PHYSICAL REVIEW C VOLUME 53, NUMBER 2 FEBRUARY 1996

Study of time reversal violation in B8 decay of polarized 8Li
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The transverse polarization in a plane perpendicular to the nuclear spin axis has been determined for
electrons emitted in thg decay of polarizedLi. Such a spin component signals a violation of time reversal
symmetry. Using a sample SiLi nuclei with vector polarization of~0.11 and a polarimeter with average
analyzing powelS= —0.10, the asymmetry in the Mott scattering of decay electrons was measured with an
accuracy of=4x10° 5 From the asymmetry, the transverse spin polarization of the electrons has been
determined with an accuracy af4x 104, and the amplitud®= (— 0.2+ 4.0) X 10" 3 of the triple correla-
tion between nuclear spin, momentum, and spin of the electron has been obtained. These results represent the
most precise measurement of the transverse polarization of leptons emitted in weak decays. Time reversal
violating part of the correlation amplitudByry= (—0.9+4.0) X 10”2, is deduced. It provides the first direct
determination of the imaginary, charged weak tensor interactior022<Im(C+ C1)/C,<0.017 or alterna-
tively —0.004<Im(ay,)<0.005(90% C.L). These are the tightest limits for exotitonvector or axial vector
time reversal violating couplings in semileptonic weak decays. A report is presented with emphasis on experi-
mental details and data analysis. Relations of this study to other tests of time reversal violation are discussed.

PACS numbdis): 24.80+y, 23.40.Bw, 13.88te, 13.30.Ce

I. INTRODUCTION interactions with a subtle interplay of all three quark fami-
lies. This model predicts sizab{@P violation effects in pro-
The CPT theorem[1] links time reversal symmetrf  cesses involving heavy quarks. Its predictions for the sys-
with a combination of particle-antiparticle and parity sym-tems built of the lightest quarks, andu, are very low, and
metries CP). This grand theoretical conjecture and experi-in fact inaccessible to a test by the present generation of
mental evidence supporting [i2] give rise to expectations laboratory experiments.
that T violation should be accompanied by a corresponding  Another, though indirect evidence 6fP or T violation, is
CP violation and vice versa. an excess of matter over antimatter in the present Universe.
The existence ofCP violation in the decay of neutral wjth perfectCP or T invariance, all the baryons and anti-
kaons is firmly established: in a number of experiments, th@garyons created in the big bang explosion would have anni-
observed effects exceed the statistical uncertainties by moig|ated and the present world would be filled mostly with
than an order of magnitude. The startling discovery of theenergy in the form of massless quanta of radiaf@n It was
CP violation phenomena has prompted vigorous theoretic ointed out[10] that, beside baryon number violating pro-
activity. The best known mechanisms considered as sourc ®sses, the violation oEP or T symmetry is one of the

of CP violation are the superweak interactif8], Cabibbo- s
Kobayashi-MaskawéCKM) mixing of the quark statef], gre]:t(i:be;;grrl)spondltlons to produce an excess of baryons over

a ¢ term in the QCD Lagrangiafb], models involving left- Experimental evidence, particularly the absence of char-

ight-h [tiplets of Hi - T L ]
?22:?7] o?nlgpefogs;?ke{gf S.(I.ifg’ (r:n}glv:pmeifir(])g alr?gsthrzazr acteristic annihilation radiation, suggests that even the largest
! y structures in the Universe are composed of regular matter.

interaction term are embedded into the standard m@Md)

of particles and their interactions. The former mechanism idioWever, theCP violating interaction, detected in the kaon
particularly important, since it is the only one that arisesSyStém and incorporated into the SM,to weakto pro-

within a context of already known physic&P violation in ~ duce so much matter in the baryogenesis progkss There-

the CKM frame arises as a genuine phenomenon of weafere cosmology provides a hint that there exist atebier
mechanismghat breakCP or T invariance. In contrast to

the CKM model, sizable effects for systems built of light
“Present address: Alusuisse, Schweizerische Aluminium AG Sidquarks could suggest a more natural explanation of the large

ers, 3965 Chippis, Switzerland. baryon/antibaryon asymmetry.
Ton leave from Jagellonian University, Cracow, Poland. There is a general consensus that an observati@obr
*Present address: Paul Scherrer Institut, 5232 Villigen, SwitzerT symmetry breaking outside the kaon system may provide a
land. clue for a new view on particles or their interactions. Moti-
Spresent address: Institute of Physics, Jagellonian Universityated by thecontradictionsbetween the SM and cosmol-
30059 Cracow, Poland. ogy we have performed a test of time reversal symmetry.
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ll. STATUS OF T VIOLATION been provided by experiments with more complex systems,
notably Hg and Tl atomf24]. EDM experiments restrict the
@ interaction term, which may arise in the QCD sector of the
In the following survey of the most important experiments standard model, te-10~° of its natural strengti22]; no
we emphasize that various studies of the two related discretgther experiments are better suited for searcit folation
symmetries provide complementary information. The EXperigenerated by strong interaction. EDM predictions based on
ments in subfields of particle and nuclear physics are usuallyye ckM mechanism are stitt 7 orders of magnitude lower
sensitive to different mechanisms of the® or T violation.  [26] than the experimental determinations. The exact values
CP forbidden processes;2x 10~ in the branching ra-  of these predictions vary by large factors, depending on the
tios [12], have been observed in hadronic decaysdetails of the assumptions used in the calculations. The pre-
(K= 7% 77) and in semileptonic decay&f—7“e*v) of  dicted effects are in general so small that it seems unrealistic
neutral kaon$2]. In recent years enormous efforts have beerto expect that the EDM experiments with ultracold neutrons
concentrated on the kaon experiments. The motivation fowill soon shed light on details of violation generated by
this generation of experiments was the theoretical discoverthe CKM schem¢26]. Other interesting mechanisms of
of a signature that may distinguish between the CKM and theiolation, like multiple Higgs bosons, or left-right symmetric
superweak models dE P violation. An unavoidable conse- models, allow an EDM of the neutron only 1-2 orders of
guencd 13] of the CKM model is the mechanism of “direct” magnitude smaller than the present experimental [[2.
CP violation that leads to a strangeness-changia@€1)  Their effects may be tested therefore by the next generation
transition in the decay amplitude. In contrast, the superweakf EDM experiments.
interaction may change strangeness only by two units The obvious way to study time reversal symmetry is to
(AS=2). Recent experimental reports from Fermildsl] compare a certain physical process dah@ sameprocess
do not provide conclusive data in support of “dired€P  running backwards in time. This leads to the principle of
violation, although the earlier CERN dafa5] have been detailed balance, which is based on the invariance of the
considered as evidence against the superweak modedcattering matrixS under time reversal transformatioh
Though it is not related to the problem of “direc€P vio- [27]. Detailed balance was tested in cross sect[@8& and
lation, we note an observation @P violation in a new in polarization observabld®9] for a number of nuclear re-
decay channel where two charged pions are accompanied gtions. The results show th&tviolating amplitudes are at
a photon[16]. most 10 3 to 10 ? of the dominating strong interaction am-
Direct determination of the time reversal violating part of plitudes. New prospects fof violation experiments with
the interaction in the kaon system is interesting in the contexstrongly interacting systems have appeared following a dis-
of our work. A thorough analysis of the classic kaon decaycovery of large enhancement factors of £A.0° for parity
experiments, which leads to the conclusion tHat. :the  nonconserving phenomena in the interaction of polarized
CPT violating interaction strength is at most a few percentneutrons with nuclear media. It is argug80] that similar

A. Experiments and their implications

of the CPT conserving,T violating interaction . . . " is pre-  amplification mechanisms may operate for effects ofio-
sented in the textbooKl7]. Recent study searches fbivio-  lation. An experiment along these lines is in preparaf].
lation effects using a new experimental appropt8i. Though an interpretation of these experiments in terms of

Recent theoretical findind4.9] suggest that kaon experi- statistical models is not free of controversy, and conjectured
ments alone cannot distinguish between the two models. It isnhancement factors are not large enough to probe the inter-
expected tha€ P violation phenomena will be exhibited in a action scale involved in kaon experiments, an unambiguous
system of neutraB mesong20]. However, it was pointed signal of T-odd effects in nuclear reactions would be a very
out [21] that the parameters describir@P violation in  important discovery.
heavy quark systems lie in an area that will make a selection Experiments withy decays avoid some uncertainties as-
between the superweak and the CKM model particularly dif-sociated with strong nuclear forces. These experiments
ficult, even in the case of positive evidence@P violation  search forT-odd components in the nuclear wave functions
from B meson experiments. or electromagnetic transition operators. Since electromag-

Not only decay processes, but also static properties ofietic interactions are parity conservirig;even observables
particles may be influenced gP or T noninvariant inter- are studied in tests of time reversal symmetry. Observables
actions. The best known example is the electric dipole mothat areP even bufl odd are formed by proper combinations
ment (EDM). Nonzero EDM’s are not present at the La- of the momenta and polarizations of the involved nuclei and
grangian level in fundamental, renormalizable field theoriesy rays. Here, a limit of~ 102 is set on the strength of &

[22]. They may be, nevertheless, induced by paaityd time  conserving bufl violating force with respect to electromag-
reversal violating interactions via higher order processesetic forces31]. y decay experiments probe a domain that
(quantum loop correctionsFor example, a third order cal- has eluded other searches fbrviolation. However, once
culation in the CKM frame is required to produce a non-again an interaction scale that is much stronger than weak
vanishing EDM for quarks and electrof23]. The most interactions is investigated. Fét-odd components of &
elaborate search for a permanent EDM is performed wittviolating interaction, experiments with electromagnetic de-
polarized ultracold neutrons. The results of the two leadingcays are not capable of providing meaningful sensitive lim-
experiments[24] are interpreted as an upper limit of its.

1.2x10 %% cm (95% C.L) for the EDM of the neutron Our study belongs to the class of experiments which de-
[25]. This limit is impressively small. Recently, even tighter termine correlations between polarizations and momenta of
constraints on the EDM'’s of the neutron and electron haveparticles involved in weak decays. The lowest ordendd
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TABLE I. The results(in 10~ 2 units) of the experiments search-
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studied. To our knowledge, none of the performed or planned

ing for time reversal violation in triple correlations in weak decay31experiments are sensitive enough to disclose the tiny corre-

J is the spin of the decaying system,is the momentum of the

decay product, andr is the spin of the emitted lepton. Self-

explanatory subscripts are used to assodipgeudgvectors with
the particles.

T violating andP conserving correlations

Decay Correlation Result Ref.
n—pe v, Jn(PeX Pp) -1.1+1.7 ILL [32]
n—pe ve Jn(PeX Pp) —-2.7+33 LNPI[33]
INe—1%Fet v, Jye(PEX Pe) 0.1+0.6 PU[34]
K*—uta, P.(PX0,) -3%5 BNL [35]
KOs utmw, P(PrX7,) 2+6 BNL [36]
ST —ne v, Js(PnX Pe) 110+100 FNAL [37]
T violating andP violating correlations

Decay Correlation Result Ref.
Ne—-Fet v,  Jne(PeX o) —79+53 PU[38]
Ao p Jy(ppxa,)  —100=70  BNL[39]
Ao—mp J(PpX ap) —94+60 CERN[40]
ut—et vy, J(PeX 00) 7+23 SIN[41]
SLi—%Bee v, JLi(PeX ) -0.2+4.0 This work

lation effects which are generated by the standard model.
Their motivation is rather to use time reversal violation as a
tool to search for “physics beyond the standard model.”

