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ABSTRACT -
A new expermental upper 1limit on the "tme-reversal" . »
coefficient D is reported for the allowed beta deca} 190 > F"e "e‘
The result is given in terms of the relatwe phase angle between t.he o

vector (V) and axial-vector (A) couplmgs, d’A V(“’Ne) 180. 1 +0. 3°

The V and A couplings are relatlvely real,: mplymg t?'at T mvarlance

holds in the V-A Theory ‘at zero momentum transfer. ] The present result i |
does not exclude the possibility of aT v1olat1on J.n the mmentum- Co
transfer- dependent weak cmxplmgs of the AS = 0 hadmmc weak current.

“The experiment was perfomed with an atcmlc beam apparatus m

which either of the my = +1/2 or mp = -1/2 magnetlc substates was o
selected from a beam of ‘Su ground state 1°Ne atoms. "The polarized beamﬁ" L
terminated its fl1g,ht in a cell (bulb) where the 1’Ne atoms rema:med for I

npproxj.mtcly 4 sccond; without subsi::mtlalspm' relaxauon. The
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measurement of those delayed coincidences between positrons and the
13F” recoil ions whose momenta are, on the average, perpendicular to
the nuclear spin T of !3Ne served to measure the D' coefficient. The
nuclear polarization of'thé 19¥e cointained in the éell was menitored
contimjcxusly by ébservation of the positrons emitted parallel and

antiparallel to the spin axes.



I. INTRODUCTION

The continuation of an ear11er expermental search’ for a
possible violation of time-reversal (T) mvanance in the allowed
nuclear beta decay of polarized °Ne + °F + et +v (-r =17, 6 sec,
Ema.x = 2,21 MeV) has been completed The new results obtained from this

= 0 weak decay are again consistent with T mvanemce.

This work was stimulated by the cbservation of a direct CP

2
CP-violating effect is given in terms of the ratio of CP-violating to

violation in the AS = 1 decay of X » 21,2 The magnitude of this

CP-conserving amplitudes:
n+_ (1r L ]l-hll(g)
(r'n IHWIKg)

Subsequent measurements of Ku3 “charge asymmetries" provide independent

evidence of a (P violation: § = ’['I‘(K‘Z’ > ae’y) - I‘CKg > 1r+_e'v]]
-3 3

2.x1073

~[r(x + ety + r(x" +>7'e v)] = 2,2x10 Although ‘the parameters

essential for a phenomenological description of CP violation m the kaon

system have been measured (the phase’ and magnitude of Moo remain ambig- . .

uaus), the origin of the CP violation remains unclear,

Assuning that CPT invariance is valid, CP violation inplies that
T invariance also fails. In spite of immense experimental effort, o
evidence of direct T.violations in (1) strong interactions,* (2) the
electromagnetic interactions of ﬂlé‘hadl_'ons,"‘ or (3) weak interactions B
has been cbserved. . S

“If tie CP-violation origiriates through a first-order weak




interaction process, the ekpected ratio of T-violatingtg T-conserving

amplitudes Wwill be of the order of 1073,

T violations manifest
themseives indirectly in f{rstéorder' we’ak ‘procéss_es as trip;e-a_ngular
correlations (TAC) hetv;eeﬁ' the momenté and spins of the decaying par-
ticles, - 'I'he observatmn of a T- odd TAC constltutes unavbiguous evidence
of aT vmlatmn, 1f and only if fmal-state mteractmns can be
neglected.

The T-o0dd TAC observed for polanzed l'-’Ne is D{'f (<0}, where
Tis the :m1t1al mclear spm of 19Ne and p and ¥ are the momenta of

the nositron and recoil ”F. ion. The coefficient D is given by

(Sect. II) U2 ol
= |plsing
Dada .,
1+ pz
where
i¢

¢ is the phase beiween the vector and axjal vector coupling constants,
and (1) and (o) are the Fenh.i and‘Gamw-Tellei' m;atrix elements. T invar-
iance requires that C,, CV be relatively reai, i .., that the relative .

phase be ¢ = 0 or wf Thus ] nust vamsh. Altematwely, D will not
vanish ‘identically, and ¢ could vary from 180¢ by as mch as

jr - ¢} =0.1°, if a 107 T-vmlatmg effect musts in first-order weak

) p;'bcgsses. This follows, smce D 1s proportlonal A t.he decay
amplitudes. _ o | _

A beam of neontfat;:qmsb,iys,‘ polanzed;ma Stém-Gefladl atomic-
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beams apparatus, then trapped and held in a ce11 made of Al, Au, gmnd
sapyhire , where the 1°Ne atorns decay.. 'l'hese decays are observed as delayed
coincidences between the positron and the recoil ion,. 'Ihe polarization
of the trapped neon gas is maintained by a ‘magnet_lcvf_;.el‘d. Maximum
sensitivity to D is achieved' by .observing only’ th'ose deléyed coinei-
dences for which the plane formigd” by p and T 15, o the average,
perpendicular to .

