned geometry of the experiment, will
create a substantial change in the neutron beam transverse momentum; the resulting change in the
incident neutron spatial distribution at the target can easily give a systematic effect at the sought
level of experimental sensitivity.
A first-order calculation shows that the trajectory angle changes by

0 = hyBo2 [2F (32)

where - is the neutron gyro-magnetic ratio, Byna, is the maximum value of the magnetic field in the
AFP region, and E is the neutron energy. Taking B,qx = 50 G (as required for efficient reversal of
the fastest neutrons) and E = 0.001 eV gives an angular deflection of 3 x 10~7 radians; after a 1 m
flight from the spin Bippar, the center of mass of the neutron beam for this energy neutron would
change by 3 x 10~ mm; if the effective target /detector diameter is 500 mm, the first order change in
count rate asymmetry (due to, for example, chianges in beam position coupled with detector coupling
efficiency or target density variations) could be of order 1 » 10~%, which is unacceptable.

In order to eliminate the magnetic field gradient deflection, we propose to reverse the neutron
polarization using a resonance spin flipper (RSF), which is also based on application of a RF field,
hcewever, 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 Bygz) where the RF field becomes static. The effective field
becomes

§=(B—2%r)z‘+3’j (33)

for a RF field given by B, ; = B, cos(wt)j. If 2nyB, = w, a neutron initially polarized along £ will
precess about the effective field (B, /2)y. If the RF field is applied for 2 time

o 1
T B
the neutron spin 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 homageneous guide field, with the nevtron momentum directed along ¥, 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. However,
for a spallation source, B) can be varied as a function of time, satisfying the spin reversal condition
for all the neutrons in a pulse.
Specifically, we are interested in a neutron energy range of 0.5 to 50 meV, corresponding to a
velocity range of 300 to 3000 m/s. If we assume an RF field confined to a length L. = 30 cm along
the beam, the maximum RF amplitude would be 3.4 G, which is easily achieved. For a spin flip coil

(34)
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locaiee Ly = 15 m from the spallation source, the UF amplitude sould bave o be vared with time

-4
wlt) Ly

Bl = 2k " AL (5)
Thee 3000 m /5 neutrons would arrive ae the RSF 6 ma after the the spallation pilss tms &) indtially,
the RF field would be st 3.4 G, and afes 5 me, would be mduced in amplitude as 178 to & value
of 033 G st ¥ ma The power requirement (& few amperes of BF current at 30 kHz, into tens of
chres of mpedance, correaponds W & power of less than 500 W) and bandwidih requirements are
well within the range of commercial sudio amplifier; the ramped signal can he easily generaiad by
a Di-hit DAC driven by the data acquinition system.

The static-field homogensity and stability requirements can be determived by the effective res.
oananes line whdik for the sloseat neutrons. To achieve & B0% spin revernal, the effective fisld along
§ i the rotating frame wust be bag than 8, /6, limiting the spatial or temporal variations of By
le=s than 0.5 G The magnitude of By is chosen by the ransly time of the lustsst neulrons, with
the pecpuirsrment that & neutron precesses at least three times in the static Beld: this corraponds o
30 kHz, or By = 10 G; the static Beld musi be homogeresus b & 5% accuracy over the 100 cm?®
bemen | aned musi be stable in time to a8 5% sccuracy These coasiralng are sasily achisved, even
wit buinil sLadie magmetic shielding.

The simpless Fip coil would be & solenoid, 20 cm i diamgter, 30 cm in length, with alumioum
caps ad each end, and placed in an aluminom shield . The caps need oaly be 2 mm thick to effectively
shisld the 30 by [shin depih 0.5 me).

The eddy currents in the ahomingm ceps creace 4 Bald that w a good approsimation cancels the

# romponen of the BF fedd at the metallic sirface; sffectively, the eddy current Geld is a mirmor
wdﬁ:&mﬂnu&:hﬁuuﬂup This implies that the irapsverss felds al the
solenoid entrance /et are twice that of an isolated solenoid, and that the longitudinal gradients are
approzimately twice a5 large in these regions.  Also, the ransverss pradienis lesd 1o an additonal
time depeadence of the BF fisld in the frames of the peutron [the Millman effect]; however, the
inicgrated effectve By Beid in the pevtron frame vares by less than 5% over a 100 em? region
withm the 7 om dismater, 3 o loog solesosd witk aleminam end caps

In the gapeerumeni, s suvision wing the spin flapper to reverse ihe spin on aliemate spallabion
sourre pulses  To enewre that Lhe backgrouns static magnetic beld and possible RF pickup effecis
remasn the same for all palss, when the spin is not eversed e plan o apply the RF eurrent,
rampesd in the e way a8 the spin fip ool 1o an identical dummy il

I oot gt wee bt shomrs that & resonance splo Bipper o give betier than B8 spin reversal
eifwncy can be sasdy consirected. The primary sdwaiage of the resonagee spin Bipper is in Lthe
elimimaiion of static magyetic Beld grachents; alsn, the HF feld amplitude i@ sobstantlally redueed
a8 eoimpared o a AFP apin Sippes

3.4 Liguid Para-Hydrogen Target

A cenirad festare of the proposed sxperiment i a large wolume, thermally stable, and operatonally
safe lguid pars-bydrogpes (LH;) tsrget. A preliminary design of ibe Langet has been completad,
Viamred om the nllowing desgn cnifena

& The Largel volume and shapes shoubil be dmipgned Lo capture ai wast 500 of the polarised oold
negiroms The freoiion of e beam that @ eol caplured mes b absorbed elbciently 1o avod

= |




creating background onization b the detector

o Tha target wolume, pressure, and femiparsiare masi be siable; and the wrgst must be capable
of mening sormally unsitended for long perlods of tme (ie several moaths).

» The carget musi mest U laboratory salsty requiremanis. L misst be aafe, both during normal
operation and i e of lom of poswsr of cther eqoipmest [Blure Rebiaf walves and burst does
ot b irtalled o prevent fuplare of ihe Lisget vesel of vacuum chamber. Vented
et b directed away fom the axperimestal sres, and Bydrogen reloased isto the atmusphers
mt be epl below ihe explosive limil. Hydroges levels must be monitonsd i the vacoun
chamber, in Uhe cxporimental sres, and i the woul path

& The carget lgoefior systern should by capable of panidying sad bquelying bydrogrs ai 2 mis
raffickent to ool snd 1) the warpel freen romn emparalere 10 operalon o 14 deys tme

# The warget must b maintaissd & & wopersture below the boilmg poist 1o prevent bublbls
farmation

= The liquefier sysiem misel eficionlly oot ortbe- rydroges e pars-ydrogen donmng the: Alling
pOCEEE.

# The besm entrancs siodows in the vecwim chimber, radiation shisld, and target wessel must
he as thin sz possible 1o sfficienily tanemit the neuwron heam and ereate minimal prosmpt
capture radistion

o The beam entrapee wigbows mial b conatrecied from sireoniem, to avoid systematic erros
resulting from peglron-captiare renctions on materials sudh &8 Alomioom.

= The target weseel musl be conatrucied of non-magnetic materials, so that the neutron apin
dirertion can be elficlontly tranaporisd ivlo tha target with sepligible beam depolarization,

The above criteria can be mei using wohalques thal bave beon demonstrated in previous LH;
targets wied for nuckear physies scperiments, The proposed target borrows sutstantially from past
desiigma G0, 61, 61, 63, B4] A schewnatle disgram of the taget deslign can be seen in Ggure 16, I
ronststs of the target vessel, condensais and boll-off lines, & hydrogen Gguefier, & coyo-refrigeratorn, &
g2 supply and purifier, & presmare reliel and vent wywiam, insirumeniation, and & vamasm sysiem.

340 Terget Vesssl

A Monte Carlo newiron iranspori snalyss was mserd o determnine the sise and shape of the wrget
We found that & cyfindrical wiget. 30 om dismeter and 3 cm loag, will capiare 5% of the neutron
beam  Aboul 15% of ibe nratrom thet do nol capture instend scatter back out through the beam
window, snd the remabnder diffme out U sidei or pass throogh. The tarpet volume & 71,200 cm”
and contaips 1500 g of LHy when foll The wigs srfsce ares & 4240 om® Thw-ﬂl-h
slightly ronical o snhance convedive Bow Uhrough the Larpei
E;d:-qu:nh;uduilnhﬂrﬂpdtﬂﬂmul—ﬂuui“}nmmﬂm
miest be bepl very stable 1o prevent fvesing o bolbpg. This s acoomphshed by regulating s
temperaiure af the terge o approvimately 18 K. 1 s desirable 1o avosd boifing, snoe bubble
the targed resull in time-dependent densily wmristions, that can polentially canse syst=matic errom

n
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Figure 15: Schematic diagram of the LH; target design (not to scale).
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An electric bealer connecied 1o & temperature controdler will be located on the target to regulate
the temperature of b boil the hydrogen when the aystem is to be warmed and vented,

The target weasel will be constructed of thin [abomst 0,04 inch thick) alomipnm. The beam window
will be thinper (0,025 inch} zirconium and eonvex o strengthen it againat the pressure differentlal
As explained in sectbon 4.2.2, girconlum s used Lo avoid a syslematic efror resulting from the
capturg of peutrons by aluminwm. Swrounding the target vessed is a thin (002 inch) aluminm or
copper radiation shield, again with zirconhin beam windows. The radiation shield is covered on
bith asbes with alumbinized Mylar “super-insulation™ Lo minimize surfacs emisalvity, excepl for the
beam window prea, which is bare, Finally, the target will be enclosed within an aluminum weuam
chambeer, which has & concave thin girconium {0025 inch) beam window. Lithivin fooride neotron
ahsosbier will be placed inalde the weciem chamber w provent scatleresd peutrons from escaping into
the detecior and the experimental area

3.4.2 Ortho-Pars-Hydrogen Coneersion

The hydrogen molecule can extst in two different ouclesr span states: orthe-hydrogen, where the
proton spins are parallel; and para-bydrogen, where they are anti-parallel. The molocular energies
of thess peo sintes are different (para-bydrogen is 15 meV lower) so the eguilibriom ratio of artho-
o para-hydrogen is temperature dopandant. AL room Lempesature the fraction of ortho-hydrogen
in normal gaseous hydrogen 8 T5%, while n LH; in equilibrium at 20 K it i only 0.2%, A high
concentration of oriho-lydrogen in the target sould present a serous problem for this experiment,
Ortho-hiydrogen has & large spin-incoherent cross section for neuiron scattering. so it will rapidly
depolarize the neutron beam.  Therefore it will be necessary to keep the concentration of ortho-
lydrogen ki the arged pear 8 equilibrium level,

In lsolation, the time to equdlibrinm of newly lguefled bypdrogen is quite bng, abowt 3000 howrs
{the conversion rate constant is 1, 14% per hour), s0 8 catalyal ls pesded 1o hasten the conversion. In
principle any matenial with a large electronic magnetic moment =il catalyze oribho-para-hydrogen
cooversion. Ferrous hydrocide, neadymium oxide, and chromic anbydride are most, commonly used
for this purpose and are readily availabbe [65). In the present arget design, the catalytic comvertes
will be contained within & mesh directly beneath e bydrogen condenser. The heat of convernion
is higher than the latent hest of wporzation so the bydrogen comdensate will tend to vaporise n
the conwerter pntil the comversion ks poarly completa. In dhis way, when e LHy target is full the
ortho- hg,nd.mg:n fraction will be close o its equilibriom valise. Becauss ol ihe Iuge diffsrence in
DEULPOD SCatlering croas sections [see figure 21} below 15 meV, the ratio of pars- to ortho-hiydrogen
can be obtained by measuring the transmission of nowtrons thmup_;h (1T T

3.4.3 Cryocooler

Hydrogen can be éfficiently lquefied wing a commercial teno-stage Cifford-MeMabon type ervo-
refrigerator,  This closed-cyele devioe wses compressed helium gas 25 a refrigerant and typecally
obtains B0 K at the first (high power) cold head and 15 K ot the socond {low power) head. The
A0 K head will be used to cool the radiation shield and an inivial beat excchangers The 15 K head
will be used to cool the hydrogen condenser,

The target will be flled as follows Hydrogen gas is admitted at & regalaced pressure of 1 atm
through a gas purifier, Lo remowe waler apd particulates, and throogh s Hqubd aitrogen (LM}
filter fprecooler. The filter/precooler removes hydrocarbons and condensible gases and cools the
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Process Heat load (J/g)
Cool down from 300 K to 120 K 2400
Cool down from 120 K to 80 K 460
Cool down from 80 K to 20 K 630
Condensation 440
Ortho-para conversion 670

Table 2: Summary of calculated heat loads during liquefaction and filling of the LH; target.

hydrogen to about 120 K. It may also contain some ortho-para-hydrogen catalyst material to pre-
convert some of the gas. The gas then passes through a pre-heat exchanger, which cools it further
to 80 K, after which it enters the condenser. Hydrogen condenses onto copper fins attached to the
20 K cold head, drips down into the ortho-para-hydrogen converter, and follows the condensate line
into the bottom of the target vessel. Liquid hydrogen that boils in the vessel flows up through the
boil-off line to the top of the condenser where it is liquefied again. This process continues until
the target is full, at which point the gas flow is shut off to form a closed system. The target is
then maintained at a constant (= 18 K) temperature, between the melting and boiling points of
hydrogen. The calculated heat loads during liquefaction and filling are summarized in table 2. The
total heat needed to fill the target is 3600 kJ in the LNy precooler, 690 kJ at the 80 K cold head,
and 2600 kJ at the 20 K cold head. To completely fill the target in 72 hours would require 2.7 W
at the 80 K head and 10 W at the 15 K head. This is well within the capability of commercially
available cryo-refrigerators.