B. Arguments for tests with 8 decay

The vector-axial vector\(-A) [43] form of the semilep-
tonic weak interaction is embedded in the standard model by
assumingthat W= and Z° bosons with their purely left-
handed couplings are tlenly mediators of the weak force.
The standard model does not predict sizable time reversal
violating phenomena for systems built of the lightestand
d, quarks.

In contrast to a popular belief that the interaction respon-
sible for B decay has a striciV-A structure with real,
T-conserving couplings, there is still room for sizable devia-
tions from the standard theory. Such deviations may be
caused by admixtures of exotic scalar and tensor interaction
terms that are allowed by Lorentz invarianggf]. In fact,
model independent constraints on the strength of the imagi-
nary scalar and tensor couplings are up-0.1 of the regu-
lar V-A amplitude[45]. Below we discuss arguments for
performing a new test of violation in 8 decay, with par-
ticular focus on the tensor interaction.

(1) Precise experimental verification of thNeA ansatz is

combination of vectors and pseudovectors available in thef utmost importance. The absenceTofiolation effects in
decay process appears in the form of their triple productthe frame of the standard model is a favorable situation in a
Here we distinguish the one spin—two momenta correlatiorsearch for new phenomena.

from the one that involves two spins and one momentum.

The former isP even while the latter i$ odd, and even if

(2) Awell developed theory and phenomenology provides
a convenient framework for the interpretation of a wide class

they are determined for the same decay process, they beaf experiments. The results obtained with various nuclei and

sensitivity to different aspects df violation. Study ofP-odd

observables are related via the weak interaction coupling

observables in weak decays is meaningful, since parity isonstants. Useful limits for these couplings are obtained also
anyway maximally violated in these processes, and therefori@ case of not finding a time reversal violating signal.

it does not bring additional constraints. Here, we present a (3) Some available models, based, e.g., on Higgs boson or
summary of the most precise experimental results for tripldeptoquark exchange, admit fundamental scalad tensor
correlations in weak interactions. A detailed discussion of thenteractions. Contrary to a general conviction, such a tensor
implications that are related to our study will follow at the contributionmay be generated within a framework of renor-

end of this paper.

malizable field theory, e.g., via a Fierz rearrangement of the

The upper part of Table | presents the results of the exgauge interaction defined in the leptoquark pictig4].!

periments measuring-odd, P-even correlations. These ob-

servables have been studied for the neufi®®,33, °Ne
[34], K* [35], K° [36], andS ~ [37] decays.T-odd, P-odd

(4) Recently reported inconsistencies in the pion radiative
decay datd46] point to a~4x10"? tensor amplitude. Al-
though the experimental situation should be clarified, these

correlations have been measured prior to our experiment fatata have triggered serious discussions concerning a tensor
19Ne [38], A° [39,40, and u* [41] decays; the results are interaction[47].

shown in the lower part of Table I.

(5) The real part of the tensor couplings is restricted to

We note that determinations &-odd components of the few parts per thousand of the regular weak amplitude by
T violating interaction are roughly one order of magnitudemeasurements of the Fierz interference térin 22Na decay
less precise. The reason is the necessity to establish the sgiRef.[45] and references thergirLarge room is left for the
direction of the decay product. Such a measurement is usdiime reversal violating, imaginary tensor couplings; in fact,
ally more difficult than the determination of the direction of no dedicated study of this aspect of the weak interaction has
the emitted particle. Since the two types of correlations probeen performed up to now.

vide independent information on the mechanisnT ofiola-

Our measurement of the transverse polarization for elec-

tion, improvement in precision fd? odd observables is very trons emitted in the8 decay of polarizedLi is a first direct

desirable.

A new generation of triple correlation experiments is in

preparation(e.g., neutron decay, df decay[42]) with the
goal of improving the accuracies by factors ef5. Once
again, the more easily accessilfleaven correlations will be

11t should be also noted that gravitg a tensor interaction and
undeniablyexists despite problems with formulating it within a
renormalizable gauge theory.
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determination of the time reversal violating tensor terms. Thdease. This correction may also be very small for transitions
first results of this experiment have been publishe@].  with an exceptionally small asymmetry parameer

Here, we present a complete account, with particular empha-
sis on the experimental details and data analysis. The bulk of
data (~90%) was collected after our first publication, there-
fore technicalities will refer mostly to the last series of mea- 1. Advantages
surements that have led to a fourfold improvement in the
accuracy.

A. 8Li nucleus

The 8Li nucleus offers some advantages for Rrcorre-
lation experiment.

(1) Final state effects are extraordinarily small due to the
low nuclear charge of the recoil nucleud=4) and the high

It was noticed by Lee and Yang on the occasion of theirdecay energyEna=13.1 MeV). It is worth noting that the
discovery of parity violatio[49] that the decay rate, in a Rrsicorrection for®Li decay is probably the smallest for all
weak process governed by a Lorentz invariant Hamiltoniar unstable nuclei, including the neutron.
with a point interaction between the involved fermions, de- (2) The transverse polarization of the electrons with ener-
pends in a simple manner on the geometric arrangement @fes in the MeV range can be analyzed by Mott scattering
the vectors and pseudovectors characterizing the emitted pdfom nuclei with a large charge. Appreciable analyzing pow-
ticles. This observation was soon generalized to more confrs (—0.1 to —0.4) are observed at large scattering angles,
plicated experimental situations. Jacksaral, in a series of ~Where the cross sections are however fow.
classical paperf50], have derived expressions for the angu-  (3) Polarized®Li nuclei may be produced in the polariza-
lar distributions of the energies and polarizations of leptonsion transfer reaction’Li(d,p)8Li. Fast reversal of the
emitted in theB decay from polarized nuclei. nuclear polarization is achieved by reversing the spin of the

Restricting the formulas to terms that are important indeuterons. This is of primary importance for the cancellation
searches for time reversal violation we obtain a distributionof systematic effects associated with efficiencies of the de-
function W, which describes correlations between thetectors, slow drifts in the amplification, etc.

nuclear polarizatiod, the polarization of the electran, and (4) Low magnetic holding fields-¢ 2 mT only maintain

the momenta of the electrqcﬁ and neutrinqﬁ,, [50]: the nuclear ppla_rizatio_n for period_s longer than the half life
of the decay in isotopically puréLi host targets. Such tar-

Jp J(pxp,) 5([3>< &) gets provide a high yield of decay electrons and a low back-
Woe| 1+A—+D “+R . ground radiation.

E EE, E (5) The high energy of the emitted electrons brings an
advantage in discrimination against usually low energy back-
ground radiation.

Il EXPERIMENT

HereA is the parity violating8 decay asymmetry parameter,

the D andR coefficients denote the amplitudes of the time

reversal violatingP even, T odd, andP,T odd correlations

that were discussed in the preceding section, &y, are

the total energies of the electron and the neutrino, respec- The 8Li nucleus, in its ground state, is a member of the

tively. We use units with the velocity of light=1. A Lor-  isospin triplet £Li, ®Be, ®B). It decays to the 1.5 MeV broad

entz invariant theory with point interactions between par-excited state ofBe, with a centroid at 2.9 MeV above the

ticles predicts a simplgp/E=v dependence of the rate threshold in thea-a system. The most important data for

modulations on the velocity. This dependence is explicitly this decay are shown in Fig. 1. A low value of the compara-

disclosed in the formulas, so that the coefficientstive lifetime logt = 5.4 [51], and good agreement of the

A,D,R, ... are energy independent. energy spectra of the emitted electrons with the phase space
The decay parametess D, andR, depend on the Fermi predictions[52] assure that we are dealing with an allowed

Mg and Gamow-TelleM gt nuclear matrix elements and on g decay. Accordingly, the formalism of Ref50] is appli-

the weak interaction coupling constants. The matrix elementsable.

take into account the nuclear structure of the states involved The transition®Li — ®Be is dominated by the Gamow-

in the transition, while the coupling constants describe genuTeller strength, which eliminates nuclear structure uncertain-

ine effects of the weak interactions. A detailed discussionies in the interpretation of the resultSec. VII).

will follow in Sec. VII. Jacksonet al. have also considered

an additive correction term to the correlation parameters, due

to the electromagnetic final state interacti¢RSl). We note B. Source of polarized®Li

that the FSI contribution to thR correlation is proportional 1. Beam and time structure of the measurements

to the decay asymmetry paramefef50]:

2. Decay characteristics

Polarized®Li nuclei were produced by polarization trans-

_aZm fer in the reaction’Li(d,p)8Li initiated by 10 MeV deuter-
Resi= = p A, ons provided by the PSI Injector Cyclotron.

wherea is the fine structure constart,is the charge of the

residual nucleus, anah,p are the electron mass and momen- 2in the context of this class of experiments, it is unfortunate that a
tum. The FSI terms for th& correlation are naturally sup- complete separation of spin states in a Stern-Gerlach experiment
pressed in the decays of light nuclei with high energy recannot be achieved for a free charged particle withfactor of 2.
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FIG. 1. Important data concernirfii.i decay. o

_ ) FIG. 2. Polarization transfer for th&Li(d,p)®Li reaction. Left
The choice of energy was influenced by several factorsscale: polarization transfer coefficiert)’ for a deuteron beam
The transfer of the transverse polarization from the deuterongopped in a thick target. Right scale: polarization of thenuclei
to the 8Li nuclei, which was investigated in our earlier ex- at the moment of their production obtained with a deuteron beam
perimentg 53], exhibits rather weak energy dependefféig.  with a vector polarizatiorp,=0.5.
2). Higher beam energies are preferable, since they provide

larger production rates. Also, the extraction and acceleratlogﬁurce_ In this way a fast spin revergavery 7 $ of the

of the beam are easier at higher energies. The most importag i nuclei was achieved. Figure 3 shows the time structure
argument for lower energies was an absence of reactions tha -9
the measurement.

might produce other thafiLi B activity in the target. 0 . L -
The beam current used in the recent investigations was !N Order to avoid acquisition of events from remaining
1.5 wA compared to 0.4.A in the earlier experiment&tg]. nuclei with “wrong” polarization, which have survived from
This resulted in a very large decay rate-e2x 10° s~ 1. The the previous activation cycle, the data corresponding to the
beam spot and the size of tif&i source were defined by 2 first irradiation after polarization reversal were not collected.
mmXx 6 mm tantalum slits placed 40 mm from the target.
Under our operating conditions 5% of the beam intensity
was deposited on the slits. . _ 2. 'Li target and 8Li source polarization
The polarization of the beam was adjusted at the begin-
ning of each series of measurements by tuning the radio fre- The target, an isotopically pure 5 mm diametéi rod,
quency transitions at the ion source. The beam polarizatiof,55 placedri a 7 mTmagnetic field and cooled to liquid

was measured in the reagtio’ﬁC(&,p)”C. By using two nitrogen temperature to preserve the polarization of%hie
groups of states of the residual nucleus we could determingyclei for periods of time much longer than a half life of the
simultaneously the vector and tensor polarization of the deugecay.

terons. Precise values of the vector and tensor analyzing the polarization of thebLi source was monitored con-

powers (iO.E)l) on a fine energyangle grid around 10 in,0usly during the measurements with detectors mounted
MeV and 90° were obtained in a separate experiment at thg, 450 anq 135° with respect to the vertical polarization axis.