The'experimental result is

D(”Ne) = 0 001 003

Using the value of p above, the phase angle is

¢(19Ne) =180.1 =

Int, where £ = £7/€*, and flL £ are fom factors for th

-8Q amplitudés. Wlth ReE mPasured eloewhere, b
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s and p waves, giving ¢ =9 :t 5.5°) Cor@airing the phase difference
8 - Sp = 6.5+ 1.5° ® in luﬁl-‘ene_rgy n-p scattering yields a result
consistent with T invariance. h B

Sensitivity
Co ‘ to T-odd
Decay AS. Correlation .. Phase.¢.. ... .. Amp. - Year:Ref.
meon 0 gy e(p)  180.1%0.3°  3x1073 71:
neutron 0 o e(pv)  178.8:1.2° 1072 70:°
. 3 o -2 .10
K3 1 o) 0.6 £ 2.6 6x10 67:
o a . Jntl ' .11
A 1 pp_ [cpch) <8 | 10 67:

Our present result, listed above, places a 3x10”> upper limit
on the size of a vector-axial vector T violation  in AS = 0 decays.
A factor of 10 improvement on the '*Ne result may reveal a T violation

3

in the V-A theory, yet a null result at the 0.3x107" level will not

necessarily exclude a‘direct T violation in a AS = 1 decay amplitude.

R o ey
-




1. ‘THEORY
In this section we will consider the following items as they
apply to the present eiperimm'tal test of T ihvariaﬁce in the mlrror

decay of !®Ne: (a) the beta decay amplitude and the phase restrictions

that T invariance imposes on the md1v1dna1 couplmgs m the amplltude ‘
(b) the formal expression for the decay rate dx; and, the T-odd angular

correlation tern whose coefficient DTR is -sen51t1ve- to the phase

restrictions imposed hy T invariancei;; ,(e))' contributions ™M to the same
T-odd angular correlation arisir:g fmm.v"fiﬁél-'state 'electromagnetic
interactions; and (d) a canparlson of the magnltude of DEM to the
present expermental uncerta:mty in Dexp , -where Dexp = R, DEM is the -
experimentally measured quantlty Placement of an upper limit on a ’

possible T violation requirés that DEM < error m D exp* DR o N

A, Beta Decay Amphtude and Phase Restnctmns on Couplug_

Assummg a pure V-A coupllng, the valld1ty of the CVC hypo-
thesis, and the absence of fmal -state electramagneuc 1nterant10ns, the E
most general form of the beta decay amplltude for the allowed decay of
19Ne is B L
: + 01- ) s
m cosecu(“F){Vo A“A}u(“"Ne);t' o (II—l) _
s :
where G (= —-z—) is the 1m1versa1 weak-coup.tmg constant e (— 15°) 1s,‘ B
the Cabibbo mp angle, JL is’ the matnx element of the leptomc current' :

) (11-2)‘

9-" ="ﬁ(e)_vu‘(1 * ,Ys)u(__v) s




by \ _
vﬁ * /\‘j = flyu‘ - ifz?ﬁdq& * BYYs -igzc’ﬁdqd*s + gsquys.(H-S)
Here q, = _(pe + p\,)u = (:I;Ne - pF) o is the 4-momentum 'trapsfer to the
final-state leptons. The £'s and g's are the vector and axial-vector
form factors, all functions of g2. - Using the standard nomenclature,
the vector [£,(0)] and axiél—vector v[g'l‘(O)] terms are the dominant
couplings’ in allowed nuclear beta decay. The wéak-magnetism (£;) term
has only a small effect on the expressioﬁ for the decay rate of !°Ne,
while the "s,econd-class“? ‘mduced-tensqi' (gz) coupling has not yet been
experimentally observed. The induced pseudoscaler term gz will not be
considered, since its contribution to allowed beta decay is negligible.
© What restriction does T invariance impose upon the amplitude
and how can this be cbserved experimentally in the decay rate dA? In

the atsence of fmal state mteractlons, the hadronlc amplitude in

Eq. II-1 must have the same T-tran. ﬁnatlon propertles as the 1epton1c'
amphtude (2 ), 1f T mvanance is to. hold Thus ‘T invariance requu'es

that "T = -"-T’ where the etas are defmed by

T - -n‘T’ IHED)

‘and

]

TeaT = -np v°cx )

These etas are arbitrary phase factors. ed_ual to #1, The condition

* The Weinberg!? classification of those terms in Vi ¢ °) that
are odd (even) under a G trimsformation is used; G is the combin
operation of charge conjugation- and’ 1sospm rotatmn. _



=T

”T ”T requlres that the form factors f; and g1 must be re1at1ve1y
real, e.g., f. g = |f g lel'bls.'l where' ¢ 0 ,Tr. Without imposing this
condition on 7Il an angular-correlatlon term propertmnal to Im(f g )
appears in Ay, An expermgental observatmn of such a correiation con-
stitutes a violation of T invariance.