The radiation shield will be cooled by the 80 K cold head of the refrigerator. The power load on
the refrigerator due to radiative heating on the shields is estimated 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 case the radiative heat load on the target vessel
is about 250 mW. This heat will be removed by the second stage of the refrigerator.

During rormal operation, the target temperature is regulated to approximately 18 K. The liquid
temnperature 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 maintain 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-malecular pump to maintain system vacuum < 10~° Torr.
Standard ion and thermocouple gauges will measure the vacuum. A hydrogen sensor will be used
to monitor the vacuum system for hydrogen leaking from the target.

3.4.5 Hydrogen Safety

Special attention is given to hydrogen safety. We are have formed a working group at L;s Alamos
for the hydrogen safety of the target. The group consists of ES&ZH personnel, engineering, and
cryogenic and pressure vessel experts. The working group will be involved in the design of the target
in the carly stage 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 for
different phases of the work. We have also been in contact with personnel at Jefferson Laboratory
where two small-size LH, targets were recently operated. We plan to draw from their experience
and their approach to LH; target 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 LH; target so that in case of leak
or rupture the gas will not exceed the lower explosive limit (LEL) of 4.7%.

A loss of either refrigeration power or vacuum will lead to rapid boiling in the target and an
overpressure condition in the target system. The first line of defense against this will be to place
the refrigerator and vacuum pumps on an un-interruptible power supply Lo protect the system from
a power failure. If 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-flammable area. A large, explosion-proof fan in the trunk will
circulate sufficient air to keep the vented hydrogen 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, loss of vacuum, overpressure in the target, or > 10% of
the LEL in any of the hydrogen monitors.

Another mode of failure is a leak from the target system into the vacuum. A hydrogen sensor
will continuously monitor the vacuum and alert the operator in case of an increase in the hydrogen
pressure, which would indicate 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 vacuumn system will
vent hydrogen gas into the dump line and outside the building as described above.

Normal warmup and venting of the target will proceed as follows. The target heater will be
energized to increase the rate of boiling to 0.1-1 g/s. A vent valve, which is located in parallel to
the relief valves, will be opened and throttled to release hydrogen gas to the 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 system
is empty, the system will be warmed to room temperature while flushing with inert gas to remove
residual hydrogen.

3.4.6 Instrumentation

A primarily hardware-based instrumentation and control system for the LH, target is preferred for
reliability and safety. There will be no need for operator control during normal operation of the LH,
target system System pressure (and hence temperature) will normally be kept within a parrow range
slightly above 1 atm (e.g. 16-18 psi) by a heater on the 15 K cold head, regulated bysa PID controller.
The following parameters will be continuously monitored: target pressure (pressure transducer),
target level indication (low power resistors), refrigerator cold head temperatures (thermocouples),
vacuum pressure (ion gauge) , hydrogen in the vacuum (hydrogen sensor), vent line temperature
{thermacouple), and hydrogen gas concentration at various points (hydrogen sensors).
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3.5 Gamma Detector
3.5.1 Cesium lodide Seintillators

The alkali iodides are particularly well suited for the detection of energetic 7-photons because of
their high density (4-5 g/em?) and the high atomic number of iodine (Z = 53), To stop more than
95% of the 2.2 MeV 4-rays, three mean free paths are required, corresponding to & 15 em thick Cal
crystal. The list of basic properties of a few candidate inorganic scintillators are shown in table 3.
Our choice for the scintillator is Cal(T1),

Nal(Tl)  CsI(11) Cal ——
Density 367 | 453 4.51 gfem?
Index of Refraction 1.85 1.80 1.80
Interaction Length (2.2 MeV) 5l 5.5 6.5 cm
Temperature Gradient [66, 67| -04 <02 ~1.5 R/°C
Relative Light Yield 1 0.4 0.1(fust), 0.02(slow)
Decay Time 250 1000 10, 36(fast), 1000 (slow) na
Wavelength of Maximum Emission 415 540 310{fast), 480-600(slow)  nm
Average Scintillation Efficiency [68] 113 1.9 %
Hygroscopicity very  somewhat somewhat

Table 3: A comparison of erystal reintillators.

Luminescence in crystal scintillators originates from enussion centers in the crystalline com-
pounds themselves or centers formed by activating agents ‘ntroduced into the crystal in controlled
amounts. Imperfections due to lattice dislocations, impurities or radiation damage in the crystal
create additional energy levels in the energy gap region. Excitons in the energy gap or electrons in
the conduction band can move into these energy levels that correspond to activation centers of thres
types:

1. Luminescence centers, at which recombination of an electron-hole pair excites the center and
then a decay occurs via a photon emission; Buorescence. This is the main mechanism of the
scintillation light.

2. Quenching centers, are like luminescence centers except that the excitation energy is dissipated
as heat via phonons instead of photons. This means that a change in the gamma ray rales will
change the temperature of the crystal and thus has an effect to the detection efficiency.

3. Traps, which are metastable energy levels at which electrons and holes, or excitons, can remain
for a long time before arquiring sufficient thermal energy to return to the conduction and
valence bands or Lo move to a luminescence or quenching center. When they do move Lo a
luminescence center, this delayed emission of light is called phospborescence. Inlumel:-u
the delayed emission has been measured to be very long [69].

The shape of the scintillation pulse depends on the type of crystal, nature and concentration of
the activator, type of radiation detected and temperature. The fall time of Lhe pulse can be typlcally
resolved into the two main components:




I. A prompt, exponential component (fluorescense) with o dime eopetant from a few hondred
nanceeconds to a few microseconds.

2 A delayed component (phosphoreseence, delayed Ausrescence] lasting several microsecnnds:

The fact thai the delayed compooent may account for as mich as 20% to 40% of the total omlssion
of light sets o limit on the usefolness of the crystal seintillptoss in high-couni rate pubes counting
applications, In ehe f + p <+ d + 7 experiment the gamena rates are toa large for the pulse counting
and tharefore the current maode  detection will be pacfommed (pee section 3.5.3), We haw siodied
the scintillation decays in a Cal{T1) erystal 3.6 cm thick and in & Cal{pure} eryatal 15 em thick wsing
cogmbe rays. Figure 16 shows an averaged scntillation decay of Csl{T1) and Calipure). We it Lhe
decay of the light Fom cosmbcs on CeliTl) to a Gaumian with exponentially decaying tails. Foor
diferent decay components can be identified with tme constants of 16, 4.9, 21, and 1240 j=. For
the Cal{pure), the decay can be Gt with three tme conscante: 205, T2, and 62 pu. Mone of these
companenl are boog encagh to cause any serious problem to the poperimant.
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Figure 16: Lighi oucpul a8 a funcibon of time for pore Os1 (kefi) and Csl{TI) {righi} from cosmic
ray evenis. The signals have been averaged ower approximately 30000 events; and are pormallzed
L3 unicy at the peak Hght outpat.

The segmentation of the detectar is required Lo resslve the angular dependence of the expected
parity-violating signal and discriminate false efects. The importance of che segmentation of tle
detectar and ks solid angle i disoussed in section 3.1

A eotnd of 48 CaT[T1} scintilators, with & size of 15 15 = 15 cm?, will be placed around the liguid
hydragen targel ae indicatad in figare 17. The plan & o ~suple the Cel(T1) erystals to either 5 inch
photomultiplier tubes or vacusm photo-digdes that have 520 photocathodes, The skgoals are then
taken directly from the anode to decrease the sensitivity of the detector gain Lo magnetic fields and
ather drifts as discuesed in section 3.5 The 530 photocsthode has & response curve that malches
well with the spectral distribution of the scintillation emission from Cs1{T1), which has & masimaim
al 540 mm

Temperature infuences scintillation effectiveness (nomber of photons emited per wnit tbme per
radiation in MeV), pube decay time and emision spectrum. For Csl(T1), the tempesature senailbvity
has been measured to be less than 0.2% per °C. Similar detectors have baen ohserved o have
acceptably low pabn dreifts (< 1% per weak [70]).

The stight hyproscopicity of the crystals will be handied by closing the coyatals into sealed
atuminum cans. The canning will alss help the moanting of the erystals around the liguid kydrogen
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Figare 17: Proposed deaign for the Csl detsctor ayray.

targed

Radiation dansage of the crystal will decrease iha transparency of & crysial resalting in A decreass
im detecied ight CaliTI} has been fourd to be rather radiation hard [71] up Lo doses of more than
50 Ftad

352 Cwrenl Mode Signal

Becagse of the high gamma-ray rates [10'Y-10" 57" depending on newtron time-of-Hight ), single-
pulr coonting &= not possible Even when divided among 48 detector elesments, the rales are (oo
bigh  Instesd, current-made technsgues are userl. Since the average time heiween detector pulses i
mnch sherier than ihe pulss widih, the signal from the photceathode Lales the form of & conbnuous
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in desgning an slecironk presmplifier ihai b low snongh sotse This problem has been aolved, as




will be spen in the next section.

3.6 Detector Electronics

The detector electronics must transform the signal from the gamma detectors into digital form
without significantly increasing the noise above the shot noise of the signal. In addition, this eriterion
must be met over a wide dynamic range, including total count rates from 10'7-10'% s='. A third
criterion is that the detector efficiency must be very insensitive to magnetic fields to avoid systematic
errors resulting from changes in magnetic fields during neutron spin reverszal. This last requirement
rules out the use of electron multipliers, such as are found in photomultiplier tubes. While such
devices act as extremely low-noise current amplifiers, the gain is notoriously sensitive to magnetic
fields. Instead, electronic amplifiers are used throughout.

The process of converting the detector photo-currents into digital signals occurs in stages. First,
the anode currents are converted to voltages by low-noise current-to-voltage (IV) preamplifiers lo-
cated in the detector bases. Second, the detector signals are combined by taking sums and differences
in order to reduce the dynamic range requiremments. Finally, the sum and difference signals are dig-
itized. The detector electronics are shown schematically in figure 18,
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Figure 18: Schematic representation of the detector electranics,

In addition to the current-mode electronics, pulse-mode electronics are needed for calibration and
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diagnostics. This system will consist of standard phototube bases, amplifiers, and

ADC's. In this mode of operation, the preamplification will be performed by the electron multiplier
in the phototube. Such an arrangement will be used at a reduced peutron fux o check the detector
efficiencies and establish background levels. For these tests, it is not necessary to operate the entire
detector array simultanecusly, and so the pulse-mode electronics will have a smaller number of
channels than the current-mode electronics.