University of Wisconsin EN tandem accelerator. The bean]Energy and decay time spectra measured by the monitor de-

polarization was checkgd per|od|cal!y during the MeasUres. tors are shown in Fig. 2 in Ref48]. These detectors
ments. In accordance with our experience from other experi-

N : .~ measure the up/down asymmetry in the decay rate of elec-
ments, the polarization of the beam delivered from the io - D )
source was stable on the level of 2% over a period of fe rons, arising from parity violatingg decay. In the approxi-

days. A typical vector polarization of the deuteron beam wadnation of a pure Gamow-Teller allowed transition, the asym-

0.53+0.02, where the uncertainty quoted describes variaMely parameter for théLi decay isA=—1/3[50]. Small

tions between different measuring periods. This figure iCorrections were applied for the energy dependence of the
80% of the maximum available vector polarization for a@Symmetry. Taking into account minor discrepancies be-
beam of spin-one particles without tensor polarization. Meafween experimental data concerning the energy dependence
sured tensor moments of the beam were less than 0.03. ThE§5], we estimate that the relative uncertainty in the absolute
do not influence our results since the tensor polarization doegalue of the target polarization is below 5%. This propagates
not distinguish the direction of the polarization axis. In ad-as an uncertainty of the scale factor into our final result.
dition, transfer of the tensor polarization in théLi The mean polarization of th&Li source over the measur-
(d,p)BLi reaction is very low[54]. ing period was between 0.11 and 0.12, depending on the
The measurements were performed in a cyclic fashiorcondition of the target. Statistical errors in monitoring the
with a 0.33 s irradiation period of the targetdaa 1 scount-  target polarization are negligible. A typical development of
ing interval. During the counting period the beam was electhe target polarization over a few days measuring period is
trostatically deflected at the ion source. The counting intervashown in Fig. 4.
was subdivided into 32 consecutive time bins. After five such The observed long term drifts in the target polarization,
activation/measurement cycles the beam polarization was re- = 0.005/day, were caused most probably by the deteriora-
versed by switching radio frequency transitions at the iortion of the thermal contact between thki rod and its cool-
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are denoted by, shaded areas correspond to counting intervals. <2 ] =

Note that in order to increase the effective polarization of the 5 - 4 2*®
target we did not collect the data produced right after polarization T T T T T T e T

reversal(second cycle in the drawing 5§ 10 15 20 25 30 35 40

RUN NUMBER

ing pin. They are strongly correlated with an increase of the
target temperature that was monitored by a thermocoup'e FIG. 4. Mean polarization of thél_l source observed during
mounted directly on the Li metal. Usually, after the poIariza-COl_Jmi“g intervals over a fivg df';\y measuring period. The lines are to
tion had dropped by 10%, the target was replaced and thguide the eye. The arrows indicate replacements of thearget.
polarization then returned to its high value. The observed
mean polarization of the target is in excellent agreement witldecay are 3.5 MeV and 1.7 MeV, respectively. Since a 4
calculations performed on the basis of the structure of théleV energy threshold is applied for electrons accepted in the
measurement cycle and the previously measured polarizaticanalysis of the data for thB coefficient, we do not expect
transfer coefficienf53]. This confirms that the absolute po- any contribution from these sources in the final data sample.
larization of the8Li nuclei is known with sufficient preci- Contributions of otheB emitters activated in the vicinity
sion. of the target(e.g., in the collimators, target housing, g&tc.
The time dependence of the asymmetry measured by th@ere checked by measuring the energy spectrum of the elec-
target polarization monitors during the data accumulatiortrons emitted from the source, and by the analysis of the time
phase of the cycle is shown in Fig. 5. We observe an expospectra from the monitor detectors in all of our on line mea-
nential decay of the asymmetry in time with a mean relax-surementgFig. 2, Ref.[48]). In a supplementary measure-
ation time of the polarizatiom;~3.5 s, which is substan- ment with increased dwell time we did not detect traces of a
tially longer than the 0.84 s half life of the decay. The long term activity that could build up by the irradiation of the
extracted spin relaxation timE,; is in good agreement with apparatus or collimator§=ig. 7). We conclude that the con-
the values expected from the solid state models and frortamination by electrons which do not originate from the
“Li(n,y) 8Li measurementgs6)]. 8Li decay was less than 1%. This is sufficient to neglect
As a byproduct, caused by variations of the temperafure contributions of contaminant activities in the data analysis.
of the target which have occurred due to inefficient cooling
in our first run, we obtained a dependence of the relaxation
time T,;=K/T with the Korringa constank=300*+10 K s
(Fig. 6). 1. General idea

As briefly discussed in Sec. Il A, the most suitable pro-
cess to analyze the transverse polarization of electrons from

C. Electron polarimeter

3. Purity of the® Li source

In the early stages of the experiment, fhepectrum was
checked for contamination by decays other tfah We use
enriched ’Li targets with 99.9% purity guaranteed by the
supplier® A spectrographic analysis showed that contami-
nants(primarily C, N, Cl, and heavy metalsvere present at
less than 300 ppm. The only contaminant reactions of con-
cern are’Li(d, *He) ®He and®0(d,n) *’F, with Q values of
—4.5 MeV and— 1.6 MeV, respectively. The first reaction is
inherently associated with the target material, while the sec-
ond may occur in the oxide layer on the surface of the
lithium metal. Such a stratum cannot be entirely avoided,
despite such precautions as using an argon or helium atmo-
sphere during the mounting of new targets. The potential
contribution of the oxide layer is reduced because its thick- I 1 1 1 L
ness is a few orders of magnitude less thanttiemm range 200 400 600 800 1000
of the 10 MeV deuterons in lithium. The end point energies TIME  (ms)
of the electrons emitted froniHe and positrons fromt’F

ASYMMETRY (10

FIG. 5. Time dependence of the asymmetry measured by the
monitor detectors. The solid line shows an exponential fit to the
30ak Ridge National Laboratory. data with a spin relaxation tim€&,;=3.5 s.
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_FIG. 6. Dependence of the spin relaxation tifigobserved in FIG. 7. Time spectrum from the monitor detectors. This mea-
this experiment on the inverse temperaturé. Ifhe line is a fit o syrement was performed immediately after few days of data taking
the data with the Korringa constakit=300 K's. with the highest beam current-(1.5uA). Note the excellent agree-

. . . ment of the data with the exponential decay law witlsiagle
B decay is Mott scattering. The calculated analyzing péwercomponent corresponding ftbi decay. The fitted value of the life-

for scattering of electrons from lead nuclei in the energy andime, 836+ 1 ms, is in agreement with the literature value 838
angular range of interest for this experiment is shown in Figms[51].

8. Appreciable values; — 0.1 to— 0.5, are observed at large
scattering angles, in the domain of low cross sections. In the implementation for our experiment, each ring de-
From the point of view of counting statistics as well as tector is subdivided into two 90° segments downstream of
systematic errors, the most favorable conditions for a meate target and two 60° segments upstream of the target, re-
surement of th& correlation are obtained for a configuration spectively(Fig. 10. Each segment consists of triple scintil-
of mutua”y Orthogonal directions of the nuclear pOlarizati0n|ation te|escopesd’A’E)_ Such a structure of the po|arime-
J, the electron momenturﬁ, and the transverse polarization ter was convenient for practical reasons. First, small
of the electrons. These requirements led to the idea of a@Zimuthal dead layers are necessary to provide room for the
high efficiency polarimeter. beam pipe asgembly, liquid nitrogen cooling lines for the
The development of our design is shown in Fig. 9. Thetarget, qr_1d a slit for electrons.emltted from thg source_toward
left side shows the simplest arrangement, consisting of théhe auxiliary countersv, 4 (Fig. 10 that monitor continu-
two up/down detectors and a scattering foil, to determine th@usly the polarization of théLi target. In addition, division
transverse, time reversal violating component of the polarof the rings into four quadrants assures the possibility of a
ization for electrons emitted from the sample of polarizedcomparison of the results obtained from the various seg-
nuclei. The signal is proportional to the up/down asymmetryments. This is an important cross check of the data. Using
in the scattering. Axial symmetry implies that there is nounsegmented rings would be hazardous, since the same con-
azimuthal dependence in the emission of the electrons with
respect to the spin axis of the nuclei. Therefore the simple
configuration may be used repeatedhig. 9, centex. In a
further step we are led to the idea @fily two detectors in
the form ofrings (Fig. 9, righ). Two such continuous ring
detectors are capable of detecting theiolating transverse
polarization component by measuring the up/down asymme-&
try in the large angle scattering of electrons impinging on theg
continuous analyzer foil stretched around the median plane*
of the apparatus. g
A polarimeter with axial symmetry has important advan-
tages. Its large acceptance angles, both for electrons emitteg
from the source and those scattered toward the ring detector
assure the required high efficiency. The symmetry of the ap-
paratus is helpful in suppressing possible systematic effects
arising, e.g., due to misalignment of the spin axis.

S(4,E)

YZIN

20 120 150 180

SCATTERING ANGLE 4 (deg)

4Very recently, we completed a test of Mott theory in a scattering  FIG. 8. Angular dependence and energy dependéreeveen 3
experiment with polarized electrons at Mainz Microtron. Very good MeV and 8 MeV, 1 MeV stepof the analyzing power for electron
agreement with the theoretical analyzing powers was found. Sescattering from lead nuclei. The arrows show the acceptance limits
also Sec. IV B. of our apparatus.
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FIG. 9. The idea of an electron polarimeter for a measurement d® twrelation in8 decay. The source of polarized nuclei is indicated
by the large arrow. Left part: side view of the standard measurement of the transverse polariéa(timm arrows of the electrons with
the momentumﬁ, by a pair of up/down detectors. Middle: azimuthal independence of the decay process allows for using repeated
arrangements of pairs of detectors and analyzer foils. Right: Multiple detectors are combined in an efficient and symmetric polarimeter in the
form of two unsegmented rings. The shadowed areas correspond to solid angles covered by the detectors for scattering from a given point
on the analyzer foil.

ditions for the detection of electrons are not guarantaed 3. Tests of the detectors

priori for all azimuthal angles. For example, background ra-  Tpe response of our detectors was investigated in offline
diation could be different for the upstream and the down+ests with light emitting diodes(LED) and radioactive
stream part of the apparatus. We have found therefore thatgyyrces °Sr, 199Ru), that were also used in calibrations. The
moderate segmentation of the ring detectors provides impokzariations of the response across the face of the detectors are
tant advantages in this experiment. shown in Fig. 12. We observe quite a uniform pulse height
response to monoenergetic radiation for the stopjiinde-

2. Design of the polarimeter

Figure 11 shows technical details of the polarimeter. Note
the major alterations of the apparatus since our first publica-
tion (Ref. [48], Fig. 1). Our detection system is based on
plastic scintillators. They assure a uniform and fast response
which is important in discrimination against background, as
well as being robust in the high radiation environment during
target activation. We used 2 mm thick transmission and 4 cm
thick stopping counters. The whole system consists of 28
scintillator modules utilizing 52 photomultiplier tubes.

In the development of the apparatus the reduction of
background due to electrons, and their associated brems-
strahlung, which were not scattered from the analyzer foil
was of paramount importance. In the early stage of the ex-
periment we performed numerous tests with various materi-
als and shapes to shield the detectors from the very intense
radiation emitted from théLi source. Our tests have shown
that the best commonly available material for this purpose is
brass. Substances with lowgr e.g., plastics, turned out to
be ineffective because of their low density, and aluminium | ,
exhibited an extensive8 activity after capturing neutrons 1 m
from the breakup of deuterons stopped in the Li target. The
collimators in the central part of the shielding are shaped in FIG. 10. Electron polarimeter used in tAei R-correlation ex-

such a way that at least two scatterings are necessary to reaghyiment. The electrons emitted at 90° with respect to the nuclear
the analyzer for electrons that are emitted out of the geometpin axis(large arrow in the centgimpinge on the scattering foil

ric acceptance angle of the foil. The “shadow angle” of the with a large acceptance angle. The ring detectors are segmented into
collimators exceeds the acceptance angle of the analyzer fajliadrants to provide independent measurements oRtherrela-

by almost a factor of 3. Lead was used for shielding only intion. The counters 1), mounted at 45° and 135° polar angles
the proximity of the scintillators and was never exposed tamonitor the target polarization by detecting the regytadecay

the electron radiation to avoid backscattering. asymmetry. The deuteron beam comes from the right.