The charge-symmetry condition applied to the AS = 0 weak |
current is . ' '

o112 (v° + A2 :t(V° + A° -

where the operators et “TZ reverse the 51gn of the th1rd component of
isospin and T is the generator of rotations about ‘the second axis in
isospin space. This condition imposes the followmg restrictions upon’

the form factors'*
. L ! % . . %
10 27 BT 5T
The form factors nust be real except for the mduced tensor, wh:.ch is

pure imaginary if charge symmetry is valld Not1ce that T mvar:.ance o

imposes the same ccmdltlon on f f2’ and Ey3 only the restnctmn on

the induced tensor term is 'distmct. The Jmpl:l.catlon of thls amblgulty L

will be considered in Section VI.

B. Formal Expression for dA and the T-odd Angular ‘Co‘rrelatien Term

’ If we ignore nuclear rec011 effects, ie., terms .in %of the
order of ch/ZM where m and M are the "masses of: the e1ectr0n a.nd reco11 o
nuclei, then onlv ‘the f and gl texms contrlbute to the decay rate.

Thus, to zeroth order in the nuclear reco_11. parameter EO/ZM,




ne .

.Gcos@, - o
T [Cv<l?ueyb(1 + ys)uv - CAG)-uey(l + YS)uv] (I1-5)

where form factors or coupii_ng constants are
.f1(q2 +0) = CV =1 and '91(0) = -CA =-1,2,

the y's are Dirac matrices, and (1) and {5’ arc the Fermi and Gamow-
Teller nuclear matrix elements. _

The initial and final nuclear spins in '°Ne decay are equal,
i.e,, Ii = If =1/2, The transition rate dA in the allowed approxima-

‘tion and sumed over the final lepton spins is*

2
1 ] 5 (Gcosec)

22
@ - ——— F(z, BIp’a” dpdnan,

Z|
-+ v > -+
xg{la-a‘_é..ai-i;_)- [A%+Bﬁ+D¥xﬁ]} (I1-6)

Here F(Z, E) is the Femmi function; p, v, and E are the magnitude of the
momentum, velocity, and energy of the electron ‘(positron); q = E"EXC;E-
and § designates the magnitude and direction of the neutrino momentum;
and d2, and d are the differential sﬁlid angles  for the electren

and neutrino. The polarization of the initial ensemble of Ne nuclei is

denoted by -%l .

* See Refs. 15 and 16. In Ref. 15 the scalar (S), vector (v},
axial vector (A), and tensor (T) couplings were included in the calcu-
lation.of d\. The coefficients a, A, etc. given there reduce to the
expressions given here upon setting the S and T couplings to zero.

B



in the absence of final-state interactions the coufficients are '
g =cia? + i
ga = ) - 12t
B = #2C2 ) - F Re(CiC,) (1) (o)
g = t5 ko)’ - %ne(c;c}\)qm)

TR

2 *
D™ = 3% In(CiCY (1) .

The upper (lower) sign refers to electron (pusitron) emission., These

coefficients can be rewritten in terms of p, where

Cc R
Al, _{Q{.;. RICRE WO

0 is the relative phase between the nuclear mafrlx elements, and ¢A v
»
the relative phase of the vector and axial-vector couplings. In partic-

ular, the D coefficient for the T-odd angular-correlation temm is
TR yap _ 2 s _
DR(19Ne) = lefJ?smce foy - (1r-8)

With the .phase convention for the nuclear wave functions of %Ne giving

R vanish.

8(*%Ne) = w,'7 T conservétiqn (d’A,V = 0) requires 'that IT
Usiug the value [p(*°Ne)| = 1.6,'229 we have
DTR(“Ne) = 0,518 si.n¢A,v. The superscripti"'I‘R" designates that part of
the "total" D coefficient which is sensitive to a T violation. Final-
state clectromagnetic interactions c:;n introduce a correlaticn temm

Ma A 3 *
b (¥x4) in dr. The coofficient D™ is proportional to Re(CiC,) and
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therefore has no relation to T invariaace. Thus the distinction between
the two contributions to the total quantity Dexp'

The effect of weak magnetism and second-class induced tensor
couplings upon the angular-correlation coefficiénts in dA can be
examined only when first-order terms in the nuclear-recoil parameter
E/24 (~10™ for *Ne) are included in the transition amplitude 7. With
the present experimental tmcerta_inty in Dexp' ‘it is important to eval-
uate the £, and possible g, contributions to DI}, ncluding these terms
in the transition anplitude, Holstein'® obtained

'R o ‘—-{73 2 IniiC,) (1)o) - Tn " (ct d+b) -}T
-Ima([ctd*b)ﬁ-ar 2(3c & b) M]

+ 3- Im ¢ ((d +b) m ~d ﬁ]]} . (11-10)

The upper (lower) signs refer to electron (positron) emission, where £
is given above, Eo is the electron (positron) rest emergy, M the mass of
the recoil mucleus, and aadcare a=CXl), c=Cylod. Thebandd
terms arise from the weak-magnetism and induced—tgnsor couplings.