1.6.1 Low-Noise Preamplifiers

The statistical Auctuations due o the number of detected gammas appear as shot noise in the
photocathode currents I, given by the rms current noise density I,/v/] = +/2Iq, where g is the
charge deposited per gamma. A second source of signal fluctuations, variations in the number of
electrons produced in the photocathode per gamma incident on the detector, is small by comparison.
Electronic noise in the TV preamplifiers must be small compared 1o the signal fuctuations in order
to preserve the statistical accuracy of the measurement. This requirement is most stringent at
the lowest anticipated count rate, 10'® s~!, where I,//J = 1.6 pA/vHz from a photocathode
current of 16 nA for each detector. A suitable current-to-voltage amplifier has been constructed and
successfully tested, displaying a noise density equivalent 1o anly 20 fﬁf\ﬂ-ﬁ. Equally important,
the amplifier has a sufficiently short time constant (100 us) to allow measurement of the peutron
tume-of-fight.

The preamplifier design is shown in figure 19. The circuit functions as a current-to-voltage
amplifier, built around an AD745A low-noise operational amplifier, having a typical voltage noise of
2.9 nV/vHz and typical current noise of 6.9 fA /v/Hz at 1 kHz. The foedback resistor is 10 M1, giving
a DC gain of 10 V/pA. The 10 pF feedback capacitor limits the 3 dB bandwidth to approximately
3.0 kHz, corresponding to a time constant of approximately 50 ps. Precision resistors with low
temperature coefficients (20 ppm/*C) are used to reduce thermally-induced drifts.

3.6.2 Sum and Difference Amplifiers

Since we are interested in a small (=2 5 x 10~") variation in gamma yield as a function of azimuthal
angle ¢, the dynamic range requirements for the signals can be greatly reduced by taking appropriate
differences in hardware. If the counting rates in all detector elements are equal, it is sufficient 1o
subtract the average signal from cach individual signal, and then digitize the differences as well
as the sum. In our test measurements we found that such differences remained stable o = 1%
of the original signals, allowing a reduction of two orders of magnitude in dynamic range. In
practice, because the detector elements do not view the targer with the same solid angle, detectos
will be grouped according to solid angle, with differences from the mean being formed within each
group. With this technique, differences between any two detectors within the same group can be
revoustyucted with statistically-limited uncertainties during analysis of the data.

3.7 Data Acquisition System

Like the detector electronics, the data acquisition system can be described in stages. Transient
digitizers sample the sum and difference signals many times during cach beam burst. These digitizers
reside in a VME crate and store the data in memaory shared with the VME cootroller, This controller
performs some compression on the data and writes it to a tape drive, either directly or through a
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Figure 19: Circuit diagram for the photocathode preamplifier.




personal computer (PC)-based data acquisition system. The PC system performs the tasks of
monitoring, control, and online analysis and display. An off-line system is also required for the final
analysis of the experimental data. In addition, since the collaboration consists of many institutions,
a mechanism must exist for providing remote access both to the data and to the computing resources.

3.7.1 VME-Based Data Acquisition Electronics

The sum and difference signals will be digitized by commercially available? 16-bit transient digitiz-
ers, with a maximum sampling rate of 100 kHz. The signals need to be sampled several times during
each beam burst to provide neutron time-of-flight information. There is, however, a more stringent
requirement on the sampling rate. Because of the very high counting rates, small statistical accu-
racies are obtained in a short time. If the sampling interval is too long, the one-bit uncertainty in
the digitization process can approach the size of the statistical uncertainty. For this reason, we will
sample at 10 us intervals. Several samples can then be averaged to reduce the amount of data, while
retaining the statistical accuracy. The electronics arrangement for one fourth of the full detector
array is shown schematically in figure 18.

The transient digitizer contains a controller and its own memory. The memory will be divided
into two buffers, which will be used to hold the data from alternate beam pulses. The inactive buffer
can be read by the VME host computer, which performs the signal averaging and combines the data
with other information, such as neutron time-of-flight and spin direction. The full event information
is then transferred both to tape and to the PC data acquisition system (DAQ) for further online
processing, monitoring and display. Control commands can be sent from the PC DAQ to the VME
host Lo stop and start data a2cquicition, or change to diagnostic modes, for example. All of the VME
components are commercially available and supported with industry-standard software.

3.7.2 PC-based Data Acquisition System (PC DAQ)

The PC-based data a.quisition system (PC DAQ) will provide monitoring and control of the VME
system, as well as online analysis and display. PC DAQ is a full-featured DAQ and analysis shell.
The program provides both DAQ and replay (disk file input) modes. It can also be used for Monte
Carlo projects. Extensive software control flags, which may be set either in script command files or
interactively, are provided so that the user can control the flow of data through the program. PC
DAQ is designed to run on a 32-bit Windows operating system (Windows 95, Windows NT 4.0, or
above) running on the INTEL 80x86 processor line.

PC DAQ provides histogramming, testing, and plotting packages. Histogram data can be ex-
ported to spreadsheets or analyzed in user supplied programs. The test package defines tests that
are used to see which histograms 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
programs. The plotting package is based on the xyPlot package defined by Tom Mottershead. Plots
car be copied as bitmaps to other programs or printed. Plot analysis is in user supplied FORTRAN
analysis code. =

An upgrade to provide VME capability is underway. Other usability changes can also be ex-
pected. A full description of PC DAQ may be found in [72].

2Alphi Technolog._;r._'T';;npe. Arizona
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3.7.3 Data Storage and Distribution

Raw data from the VME system will be written to tape through a standard SCSI interface. This
data will be written at a time-averaged rate of approximately 600-700 kbytes/s, and will consist
of digitized difference signals for each detector, averaged over approximately 100 samples, as well
as digitized sum signals, neutron time-of-flight, and auxiliary information such as beam intensity,
neutron spin direction, etc. This rate is well below the limits of current technology. Since each
tape has a capacity of 20 Gbytes, tapes will be filled 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 test 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 consist of approximately 4 Thytes of raw
data and 400 Gbytes 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 the
tapes available through a large-capacity (approximately 20 tape) tape changer. The disadvantage of
this primary approach is access time, which could become prchibitive, 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-1998) be practical.

3.8 Magnetic Guide Field

Three different sets of transverse magnetic fields are required by the experiment. The first field is
the 1J G Helmholtz field of the polarizer, the second field is the 10 G field that guides the neutron
spin to the spin flipper and then to the LH; target. The third field is the 10 G static field of the
resonance spin flipper described in section 3.3. Careful design is needed to match the fields to each
other to prevent depolarization.

For maximum 3He polarization and minimum polarization losses during polarization reversal by
the adiabatic fast passage, the inhomogeneity of the polarizer field has to be less than 3 mG/cm
[73, 74]. Magnetic field gradients in the 3He cells would cause spin relaxation of the polarized 3He
gas, which would compete with the slow spin exchange polarization process. Once the neutron beam
is polarized, a static magnetic guide field is required to maintain the polarization. The projection
of the neutron spin on the field direction is an adiabatic invariant, and is approximately conserved
when wg fwy, is small. Here, wp is the rate of change of the magnetic field direction, and wy, is the
neutron spin Larmor frequency, 29 kHz 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 Helmholtz 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 uniformity in the transitions between adjacent coils. Monte Carlo [75] calculations of the
neutron spin transport will aid in the design of the coils.
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4 Systematic Effects in the Experiment @i +p — d + 7y

We distinguish between statistical (section 4.1) and systematic (section 4.2) errors. The experiment is
designed to measure the directional asymmetry of the emission of gamma rays with the neutron spin
direction. A systematic error produces a signal in the detector that is coherent with the state of the
neutron spin; for example, the current in a magnet used to flip 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
from up to down. A source of statistical error produces a detector signal that is not correlated with
the neutron spin direction; for example fluctuations in the number of detected gamma rays due
to counting statistics or drifts in amplifier offsets. The size of statistical errors is imaportant when
discussing systematic errors, because it is important to be able to diagnose systematic errors in a
time that is short compared to the time it takes to measure the directional v 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 or arise from an interaction of the neutron spin other
than the directional 4 asymmetry in the 7 + p — d + 7 reaction, for example the parity-allowed
asymmetry §,-(kn X k,). Finally, it is important to isolate and study experimentally potential sources
of systematic errors. For example we can search for false asymmetries from activation of components
of the apparatus due to the capture of polarized neutrons by emptying the liquid hydrogen target.
We can monitor in situ effects such as the parity allowed &, -(k. x k,) correlation in i+p — d-+1 that
produces left-right asymmetries. We discuss auxiliary and in situ systematics checks in section 4.4
below.

4.1 Statistical Errors

The statistical uncertainty associated with the number of gamma rays detected, counting statistics,
is unavoidable; the limit is set by the beam intensity and the detector solid angle. The design goal
of the detector, electronics, and data acquisition system is to make other sources of noise small
compared to counting statistics. In order to measure the asymmetry with a statistical accuracy of
0.5 % 10 in one year, it is necessary to observe = 4 x 10'® photons. The asymmetry must be
measured with an accuracy of 1 x 10~* for each neutron beam pulse. In section 3.6 we showed
that electronic noise and drifts were small compared to counting statistics. The preamplifier noise
is more than 100 times smaller than counting statistics at the rates that will be achieved in the
apparatus. This very low level of 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 Systematic Errors of Instrumental Origin

It is not possible to give a complete list of sources of instrumental systematic errors. Many come
to mind: the influence of magnetic fields on detector gains, shifts in the mains voltage as power
supplies are turned on and off, leakage of control signals into preamplifiers, etc. It is essential to be
able to tell whether such effects are present in a short time, to learn where they come from, and fix
them. These effects are not associated with the neutron beam. There are two types of instrumental
asymmetries; additive couplings and gain shifts. Additive couplings will be diagnosed by running
the experiment with the beam off and looking for a non-zero up-down asymmetry. The electronic
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materials in the apparatus. The susceptibility of liquid hydrogen and aluminum are small and
the magnetization of these materials in a 10 Gauss field are 2x 107'% and 3 x 10~?, respectively,
relative to fully magnetized iron, and these materials pose no problem.

Neutron Beta Decay i — p+ e~ + 7 The weak decay symmetries, in regard to analyzing
power induced false asymmetries, are P— and T'+; the beta direction is correlated with the neutron
spin direction. The fraction of neutrons that decay in the target is approximately the stopping time
divided by the neutron decay time

10°*s

10° s
The asymmetry is 0.11 and the conversion of beta energy to gamma energy in the slowing down
process is small — the fractional radiation yield for a beta having half the end point energy Q3/2 =
0.39 MeV is 3.6 x 10~* [79]. We estimate the false asymmetry F to be

0.39 MeV
E,
where E, = 2.2 MeV. The effects of the radiative decay n = p+ ¢ + ¥ 4 v, internal bremsstrahlung,

is estimated as
aQy
E,
where a is the fine structure constant. The circular polarization of gammas from bremsstrahlung is

= 1, but the small analyzing power for circular polarization discussed above in the case of 3, - &,
makes this source of false asymmetry negligible.

=

= 1077, (36)

F = (1077)(0.11) (B36x107) ~7x107"3, (37)

Fa(1077)(1.1 x 107") ~3x 107", (38)

fi+d — t+~ A deuterium (Dz) contamination in the liquid hydrogen target can produce gammas
viafi+d — t+v. An upper limit for the gamma asymmetry of 1.5 x 10°¢ was obtained using
the DDH linits for H} and HY. The abundance of D in H is < 1.5 x 107%, the D cross section is
1.5% 1072 that of H, and the energy of the gamma ray is 6.2 MeV. We estimate the false asyrmmetry

. 6.2 MeV

F s (15 x 107%)(15 x 1077)(1.5 x 107) 720

~ 10710 (39)

n+%Li—7Li* 5 a +t SLiF will be used to line the liquid hydrogen target to absorb neutrons
that don’t capture. This process is dangerous because a large fraction, = 30%, of the neutrons that
originally entered the LH; target will be captured by ®Li in the proposed geometry. n +° Li -7
Li® - a + t. The parity violating &, - k, correlation has been measured to be < 6 x 10~® [80]. The
alphas make (a,n) reactions leading to fast neutrons with a production probability of =~ 10~ [81].
These fast neutrons can deposit large energies, ~ 20 MeV gamma equivalent, in the detector. We
estimate the false asymmetry to be:

F<03x6x107*x10™x =2 =2x10"", : (40)

En
E
where E, = 20 MeV and E, = 2.2 MeV. The fraction of neutrons that capture on the 7Li and the
'*F will be small because the capture cross sections are small, 0.16 and 0.034 barns at 2 meV as
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opposed to 3.5 x 10° barns for ®Li at 2 meV. We assume 10% "Li and 90% °Li. The fraction of
peutrons that capture on 7Li and '¥F are then 0.5 x 10~% and 1.2 x 107%. We consider the false
asymmetries from the beta decay of these polarized species below.