940 J. SROMICKIet al. 53

by
i Detector
T //
elescope = v
"Up"p % @lé——_ﬁj
‘% Anclyzer Source
A v

SN

I Analyzer
foil

N

Telescope

“Down"

symmetry
axis
Analyzer Polarized
8Li source
Accelerator
vacuum system
d beam _J-LI——

T—

L | J

(0] 50 100

{cm)

FIG. 11. Details of the setup. Upper part: vertical cross section; lower part: top view. A sample of pofaiinedtlei is produced in the
center of the apparatus by the polarized deuteron beam that enters from the right. The detectors are surrounded by pas@ietchiei@dlds
area$ protecting them from the intense primary radiation emitted fromfttissource. The inset shows details of the target chamber. The last
section of the beam pipe~ 1.5 m) and the housing of the target are made of lucite to minimize backscattering of electrons from objects
other than the lead analyzer foil. Electrons emerge from the target chamber through a thim, R@pton window.

tectors. A stronger dependence for the transmission counters 4. Energy spectra in the experiment

does not pose a problem since their pulse height does not The yse of triple telescopes directed toward the analyzer
enter the analysis of the experiment. These thin detectorg yas essential in reducing the sensitivity to background
deliver a low light output, therefore we have proven that theyadiation. With the arrangement shown in Fig. 10 and Fig. 11
electron pulses were well separated from the noise. A typicale have observed a sign@cattering foil in placeto back-

pulse height resulting from the light produced %2 MeV  ground (foil removed ratio above the 4 MeV threshold of
electrons(minimum ionization in the transmission counters

was~ 100 mV compared to the largest dark current noise of

20 mV. y 2

The energy resolution of the stopping detectors was o,
scanned with light emitting diodg& ED) that were embed- £ T ol I
ded into scintillators in the most distant place from the pho- g g
tomultipliers. Pulse height spectra of the LED’s are shown in T Xf 1 [ e s bty g
Fig. 13. 3

The extracted resolution varies with the energy according 05 - ToT Bk B TiT Dk
to 0.3/VE(MeV), as expected from photon counting statis- | | | L
tics. Taking into account the position dependence of the re- 4 05 0 o5 14 o5 0 05 1
sponse we obtain an energy resolution of-PP6 at 4 MeV, Position x/xo Position y/y,

which corresponds to the threshold that was used in the

analygls (_)f the data. The resolution has been verified at low F|G. 12. Position dependence of the pulse height of the detec-
energies in measurements of spectra ff@reources, and at tors. The inset on the left defines the coordinates. We checked that
higher energies+{ 10 MeV) by observing hard cosmic radia- the pulse height variation for thé counters was less than for the
tion. A detectors.



53 STUDY OF TIME REVERSAL VIOLATION IN 8 DECAY OF ... 941

5000
10 5 E ......
- L)
4000 | 3 *oee,
: on:'n:'cnu .'o..
o %o
» 3000 | 104k a % *on,
5 D‘:‘a e,
= i o, *,
© 2000 } i ) %o,
B =] O
. Oy %o
0% By, e,
1000 | <IN ) %o
Z B * o *; Og ...
S | 3 U
. = R oy
0 © * O
0 2 4 6 8 10 12 102 4 t A iPAARTE,
F ¥ 4 MA AA@
Energy (MeV) Ak
N U
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14:1. Figure 14 shows the energy spectra of the stopping ‘l'ﬁ [T B + H+ . + | + .
countersE in coincidence withA, § detectors, taken in vari- 0 2 4 6 8 10 12
ous conditions. ENERGY (MeV)
5. Electronics and data acquisition FIG. 14. Energy spectra acquired in 2 hours. Filled circles:

fegular measurement of electrons emitted in the decaLbaind
scattered from the 35 mg/cead foil surrounding the apparatus.

pliers (PM) were calibrated and synchronized in time with Squares: background measurement with the foil removed and the Li
target activated by the deuteron beam pulsing according to the regu-

the aid of radioactive sources and light emitting diode ) i T f
SR .. lar measurement cycle(Fig. 3. Triangles: “no beam
(LED). The pulses from the PM'’s viewing the same scintil- . co
.measurement—room and cosmic background. Stars: accidental co-

lator were added, and the glectronlcs proces',se'd only one Slcidences acquired in the same conditions as for regular measure-
nal from each detector. First of all, fast coincidences werg, <

formed, providing a gate for the linear signals fed into fast,

charge sensitive ADC’s. A common gate was used for a"states of theBLi source: AEXT, EXT, (E+AE)XT
ADC's, to equalize dead time losses for all the detectors. A& . ' ' '

A similar time response of all detectors allowed the use o
a compact electronic setup. All signals from the photomulti-

O X T. Additionall ra from th larization moni-
number of scalers recorded the rates of the discriminators. A dditionally, spectra from the polarization mo

. ) r detectors 1) were recorded, as well as a high rate pulser
separate branch OT fast electronl_cs processed sllgnals from ttf'gd into scalers for dead time control, and the information
detectors monitoring the polarization of th&i source. '

i . ) concerning beam current on the target. Altogether 92 spectra,
Pulses from the semiconductor Si detectors, measuring PO ost of them two-dimensional were stored on the disc for
tons from the!?C(d, p) **C reaction that was used to monitor ’

L e he off-line analysis.
the polarization of the deuteron beam, were amplified ané y
analyzed by slow, peak sensing ADC's.
The measurements were controlled by a procésssi- IV. SIMULATION OF THE EXPERIMENT
dent in the CAMAC crate. Its task was to define and coordi- gy tansive computer simulations were used in the early

hate the_time structure of the measurement, e.g., to prOVid_&ages of the experiment to define optimal geometrical con-
control signals for the beam chopper, radio frequency transigisions for the layout of the detectors. Later, the results of

tions at the ion source, and for LED's that have monitoredy,qge caiculations were compared to the data, to assure our
continuously the gains of alt detectors. The main data flow understanding of the response of the apparatus.

was controlled by a CAMAC based front end proce$sod
directed via ETHERNET to th@VAX back end computer.
The data were recorded as a function of tilmafter activa-
tion of the target(32 time bins, 33 ms duration eacand The effective analyzing power of the polarimeter was one
energy deposited in the detectd6st energy bins The fol-  of the important results of the simulations. It was pointed out
lowing energytime (EXT) spectra of the ring polarimeter repeatedly{57] that the theoretical values of the Mott ana-
detectors were recorded on the disc for the two polarizatiomyzing powers may be used with confidence for electrons
with energies in the range of a few MeV. These energies are
high enough to make screening of the nucleus by atomic
S“Firecracker” ACC 2160, Creative Electronics Systems. electrons ineffective, and they are sufficiently low to cause
8«Starburst” ACC 2180, Creative Electronics Systems. only tiny effects due to finite nuclear size.

A. Effective analyzing power
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Two independent simulations, based on different ap- The procedure for the calculation of the Mott scattering
proaches have been developed by subgroups of our collabérom the Dirac equation, though tedious, is well established
ration at the ETH Ztich and at the University of Wisconsin. [57]. The formalism belongs to the classics of scattering
In one simulation numerical integration was used, while theheory. Details of our calculations may be found in R&8B],
other was based on a Monte Carlo technique. which also contains the very first results of this experiment.
The most important calculated quantities were the effecThere is no doubt that the values of the Mott analyzing
tive cross sectioo) and the analyzing poweS) of the  power can be calculated with a precision of a few %. This
polarimeter’ was tested by comparing the results obtained with our two
independent programs to the abundant analytical fEta
(o) = ifEmaXP(E)fH’Z f The agreement is on the level of 3%. We compared also the
HJt —urtao results of our calculations to the absolute values of the ana-
lyzing powersmeasuredin double scattering experiments.
1 £ The highest reported energies for such measurements are
(S)= _f "P(E) 0.204 MeV and 0.261 MeV. Once again an agreement
(o)H 1 ~3% has been found between the calculated and measured
i do analyzing powers at 105°. Additionally, cross sections gen-
% f _) (E,0)Sy(E, 8)cospdQdhdE erated by the program were compared to the measured values
—nrtoldQ) [59] exhibiting slightly less good agreement (15%), which
could be attributed mostly to normalization errors. The ana-
Here T denotes the low energy threshold for electrons aclyzing power of the apparatus, averaged over the energy of
cepted in the data analysiB(E) is the 8Li 8 decay spec- the sc_attered electrons and not including depolarization ef-
trum with its integral over the enerdy normalized to unity, ~ fects, is—0.125.
andH is the height of the scattering foil. The scattering angle
with respect to the axis defined by the momentum of the o
electron impinging on the foil i®, and ¢ is the angle be- B. Depolarization effects
tween the component of the transverse polarizationthe Since the dominant contribution to the error of the experi-
median plangand the normal to the scattering plane of thement comes from the counting statistics, an increase in the
electrons. The Mott cross section and analyzing power aréoil thickness could bring an appreciable gain in the accu-
denoted byda/dQ)\(E, ) andSy(E, §), respectively, and racy. However, depolarization effects prevent us from using
the integralsdQ),dh run over the “geometry” of the appara- thick analyzer foils. Therefore, we asked the following ques-
tus. The acceptance angléf our polarimeter are 124°9  tion: what thickness of the foil guarantees the required 10%
<161°. accuracy in the effective analyzing power?
We note that no great accuracy in the calculations of the Estimations of the proper foil thickness were done inde-
effective analyzing power of the apparatus is required fopendently with the two simulations discussed above. In one
this experiment. The uncertainty in the calibration of the po-of the programs we applied the analytic procedure for the
larimeter comes as a multiplicative factor into our final re-depolarization60] that has been tested in the experiments;
sult, as well as into the error, and therefore it does not influthe other approach was once again a Monte C&JC)
ence our conclusions concerning presence or absence of thgnulation. We verified the accuracy of the multiple scatter-
T violation effect. Obviously, in order to use our result as aing correction by MC calculations for the precise measure-
limit for couplings of exotic interactions or masses of thements of the asymmetry in the scattering of polarized elec-
exchanged particles, we must ensure that the final error dfons from Au foils. At 0.616 MeV and a 2.21 mg/énthick
the experiment is estimated with appropriate precision. Howfoil, that provides a multiple scattering angular distribution
ever here, according to general ru[@3, a 10% accuracy in similar to our experiment, Broset al. [61] measured an
the analyzing power of the polarimeter is adeqdate. asymmetry of 0.1950.003. The MC simulation gives
0.186. For nine measurements with Au foil thicknesses be-
tween 0.44 and 6.27 mg/cm corresponding to measured
"Angular and energy dependent Mott analyzing power is widelyasymmetries between 0.304 and 0.093, we obtain very good
known as “Sherman function,” particularly in atomic physics ap- agreement: the ratio of the MC generated to the measured
plications. Therefore we use the abbreviat®ror the Mott ana- asymmetries amounts to 1.88.05. These tests of the cal-
lyzing power, to avoid conflicts with th@ decay asymmetry pa- culations were reported elsewhd#s8]. In later data taking
rameterA. periods we performed a further test by comparing our mea-
8An elegant method to obtain the effective analyzing power of oursurements to the generated electron spectrum altered by the
system would use the transverse component of the electron polafultiple scattering processes. The effects of multiple and
ization arising due to the time reversal conservMgcorrelation  plural scattering were increased by using 175 md/dails,
[50]. In such a calibration experiment one could use the same apnuch thicker than the 35 mg/chused in the measurements
paratus as in regular measurements of Eheoefficient and, in  Of the R correlation. The simulated spectra account for 95%
principle, no reliance on the results of the simulation would be
necessary. This experiment would take care of averaging over the
finite size of the detectors, the depolarization effects in the analyzer3x 102, It would require much more beam time than used in all
foil, etc. However, this method is impractical. The expected valueour measurements performed up to now to calibrate the polarimeter
of the N correlation parameter for théfLi decay is only  with a 10% statistical accuracy by using tNecorrelation.
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Recently, we have performed a measurement of the ana-
lyzing power and depolarization effects in thick scattering
targets using a polarized electron beam from the Mainz Mi- FIG. 16. Upper part: energy dependence of the analyzing power
crotron (MAMI ). The results obtained at 14 Md82] were of our polarimeter; Ipwer part: effective analyzing powenergy
scaled to lower energies, showing once again very gooaverage_ai as a functhn of the energy thr_eshold for_electrons ac-
agreement with our earlier estimations. The experiment atfepted in the analysis. Dashed lines: without multiple scattering