The form factor fz(()) is contained in b. fz is evaluatéd in
temns of the parent and daughter nuclear magnetic moments, according to
the conserved vector current (CVC) hypovthesisi.. Defining u as the
difference in nuclear magnetic moments, u = u(**Ne) - u( “’F). in wnits of

nuclear magnetons, we have
b=v/3'—l-‘-‘( -u)e%.

™
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The phase of f, is denoted by $y» and m, is the nucleon mass.
Defining "2 as a parameter represenfing the magnitude of the

induced-tensor coupling, we have

d= uz[ﬁ"ﬁ’z::

Since the relatlve phase angles are the mportant parameters, we.can

rewrite DIR above for the case of !®Ne as

D= alsmcpA’v + azsuwv’w + “35m¢A,w + cf4'smr§v’2 + c;!,.’smd>ﬁ\$2 (TE-11)

where o _
. .- - E . -
_1 e [ o EJ ( _E J -3
=Ll |2-2+6F =058+ [0.24 x10
il g Ao Tr °H - E—
o = o [E?.+Z_FL] : .'[o 7+7. E. ]x10'3
27 1ot Wyt E E"l; .
o =__L_L"° E w02 pBaige®
w, F o L .
P B n y(0.24007%
1+P I'I'b - S S
1,10l . T e
a = 3-—2-7 (ﬁ- iza - 0.1 - 0.9 Fﬁﬁ]x;o*" .
Rewriting Bq. T7:11, we have S
T

D R 0 518 sm¢A WV + 7><10 [E—-—]smd>v W uzxm [E_E—J Siﬂ¢A ..2
max Y

_~o.'zx1o'.[g_,_]_sin¢i>";uzstm“, Cdran
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The present experiment is predoiu:himtly sensitive to a T viola-
tion manifesting itself by a phase difference between the vector and
axial-ve'c_tor- couplings; This was ev1dent -from Eq. .II-S without consid-
eration of momentum transfer—ﬁel:endént couplings. However, Eq. II-15
demonstrates two importaﬁt poini-.s: (1) there are energy-dependent
'. terms in D , and although they ate small they are of the same order of
nagaitude as the final-state corrections D7 (see below); and (2) @
complete Tviolaéiqn (‘?ij = m/2) could occur vié vector or axial-vector
interferences with either the weak-magnetism or induced—tensor couplings,
and go completely undetected at the present mcertamty level.

l:iBM Cantributions

+ was suggested ea;'lier that fi.nal-state, electromagnetic inter-
actions can introduce an 1< (pxq) correlation into the expression for dA.
In general, a T-odd cbservable may arise from (1) a violation of T
in#ariance and/or (2) final-state electromagnetic interactions. Contri-
butions to the cdefficient D may arise. from botﬁ Scﬁices._

The Famu-Watson Theorem!® states. that when final-state inter-
actions accompany a scatteung (decay) pmcess, the ongmal scattermg
(decay) amplitude M, is modified by a nu1t1p11cat1ve phase factor

188 1n the case of 1%Ne bew. decay, the § and §* represent. the
phases of the ongmal and "Coulmb scattered" fmal states.

Applying this them'em to weak decay processes and °Ne beta
‘ decay in partlcular, 1t can be shown that the expectat.ton value of a

T-odd observable can be factoned :mto two terms, .
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) ?.(T-(ixa))b? DTR, *, DE-M "
where o
DR < cos(s - 67 Im(cic;')
D™ « sin(s -s_a_!)ne(cic;) £

The C,'s and Cj's are the weak-interaction coupling constants.

It is evident that DEMcontamsno infoﬁnation concerning T
invariance. Its magnitude depends upon the ‘phase shift and, in the case
of light muclei (2 < 50), sin(s - s')‘ = oZ, where a is the fine-
structure constant and Z is that of the daughter nucleus. In the
following paragraphs the magn:ltude of Dm terms (first order in Za) will
be g1ven for the zeroth- and f1rst order terms in the nuclear-recoil
parameter E/ZM. These mll be ccmpared to the present e.xpenmental
uncertainty in Dexp' _

Jackson, Treiman, and Wyld!® considered the correction due to
simple Cou].tmb scattering between tﬁe daiighter'nucvleus‘qnd an electron
or a pos1tron J.n allwed beta decay. ﬁeir r’.alculationv included
momentmn-transfer—mdependent 5V, A, and T weak ‘couplings and neglec-

ted nuclear-reco11 terms The result for I. i Ig=  1/2 is

_ 20 mc e rh
2 2 2 2
-x[[lcsl +|c;| v l6i2+ Ic)) ]|<1>|z
P -1
[crl2 oy |cA'!'?]1<_o>|2]. |

(11-13)
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which vanishes identically' tor a pure V-A weak decay. The positron mass
and 3-momentum are m and p. '

To determine an upper limit for the magnitude of these terms, we
may make use of the experimental 'upper limits of the Fermi and Gamow-

Teller Fierz interference terms,?!