Mott-Schwinger Scattering of Polarized Neutrons The electromagnetic neutron spin-orbit
interaction is much larger at low energies than the nuclear spin-orbit scattering: the amplitude is
about 103 of the strong interaction neutron scattering amplitude for a bare nucleus. However this
amplitude is imaginary, and its interference with the nuclear scattering amplitude is suppressed for
most nuclei, whose nuclear scattering amplitudes are almost entirely real at low energy. Furthermore,
the electromagnetic scattering amplitude is reduced at small momentum transfer (large impact
parameter) by the screening of the nuclear charge by the atomic electrons. The left-right scattering
asymmetry causes the beam to move left-right between the two polarization directions.

A careful calculation was performed for the hydrogen target. The calculation took into account
the details of the angular dependence of the Mott-Schwinger scattering due w the differing form
factors for the neutron scattering from the nuclear and electronic charge distributions, the corrections
due to the shape of the molecule, and the geometry of the target and detector array. The result is
an analyzing power =~ 1077 at a scattering angle of 45 degrees. The beam center shifts left-right by
a small amount. The resulting change in the gamma ray intensity is about 107% in the left-right
direction. The symmetry of the apparatus reduces this effect in the up-down direction by 102
giving a false asymmetry of 107" at 2 meV. Most 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 dependence of this effect is t=>9,

ji- VB The ji- VB force can steer the neutrons uy down and cause an up-down asymmetry.
This effect is minimized by the use of the radio-frequency spin flipper. The 10 Gauss guide field is
homogeneous from the *He polarizer and the ji- VB force vanishes. For a 0.1 Gauss field change
over the dimensions of the apparatus we estimate a false asymmetry of 10~'9. This false asymmetry
depends on TOF uas £. The false asymmetry changes sign when the guide field is reversed.

§n - kn The neutron experiences a parity violating 5, - k, interaction as it propagates through the
liquid hydrogen. Heckel estimates a spin rotation of 2 x 10~7 radians/cm. This produces a rotation
of 6 x 10~° radians in the 30 cm thickness of the target. This rotation has the same consequences
as the detector asymmetry. The rotation produces a false asymmetry by coupling some left-right
asymmetry into the up-down direction. We have assumed a detector asymmetry of 10~2 above and
6 x 107% « 1072, The parity violating longitudinal asymmetry is o« k, and is negligible for cold
neutrons. This asymmetry shifts the beam in a forward-backward direction and is rejected by the
symmetry of the apparatus.

Beta Decay of Polarized Nuclei from the Capture of Polarized Neutrons The false effect
froin these processes arises from the parity-violating beta decay cf polarized nuclei. We.assume a
correlation of 0.1 between the neutron spin direction and the direction of emission of the beta. The
falsc asymmetry is reversed by a factor of fQg/E-, where Q is the end-point energy, f is the fraction
of the beta energy converted to bremsstrahlung in the slowing down process, and E, = 2.2 MeV.
We take this fraction from ref. [79]. The time structure of the beam and the relaxation of the nuclear
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spim peduee the asymmetry by a betor

T 12— 1/4{a - a7 4 10"}

Fw== T+s ' [41)

where T i b e widih of the oold seutron pulse (= 10 ma), and * ia the beta docay Nfslime.
W0 e e beriwren macyo pulses (50 me) aml g i be spin relasation Ume (assume g = T,
i wv can write 2, the deczy of ibe gun doe w0 decay wnd depolarissiion beiwesn macto pulies
=g MR g s betwees T3 and I/ 16r s & varies betwoen | and 0, ks shown in
Figare B We sstrmaie the Dlw srymmetres prodoond by (e polarissd oeitron beum interaciing

Flguwre 70 Vasistion in gr /T s & lascieos of a

with 0.1 gi'em® of weriows maieriak In the caw of the LIF lne, we sasme i 170 of 15 st
imierart Fuor o sequetce of isolopes sach as '*C and "'C only the Ianvim istoqe has o be conmdered
and e fadse asymmetsy s reduced by the factionsl stundance of this motope  Carbos ® & grest
material becase the 'C davgbier has J = 0 and bence has o beta decay ssymmetry. Farthermors.
the faler ssvmmeirees e small berause capaure Ciun meclsd sy sl

From the estimates presentend bere_ it i cheir thal fabee arvmmetsoes (rom the capture of pobarced
miche will mot proshuce senions fabs asywmeires & can b wen o (able d

.13 Time Dependent Efects

Titwe sdrperibent. systematic effects seme from drifts or fuctustions n experimental parsmeters sach
et gaen, cicdenst fus. and beam posrion on the target The primary technique for reducing
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TTAlL Mg Td UF "0 Zr ¥Pb
Abundance 1 0.11 0.1 1 0.002 0.03 0.52
Daughter 241 Mg 8Li il 0 Zr 209pp
Mean Life (s) 138 570 0.84 11.4 20 6.1x10" 1.2x10*
g 14x10°% 32x10°% 27x107% 1.7x107" 65x10°° 41x10°7 16x10°7
Fcapture (b) 0.85 0.13 0.16 0034 57x10°* 0.08 1.1 x10~2
Qs (MeV) 4.6 1.8 16.0 7.0 3.5 2.65 0.64
Fraction 19x107% 33x107% 1.1x107% 1.2x107% 43x107® 50x10"% 1.7x107®
Fraa (Eg/2) 20%x1077 89x107* 31x107% 14x107? 94x10"% 41x10"? 3.8x10°?

EpFrqa/44 MeV 21 %1072 36 x107° 0.11 22x107? 75x107 25x10°? 55x10°?
F 56x1071 21 x107" 14x107"° 26 x 10" 1.1 x 107" 5.1 x 10~ 7.8 x 10~'¢

Table 4: Properties of nuclei that can contribute to false asymmetries by beta decay after capturing
polarized neutrons. The isotope that gives the largest false asymmetry is shown.

the false asymmetries generated by these changes is fast spin reversal. This allows asymmetry
measurements to be made in each neutron spin state very close together in tiine, before significant
drift occurs. In addition, by carefully choosing the sequence of spin reversal, the effects of any
remaining drifts can be further reduced. We plan to reverse the neutron beam polarization at
20 Hz; that is with each beam pulse. The optimal spin-reversal sequence depends upon the specific
characteristics of the largest systematic drifts and has yet to be determined. We will describe one
possible sequence.

The importance of the spin reversal sequence ran be illustrated by considering an efficicney
difference between up and down detectors that drifts linearly with time, such that the difference is
positive and increasing. If the neutron spin is simply alternated between the two states t/1}..., the
second state will always have a larger asymmetry, leading to a false effect. However, if the four-step
sequence T/|1 is chosen instead, the effect is canceled. Carrying the process one step further gives
the eight-step sequence +1{1/11}, which cancels time-ordered drifts to quadratic order [82].

A more realistic example is a spin-independent false asymmetry that has an exponential time
dependence ¢ = Ae '/". We take for amplitude 4 = 1 % 107° and for the time constant 7 =
1007, where T" is the time between spin states. These parameters reflect reasonable values for
slowly drifting systematic effects. This false asymmetry is greatly reduced by taking the difference
between asymmetries measured with positive and negative neutron spin directions, but the size of
the reduction depends strongly on the spin-flip sequence chosen. We will consider three different
sequences, consisting of eight asymmetry measurements, four for each neutron spin direction: 1) the
two-step sequence 11111114, the four-step sequence 1111111, and the eight-step sequence 1141} 111].
The results, summarized in table 5, clearly show that for this type of systematic drifu the eight-step
sequence is superior.

The most important time-dependent systematic effects arise from drifts in detector efficiencies.
This is because differences in detector efficiency are the origin of the largest time-independent sys-
tematic asymmetry, which is of order 10~%. To the extent that this effect is constant with time, it is
removed by reversing the neutron spin. Thus, it is only the time-dependent drifts that cap cause a
false effect. We divide the detector drift into two components: an intrinsic term, which is indepen-
dent of environmental conditions and a temperature-dependent term. Both have been measured by
Frlez, et al. [70] for similar detectors, who report coefficients of 1% per week for intrinsic drift and
1% per degree C for temperature-dependent drift.
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T Bpin Sequence ?rﬁ_—_r;’
TeoSep TIHIRIE] 4= 0077

Four-Btep  1ATTIT & 10°*
Eight-Siep  HATH Bw 0"

Tabls & Falss ssymmotsy doe o s ecposestislly decaying signal for ibhree neuoon spin-flip ==
quemces. The signal haa an indtiad magnitode of 1 » 107" aod & time constant of 100 times the

apin-fip inierwal

Wa can then oslinate the nystamalic asymmoetoies [rom thess effects by assuming the drifis are
exponontinl and uncorrolsted batwoorn different dedoctors. We pow hore thet correlatbos: tend o
reduen thi sigs of U effecis. We lariber sssume & mashmnem rie of emperatore changs of 1 degres
C per Bour. Do the casd of an sight-sap sequosns with & spin-flip rate of 20 Ha, (his estimate gives
i filse paymmatey of 7 10°™ for the nivinsic term and 2 = 100" for the iemperalure-dependent
tirim, well betlow oo axpeecied slatlaticnd anoersinty

4.3 Online Diagnnstics

4.3.1  ldentifieation of Aysiematbc Efecta; TOF Dependence and Tergei Depolarizs-
L

Al i piclsed neutron souree, thers @ o relation betseen the aroval time of the neutron sfier the
protan barsl sirihes the warget and the peutron energy: E o 1. The reladion betwoen the neutron
energy and the iming of tha gamma ray aignal B biyroed somewhat by the disuribotion of modesation
Limes of tha neutrons in the cold mederator and the hydrogen target {which averages abowt 100 us),
bt ibils sffect i small i comparison Lo Lhe arrival tmes of the low energy neutrons of interest (of
ordey & fow milliseconds), Tharelore the ume dependenes of the gamma ray gl can be corredaied
wiil Lhe [neuming neulron ensTgies,

The parity-violating analywing powar A, in @ + p = d + 5 is energy indopendent for bow energy
neutrona. I there wers no depolarisation of Ue neitfons in the pars-bydrogen tarpst, the time
dependence of Lhe parity-violating asymmeiry would reubt anly from the time dependence of the
eyl polarizations. M“hhmimhﬂﬂ.m,mﬂwﬂlem
showe |5 meV are strongly depolarised before they capeure The Ume dependence of the parity-
wholaling siymmeiry should ihersfore lollow the time dependency of the beam polariestion for long
thme-ol-Bight, conmmponding to neutrons with E < 15 e, bul decrease sigriScanily foe shorter
tiima-of-Aight, roiresponding o ewirops with E > 15 meV,

Both of these feaiures, the time dependence of the asymmetry and the enengy dependencn of
ihe meution depolarsation, are very wselul jor isclating and identifying systeenatic effects. Dilferem
iyatematic efferis possess diflerent dependencoes on reutron eeergy. For example, a systematic efect
mssccistend with meutron besm motion. due to the Seern-Gevlach offect in the gradient magnetic Geld
prown & the square of e lime spewi i the Seld gradient, and this increases-os a faection of
vimeeod Might. On v othr hisd, & dystenatic effect o Mott-Schwinger scallsring Fross with
incident mewiron ey End teaelore derresses wilh time-ol-fight.  Each sysiematic effect has a
rhArarIeTIEL I ime MERslyre ksl can be uend &5 & pirtial meses of identification. aned most of thess
i dlgnatures sre different from that expecied from the roe stymmetry.
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The neutron depolarization above 15 meV not only effectively turns off the parity violating signal:
it also must turn off all systematic effects that require the neutrons to be polarized in the para-
hydrogen target. For example, Mott-Schwinger scattering effects in para-hydrogen, bremsstrahlung
from parity-violating beta decay of "Li formed from polarized neutron capture in the target liner,
and the parity-conserving asymmetry must vanish above 15 meV. On the other hand, systematic
effects not associated with hydrogen, such as Mott-Schwinger scattering and bremsstrahlung from
parity-violating beta decay of window materials before the target, will still be present at neutron
energies above 15 meV.