MAMI s a separateprojec, il i progress: th fnal resuftOT €107 S0l Ine: ulipe satrng comectons nduced £
will be published elsewhere after its completion. We con- )

clude that the multiple scattering corrections are known toCate energy threshold actually used in the analysis.

the required precision. . ization in the Pb foils, is entirely negligible in this case due
Th_e energy dependgnce of th? analyzmg. power for OUf5 the much lower charge of Li. Similarly, the depolarization
polqumet.er with and W.'thom multiple scatteriylS) cor- in the Kapton windows and in the air between thé source
rections is shown in Fig. _16. Very gooql agreement qf thef,ind the scatterer is also negligible.
results for the two calculations was obtained in the region o
interest, above 4 MeV. At low energies the uncertainties as-
sociated with multiple scattering grow rapidly, and in fact
both calculations become unreliable for electron energies be- Since the effective analyzing power of the polarimeter
low 1.5 MeV. amounts to—0.10 and the polarization of th&Li source is
In conclusion, the average analyzing power of the polar~0.12, a statistical error of-10° in the asymmetry is
imeter for electrons with energies higher than 4 MeV isneeded to achieve an error in ttie coefficient ~10 3.
—0.100, if multiple scattering effects are included. After ex- Therefore, systematic effects must be mastered at the level of
perimental tests of our calculations, in particular these at théew times 10 ® in the measured asymmetry.
accelerator with a polarized electron beam, we consider it A number of systematic effects were considered. Besides
justified to lower the systematic uncertainty associated witldepolarization, which was already discussed, they include
the depolarization of the electrons in the analyzer foil fromnonuniform illumination of the scattering foil, misalignment
10% quoted in Ref[48] to 7—8 %. of the spin direction, gain shifts of the photomultipliers,
Estimations based on the theory which describes depolabackground radiation, accidental coincidences, etc. Correc-
ization of the electrons following decay in thin radioactive tions or limits for disturbing effects were obtained in addi-
sources[63] show that the effects of small angle multiple tional measurements. All corrections with uncertainties de-
scattering in thep 5 mm Li target are less than 0.2%. Large termined by counting statistics in the auxiliary measurements
angle plural scattering, that has contributed to the depolawill be discussed in Sec. V, where numerical values of all

C. Systematic effects
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contributions will also be presented. The product]A was continuously measured with the two
By far the most interesting effect of a nonstatistical naturepolarization monitordM mounted atd~45°. The parameter

is associated with the nonuniform illumination of the scatter-p,

ing foil. The effect arises from a combination of the parity

violating B decay asymmetry and geometric extensions of

the apparatus, in particular the scattering foil. Figure 17 p= —

shows the abbreviations used in the discussion below. (@o{do) de
The intensity distributiomN for electrons impinging at the

heighth on the scattering foil abovépositive h) or below  was determined in auxiliary measurements using a nattow

d

(o),

(negativeh) the median plane is given by cm) scattering foil. The foil was displaced from the median
plane, and the rate was measured as a function of the angle
N( a= E) ~1+JAcoH~1+JAa, «. This rate, normalized to the rate observed with the foil in
r the median plane, provides the slope paramgtéfig. 18.

We measuregp=2.8+ 0.4, while our simulations predicted

where 6 is the polar angle with respect to the nuclear spinp=2.6+0.1.
axis, a is the corresponding angle measured from the median Since the intensitiN changes in step with the reversal of
plane (@=m/2—6), r is the radius of the foil] is the po- the target polarization, the false asymmetry caused by this
larization of the target, ané the decay asymmetry param- spurious effect also changes its sign, and therefore simulates
eter. Electrons impinging on the scattering foil above thea nonzero time reversal coefficieRt The only means to
median plane are obviously closer to the uppe&y than to  diminish the undesired effect due fodecay asymmetry is to
the lower (@) ring detectors. Therefore, even in the case of areduce the acceptance anglgby using a narrower analyzer
perfect alignment of the detectors, the twod telescopes foil (Fig. 18. However, this can be done only at the expense
have different acceptanceshft 0. Expanding the product of of the rate of “good” events, since we do not wish to in-
the effective cross section and solid angt€) to second crease simultaneously the thickness of the foil due to the
order in the small parameter=h/r, we obtain growing importance of the depolarization factor.

In contrast to the3 decay asymmetry, geometrical imper-
fections in the positioning or shapes of the detectors and

(0Q)g=(00Q0)| 1x (el scattering foil stay the same when the target polarization is
(00Qg) da . ;
reversed, and therefore their effects cancel when the spin
1 52 averaging of the measured asymmetry is perforigeeg., by

3
(eQ)[o+0(a”) |, the well known “double ratio” method For example, easy

to achieve accuracy of few mm in the positioning of the
where the derivatives are takenat0. The rate measured Scattering foil is satisfactory at the present accuracy of the

in each detector is proportional to the integral of the producgxPeriment. _ .
N(oQ) over the height of the scattering foil. Forming the  The finite extension of théLi source (1.5 mmx2 mm

tal—
« 2(0'090) (9_(12

asymmetrye we obtain X6 mm) is negligible in this experiment. Other geometric
effects, e.g., due to misalignment of the symmetry axis of the
[IN(cQ),— [N(cQ)4lde 1 apparatus and the spin axis 8fi nuclei are strongly sup-
e= =—a5(JA)p+0(af), pressed. Consider for example a typical misalignment angle

[/N(oQ)y+[N(eQ)q]der 3 of {~1°. This may produce transverse components of the

. o . . polarization in the median plane of the polarimeter via the
wherea is the limiting angle of the foil, ang is the slope  {ime reversal conservinty correlation[50]. These compo-
parameter. Since in our experimery~0.05 radians, higher nents will reverse in step with the polarization of the source
order terms contribute at the 18 level of the leading term, and, in principle, they may lead to a spurious effect. How-
and may be safely neglectetthe correction from the leading eyer, 4 transverse polarizatiqe, due toN correlation is
term is in the order of the final error bar of the experiment gmga| for relativistic electrons. FofLi decay, at energies

greater than 4 Me\py~ 3% 102 [50]. Only the projection

symmetry of this polarization ¢ pysind) onto the plane of the scatter-
ing foil may produce a systematic effect. The largest modu-
lation of this projection appears for two regions on the foil
that lie in the direction perpendicular to the plane defined by
the two misaligned axes. Finally, the anticipated false asym-
metry has opposite signs for the two considered regions on
the foil. Therefore, for an axially symmetric apparatus the
resulting effect is zero. Detailed calculations show that the
suppression factor due to the symmetry of our polarimeter is
about 0.1. Therefore, we can set a limite6x 10~ ° for the
false contribution to th&® correlation from the misalignment

FIG. 17. Definition of symbols used in the derivation of the Of the axes. This limit is lower by two orders of magnitude
correction due to nonuniform illumination of the scattering foil. The than the present accuracy of the experiment, and therefore
figure shows a vertical cut through the experimental arrangementsuch effects are entirely negligible.




53 STUDY OF TIME REVERSAL VIOLATION IN 8 DECAY OF ... 945

Rate ~+b000000
(arb. units) ASY St
e
———e.
/ AN
V2 22 2222
2 ord
I ] L 1 1 i 1 ] 1 1 1 L 1 1 I 1
-4 -2 o0 2 4 -4 2, T 2 h(4cm) u§)
h{cm) .02 N
+-03

FIG. 18. Left side: rate measured by the polarimeter detectors as
a function of the position of the auxiliary, 1 cm narrow scattering
foil. Right side: asymmetry in the rate, which provides the slope
parametelp discussed in the text. In the course of the experiment
we reduced the height of the main analyzer fsihaded rangein

o TIME (ch) ®

order to reduce the disturbing effect. §
<
V. DATA ANALYSIS 3 2 F
! E
A. General concept :f o s
Neglecting instrumental effects, the expected ratgsn : c
: -
the up (1) and down ¢l) detectors, placed at the same angles 36 E
and measuring scattered electrons with the polarizatipn S F
are 3 . i
" -y ¢ o
Wa=Wg[1+S(ony)]. g S E N
N — Em;—‘ ] ! B TN

10 20 30 40 50 60

Here S is the analyzing power of the scattering process and COUNTS ENERGY (ch)

nY=(vXvY)/lvxvY are the unit vectors perpendicular to

the scattering plane that is dgfinﬁd by the velocities of the FIG. 19. Raw data. Right side: electron energy vs decay time

incident and scattered electrons Ug’ respectively. (0.2 MeV X 33 ms hing. Upper part: scattering foil in place;
The transverse, time reversal violating component of theniddle part: foil removed; lower part: accidental coincidences with

polarizationa is proportional to the polarization of the de- the foil in place. Left side: projections on the time axis. Note a
caying nucleus: significant excess of events in the first time channel and different

scales in the three panels. Corresponding projections on the energy
axis are shown in Fig. 14.

-

- - U
O'TzR JXE

for the two detectorss, d and the two polarization states
+,— of the target, we obtain the asymmétry

This relation defines the correlation coefficidRtwhich is

the goal of our measurement. The/¢) velocity dependence re=1 SRJ|

of 5T, expected from theorySec. llI), is explicitly singled R re+1

out. In our case, for electrons with energies greater than 4 o . .
MeV, 1>v/c>0.994, and the velocity factor can be ne- The nuclear polarizatiod is obtained from the analysis of
the data provided by the monitoM() detectors. The analo-

gous relation for monitors is

glected. Since&T changes sign with the reversal of the
nuclear polarization, we combine the last two formulas for
electrons emitted at right angles to the nuclear spin axis to ru—1

btain Em= =A|J|cos,
° M+l

wg=wo[1FSRJ,

where 6 is the polar angle of the monitor detectors ahds

. . . the B decay asymmetry parameter.
where J is a positive(negative number when the nuclear A y asy yP

polarization vector points ugdown). Defining the “double

rafio %The advantages of this procedure are well known and were re-
peatedly discussed, therefore here we only recall that detector effi-
ciencies, solid angles, and activity normalization cancel in the ratio

I’R.
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TABLE Il. Important experimental parameters for various data collection periods.