CaCy, + ClCh +
sCy * Gy * c.c.

it + 16082 + 1512 + 16317

and
’ * L

C,!.CA + Gp Cp * Coco.
(16al? + 1ez1? + 1eyl? + 1c31?)

These place the most accurate upper limit upon the S and T couplings in

g decay and may be approximated by
bp S Re(s +s") and bg SRe(t+t),

where s = Cg/Cy, s' = Cé/C",. We are justified in this approximation,
since measurements of the electron-nentrino angular correlation a in
“Bq. 11-6 established that |Cg1% << [G,12 and JcpI? << |, |2,
Dl]_a'i in terms of experimental quantities (assuming p is real, i.e.,

Rewriting

cés¢V’A = 1), we have
pEM - 202 o nc) .
MR el (9

- The uniformity of measured £t values in pure Fermi o' +0" decays
. places an upper limit on by <0.1.2 The ratio of K capture to positron
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emission in the pure Gamow—Teller 3 > 2 decay of "Na glves a Timi

on bep, |bgpl < 0.03. 23 yUsing p = 1.6 we obtain '

! -

3 Coul = z.gx1o S (11-15)

e
L

This represents an upper 11m1t to the correctmn gwﬁn in Eq. II-13,
and has a characteristic inverse mnmentm dependence.

In this exper:.ment the p051tran energy was =easured for each
event for which the angular correlation I+ [v>tq) was observed (oect. III).

The energy dependence of D, was thus experiméntaily obtained and may -

exp
be compared to the characteristic energy dependence ‘of each individual -
final-state correction. Between the threshold’ and endpoint energies

the positron mozentum varies between 0.9 and 2.7 MeV/c, giving

8107t ¢ no g z5x1073

A Coulomb correction, second order in a, ','has not been calcu-

lated but should be of the order of
2 aZ . 4
DCoul 5x10

unless there are fortuitous cancellations. i

Holstein®* has calculated, to first order in oz, the final-
state corrections to D wh1ch arise from mterferences between the -
mmentmn-transfer-dependent weak-magneusm and mduced-tensor couplmgs '
and the Coulomb scattering in the final state.'_ These ‘terms come into
play when recoil-dependent texms. of the order of E/2M ave retained in

the expression for the allowed transition amplitude. THe result for the

i
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1%Ne decay is

oM o L 02 1x

2 rec011(19Ne) TEIME
x_1_12,3[*_22 *.2] |1 *_+dzzi
73 a (b+c) (p +4E°) ~a dP - T Refc (ctb® ) (3p +4E°

L 3w(R 1 {(a SR a*c}pz , (11-16)

where the notation is identical to that used above. Only the lower sign
refers to the positron decay of !°Ne. '

Eg. II-20 includes the final-state correction previously cal-
culated by Callen and Treiman.2® The weak-magnetism interference terms
a*h and c'b are the dominant contributions to DEM Evaluating a, b, and

- d as before, and including only these largest ténns, we have

’ 2
= pPMpre - +1 -4
Dwea.k mag. = Dz (*"Ne) = (Z.Zcosdiv,w + 3.4cos¢A’W) [PT_} x10 .
Assuming the cos¢ terms are approximately =1, this becomes
o -4 . -
Dyeak mag, = 1-5%10 FL ) (11-17)

nax .

almost identical in value to the Callan-Treiman result. For experi-
mentally measured events (0.9 M%V <ps< 2.7 L% ), Dwm'varies between
0.4x10"* and 1.4x107%,

The totai {inal-state <orrection is then

pM = (2107 e+ (1.5x107H) B (11-18)
p -c—] Proax
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where the first term is an upper limit.

D. Comparison.of IDml to Experimental Uncertainty

One may conclude that the final-state correctioms are small_ X
~with respect to the present experimental umcertainty in Dexp (see
Sect. V):

u(De = $0.003 (21l energies) ,

xp)
and can be ignored.
Finally, in the expression for dA (Eq. II-6), we wish to re-
place the neutrino momenta E and solid angle dfzv by the recoil-ion
momenta T and. do,. Since the kinetic energy of the neon atems is less
than 0.0025 eV, the laboratory frame and the rest frame of the decaying
necn are essentially identical. We have in the lab frame, to good

approximation:

Expressing |T| as
~ A A A, 72
r= |T| = -ppeT ¢ {qz - szl - (P'Y)ZJ} s

one obtains
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F(Z,E) ] :2/m _ 142 T
d) « [LE-——JE (E, - 1)“dBdn dn, 3

>~
-p*T

x Ny ~ A b/ t 1
Ha* - p°11 - B-D41}7%
N o > _". > .
x {1 - 2 Jop-dp) + AR - 2T - D I—ggﬁl} (11-18)

The sign convention refers to the relative sizes of pand q. For p > q

and a fixed angle p+q, there are two neutrino momenta q for which

B +q+ T = 0. For this reason the total rate is the sum of the rate
with the plus sign and the rate with the minus s_:i.gn.26 For p < q, only
the plus sign is applicable. Equation II-18 describes the angular cor-
relations in terms of the particles observed experimentally, and was

used to calculate the geometry factors; see Sect. V and Appendix E.
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I11. EXPERIMENTAL METHOD

This test of _time-réversal invariance in beta decay was
accomplished by measuﬁng the magmtude of the pséudoscélar triple-
angular correlation term D{i-(ﬁx?)} :i.n'd)\, Eq. 1I-18, T invariance
requires that the coupling constants of the Hemiltonian from which di
was derived be real, and thus the coefficient D be identically zero.