The combination of these diagnostics is an important ool for identifying sufficiently large system-
atic effects that either have been overlooked or underestimated in our analysis. We have indicated
in the systematic effects section both the expected time d2pendence of the systematic effect and
whether or not it turns off as the neutrons are depolarized in the target above 15 meV.

4.3.2 Target Diagnostics

Two properties of the target must be ensured. It is essential that the ortho-hydrogen content in the
target remain small, to minimize neutron depolarization before capture. In addition, it is important
to verify that the neutron polarization upon capture in the target behaves as expected in order to
make full use of the time-of-flight diagnostic technique for systematic effects described above.

There are two convenient ways to monitor the ortho-para ratio of the target. For a 20 K lig-
uid hydrogen target held at atmospheric pressure the equilibrium concentration of para-hydrogen is
99.8%. This concentration can be measured with a gas thermal conductivity cell. One measures the
resistivity change of a wire in thermal contact with the gas. The technique exploits the significant
difference between the therinal conductivities of ortho and para hydrogen gas (83, 84]. The mea-
surement accuracy of this technique is about 0.4%. This method suffers from possible changes in
the ratio due to conversion on the tube walls during extraction of the gas. In addition, it may not
be compatible with the safety requirements for the target.

Another solution is to allow a fraction of the forward scattered neutrons in the target to escape
the 5Li neutron shiel.'ing and reach a beam monitor behind the target. The beam monitor can be
used to see changes in the relative concentrations of ortho-hydrogen and para-hydrogen in the target
{and in the neutron cold source). This is possible due to the very large difference in neutron cross
sections for the two species at low neutron energies (see figure 21). At 4 meV neutron energy, for
example, the ortho-hydrogen cross section is larger than the para-hydrogen cross section by a factor
of about 20. Furthermore, this cross section ratio changes as a function of energy in a known way
in our energy regime. For a small change in the ortho-hydrogen concentration of the target, the
fractional change in transmission is therefore larger (by the same factor) than an equivalent change
in the target density. Doubling the 0.2% equilibrium ortho-hydrogen concentration in the target, for
example, leads to a 10% decrease in the transmission at 4 meV. This monitoring method is more
direct and is completely compatible with liquid hydrogen safety requirements. The transmission
method is sensitive to ortho-para changes in the cold moderator as well. Changes in the efficiency
of the cold moderator are expected to be smaller for a given change in ortho concentration than
changes in the para-hydrogen target transmission. We will verify this expectation with empty-
target measurements soon after the cold moderator is operational. Once the steady-state properties
of the moderator and target are established, a time-independent transmission spectrum is sufficient
verification that the ortho concentration is acceptable.

The appropriate beam monitor for this task would need to possess an efficiency with known
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Figure 21: Measured scatt« 1g cross sections for neutrons on para-hydrogen (circles) and neutrons
on normal (75% ortho-) hydrogen (squares). The solid line is the cross section for n—p capture. [85].
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energy dependence. The two practical ways to achieve this goal for low energy neutron beams are

1. to use a “thin” detector and exploit the 1/v dependence of neutron absorption cross sections,
and

2. to use a totally absorbing detector.

In the latter case current mode detection may be required due to the high rates. A low Z target
is also preferred to reduce sensitivity to the intense gamma flash from the spallation burst and to
capture gammas from the source. Such a beam monitor has already been developed by the TRIPLE
collaboration [86]. It is a dual ion chamber with *He and *He as the working gases. The signals
from the two ion chambers are subtracted to remove the gamma-induced component of the signal.

Information on the neutron polarization before capture is more difficult to obtain experimentally.
The ideal approach would be to introduce a liquid that depolarizes neutrons in the same way as para-
hydrogen and possesses a nuclear species with a large parity-violating asymmetry. **Cl possesses a
parity-violating gamma asymmetry integrated over the neutron capture gamma spectrum of 2 x 10~5
[87], which is large enough to collect counting statistics in a short time. Cl is a component in several
room-temperature liquids. No liquid containing this J = 3/2 species will reproduce the full energy
dependence of neutron depolarization produced in the para-hydrogen target, however. To the extent
that the depolarization could be calculated for some liquid with 3°Cl, it would certainly be useful
as a demonstration of the techniques described above.

The polarization of the neutrons leaving the target carries some information on the energy
dependence of the depolarization process. One can analyze the polarization of forward scattered
neutrons as a function of energy using a polarized *He analyzer and a transmission detector. Similar
measurements have recently been performed at LANSCE in an effort to determine the absolute
neutron beam polarization produced by a polarized *He target [88]. Only a relative transmission
measurement is required [40). This measurement would give a upper bound as a function of energy
on the neutron polarization before capture. In addition, such a measurement can be used as a check
on a theoretical calculation of the depolarization.

4.4 Auxiliary Measurements

Auxiliary measurements to test for and limit possible systematic errors can be divided into two
broad classes. The first class are those measurements done “on-line”, that is, while i+ p - d+ v
data is being acquired.

Because of the geometrical suppression expected by the left-right and up-down symmetries of
the detector, any observed left-right current asymmetry (expected to be 2 x 10~2 due to a parity
conserving 1 —p interaction, see section 4.2.2) can be divided by 100 to get the possible contamination
to the up-down (parity) current change correlated with the neutron spin reversal.

It will also be important to determine whether there is any change in neutron trajectory correlated
with the spin flipper operation. Such a trajectory change could give a false parity signal because
the gammas created by the neutron capture will have a spatial distribution, hence a different solid
angle at each detector. The change in count rate R between the two detectors, for a poft source
located between them at a distance d from each, is given by the change in solid angle A to each

detector: -
1 1
= = (42)

s = T
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o & fractional change of —

T )
which i a first order changs in & small transverse displacement &, Buch an offect can be lsolated by
appropriate reversals of the polarizer and guide (kelds. This effect can also be measured by increasing
the distance from the spin Sipper w the targed, although this will likely result in reduced statistical
scruracy becanse of neotron loss dise Lo beam divergenoe.

The trajertory change can be determined with betier accuracy by e of an off-line mesmrement;
if & knife edgr & placed in the oeutron beam a long distance from the fipper, any net trajectory
change will be evident by a change by count rate. In fct, il the puide Beld terminaies somewhare
pear ihe flipper (normally the hydrogen target is placed in the guide Beld), az the neutrons beave
this flaeld, they will sxperience a transverde force that sbookd be eanily ovident by & chanjpe in the
inife-sdge detertor count rats. The Hmit on & possible spin-correlated syswsmatic can be resdily
determired by the appropriste length and magmetic Beld change scalings

Effects of spin-correlated bmemstrahlong fom oeutron capture beta decay can be amplified by
a brgr amoumt.  For example, the Bquid hydmgen tanget can be substituted with a large solid
alurminunen shag, in which case a systematie signal correlated with, for exancple, the hydroges vessal
inpist window eould be amplified by & fctor of 100,000, In fact, any material, ussd in the coastruction
ol the apparatus and that comes ip contact with polarfes] segtrons, could be tested o this manner,

Systematic changes in system gain comrelated with cperation of the apin flipper can be diserimi-
nated by an sppropriate flip sequence. Howewer, any such effecy could be directly tmind by blocking
the meniron beam and ssiting the photodewscior curmenis oo their operating valoee by sxposing them
o a weak comstani Bght soumee. The sbot noise sssociated with this current would be an ordar of
magnitudes l=sa than thal from (he segiron gemma capiure photo-currentd.

Similarly, the change in background and pichup associaied with operation of Uk spin Bipper can
be eaily determined by blocking the neutron beam and measuring the dark current corralstion
wiih & large 5wl well-know capture gamuna ray ssymmetry, an excellent candidaie s carbon tetra-
ciuoride. The gamms symmeiry for polarised neuton capiure on ™1 s approcmately 2.5 = 10-%;
a ool coptaining one cold sewiron mean free patl (abowl 1 em) of this material could be ised 1o
=rurstely test and calilvate the apparatio in 4 few mimiale of feEng

5 Progress to Date

5.1 Test Run

A prool-of-principle Lest run has been performed wing unpolarised thermal peulron caplure on
palyribylene. This arrangemeni was selectad s i produces approcamately the same rate of 2.3 MeV
EaAmmas & v expact in the ariual orpetiment. The primary purposs of ihis el ware o verify
that the sleciromss nome of (he detertor sysiem can be reduced helow the quanium Bueciuatisha kn
deterios currenl from counting satiabes, snd 1o meamite the sensitivity of the deioctor efichsncies
i magnetie Gebds For the =t s asvay of 12 Cal detectomn similar 1o what will be used o the
artual evperinent e pesl

In the st experiment, & L om diameter by § cm thick target of polyethylene, supported by
a cylimdrical polyeibylene shell, waa placed in & 10 rm dizmeter neutron beam. The 13 Cal detee-
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Polyethylene Target

Neutron Beam Photomultiplier

Csl Detector

Figure 22: Experimental arrangement for the test experiment, showing the neutron beam, polyethy-
lene target, and Csl 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 to a NIM module that 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 photocathode will have an individual amplifier. In the second configurav.on, the ditector
photocathodes were connected together in two groups of six. These two signals then went to external
preamplifiers and then to the sum and diflerence amplifiers, as described above. This arrangement
was used to study fluctuations in the capture gamma flux, due to effects such as beam tntensity and
position modulations. With this arrangement, we could measure the spectral density of the beam
noise, &

The detector electronics used for the noise measurements are shown in figure 23. The circuit
consists of two low-noise current-to-voltage (IV) amplifiers, followed by stages that take the sum and
difference of the two voltages. The [V amplifiers where designed using AD745A op-amps. These
op-ampe have a typical voltage noise density of 2.9 nV/ \/ﬁgn and a typical current noise density
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of 09 (A/vHa at | kHz The 10 MID fondback rsistor gives & DO gain of 10 V/ud A 10 pF
fmsdbick nhpaciior combined with an externad low-pass flisr lmi e 3 3B bandwidih to 1.0 kHs
Vhis eormaponds 1o & tme constant of approvimataly 80 gs, Procision rsistors (0.0%) with lows
tsmperatire cooMcionts (20 ppm/® 0 are weed o dha IV, o, sod difference amplifier stages. The
uim elpeuil was deslgned o bove an overall gain of 10 Y uA, and the difference cireult & gabn of
10 Vindk The specteal density messurement, ussd the same orcull with the preamplifier galn
podiptenl by & fnctor of 50, and the bandwidih incrensed (o 160 kHa

| 0pF
, L_”:u...|
]
‘ ”’“‘i &, A
Tk __‘[_ LT
10 pF I by
—i
- _“‘-“ahl 100 & LJ_I
..t;___.;’;m | WJ :T-
- 1om

Figure I3 Dingram of the detrcion trontmmd slsbronis b U ol expermment.

BT Curreni-Mods Signal

Sewrial messorements were perinrmed to enaare thal the cherrved detertor curremt for ibe full
-rt.ihﬂhltﬂmnm-hlmm—mm'—.
ravi o hpdroges in the polyetiylene trget. This mimbsy b ihe prodoct of the peutros Bus,
he probabality for 1he peutron W chptiand o8 & pron. the probabiliiy thar the capture producss




a gamma ray that absorbs in the detector, and the charge per gamma ray that appears at the
photocathode, The instantaneoes fux of | eV peutrons on the targed oould pot eastly be meanred
direcily, Instead, & fux nf 5 x 10 5~ was inferred from & measaremont of the count rate in &
tobidly-abaosbing "Li scintilator, 1 cm in dismeser, locabed B om from Lhe apallation targes. At this
loeation and noytron eoorgy the couot rate, 108 kHe, wis low onough o e sormal pulse-counting
mrlhioide

A Monte Carlo calculation was performed o sstimaw the fraotkon (approsdmately 60%) of in-
cldent poutrons that capture oo protons in the polyethylens targel afler moderation, Most of the
remakiing neutrons backscatter from the target, The mesn trangport path for thermal neutross is
polyeibylens used in e cabrulations, § mm, was verified by relstive ranemision messarements.
The predaction for the amount of backscattered neutrons wad Lasted by moving the location of Lhe
lasgel relative 0 the detecior array and observing ihat the largel position that gave the largest
detnctor sigmal was located shout § cm downstream from. Use cepler of Lhe detecior annelus. The
large mor of the signal at this position, about 1.5 Lines langer than the signad for Uhe tanget centered
on ithe arvay, was sitribated 10 hadowsitered newirom that capiure on the protons in the cyiindni-
eal polyethylene support. strecture for the tarpes (gamms raps from e nappors are cioser 1o the
ibetertonm anal bave a largey solid angle).