Run period | Il 1] \Y
Apparatus Quarter Half Complete Complete
Angular coverage 25% 50% 85% 85%
Detectors AE 8,AE 5,AE 5,AE
Deuteron beaninA) 250 400 300 306 1500
8Li polarization 0.10 0.11 0.12 0.11
Scattering foil(mg/cn?) 27 35 35 35
Scattering foil heightcm) 8 7 6 5
Analysis thresholdMeV) 3 4 4 4
Signal/background 10 14 14 12

For extended detectors counting electrons in a broad arprocedure was applied for five distinct classifications of the
gular and energy range, an effective analyzing po¢®r data into subsets, that resulted in a vastly different number of
must be usedSec. IV) as well as the time average of the degrees of freedom in the statistical analyses. It was checked
nuclear polarization over the counting interval. that the same results were obtained by applying corrections

The formulas discussed are exact only in the absence @hn the level of asymmetries instead Rfvalues.
the disturbing effects due to background radiation, accidental In the five analyses all the accumulated data were used.
coincidences, etc. These effects do not exhibit the same de&ve applied the same criteria for the data selection as in our
pendence on the energy and time elapsed after the activatigitevious investigatiofi48]. Only electrons impinging on the
of the target as the rates of the electrons scattered from thscattering foil with energies higher than 4 MeV were consid-
analyzer foil. Our experiment provided detailed data on thesered, to avoid depolarization effedf§The first time channel
dependences. This enables a number of statistical analys&83 mg after activation of the target was always disregarded.
which are sensitive to various potential sources of errors itwe have observed a significant excess of events in this short
the experiment. time interval, particularly for the foil-out data and accidental

coincidences(Fig. 19. A part of this excess may contain
B. Data characteristics events associated with the tail of the beam not yet com-
pletely deflected at the ion source and accelerated to the tar-
et,or with short living activities. In addition, in the very first
me channels, the photomultipliers and their electronics

Data for the analysis of thR correlation in the®Li decay
were acquired in four data collection periods extending ove?

three years. Table Il shows the values of the most ImportarPﬁave not yet reached a steady state, recovering from a flash

pag&iﬁfﬂg:i;?‘es; Thias duer\?g?sn;?ént of the experimen of light produced in the scintillators by neutrons apdays
P P tthat have penetrated the passive shields during the activation

may be found in conference proceedifg4]. The results of L
the first two data taking periods, obtained with incompleteOf the target. Due to the unfavorable background conditions,

apparatus, were published in REf8]. We will focus here on the statistical impact of the data collected in the first time
PP ’ P : : channel is reduced te- 1% of the final error, and therefore
the last two series of measurements that have provided tf}

fiese data were not analyzed.
bulk of collected data +90%). We describe here details of the different data analyses

with a discussion of their advantages and shortcomings.

(1) Cumulative analysis. The simplest treatment of the
Most of the data were accumulated in runs of 2 hourdata. All foil-in (signa) and foil-out (backgroundl data for
duration. One quarter of the collection time was devoted tdging detectors, as well as for polarization monitors and beam
measurements with the regular irradiation pattern, but witintegrators, were added into cumulative files. Counts were
the scattering foil removed. These measurements providedien integrated above the energy and time thresholds. An

data on the intensity and asymmetry of the background raaverage value-0.100 of the analyzing power weighted by
diation that affected each of the telescopes. Figure 19 shovife energy spectrum of the scattered elect(ing. 16, lower
raw data for typical runs with the scattering foil in place, foil pary, and an average polarization of thei target, varying
removed, and for a measurement of the accidental coincifrom run to run between 0.100.12 (Table II), were usedR
dences.

The general procedure was to calculate separately uncor-
rectedR coefficients for foil-in measurements adcoeffi- 1%The analysis threshold of 3 MeV that was used for the first data
cients for disturbing effects, and to subtract fake contribu-collection run was raised to 4 MeV as a consequence of increasing
tions using weights defined by the measured intensities. Thithe thickness of the foil from 27 mg/chto 35 mg/cnt (Table ).

C. Analysis procedures
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coefficients were calculated for the four pairs of the corre- In the analyse$1)—(4) we have restored the one-to-one
sponding up/down detectors. The background radiation wasorrespondence between the signal and the background data
assumed to be constant for each detector during the wholey adding foil-in data into cumulative files. In this way cor-
data collection period. A distinction between detectors igelations between the corrected results were avoided and sta-
made, since they operate under slightly different backgroundstically independent values for the correcRctoefficients
conditions (particularly parts of the apparatus upstream orWere obtained in each case. Standard rules for calculations of
downstream of the target Four statistically independent the averages and the errors could then be used in the proce-
R-coefficient measurementfour pairs of detectojsyielding ~ dures described above.
the finalR value were obtained. (5) File by file analysis. Obviously a natural choice. We
(2) Energy dependence. No detectable energy dependenBéte that subtraction of aommonbackground from few
of theR coefficient is expected from the theory, therefore our(usually 3 consecutive data files introducesrrelations
motivation was rather to check the consistency of the datletween the results. Although in this experiment such corre-
than to search for a real effect. The data were combined as #gtions are rather weakow intensity of the backgroundnd
the analysig(1); however, 1 MeV broad energy slices were they therefore should not influence strongly the final result,
analyzed separately. The analyzing power was no longefome care must be exercised in a proper calculatiothef
constant, Varying according to the upper part of F|g 16. Theerrors. To avoid the prOblemS discussed above with the
final value ofR is obtained by averaging 28 data pon@& rEjeCtion of some data, this anaIySiS was performed with the
pairs of detectors and 7 energy bins energyx time integrated spectrd 08 correlated?k measure-
(3) Energy and time dependend® coefficients were cal- ments.
culated on an energytime grid formed in the cumulated  The procedures discussed here provideoefficient data
files. The detailed energy dependence of the analyzing powéfat contribute to the final result, with vastly varying error
(Fig. 16 as well as the decrease of the target polarization dubars (~0.01-1.0 and number of degrees of freedom. Apply-
to spin relaxation phenomer(&ig. 5 were taken into ac- Ing tests of statistical consistency, we checked therefore in
count. In this analysis, we encountered the problem of caleach case thg’/Npe values as well as the corresponding
culating asymmetries from a small number of counts: for aconfidence levelgTable IlI).
fine grid (~200 keV X 33 mg, the content of channels cor-
responding to electrons with high energies (0 MeV) that D. Corrections
were emitted at the end of the measuring interval becomes
very small (upper right corner of Fig. 19 Therefore, we
rejected data corresponding to channels where at least one At first, the correction with the largest uncertainty
bin N ,N“ N, or Ny was zerd! For example, in the (~1/2 of the final error barwill be discussed.
analysis of the third measuring period, we obtain in this way The fraction of events that do not originate from electrons
5538 rawR coefficients. Since the positions of the channelsscattered by the analyzer foil is'0.07. This background
with zero content for foil-in and foil-out data do not always radiation was inspected periodically by removing the scatter-
match, the number of data points after applying correctionéd foil. As a rule one background measurement followed
was reduced further to 552@pparent difference iNp en-  three runs with the foil in place.
tries in Table I1). The large number oR coefficients ob- For data analysel)—(4) we define
tained in this procedure allows for testing details of their ol oc
distribution. An excess of the data with unexpectedly large R=R+R

deviations from the mean might suggest a systematic effeGhqeR is the result corrected for the disturbing effet,is

in the experiment. the raw valueR° is the correction due to background radia-

(4) Slowly varying backgrounds. The assm_Jmptior_1 of 3tion. We express the asymmetry corresponding to scattering
background stable over the whole data collection period Wag o the analyzer foil by the measured foil-in and foil-out
abandoned. In contrast to analy$®, where all the data eventsl?

were added, here only 3 consecutive raw data fitelsours
were cumulated and combined with the following back- r b r b
ground measurement. The time dependence of the back- _ L Ne-N- 1 (NL =N = (N —-ND)
ground corrections could be studied, and once again runaway JSNL+N_ IS (N, —N)+(N_—N2)
data points could be detected. The problem of small number r by ar b

of counts in certain channels is more acute here than in =m
analysis(3) and it leads to the reduction of the 38383 data 1-1
points to 37790 that are left after applying corrections.

1. Decay associated background

Here, N denotes integrated counts for a given subgroup of
data[e.g., each element of the fine grid in the analy8ig,
UThese details are discussed, since losses of data might be a mdlte indices+ and — define the polarization state of the tar-
source of discrepancies between the results obtained from vario@et, and the superscriptsb refer to the “raw” (foil-in) and
analyses. The effects are bigger than intuitively expected: 1% difbackground(foil-out) data, respectively. The polarization of
ferences in the data sample may lead to inconsistencies in the final
results as large as 10% of the error bar. This is therefore the level
of agreement to be expected between the results of different proce-*?For simplicity, a single detector spitt/— asymmetry is con-
dures. sidered; the detector index is suppressed.
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TABLE lll. The results for series Il of measurements, obtained with the five procedures discussed in the
text. All R values and corresponding errors are in units of“l0The results of statistical tests are attached.

Analysis 1 2 3 4 5
Raw data —123+71 —125+69 —130+70 —-131+70 —128+70
Npe 3 27 5537 38382 107
X2 Npe 1.75 1.30 1.00 1.02 1.07
Confidence level 0.15 0.14 0.47 0.01 0.31
After decay background —74+82 —74+82 —74+83 —72+83 —87+81
subtraction
Npge 3 27 5525 37789 107
X?INpg 0.97 0.99 0.99 0.95 0.98
Confidence level 0.40 0.47 0.64 1.00 0.55

the target is denoted by and the analyzing power of the tion matrixC [65] of the (correlated results obtained after
polarimeter byS. The intensity ratid is defined as corrections of three consecutive raw data runs of 2 hours
duration are

I=(N° +NP)/(N" +N").
(N2 M (NY ) 1.000 0.067 0.06

Using the formulas above we obtain the value of the back- c—| 0.067 1.000 0.06
groundcorrection 0.064 0.061 1.00
| ro : : . : L
R‘EH Rr—?R . With the aid of the weight matribG=(gj;;), which is the

inverse of the covariance matri%5], an estimatoR of the

expectation value of thR coefficient is determined by find-

As expected, the corrections are small when the backgroungly the maximum of the logarithm of the likelihood function
intensity is low and when the raw and backgroldoeffi-

cientsR’, R have similar values.

In the derivation above we have assumed tacitly that the
activity of the target is the same for the raw and background InZ= COHSPFZ
data. In the data evaluation, the couhts, N2 , ... were H

impinging on the target during the activation phase. Also,maximum of the likelihood is obtained for
more precise estimates of tRé andR°® were used that com-

bine two corresponding up and dowa,{) detectors via the 1
ratiosr" andr® (“double ratio,” Sec. V A). We obtain im- R=Z 9ij5(Ri+Ry) IE gij -
mediately the erroAR of the corrected? coefficient ! !