Experimentally the "D dependence. of dA is measured by observing
those delayed coincidences between e’ and F~ whose momenta define a plane
perpendicular to the spin of the cllecaying: 19Ne. . The magnitude of D is
measured by taking the difference between the coincidence (decay) rates
from states. of opposite my; i.e., I parallel and antiparallel to the
normal of the plane defined by the decay products.

Both in the previously reported experimental search fora T
violation! and in the present experiment, ¥*Ne is continuously produced
in the reaction F(p, n)°Ne. Aftef separation from the carrier gas, a
collimated beam of polarized !*Ne is formed with a Stern-Gerlach state-
selecting magnet and collimating slits. ) ‘

In Ref. 1, D was meas ; by detecting in-flight decays as
the neon beam passed two counter arrays. The détection efficiency was
low, since neon atoms spent only 10'3 sec in the detector regiﬁn. The
coincidence count rate was 1.6 counts/sec. The ﬁlﬁértainty in D was
entirely statistical, the result being D = 0,001 + 0.014. . ‘

With the same beam activity in the 1$resent experiment, the :

detection efficiency and thus the. coincidence rate was increased several .
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Fig. 1. Side and end view of -.e octagonal bulb-detector
assembly. Converter boxes are shown in the end view as rectangles
mounted on the octagon, with openings to the Si detectors alternately
facing along the iz axis. The immer and outer grids are shown as double
dashed lines. ’

After entering the bulb through the long narrow copper chamnel,
the !*Ne atoms (shown as dots) are umiformly distributed throughout the
volume of the bulb. The particle trajectories from a typical decay
within the inner grid are shown in the both views. The positron passes
through the fnil, while the ion drifts radially toward the edge of the
inner grid. Radial acceleration is followed by secondary electron (e”)
production upon ion impact with foil. The nncle%r spin of the !%Ne,
denoted as P, is maintained by a magnetic field By = 2Z|Bs|. Positrons
originating from decays within the converter boxes znd passing through
the Si (secondary-electron) detectors provide a 500-keV signal. Such a
decay is shown at top left. Measuring these 500-keV singles counts
providas continuous monitoring of the polarization.
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orders of magnitude by trapping, holding, and detecting the activity in
a sealed bulb for up to four seconds. The statistical uncertainty was
improved by a factor of 5. Paramount in this containment techmique is
the experimental fact that we are able to mairtain the muclear polariz-
ation despite the 10° collisions of the !°Ne atoms.with the container
walls. Counters capable of detecting the recoil F~ ion are an integral
part of the sealed bulb, whereas the positrons easily pass through the
thin Al foil windows in the bulb to external detectors.

For the "D" experiment, counter geometry design optimizes
detection of those delayed coincidence events, between €' and F-, having
the T-violating angular correlation described by the D term in Eq. II-
18. The spin is maintained parallel to the beam axis (along the =
axis in Fig. 1) by a weak axial magnetic field, BA' Positron and ion
detectors are sensitive to events where the positmﬁ and ion momenta 3
and T are nominally perpendicular to I, thus providing maximm sensi-
tivity to D, Coincidences are measured for ; and '1!' nominally 90° and
135° apart (Fig. 1). ‘ ’ ,

In the "B" experiment, coincidence counts are observed for those
decays having the angular correlatmn described by the B term in Eq. II-
18. The nuclear spin Iis nominaily in the plane formed by p and T. A
weak magnetic field perpendicular to the beam axis maintains the trans-

~
verse orientation of I.

A. Detailed Description of Apparatus and Operation

The production, separation from the carrier gas, and the polar-
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Fig., 2. Schematic diagram of the production, separation from
carrier-target gas (SFg), polarization, and subsequent detection of the
19Ne activity for the "D experiment. The target area is separated from
the remainder of the apparatus by concrete shielding. A single magmetic
substate m; is selected from the atomic beam of !°Ne effusing from the
source slit 81 (30°K) in a S, state by the collimator slit S3. The
dark (light) arrows represent the orientation of the nuclear magnetic
moment of %Ne as atoms pass through Sz for Xc > 0 (< 0). The moments
adiabatically follow the changing orientation of the magnetic fields.
For the orientation of By shown and X¢ > 0, the spins that reach the
bulb point along the -z axis. The dark (1light) arrows are passed
(blocked) for Sy as shown. The beam is defined by slits Sy, Sz, and S4.
The beam deflections are exaggerated for clarity. The field By is pro-
duced by the Helmholtz set. (In the "B experiment, spin alignment in
the bulb is maintained by a field By along the #x axis.) The coils pro-

". ducing this transverse field are not shown. Bulb cooling is provided by

contact through the mounting bracket with the IN reservoir., Tgj¢ is the
sitting time of !*Ne in the bulb.