Samcw the solud angle was mown, the only remaining quastily seeded o calenlate the deterior
currend s the gumber of photoelertrons produced i the Cal ditecton's photocsthods by the 7,23 MeV
gumima ray. This number was determined by twn mdependent methods. First, the polyethylene
target was mplaced by & totafly-absorbing In twget. Indivm pocsesses & large neutron resonance
ai |46 eV, which decays primarily by gamma emission, Using the messured detecior current ak
the resonance, we inferred o value of 70 photoalectrons par MeV of deposited gamma ray energy,
This miimber wns consistent within errors with the value of 83 photosiecirons per MeV inferred from
previous measiremends of the energy resohition of the Cal detéctord for the gamma raye from &
“Co source. The mumber of photoelectrons por MeV wis caleulatod under the ansumption that the
epergy resolubion is dominaed by the sestkstical Buctuatbons of the mumber of photoelectrons.

annd on this combination of measurements and simulations, the predicied detoctor current for
the lull areay ie aboue 005 & 0.1 pd for 1 eV neutrons. The agrooment with the measured valwes of
56 & has two conpequences; 1) the currant modo signal (s indesd dominatod by gamma rays from
neuiran capiure on protons, ¥} the value for the number of photosieetronn per MeV in the detector
i dotarmined. This value in neaded to caloulate U expor od amount of noise in the detactor array
disn Lo cwrrent shol noise from pewtron counting stalistes

5.0.2 FElectranic Noise

Uing a dugius! oscilhs ope. the electromic noise s Masiced fon Uhe sum and diffsrence oatputs.
The mistir in Lhe tum ootput was 760 gV Releryed (o the npan, ks o Ld pA S
The diflerence output bad 110 pVims of solss, coreponding 1o 0.3 pAJ ot e tmput It &
wselul to compare the difference poiser (0 the rms thot. nosee created by e quantised natare of the
expooied detecton sigmal

L) T = /24l * )

whare g u the chasge generated in the photocatbods per gamma and [ s the photocathode currens.
Using the expectd values g == |50 and J == 100 s A, we obtain [,/ T = 2 pA/vHz, a factor of 10
greater than our electronic noise. Cabculations with a SPICE model of the preamplifier indicate that
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an electronic naise of juse 13 fA /T should be ohtainable, We sttribute the exces nois ahaarvd
in our bt o be from 60 He pickup, Thin contribution will bo reduced srith improved electrostaiio
shiglding. More progress has been made on reducing the preamplifier nobe sinos the lesl mus (s
section 5.2). In addition, the Csl{T1) detectors ikl will bo wsed in the experiment wil] prodies
approcimately 500 electrons per gamma, which will also improve the ratlo of dectronic modss s
statistbcal fuctuations.

513 Speciral Density

Perinufic wvariations in beam parameiern can prodson (e pypmmeirio, These effecis include Ructi-
ations in beam intensity and positlon, which ame expecied o dominates over olher terme, Becaum of
ihis, the experiment bas been designad so that e terms do not copbribute to o falss neymasatry
im first onder. Sincoe the experimental asymmetsy ks formed by taking the difference between up and
down detertor currents, the twn currents are mentared pmulinneoesly, making the apparatos quite
msensitive b0 incident Bux varalioss. Second, ibe ssbmuthal symmetry of e apparatus suppresses
ibe comtribation from beam motion. Whils such sffects do pot lasd directly to fulse paymmetries,
it is poemible for them to costribute in higher order. For exnmple, beam motion combined with
detertor-efficiency differences can give & sob-stro elfect. For this reason, il b imperiant o koow the
wizw of the Buclustions in beum pasamstam.

We measured the influence of thee Aoctuatisng on L detected signal and set an upper limit for
i contribution  We sampled the difference algnal from the deisciors every 50 mas for & 10 mimate
pethod while the spallation sowrce operatasd in o tesdy-sisle mode This was doss by nisgraiing
the voltage for 1 e eviry beam pulse The satotorreiation hanction of the differenss dsignal, f{r} =
{fEife = rj} was then cabrulated. The Foprier ramsiorm of this quantity, Fije] = j'_':ﬂr]-""ﬁ-,
s the spectral densily of ihe isiemaily Boctuations of Us seatron scwroe s Bhered teough the
difference signal of intermi. Thers were 50 petiodic souros of nobe observed in the 0-10 Hz range
{Gg. M). The upper limid of this rangs is =1 by the sumpling rale, whick s in ey [Eeited by
the pulse spacing. Decause the signal handwidih (160 kM) was langer than this upper observahle
Frecpeimncy, Lhe nobe abowe 10 Hr i alissed oo the 0-10 Hy range. Correcting for this effect, we
estimate an apper lmit of 5 1A /y/Te on beam-induced Buctuations on the differmnce signal

S04 Detector Sensitivity o Magoeils Flakis

The seamtivity of the delscion to magneiic Balds wes measered by applyisg a 100 mapetic Beld o
e detacion using & pabl of Hebinholis coils and reversing ibe Geld 5000 He The beid was oriented
parallel Lo the pholocathode sirfacos of the photomeiiplies tubes in an sttempt 0 maoimise the
e of the eflsct. The obwyved changs in the delector efficlncy was 7 % 107" G-, This s about
five ordors of magnitude smaller than oo would repect, for & (ypica) photomultipher tube operated
in the marmal fsshion wiih high woluage on the dynodes

5.2 Development of the Detector Electronics

A dlcussed in section 5.1, the developmenst of low-noiss elecironic amplibication of the detector
photo-cathode slgnali B crocial b thi seccess of the experiment. Fortunately, we have sacoesded
iy designing and westing op-amp hassd sirrant-to-vollage presmplifiers that echibii approcimately
250 thmvirs bows podes Lhan oxpocted from thee actuad signnl. The performance of the proamplifiers wan
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verified in the besl run, and feoriber improvements were then mads in beneh testa. A two-chanmel

prototype surn &nd differasos ammplifier sl wan ussd for Lhend Laals.

I the test run, the slectronic nole was messared o be 0.2 pA/vHz s the input. This is &
fartor of B snaller Uhan the rma abeol pobse corresponding Lo coanting statistirs at the lowest nedtron
Hux. Further improvements snce the tesl nin, primably from improved electrostatic shislding, kave
reduced the carmest noise density 1o just 20 [A Tz (figore 29), a faotor of 250 smaller than the
signal shol podse

g ame

g
!

0.1 b

[pA/S vH2

Figurs 13 Current noise density messurod from the current-to-vollage preamplifier and rofereod
i tha inpul. The dashed lioe indicates the level of soise from the messuremont spparabun. The
{reguency reponde of the presssplifier was extecnally lmited o 3 kHz. Note thai the large valis &b

erro frequency mormeponds W the DO dgnal

5.3 Computer Modeling
531 Meutrons in ihe Liguid Pers-Hydrogen Targed

Wr hawe modelod the transport of the pentrons in & Bquid para-bydrogen wrget wing both MONP
] & bomewritlen oode. The scatiering kerned reproduces Lhe messired dynamid stroctin factop
' [d1AE of liquid pars-bydroges where it hat been measuend 800 These calculations seek 1o
i mime

I whal gre the oplimal dimensions of the bydrogen Lirget, and




2. how quickly do the neutrons depolarize in the target at incident energies (> 15 meV) that are
high enough to excite the para-hydrogen molecule.

The target 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 equifibrium with the target, and then they diffuse in the
target until they escape or capture. We can perform a crude estimate as follows. The mean free
path ! = 1/no, for 4 meV neutrons in para-hydrogen is about 9 cm, and one expects the average
number of collisions before capture, N = o, /¢,, to be about 2.5 for 4 meV neutrons. o, ,, and 0,
are the total, scattering, and absorption cross sections. The mean distance to capture is therefore
IV/N = 14 cm. However, this estimate does not include all of the dynamics of the process, such as
the angular dependence of the scattering and the energy transfer. To obtain an estimate including
these factors, we performed Monwe Carlo calculations. The results of the calculation show that a
target with a radius of 30 cm and a length of 30 cm is sufficient to capture 60% of the incident
neutrons.

The average scattering angle as a function of incident neutron energy is shown in figure 26. Monte
Carlo simulations show that above 10 meV the average scattering angle varies from 75-60 degrees
as the energy increases, Figure 26 also shows the average 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 results, it is convenient to divide the neutrons
into two classes: those above 15 meV and those below 15 meV. Refer to figure 21, which shows the
energy dependence of the neutron scattering and absorption cross sections in para-hydrogen. After
1-2 collisions the average energy of the neutrons is below 15 meV. When this state is reached the
kinetic energy of the neutron is not far from that of the molecules in the target, and so one expects
the neutron motion to become isotropic. Below 15 meV the average number of scatterings before
capture is similar, and it varies slowly as a function of neutron energy for the range of incident
neutron energies in the beam. We therefore expect that we will need to make the target about twice
as long along the F~am direction as it is wide due to this “free streaming” of the beam in the forward
direction prior to the first scattering.

Figure 27 shows the fraction of incident neutrons that produce capture gammas in a cylindrical
target as a function of target dimensions. We assume a 10 cm x 10 cm beam with the expected
energy distribution from i he planned LANSCE cold moderator. About 60% of the incident neutrons
capture in the hydrogen. Given the slow rate of increase of the capture efficiency of the target with
increasing size, we have settled on a 15 cm radius and a 30 cm length as the design dimensions for
the target. Of the neuirons that do not capture in the target, about 10-15% backscatter or diffuse
out the front of the target, 5% are transmitted, and the rest leak out radially. These results for the
fraction of neutrons that capture in the target are consistent with the experience of the previous
attenipt to measure parity violation in 77 + p — d + 7 performed at the ILL [10].

The issue of neutron depolarization can be discussed qualitatively as follows. As mentioned
above, the ground state of the hydrogen molecule, para-hydrogen, has J = L = § = 0, and the
first excited state, ortho-hydrogen, is at 15 meV. Neutrons below this energy cannot excite the
para-hydrogen molecule so only elastic scattering is allowed, and spin-flip scattering is forbidden,
The neutron polarization therefore survives the scattering events that occur before capture. (In
fact, there is a small amount of depelarization due to the presence of ortho-hydrogen and deuterium
impurities: we estimate that one retains 98% of the incident polarization if one assumes a 0.2% ortho-
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Figure 26: Monte Carlo calculation of the average scattering angle (top) and average energy loss
(bottom) of neutrons in para-hydrogen as a function of neutron energy.
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Figure 27: Monte Carlo calculation of the fraction of neutrons producing capture gamma rays in
the para-hydrogen target for target radii of 10 (open triangle), 15 (open square), 20 (open circle),
25 (filled square), and 30 cm (filled circle).




hydrogen concentration. There will also be a small amount of depolarization from the deuterium
impurities in the target). Higher energy neutrons will undergo spin-flip scattering and will depolarize.
We therefore expect the neutron polarization before capture to be high below 15 meV and to fali
sharply above 15 meV as spin-flip scattering becomes possible.

A complete calculation of the spin-flip scattering probability of a polarized neutron from a hydro-
gen molecule must take into account all of the details of the rotational dynamics of the molecule in
the liquid and is rather involved. However, we can perform a calculation that sets an upper limit on
the ratio of the spin-flip scattering to the total scattering as follows. It is easy to derive the following
expression for the cross sections for spin-flip and no-spin-flip scattering from a single isolated nucleus
[90]: Onofiip = 0o+ 1/30; and oy = 2/30¢ where g, and o; are the coherent and incoherent neutron
scattering cross sections. When coherent scattering is dominant, the depolarization is small. When
incoherent scattering is dominant, as it is for the higher energy neutrons on hydrogen, the beam is
quickly depolarized.

We have performed a Monte Carlo calculation of the neutron polarization upon capture as a
function of incident neutron energy for this extreme case. The results are seen in figure 28. The
results can be understood as follows. The neutrons with energy greater than 15 meV, which are
susceptible to depolarization quickly (within 1-2 collisions), lose enough energy that their kinetic
energy falls below 15 meV, where they are safe from further depolarization before capture. In the
incident energy range from 15-50 meV, the neutrons undergo one scattering event that brings their
energy below 15 meV, and so the final polarization upon capture is close to the theoretical extreme
of —1/3, that is, the polarization decreases and is reversed. At higher energies where one gets on
average two scattering before falling below 15 meV, the polarization is posi.ive again and down by
another factor of 1/3.