1
—5(Ri—=R)g;j(R—R)

Additionally, we find that the erroAR (at 68% C.L) is
given by

AR= %J(AF{)ZJr 12(JP/J")2(ARP)?,

with ARzl/\/ .2, di

1 prob 1 and that the quantity
r,b_
ART=3BS (14102 i:2+ NP
|

oc

' x2=iEj (R—R)gj;(R—R)

The errors in the intensity ratié, and in the polarization of
the targetJ, turned out to be negligible due to very high plays the role of the conventiongf that describes statistical

counting statistics. consistency of the data set.
The approach used in procedyr is different. Here, we As an example, the results of the five analyses of the data
subtracthe samebackground contributioR® from R" val-  acquired in series Il of the measurements are presented in

ues obtained for a few consecutive raw data files. ConseFable Ill. The foil-in R coefficients and the resultsfter
quently, the correcteR coefficients are no more statistically applying background correction are shown. Very good agree-
independent. Typical values for the elements of the correlament between the corrected results for the five procedures of
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TABLE IV. Raw R-correlation datdin 10~ %) and thevaluesof

corrections with their errors for all runs. 8 3 1000 |-
Run [ I I v 2 | 800 |-

3 L H

b b g 600 -

E 6 [ E
Raw data 1234 912  —-13x7 —8=*4 = E € a0 L
Decay background —39+26 —13+ 8 6+4 0+2 o £
Gain shifts -1+ 3 -1+ 2 -1+x1 —-1=x1 3 200 - 2

- o
Accidentals -7+ 8 —-1*x2 2+2 1+1 E : 1 12 i
B asymmetry 1% 5 13+ 2 10+ 1 6+ 1 10 20 30 40 50 60 1 102 104 106
Energy (ch) Gain Factor

The result —24+44 7+15 4+8  —2x5 FIG. 20. Left: two dimensional spectrum of the light emitting

diodes. Right: gain variation calculated from the centroids of LED’s

spectra for thet-/— spin states of the targétircles/trianglesas a

the data analysis is observed. Consistency of the results wasnction of time elapsed after activation. Gain is normalized to 1 at

tested for all the procedures used in the data analysis bye end of the counting interval. Note expanded scale and virtually

applying standard statistical tests. In Table Ill the values othe same gain variations for the two spin states.

x*INpe and corresponding confidence levels are attached for

the raw and corrected data. In all cases the statistical consigtaced from the median plane and the rate was measured as a

tency of the data is significantly improveaffter applying  function of the positiorh of the foil (Fig. 17). The up/down

the corrections with the resulting?/Npg very close to one asymmetry in the rate, normalized to the rate observed with

and high confidence levels. the foil placed in the median plane of the apparatus, provides
The measured asymmetrigscorresponding to the the slope parametgr=2.8 = 0.4 that was used for the cal-

R-coefficient contributions shown in Table Ill, provide a culation of the false contributioR=JAa3p/3. The uncer-

somewhat better taste of the precision of the experiment. Theinty quoted for this effecfTable V) reflects the reproduc-

weighted mean of all foil-in and foil-out asymmetries was ibility of the measurements of the parameter in various

(—15+8)x107° and (—70+50)x 10 °, respectively. Al-  data collection runs.

though the latter error is by a factor of 6 larger than the

former, the effective contribution of the background to the 3. Small corrections and uncertainties

final uncertainty of the experiment is greatly reduced due to Gain shift Before subtracting the foil-out background

its low intensityl. The suppression factor I§(1—1), which e anpjied corrections due to the gain shift of the photomul-

result_z in our ggsg in onI;(/j half of t.hhe rr]aw data ferr:or% Tlh,istipliers. The 4 MeV analysis threshold is placed in the con-
contribution, added in quadrature with the error of the foil-in g 1 of the energy spectrutiFig. 14, Fig. 19, therefore

data(statistical independengencreases the final error of the gain variations of the detectois phasewith the polariza-

experiment only by 20%. . . . ion reversal are a potential source of a false asymmetry. The
We note that the subtracn.on of the cosmic radiation an mplification of the detection system was monitored with

room background, that contribute at the level 00.001 of jighy emitting diodes(LED), which fired well defined light

the events associated with the scattering from the analyz%?ﬂses into the scintillators every millisecond during the 1 s

foil, is included in the foil-out correction o ;
i oo long counting intervals. The energy spectra of the diodes
The background contribution has definitely the largest o recorded for each detector, in every 33 ms window
certainty of all applied corrections  in this experiment. following the target activation, and fof /— spin states of
However, we stress that this uncertainty is determined solely, target separately. The centroids of the LED peaks are
by counting statistics in the measurements of the backgrounge oqred with great precision. Their positions were used to

radiation. In fact, the sequence 3/1 for_the foil-in/foil-(_)uF calculate the gain corrections. The observed larger amplifi-
measurements was chosen. on the basis of pure statistic tions,~5%, at the beginning of the counting interval drop
arguments to minimize the final error of the experiment. by a factor of 2(Fig. 20 after ~100 ms

Gain variations with their characteristic recovery time re-
flect sensitivities of the photomultipliers and the associated

The false effect due to parity violation i decay de- electronics to the total rate acquired during activation of the
serves truly the name “systematic”: in contrast to the effectstarget. The observed rates were different by less than 1%.
considered up to now, the correction and its uncertainty willTherefore, amplification changes are very similar for the two
not decrease with better statistics. polarization states of thLi source. The ratio of the ampli-

The discussion in Sec. IV C shows that the false effecfications for + and — spin state is on the level
grows rapidly with increasing acceptance angle of the anat.000+0.001 for any time window after activation and for
lyzer foil. Therefore the width of the foil was decreased fromall the detectors used in our study. As a consequence, gain
8 to 5 cm with increasing precision of the experimgifable  shift contributions to the asymmetries are strongly sup-
II), to reduce the value of this correction. pressed.

For each data taking run, we performed auxiliary mea- Gain correction was done file by file by fine adjustment of
surements to determine the slope parametec. IV Q. In  the lower integration limit in the energytime spectra for
these measurements 1 cmwide scattering foil was dis- each detector, spin state, and time channel separately. Frac-

2. B decay asymmetry
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o ; ' "; : "; . ; ’ 1'0 ' 1'2 — FIG. 22. Distribution of the deviations of thR, coefficients
from their mearR, normalized to the erroidR; . Left: analysig(3);
ENERGY (MeV) right: analysig4). Solid lines show Gaussian distributions with unit
variance, centered at the origin.
Only integrated effects were evaluated since in most chan-
0.02 I~ nels of the fine timX energy grid no counts were observed.
; Attention was paid to avoid double subtraction, since a great
= 0.01 - part of the random events was already taken into account in
E the foil-out corrections. Therefore, the effects associated with
2 o - the foil-in accidentals were added, and the foil-out correc-
o tions were subtracted. The error of the accidental coinci-
© 01 dences is once again determined by counting statistics.
Fe Electronic effectsThe electronics used in this experi-
002 ment was set up to reduce spurious asymmetries due to dead
time and pile up effects to a level negligible compared with
L ' ' . ' L the uncertainty of the raw data. False effects from dead time

8 3.4 455 55 of the analog-to-digital converte(4DC) were eliminated by

ENERGY THRESHOLD (MeV) gating all ADC’s with mixed pulses from all the detectors
(common gate princip)e This equalizes the dead time cor-
FIG. 21. Upper part: energy dependence of Bieoefficient ~ rection factors for corresponding up and down detectors.
determined in this experiment. Lower part: dependence of the resufeonsequently, the “double ratia’Sec. V A that was used to
on the threshold assumed in the data analysis IV with the  calculate asymmetries is not influenced by dead time losses.
highest statistigs Note that the data points in the lower figure are The estimated losses in fast discriminators due to pile up of
not statistically independent. the incoming pulses could result in asymmetries that are two

. _ orders of magnitude lower than the statistical uncertainty of
tional contents of the channel corresponding to the 4 MeMhe final result.

energy threshold were used in the calculation. The resulting

average correction to the coefficient due to gain shifts is

—(1%=1)x10 3. The error is calculated from the dispersion VI. RESULTS
of all gain corrections.

Accidental coincidencesOne of the reasons to use
triple detector telescopes was suppression of random events. The final results for all the runs are shown in Table IV.
They were measured by inserting delay lines before formingVe have checked that the various methods of data analysis
fast coincidences for each telescope. The measurements wéead to results that are consistent at the level-df10 of the
performed with the scattering foil in place and the foil re- final error bar(Table Ill). The dominant contribution to the
moved. The intensity of accidentals was ort¥).0007 of the  final error of the experiment comes from the counting statis-
foil scattered event§Fig. 14, Fig. 19. For example, in the tics in the measurements with the scattering foil in place and
[l run the asymmetries of the accidental coincidences, averthe foil removed(Table Ill, Table V).
aged over all detectors, were 0.05+0.02 (foil in) and An energy measurement in this experiment was conceived
—0.03*+0.03 (foil out). These numbers might indicate an to examine the energy dependence of Rheoefficient. The
asymmetry that is consistent with the value motivation here was not to detect an efféfitst of all one
—0.029+0.001, measured by the target polarization moni-would expect a nonzeraverage Rcorrelation, but rather
tors. We hypothesize therefore that accidental coincidencet® check the consistency of the results. In fact, no such de-
are caused by radiation uncorrelated in time, which penpendence is seen and our result is also stable as a function of
etrates through the passive shielding if{A, andE detec-  the threshold assumed in the analy$igy. 21).
tors. We have examined the distributions of the corrected re-

Accidental coincidences were subtracted in the sameults for the analysis procedures with a large number of de-
manner as the background radiation discussed in Sec. V [rees of freedom. Since the erraky; of the independent

A. Final data and tests
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particularly sensitive to the configuration of the shielding of
the detectors, which was greatly altered from run to run.

01 | RUN HI RUN 1V Although the correction due t8 decay asymmetry is the
largest one, it is known so precisely thatitacertaintyis
+ almost negligible. One notes that the effect dugBtdecay
o asymmetry for the first data collection run is somewhat
C ) g smaller, in spite of using the wide cm) analyzer foil. This
12 34 + + 12 34 sl 18 is due to a different positioning of the detectors in the pro-

totype apparatus than in the following runs, and-40%
larger distance between th&Li source and the lead foil.
After analysis of the first data we concluded that the effects
+ + due toB decay asymmetry can be measured quite precisely.
02 - We allowed therefore slightly larger values for this correc-
si6 18 tion by redesigning the apparatus. These alterations increased
the statistical sensitivity of the experiment. The fgkasym-
metry effect scales correctly with the height of the scattering
DETECTOR PAIR foil in the last three runs.

5i6 /8

R COEFFICIENT
o
|

l | W I ] | L. |

FIG. 23. R coefficients for runs Il and IV, obtained from raw B. Result for R parameter

data(open symbolsand after applying all correctiondilled sym- . . .
bols). The detector pairs are indicated. Dots: well shielded detec- By averaging all the acquired data we obtain the value of

tors, low background conditions. Squares: data taken with hign€ triple correlation coefficierR between the nUCIGar spin
background due to incomplete shielding of new detectors installed, the momentum of the electrqm, and the Splrb' of the
at the beginning of the run IKpairs 5/6 and 7/8, Fig. 0Note the  electron emitted irfLi decay:

decrease of the corrections for the pairs 5/6 and 7/8 after inserting

additional shielding during the run Ill and consistency of all cor- R=(-0.2£4.0x107%.

rected data with the final result of this experiméslid line).

R-coefficientsR; that contribute to the mean vallR are  This is the most precise determination of the transverse po-
vastly different, a standardized random variablelarization of leptons emitted in weak decays.

(Ri—R)/AR; was investigated. This variable should have a

normal distribution with a central value at zero and a stan-

dard deviation equal to one. Figure 22 shows the excellent VII. DISCUSSION

agreement of the data with these expectations.

Beside positive results of the statistical tests we also have
more direct evidence that the corrections were calculated In general, theR correlation for the mixed Fermi/Gamow-
with sufficient precision. At the beginning of the run 1ll we Teller transition bears information on the combination of the
realized that the raw data for the new mounted detectorstrengths of time reversal violating parts of the wealalar
exhibited an unexpectedly large asymmetry that was clearlpndtensorinteraction. For transitions between nuclear lev-
incompatible with all our previous results. The cause wa=ls with the same spihand parityr (all cases considered in
imperfect shielding of the light guides for thie counters in  this section, the explicit expression for thR parameter is
the new segments of the apparatus. A lightguide area of onl{50]
few cm? was exposed to the electrons emitted directly from

A. Formalism

the 8Li source. It turned out that the Cerenkov light pro- 2 1 *
RE=Rpgé+|M 2 Im(C+C,* +C1C
duced in the thick part of the lightguides strongly increased ¢=Resié Mol (Cr 1CA)
the intensity and the asymmetry of the foil-out background I
and the level of the accidental coincidences. After insertion *
e L +MegMgr\/ 2|mCC +CsCh
of additional shielding the raw data from the new detectors CTN 1+ (Cs S

did not exhibit any anomaly.