-23-

ization of '°Ne have been described in detail*?? and require only brief
mention here. Details not previocusly described, together with new
experimental techniques, will be discussed fully. The entire experi-

mental apparatus is shown in Fig. 2.

1. Production and Separation of !%Ne
A 60-pA beam of 15-MeV protons from the Lawrence Berkeley Lab-

oratory 88-in cyclotron is used to produce radioactive *°Ne. The proton
beam enters an Sl’-‘('i gas target at 3 atm by passing through a O.QSS-cm
Ni-plated alumimum foil in the targef face. In ‘the reaction??

198 (p, n)!°Ne, 10 curies of neon ('r;5 = 17.6 sec) are produced. Rapid
delivery of this short-lived ac_tivity is essential.

The SF target-carrier gas flows through the target at a rate of
6 (atm-liters)/min, sweeping the neon from the target intq'one of two
LN-cooled traps. Adequate concrete shieldihg separates the target area
from experimental apparatus. Each IN-cooled SF, trap consists of a
20-1iter copper vessel in which SF¢ is condensed out as a powdér onto
baffles, leaving only !°Ne to be pumpsd to the atu;lic beam source.

Total transit time of neon from target to detectors is approximately
5 sec. .

Once the SF trap is filled with condensed SF, the target gas
is diverted into the second SF6 trap. The experiment may thus continue
while the first trap is heated to allow return of its contents to the
large SF storage tanks which supply the target. Two traps allow con-

tinuous operation.
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(following page)

i

Fig. 3. Details of source, source slits, and source cooling.
The source temperature is 30°K. An adjustable bellows mount (not
shown) was an integral part of the vacuum flqngé at the top of the
charber. This bellows mount allowed :rertical adjustment of the entire
ridged assembly upon which the source cavity was mounted. Horizontal
adjustnents were made using two externally adjustable S.S. rods which
made contact with the foot of the gold-plated copper heat shield.
. Horizontal and vertical adjustments were critical for precise aligmment

of the source slits with the deflection magnet center line.
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Fig. 4. Recirculation loop. The times spent in each segment of
the loop are calculated values. With the source at 30°K, S.S. tube at
~60°K, and all other surfaces at 300°K, the times are given in seconds.
A factor of between 18 and 20 was gained in beam intensity by reinject-
ing the gas that did not enter the deflection magnet back into the

source.
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Injection of tﬁe activity into the hollow copper source block
occurs after successive compression of the neon by diffusion pumps R—.3'
and R-1, The source block is cooled to 30°K by the copper mounting I;Od
attached to the base of a LHe reservoir. Source construction and cool-
ing are shown in Fig. 3. To minimize heat conduction between source
charber walls and the LHe reservoir, a Teflon tube plus a stainless ©
steel tube with 0.0025-cm walls comnects ‘the exhaust of pump R-1 to the
source. A gold-plated copper heat shi-éld;: cooled to LN temperatures,
surrounds the source and the LHé Dewar. The entire umt is suspended
by an adjustable mount in the ‘source vacum chamber at 1077 Torr.

Neon effuses from the Source in the !S; ground state through
sixteen horizontal slits machined ‘in'the source lz?il"ock:' These slits ai'_e
0.051 cm high, 0.25 cn wide, and 0.64 cm deep (Fié."s) . These horizon-
tal slits and the verucal source jaws labeled- S1 (0 076 an mde by
0.95 cm deep) channel the beam in the forward d1rect1on, mcreasmg the
forward beam intensity over that of a cosine dlstnbutmn by a factor of

15.

Gas not entering the deflection magnet through slit S is pmnped;_g«. o

from the source chamber and relnjected :mto the source tlock via a
closed rec1rculat10n loop. - The activity can thus be c1rculated up to

20 times before it decays. Usmg this rec1rcu1at1’ ' cheme, the beam ’

intensity is higher by a factor of 20 than w1thout 1rcu1at1on.

The time spent in each segm&nt of the "1at1on lonp is.

shown in Fig. 4. The factor 11m1t1ng rec1rculat1 n enhancement is the L

low conductivity through the cha.melmg --11ts 'Whlle mcreasmg the
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Fig. 5. Neon beam profile and polarization at the entrance to
the bulb (slit S;). The solid curves aré calculated using u(**Ne)
= -1.88 by @ source temperature of 30°K, and a deflection magn:t field
gradient of 22 kG/cm, together with the lengths listed in Table I.
Experimental points ar shown as tri,apglgs and squares. X is the
distance from the magnet center line to fhe center of SS. S3 is
0.076 cm wide., For X, 2 0.076 cm, the polarization of the beam reach-
ing the bulb is 100%. Avrows indicate locations of the center line of

slit 83 vsed o select opposite spin sfates,
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pressure in the source and enhancing the forward distribution of Ne,
these slits, at 30°K, limit the rate at which R-1 foreline and the
source volumes can be pumped by R-2. Since a large fraction of the
recirculation time is spent in R-1 foreline and the source, these

volumes must be kept at a minimm to maximize beam intemsity.