This crude estimate effectively treats the atoms in the molecule independently and so is expected
to be accurate only for higher energy neutrons. It will fail in the intermediate energy region, and
more sophisticated calculations need to be performed. We intend to pursue an approximation in
that only the effects of the L =0, 8 =0to L =1, § = 1 para-ortho transition is taken into account,
since it is the dominant feature in the rise in the scattering cross section above 15 meV. We will use
tue free rotor approximation for liquid hydrogen (the Young-Koppel model) in this estimate. It is
important to verify the understanding of the depolarization mechanism by analyzing the transmitted
neutron polarization behind the hydrogen target.

5.3.2 Modeling of Csl Detector Array
The goals for the modeling of the gamma detector array are
1. to calculate the acceptance,
2. to model the electron-photon shower and determine its relevant properties,

3. to determine for each detector the average fraction of energy that is deposited and the fluctu-

ations in this average.
-

Our proposed segmented gamma detector contains 48 cubes of Csl, 15 cm x 15 cm x 15 em. The
15 cm thickness corresponds to 3 mean free paths for 2.2 MeV gamma rays. Figure 17 shows the
arrangement of the crystals relative to the central volume of the liquid hydrogen target. We have
calculated the fraction of gammas from the target that are stopped in the array using the MCNP
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Fizure 28: The top panel shows a Monte Carlo caleulation of the average number of neutron scat-
terings before capture (solid), scatterings with final E; > 15 meV (dashed), and scattegings that
cause neutron spin flip {dotted) The bottom panel shows a Moote Carlo caleulation of the average
neutron polarization at capture, assuming an initial polarization of 1.
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becomes possible. It is thought that elevated temperatures are more harmful to the guide than
radiation damage. In any case, the mounting system will be designed to allow replacement of
damaged guide sections.

The shutter mechanism will consist of a steel block, about 1.5 m long, with a penetration for a
neutron guide, siniilar to the guide section inside the biological shield, to transport the beam when
the shutter is open (the upper position). In the shutter closed position (the lower position) the
beam will interact with the beam stop, a combination of polyethylene and steel layers surrounded
by tungsten as indicated in figure 30. The shutter will be raised and lowered by pneumatic cylinders,
and precision fixtures will establish the relative alignment of the fixed and movable guide sections
when it is open. To keep the radiation levels to an acceptable level at the experimental room, the
shutter mechanism has to be enclosed within a proper designed radiation shield.

6 Progress Expected in the Near Future

During the next MLNSC production cycle, we are planning a test experiment that will test several
pieces of the experimental apparatus and will measure the sensitivity to as many systematic effects
as possible. Since the beam line required for the final experiment will not be available, these tests
will be done on an existing cold neutron beam line. We will construct a test apparatus consisting
of 4 of the full complement of 48 detectors. The detectors, each a 15 cm cube of CsI(T!) as in the
full experiment, will be placed symmetricaily up, down, left, and right around a polyethylene target.
This target will be chosen to have the same diameter and hydrogen thickness as the LH; target.
This test setup will allow for the development and test of the data acquisition system, as well as
tests of many systematics.

The test will proceed in stages. In the first stage, bench tests will be performed, both with and
without gamma sources, to test detector performance, data acquisition, noise levels, and electronic
pickup. During this phase, the VME DAQ development will be completed. Stability of the detectors
and associated electronics with temperature, time, and magnetic field will be established. Using light
emiting diodes, we will measure the system linearity. In the second 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 asymmetries associated with drifts and with beam
intensity and position modulations. In third stage, the beam will be polarized by a small *He
polarizer. Tests for false asymmetries associated with neutron polarization will be conducted. In
addition, development and testing of the RF spin flipper, magnetic guide field, and full-scale *He
polarizer will be conducted.

At the end of this series of tests, all major components of the experiment, with the exception
of the LH; target®, will have been tested. In addition, the sensitivity of the apparatus to most
systematic effects will have been estabiished.

7 Conclusion

The parity violating asymmetry A, in 7i + p = d + 7 can be measured to a statistical acturacy of
5 x 107? in one year of data at the upgraded version of LANSCE now under construction. The
systematic errors will be held below the statistical errors by creative use of the time structure of

*The development of the LH, target will proceed in parallel, but will not require a neutron beam.
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a pulsed neutron source. A unique feature of this experiment is that A, determines the weak NN
coupling H} with negligible uncertainty due to nuclear structure. The proposed measurement of H}

1. unambiguously determine its value,
2. determine the longest range and most important of the weak NN couplings,

3. provide an essential step in over-constraining the weak NN couplings and testing the meson-
exchange picture of the weak NN interaction, and

4. test QCD modifications of quark-quark neutral currents in bound systems; mesons and nucle-
ons. The implications of the measurement of A, in fi + p —+ d + « are discussed in 1n0re detail
in section 1.8 at the end of the introduction.
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1a Polariser The "He technology is known, but sckieving 85% polarization i not trivial. We sre
testing new ideas to incraase Ube parformance of the *He polartsors. Most of the companents
have & lwt price. A contingency of 5% has been usnd.
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Baam Monltor This item is required for the beam normalization. The costs are known and there-
fore & contingency of B A weed

Shielding This item inchides the shislding around the neutron gulde and axperiment. The final
eowts -of the shislding are mainly offecied by two copstraints. Plest, the sxperiment must be
locaced ut & minimem distands of 13 m from the seutron soorce 10 provide snough room for
the apparaces. The 13 m bong seatron puids mus be shislded. Becond, sines this 10 = 10 em
puide directly views U mosderaior, aliowing et protrons (> | V) o peach the experiment,
u proper beam demp and & polpetnplens-siesl combmation shislding arousd e experimens
are tequired o schieve Lhe radislopies] levels defined by the ladlity A contisgency of 3% B
i

Clenn Power and Grouwnd From esperience we now Uhet the Eacllity powss i oo nodsy for this
type of experiosainl amd (st Usere ls no good grosnd avallable, We e o eild both Mo
conlingency.

Meutron Transport This leas ncludes o 13 m long neutron supar mirror guide, & mechenieal
ghutier, and o frame dofinition chopper. A ~ 4 m long noilron gulde with support will be
moumied ingide the biological shiald. The shutter includes & masslve block of steel, o 2 m loog
nawtron guide, and & twngeten beam block. Afier ibe shutior we need W moonl the frame
disfinition chopper wnid 7 m of neviron guide. The design of the neutron galde and shutier
mechanim s & collaboraiive elfort with LANSCE. We plan to design o gulde and sbutter
system that will masimise the smidable neytron M, aod therafors be well suites] o foture
ouclesr physo enprrimens, ibough not for newtron catiering evperimenis. AL pretent we
onaly have & conerplual deige snd therelnre 3 contingeacy of W has been added

[




Technician (0.5 FTE) During the peak capital squipment constrwction years (FY99 and FY00),
additional wschabeian support, st the lTevel of (L5 FTE above the exating support, &= required.

luem Hasse Costs —H%

ﬂ;! ( (8%} (&k)
“Signal Proceuing, ) 5
Data Proceming 3
Detoctar A6 35" 4+ 501
THe Polarissr 14 B 1ot
St Mirror Polariser
Spin Flippor a
Spin Transpori b4
100" 4+ 50t e+ et

L1l Target
Bemm Monitor

Shinlding

Clean Power and Groupdi

Memvron Transport

Technician (L8 FTE)
“Bubtotal

szdeqyF

¥EL.8

0 m*

1307 00 [+]]
LANL Capital Equipemsent Burden E.Hl o
“Total = 6T
*LANL
IKEK
I Mtirhigan
L] - Fepe.
V| sainng
INIST

Badei.Bess

Taksds T P funcding sources

The funding profile, shows m lable & b s plonned w Ul the main capital squipment
comstreciion will Lake plade in 1990 snd 3000 The imponast. milmtone & the installaiion of L
shuiter and neyiron puide sysieen. lesalisgion will mart doring ibe Jasusey-February |99 beam
break and fnidh doring U Seplember- Novemnber 1999, This Uming allows U sxperiment Lo bagin
benmn-on Syslematl Lesls when Che boim @ svnilabde m February 7000 Mosy of tss fanding for the
THe polariver and the LHy target peeds (o oorer in 1999 6o that ibess inEmpOneats A
ready when the experimest starts to tabe dats 5t the baginning of 7000, Sowms of the Call erytals
s be ordered i 15089, and the v in H00. The goal b o heee the full detecton operational in
e muidie of 2000
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15494 13T 654 200 426 ™
LI ] fias ] LI 100
N a L] i 1] 100
002 0 0 0 i} 100
2003 0 0 0 0 100

“Hubeoeal 738 1507 B 631 400

LANL Burden b

Capital Equipment iR

Table & Projecisd profils for the capital squipment &nd operitons bedget.

Year Goemists Postdocs Btudents  Techmicians
bl el ol

4 1.5
19460 ] 4 8 L5
M L 4 & 28
2] H 4 B 1.5
FlLIF 7 4 4 1
20 7 4 4 |
T —

Tahie % Projected profibo for the all persanmel

“Vear Sciemtists Postdocs  Slodents  TechBicans
{FY) [FTE} (FTE} (FTE) _ (FTE)
e [} i
104
L 18]
b 1]
0z
003

i 13
1 15
1 1
1 |
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B Schedule

The s-haiube for the experment dependls upom the amdlability of the comstinueibon part of the fonding
ind the availability of beam at MLNSC. The first important milestons i the installsbion of the
hiitier ind neulion goide for the socear physiol beam iee. This allows the sian the imporiant
watang of the vystematics nabng the boagn  Thee present plan = o sart the batalisiion of the shovisy
the Seplamber-Nowember 1999 bieak Onur plas 6 to uee this beam lins b the it tme slating
im Febmuary 2000, first to test the diferent. composrnts of the sxpariment, ind Lhen 1o begin taking
dats bn June 3000 Ia Sgaoe 31, we show the propossd schedule The bmam schadule b3 the present
plan for MLNSC peodocteon; it incledes start up sndd lusing, leling op @ two sosibs of each
ranning peviod  The faifity has provided ws with ithe plas ke the HMINSC production oaly easi
year FYRND Systematics muodies will be omndocted both with st withoo the bass The S
sysiematic stodies will be done asing the tet. baaw ne during the [958 and 1999 ren cpcles.

\A|.||||.| .||r||.||1||||.|:|| ‘l-l-'r'l]'l'llﬁ.-'l'l'"'r"_
peom —1 LI L[ U LU
Design -_———____g_ —

e 1

Canstruction [— | L e—————
L ' I -

Syste.notics —— ; —[ : e ———
: aa | : el

Dala :J [ U —IJ
...... PPV ST (PO, (W TR ot U T WA
1998 1999 2000 2001 2002

Calendar Yeor

“igure Al Proposd shedule indiatiag the demign, coastriction, nyslematic tesl, and data collection
phases Ak ndicated are the sxpecied perbds of production beam st MLNST. The dotted line
represents ihe mousting of te sretmos beam shstier and guide aysiem, while ibe dashed [ime
inadicates the st possible tart of data collecthon




C Personnel

Los Alamos National Laboratory

J.D. Bowman Fellow. Extensive experience in the study of parity violation and fundamental sym-
metries: PV in compound nuclear reactions, PV in p-p interactions at 15, 800, and 6000 MeV.
Symmetry violating processes: u — e+ and u = e+ +. Extensive experience in detector
development and methods to reduce systematic errors in symmetry tests.

G.L. Greene Staff Member. Active in the field of precision measurements and symmetry test
with low energy neutrons for more than twenty years. Participated in the first observation of
P-violating neutron spin precession and in measurements determining the mass, lifetime and
magnetic moment of the neutron, among other activities.

G.E. Hogan Staff Member. Extensive experience in particle and nuclear physics experiments.
Played a major part in the design, construction, and running of the MEGA (u — ¢ + ) ex-
periment. Experience in hardware (chambers, complex gas systems, scintillators) and software
‘(analysis, databases, and stand 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-energy nuclear physics research for more
than fifteen years. Active participant in a program studying parity violation 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 most sensitive measurements of atomic and neutron electric dipole moments, and in the
measurement of neutron-nucleon weak interactions by spin rotation.