Without shields, we observed an7 standard deviation
signal simulating time reversal violation in the foil-in data.
However, after applying our standard procedures, the cor-

—CyCp - CiCh),

rected results are consistent with all the other dktg. 23. with
From this agreement we conclude therefore that the overall
corre_c_tions in this experiment are calculated with required £=|Mg|2(|C42+|Cy[? +|CY2+|CL[2)
precision.
Some apparent inconsistenc¥able 1V) in the back- +[Marl2(|Cr|2+|Cal?[+|CH2+|CA?).

ground correction for different runs requires a brief com-

ment. Variations in the value of this correction are not sur-

prising, since the detectors in the following runs operated infhe contributiorReg,, due to the electromagnetic interaction
different background condition®ne quarter, one half, and of the electron in the final state with a point nucleus, has the
the whole apparatus assemble@bviously, this correction is form [50]
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strength. The likely Fermi admixture is in the order of

aZm 1
IM gl® 712 RgCC* —CACp¥) Mg /Mgr/2~0.001 only[52]. Therefore, contribution from

Regié=—

P the Fermi/Gamow-Teller interference term to tRecorrela-
[ tion may be safely neglected for tf&i decay.
+MgMgt mz RgCCr* +CsCk The effects of the final state interaction, which can mimic

genuine time reversal violation in tHe correlation, are ex-
ceptionally small for the®Li decay (Sec. Ill). An average
. value of the FSI correction in the point nucleus approxima-
tion, weighted by the energy spectrum of the scattered elec-
. . i - -3
Here, the matrix elementd -, M take into account the trons withE>4 MeV, amounts toRgg=0.7X10"". More
structure of the nuclear states involved in the transitionsubtle contributions to the FSI correction were investigated
while the coupling constanBy, C, . . . describe effects of N Ref.[69], where it was shown that, e.g., the effects of the
the weak interaction arising from the vectaf)( axial vector finite nuclear size influence the result by less than 10%. False
a is the fine structure constant andp are the electron mass Which are decay products of the residu@e nucleus are
and momentum, respectively. Fortunately, the procedur8edligible at the present experimental accuracy. The insensi-
used to obtain effective matrix elements .. presents no fivity of the R observable to the strong interaction phase
fundamental difficulties for nucleag-decay experiments Shifts in the final state results from the fact that the two
discussed bele . . . ” [66]. particles are not detected in this experiment. Recently, very
Recently a new parametrizatid66,67] of the 8 decay detailed calculation$70] show that the strong interaction
Hamiltonian based on the helicity projectiéiiP) formalism  induced FSI effects in thé=8 system are much smaller
has been introduced. In this formalism the handenestan the electron-nucleus Coulomb interaction ones and there

(L-left, andR-right) of the initial quark §) and the charged IS @ strong cancellation between several second forbidden
lepton | involved in the four fermion point interaction is t€rms in the region of the 2 state of the residual nucleus
explicitly displayed. The expressions for theR,D, . .. ob- (Flg_. 1. We conclude, ther_efore,_that the flrst_order approxi-
servables in the HP form are lengthy, therefore we list onlyMation for the FSI correctiofb0] is adequate in our case.

the relations between the coupling constadts C! and the Takin_g into accoun_t thg FSI effects we obtain thg result
HP amplitudesai (i=V,A,ST, I=L,R, q=L,R): for the time reversal violating paR+gy Of the R correlation:
q 1 ’ 1 L 1 L ’ .

—CyCp* —C\Cx

—(— —3
Cu=gy(a’, +aVo+al, +al), Rrpy=(—0.9=4.0)x 10" 3.

_ v v v v This result is consistent with time reversal invariance.
Cy=0v(a), +a/r—ag, —agp),

Ca=—0a(@/ —a'r—ap, +anp). C. Limits for tensor interaction

Ignoring isospin impurities and Fermi/Gamow-Teller in-
Ch=—0ga(a), —a)r+ay —axp) - : )
A gala —a gTag. .~ arr)s terference, the largest contributionRgg, in our experiment
comes from the axial vector—tensor term:
Cs=gg(a’ +a’z+a3, +azp)
s=0slap Ta gt agrL T arp); . .
2 Im(C+C,* +C;CR)

. | Ci+Cr
_ s s _ .S __S == ~lm
Cs=—gs(aj +ar—agr.— arp)s T3 |Cal?+]|CAl2

3Ca

_ T T
Cr=2gr(airtagy), where the approximation is valid f@,=C,.

Using the same approximation, tiRecoefficient for 8Li

r_ T _ AT
Cr=—297(ar~agy)- decay may be expressed in the helicity projection formalism

~ The standard model assumes thgf =1 and all other as
ay, amplitudes vanish. The form factogs correspond to the

a - . 4 or
transition from the description of fundamenjgldecay pro- Rrrv=— = Im|{ —ag, |.
cesses on the level of quarks to nucleons. The values of the 3 9a

vectorgy and axial vectog form factors, obtained from the ] o . .
B decay of a free neutron, are 1 and 1.26, respectively. Since Our result provides newd: limits on the imaginary parts

no such experimental data @y and g, are available, we _of the tensor couplings in semileptonic, strangeness conserv-
must use theoretical estimates; e.g., the simplest quark mod&d weak decays:

or the bag model of a nucleon predigs=0.5 and
g1=1.4/68], with estimated uncertainties about 30%.

!

Ci+C
Ca

—0.015<Im( )<0.009

B. Time reversal symmetry in éLi decay

The 8Li — ®Be transition occurs between thé&=2", —0.002<Im(ag,)<0.003.
T=1 andl™=2", T=0 levels(Fig. 1), and due to the iso-
spin, T, selection rule it is dominated by the Gamow-Teller Alternatively, the 90% C.L. limits are
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Cr+Cl

Ca

<0.017

—0.022<Im(
04

—0.004<Im(ay,)<0.005.

0.2

D. Analysis of T violation in 8 decay

B decay experiments, which examine tfiest order
(i.e.,linear in the decay amplitudetime reversal violation
arising from physics beyond the standaféA approach, are
in general sensitive to a linear combination of the two exotic,
i.e., scalar and tensor interaction terms. Available data may -0.2
be therefore conveniently presented as exclusion plots in the
plane defined by the two components of the weak interac-
tion: 04

TENSOR T

S=Im[(Cs+CL/Cal, T=IM[(Cy+C}H)/Cal.

The experiment reported in this work is sensitive solely to SCALAR S
the T  contribution and measures limits of
—0.015<T<0.009. Earlier I limits —0.073<T<~-0.007 FIG. 24. Results from the most precise, recent experiments test-

[71] have been derived from the subtle final state interactiofng time reversal symmetry in the scalar and tensor weak interac-
corrections to the longitudinal electron polarization in thetions. The bands indicate 1o limits from the measurements re-
decay of1>3Sm. We note that the dafd@2] analyzed in Ref. ported in Refs[38,74,73 and in this work. Constraints from the
[71] were not taken with the intention to investigate time R-correlation experiment in the decay of free neutrons, to be mea-
reversal violation phenomena. In addition, the indirect detersured with an accuracy of 0.01, are attached.
mination [71] depends critically on the assumptions which
had to be made in the analysisighly hindered GT transi- (0.121[76]. However, this determination, interpreted in terms
tion, constraints on the values of the other coupling conof the considered combinatidh of the time reversal violat-
stants, etg. Recent reviews[66] comment “...the ing couplings, is much less precise than the result from the
(*>%Sm) FSI result should not be taken too seriqusl.”  experiment discussed in this work.
since ‘. . . these estimates are deemed unreliable, especially Figure 24 sumarizes the restrictions available from the
for hindered transitios . . . .” Since our experiment provides most sensitivg8 decay experiments searching for time rever-
direct and much tighter constraints for the time reversal viosal violation in scalar and tensor weak interactions.
lating tensor terms, thé&>Sm estimation and associated am-  Although consistency between all the relevant measure-
biguities do not have to be considered any more. ments is far from ideal, a fair conclusion is that no evidence
The only otherR-type measurement, witfPNe (Table ),  of time reversal violation can be inferred froghdecay data.
is more sensitive to scalar interaction. Accordingly, the au-
thors [38] have chosen to analyze 1@§). Neglecting the
tensor contribution they obtain the result equivalent to
0.077<S$<0.410. In our reanalysis of th&’Ne R experi- This study represents a first direct measurement of the
ment in terms of the linear combination, assuming that theriple angular correlatioR for a 8 decay transition, which is
nuclear matrix elements af=1 andMgr=—1.2§38],  sensitive to the time reversal violating, charge changing

VIll. SUMMARY

andC,=C,=—1.26, we obtain weak tensor amplitude. We reiterdi@,66,67 that, in con-
1 trast to common opinions, such interaction terms may be
R(*Ne)=—0.335-0.27T. present in gauge invariant, renormalizable extensions of the

] ) standard model.

A recent paper{73] presents a new idea of using the  The present study has improved by almost an order of
electron-neutrino angular correlatien[50] in a pure Fermi magnitude our knowledge of this part of the time reversal
transition as a probe of the scalar couplings. This observablﬁdaﬁng weak interaction, which also violates parity sym-
provides limits for the absolute values of the couplingsmetry (Table ). As a result, T-violating, charge changing
IC4l, |Cg. These limits also restrict the imaginary part of tensor couplings are determined directly with much better
the scalar interaction. An analydig3] of the 8 delayed pro-  precision than the other exotic term, the scalar weak interac-
ton spectroscopy study ofAr and 33Ar decays[74] yields  tijon.
|C4/|Cy|<0.167 and|Cg|/|Cy|<0.167 (2r constraints In the next step, a comparable improvement in the scalar
Scaling these results tosllimits for the sake of comparison sector would be welcomed. An experiment with Ar nuclei is
with the other experiments, and combining the two contribuin preparation to achieve this goff7]. This experiment
tions in quadrature, we obtaf~ 0.000+ 0.094. The method aims at a determination of the magnitude of the scalar cou-
of Ref.[73] was also applied in the case of the pure Gamow-plings by measuring the squares of the weak amplitudes, and
Teller decay of°He[75], to restrict@ decay tensor couplings therefore is not sensitive in the first order to the time reversal
|C+|/|Cy| and|C}|/|Cy| on the 1o level, to values less than violating partS. Here, the expected one order of magnitude
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improvement in the experimental accuracy of the electronthe level of£0.01 in theR-correlation coefficient. The ex-

neutrino correlation will bring a factor of-3 in the ampli-  pected constraints are presented in Fig. 24. Although this

tudes. _ . . . experiment provides similar information to that frofiNe
Past experience from the precision studies of parity andiecay, it has the additional advantage of studying a particu-

time reversal symmetries shows that redundancy in these difarly simple system, which serves as a basic laboratory for

systems which possess important advantdgbsch will not

be discussed herdor a first order measurement @fviola-
tion arising via scalar couplings. One of them, which has
already produced the fir&-correlation result$38], is being The authors wish to thank Dr. P. Schmelzbach, Dr. H.
considered for an upgrade at Princeton Univer§g&8,78. Einenkel, and the operating staff of the PSI accelerators for
Atomic physics methods based on lasers are proposed, providing excellent beams for this experiment. We thank H.
order to polarize thé®Ne nuclei, and to achieve an order of Blumer and B. Zimmermann from the PSI Workshop and W.
magnitude improvement in the accuracy. The other case i&ruber for their help in the construction of the apparatus.
even more interesting. According to our estimations, an exFinancial support of PSI, Swiss National Foundation and
periment to determine transverse polarization of electron&nited States National Science Foundation is gratefully ac-
emitted in the decay of polarized free neutrons is feasible oknowledged.
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