G.L. Morgan Staff Member. Active in the field of nuclear physics at both low and intermediate
energies for over thirty years. Participated in numerous experiments, principally at Los Alamos
(LANSCE) and Oak Ridge (ORELA) in both pure and applied research in the field of neutron
physics.

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

S.I. Penttila Staff Member. Studied for years parity violation with low-energy neutrons, extensive
experience in cryogenics and optically polarized *He, years of experience in MLNSC and its
beam lines.

D.A. Smith Post-Doctoral Researcher. Active in research at Los Alamas for the past eight years.
Performed the 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 of polarized *He for the production of low-energy polarized neutron beams.
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T.B. Smith Post-Doctoral Memsarcher, Completed & FhD. ising & polarised "He target 1o study
the spin strucinre of the peotron st BLAC. Panicipsted in the Endawtion & spin streciure
program & SLAC meee 1907

WA Wilburn Suall hember. Active in e fedd of symmeisy lesls i nochear physice, moheding
parity and Uiers ieversal arvananee  Prociieon messutements o e pischen syatems.  Mea-
suremenis of gamma senisssnn frome rulion- nducsd et

V. W, Yoan Siafl Member, lavadwed o 30 years o iymmeiry messuremmsenis in the nucbeon- muckenn
sysem, Spobraman lod U PFY messuresent in p-p waliering st 800 eV, Helped mar the
prrogram sl Lo Alamos o sy pasicy violation in compeand- mackesr reonances. Has par-
ibcipated in this peogram for 10 yrars. Currenily b & co-principal isvestigaioe om expeyiments
Lo aie L Doppler broasbening of neutins resnsses Wb dynemically (on & chorn Ums sal)
theusute L alute (6 malonal pysuems

PFetersburg Moclear Phiysies Instituies

A, Bashenor Sindl Member. Participam of the experument fiof messaremsent of droular polaros-
tion of gemma-rays dunng e caplure of polarmed neutrons by pars-bpdrogen. Participant
in wbi Clatehina sxperimimi asching for the peviron EDM. Involved in the devlopmeni of
alectranic hardware for fundumental experiments

E. Kolomensk] Siafl Membar Participant in the G+ p = d + 5 experimeni which measured the P-
viiliting clrcular polarisation. Al participated bn the measuremend of ciroplar polarization of

gnma-raya from the captune of polanised mertrons by para-hypdroges. lnvaleed in developoent
ol Gatching neuvon EDM experiment.

AL Plroahbos Sl Member. Participant in the @ + p — d + + enperimeni. which measured ihe F-
violabing croular polarization. Also paricipaied in the measuremeng of eircolar polarization of

gamma-rayd [rom the capiure of polarised neitrons by para-hypdrogen bomalved in development
of Gatchins noutron EDM axparimint

A, Serebroy Professor. Mors than 25 year experience of work with cold polarizsd and ulica eald
noutions  Participated i the EDM expenmest with UCN from the beginning. Took mes-
meremmennie of paitron felime with gravitationel trap of UCN. Involved in mossuroments of
neubroi heln-decsy asymmetrles with bigh precision. Conducied measurements of P-violsting
effect of poutron spin rdation in vicloky of the resosanee. Desipn and production of cold
neatron sources and ubtra cold pewleon souroes.
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University of Michigan

T.E. Chupp Frobsss Experiisr in polarten and symmsiry enperimsesis, particularly polas-
inadaon of pobke gases by lase optical pumping and polsioed "He sewtron spin fillers. Recest
muperimental activity includes massgrement of sommic seouric dipole moments with oplicslly
pumped oasers, probing secleon structure by sleciron scatiering from polred targets snd
imsasurement of T-violstbon with polarized nevtrons [emiT collsboration].

K. Coulter Assistant Reseirch Schontist. Exiensive experionog (o the prodection of polarised
moble gases [H, D, "Ha, and "™Xe) for symmetry and nuclonr physics experiments,  Thens
inchuda measurementa of PY in compound oockear reictions (Inclisding the frst use of lnass
polarieed Yks an a peutron spin Bler], noclson apin sbreciure using polarived alectroms on
polarised targess, and T wiolation in polarised sestron bela-decay

MO Welsh Postdortoral Hesesrch Fellow . Experiies in pacless pliyscs experiments, specilically
uncking alpmithmi, deis anslysis, ooe Carlo sirsalsieons, dets aoquisition, on-line s
off-line dats pressntation. Experimenal experence in heavy ion astesr oollisons [LBL-DLS,
BMNL-#78/806), doep inslastle seattoring [SLAC-EIS4/E185), "He polanzation techalgess, asd
madlieal imaging,

1, Berger Graduate Student. Working with Dirs. Chupp, Coulter and Welsh on novel devices for

polarizing YHe with the spin exchange opiical pumping mothod. Mr Zergor was also an
Academic All American Football Player in College

University of California, Berkeley

5.). Freed.san Profmsoe  Aciiesly mvolves) o erperimenisl tevie of the Ebctrowesh Susndesd
Model. Precision tests in soclesr Gnd pemiron bela dersy  Searches for new particles s

unexpeciad phenomens

H.K. Pujikaea Seafl Membe, Fxtengve experiencs in r-mclllmmdur beta decay measumemenis
partial Dfetime of the guper-allowsd Fermi decay of "G, "0 bota decay shape factor, and hoavy
meutring searches (n "5 beta decay. Symmetry v Toviolation with polarissd neutrona
(emiT). Experimental particle physice: neuiring ascillnilons (LAMPE EG45).

MNational Instituts of Stamniards and Techmnlogy

TR Gentile Staf Member, Development of pestron polaisens based on polarised "He, with
emphasis on the mreissaldlny-cxchange optical pusipeng meihod; pentron tenoegraphy

G.l. Jones Sl Membar, While sl Princelon, Uordon Jones measored the bela siymmetry of
¥ Nn ns a search foe right handed weak curments, Sines 19060 be has worked at NIST whov be has
continued o study thy symmetries of the weak intersction as part, of the emiT rollaboration.
His primary work gt NIST has been deveioping a polarised *He neutron spin Blter for cold
peutron beams at the NIST reactor.
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F.E. Wietfeldt Staffl Member. Three years of experience with fundamental nuclear physics exper-
iments using polarized and unpolarized neutron beams at N.L.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-
cay.

University of New Hampshire

M.B. Leuschner Research Assistant Professor. Experience in polarization and parity violation
experiments, including measurements with low enecgy neutrons and gamma ray asymmetries.
Development of techniques for polarizing noble gases via the spin-exchange method.

V.R. Pomeroy Graduate Student. Recent participation in low energy neutron physics program
at LANSCE. Develupment of polarized *He neutron spin filter. Extensive experience in spin-
exchange techniques for polarizing noble gases.

Kyoto University

A. Masaike Professor. Working in the wide field of clementary particle physics, in particular
precise test of symmetries, high energy spin physics, iyperon-nuclear interactions, high energy
astro-physics, ete.

Y. Matsuda Graduate Student. Recently completed a Ph.D. on the study of parity violation in
compound nuclear systems, carried out at LANSCE.

KEK National Laboratory

S. Ishimoto Sta”™ Member. Active in the ficld of spin physics using polarized and liquid hydrogen
targets for more than twenty years. Participated in the study and development of the polarized
protan filter at KEK. Developed polarized proton and deuteron targets at KEK, LANL and
CERN. Developed sceveral types liquid hydrogen targets at KEK.

Y. Masuda Stafl Member. Precision tests of symmetry violation in the nucleus. Polarization of
neuirons and nuclei.

K. Morimoto Staff Member. Extensive ~xperience in precision measurements.

Indiana University

C. Blessinger Graduate Student. Indiana/[UCF since summer 1997. M.S. in electrical engineer-
ing, Rose-Hulman 1996. Intended thesis: parity violation in i + p — d + «.

G. Hansen Graduate Student. Indiana/ITUCF since summer 1997. Working on develdpment of
polarized *He neutron polarizers. Designing a Stern-Gerlach analyzer for polarized neutrons.

H. Nann Professor. Experience in Monte-Carlo simulations for nuclear and high energy physics,
magnet design. and low-energy neutron-induced reactions.
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DL Rich Craduate Stodent, Active in the Weak Interactions Group at TUCF sines 10804 Con-

iribiited o the measursinent of parity violation in compound nuclear resonancs scattering in
%, Mocont concontration in the devilopment of polarised *He based neutron spin BHers

WM., Bnow Asiatant Professor. Meutron weak interactions and peutoon scaliering. Messsrement
of th decay rate of ibe novitron. Parity viclation in the NN imteraction.  Development of

W|MM.‘HWN¥HHNWM Development of advanoed methods in newiron
M nsomaErenyam

Joint Insiituis for Nuclonr Fesesrch

E.l: Bharapoy Siafl Member. More than 3 yoars expenence in the low eporgy neutron and
gamma-ray specirossopy, (m, e}, (n P Li), (n,TLI) resctions, (nd) oapture Pusdamental
symemartrion wilh seubrons, particpation in the first ohservation of parity violation in P
renonnoes and i eystemalle sudies of the weak malris slemenl in heavy nuchei
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D Publications and Presentations

Papers

1. W.S. Wilburn and J.D. Bowman. Consistency of parity-violating pion-nucleon couplings ez-
tracted from measurements in ‘*F and *Cs. Physical Review C. Accepted for publication.

2. W.M. Snow, W.S. Wilburn, J.D. Bowman, M.B. Leuschner, S.1. Penttild, V.R. Pomeroy, D.R.
Rich, E.l. Sharapov, and V. Yuan. Progress toward a new measurement of the parity violating
asymmetry in 7i + p = d + 7. Submitted to Nuclear Instruments and Methods.

3. A. Csé6té and B.F. Gibson. Parity conserving y asymmetry in n-p radiative capture. Physical
Review C 56, 631 (1997).

Contributed Talks

1. W.S. Wilburn, J.D. Bowman, S.I. Penttild, V. Yuan, M.B. Leuschner, V.R. Pomeroy, D.R.
Rich, W.M. Snow, and E.I. Sharapov. Low-noise photocathod= preamplifiers for measuring A,
in 7i + p =+ d + 7. Bulletin of the American Physical Society 42, 1667 (1997).

2. W.S. Wilburn and the npdg collaboration. A proposed experiment to measure A, infi+p —
d + v at LANSCE. Bulletin of the American Physical Socicty, to appear.

3. C. Blessinger and the npdg collaboration. Parily wviolatson in polarized neutron caplure on
protons: Targel and detector simulations. Bulletin of the American Physical Society, to appear.

4. WM. Si.ow and the npdg collaboration. Parity wiolation in polarized neutron capture on
protons: An analysis of systematic effects. Bulletin of the American Physical Society, to

appear

Seminars and Colloquia

1. J.D. Bowman. Parity wolation in fi + p = d + 7. Technical Seminar. Los Alamos National
Laboratory, Los Alamos, NM. October 21, 1997.

2. J.D. Bowman. Panity volation win i + p — 4 + . Technical Seminar. Hebrew University,
Jerusalem, Israel. October 28, 1997.

3. J.D. Bowman. Parity wiolation in 7 + p — d +v. Technical Seminar. Tel Aviv Univérsity, Tel
Aviv, Israel. November 4, 1997. .

4. WS. Wilburn. The f, controversy: 'F, anapoles, and the future. Technical Seminar. National
Institute for Standards and Technology, Gaithersburg, MD. December 12, 1997.

54

P o __ﬂ_




. J.D. Bowman. Measurement of the Parity-Violating Gamma Asymmetry A, infi+p = d+1.
Presentation to the Physics Division Advisory Committee. Los Alamos National Laboratory,
Los Alamos, NM. January 27, 1998.

. W.M. Snow. Weak interactions of low energy neutrons. Physics Department Colloquium.
University of New Hampshire, Durham, NH. February 4, 1998.

. W.S. Wilburn. The f, controversy: 'F, anapoles, and the future Nuclear Physics Seminar.
Indiana University Cyclotron Facility, Bloomington, IN. February 20, 1998,

. J.D. Bowman. Parity Violation in the weak hadronic interaction, i + p — d + . Physics
Colloquium. Catholic University, Washington, DC. April 2, 1998,
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