2. Polarization

Selection of polarization states is shown schematically in
Fig. 2. Passing through the 22-kG/ca field gradient of the “Siern-
Gerlach" magnet*the two magnetic substates of neon (np = ¢ 1/2) are
deflected in opposite directions, ¥ith a muxclear magnetic dipole
moment 3(1Ne) = -1.88 Wys" the £ield gradient exerts a force on ii
separating the average trajectory of u; = +1/2 and up = -1/2 by
0.076 cn at the center of the magnet. Due to the finite width of the
slits defining the beam and the distribution of velocities (Maxwell
Boltzmann) of the gas emerging from the source, a mixture of spin states
exists along the megnet center line (Fig. 5). Selectiomn of a single
polarization state is possible by the introduction of a moveble
0.076-cm wide collimating slit, S,. If Xo» the distance from the magnet
centerline to the center of S;, is greater than 0.076 cm, the trans-
mitted bean contains only one substate, i.e., it is 100% polarized.
This follows, since 51 = 53 = 54 where 5 is the width of the entrance
channel to the bulb.

In the D experiment, spins are rotated adiabatically thrcugh an
angle of 90° after emerging from the deflection magnet (see Fig. 2).
Upon entering the bulb through slit S,, the spin is parallel to the bulb
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axis. For xc >0 (xc < 0) the spin points along the -Z (+Z) axes in
Fig. 2.

The strong axial coil field (Fig. 2) rotates the spin by ~60°
in an average field of 230 gauss during the first 6 inches of flight.
The weaker ilelmholtz field BA completes the rotation over a 30-in span
in an average rield of 22 gsuss. The condition ensuring adiabatic
passage through a region of changing field is @ >> t, vhere @ is the
transit time through the region and T is the Larmor precession period
about the rotating field. For the first abrupt rotation in the strong
field, 3 » 107" sec and 1 = 1076 sec; and for the second slower rots-
tion in the weak field, 0 = 5%10°5 sec and t = 2¢10°5 sec. Both satisfy
the adiabatic condition; thus a 1003 polarized beam enters the bulb.
With neon spending up to 4 sec in the bulb, 2 highly uniform magnetic
field was necessary to minimize relaxation cf the spin and thus main-
tain the polarization.

A set of Helmholtz coils) 5 ft in diameter and centered on the
bulb, imeerse the bulb in a 22-gsuss alignment field BA‘ The observed
variation of this field over the bulb volume was less than 0.2x10™> G,
To chtain this level of uniformity all magnetic materizls were kept from
the datectér chamber region. The only exception was the iron magnetic
shield between the deflection magnet and the detectqr chamher, This
shield reduced the variation of the deflection magnet's highly non-
unifomn fringing field to less than 5x10"> G over the bulb region.

Maximem £lux of 'Ne into the bulb was achieved by locating the
detector chamber directly behind the lead wall which shielded the
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Table I. Position, dimension, and £lux® through slits defining beam,

Sumfe ?ﬁlit Collimator Slit Entrance Chamnel

g (S,)
Width (cm) 0.076 0.076 0.076
Height (cm) 1.25 1.00 0.95
Thickness (cm) 0.3z - 7.6
Distance from -
o I 67.6 228.

Solid angle (sr) - 1.6x10°5 1.4%10"0
Estimated flux of

198 atoms 1ot ~108 ~10°

{atons/sec)

2 Fluxes given for collimator slit position at center line of deflec-
tion magnet, i.e., at )(c =0,



-33-

detectors from the high background radiation in the source block. This
proximity of the bulb to the deflection magnet made the iron shield
absolutely essential for the reduction of its fringing field to the
5x1073 G 1evel.

With xc >0 ()(c < 0) the‘s_pin_s of the neon gas trapped in. the
bulb are oriented in the same (opposite) direction.as ﬁA’ To eliminate
possible systematic errors, equal amounts of coiﬁcidence data were
obtained for §A oriented along the +Z axes and -Z axes. This reversal
of field was achieved by reversing the current in both the Helmholtz
coils and the single axial coil in Fig. 2. A summary of D asymmetries
for the two field orientations is given in Table V.

In the "B" experiment the transverse orientation of the emergmg
spins in the beam is maintained along the X axes by a lafge pair of
square coils not shown in Fig. 2. These coils provide (1) an alignment
field between the defiection ragnet and the bulb, and (2) a highly
uniform field throughout the bulb region.

The neon beam fluxes and solid angleé are given in
Table I, With the bulb pxoperly a11gned with respect to the deflectmn
magnet, approximately 28% of the necn beam reachmg the detector chani:er
enters the bulb via the 0.076-cm channel and scatters randmnly %0 pro-
duce a uniform distribution of gas throughout the bulb. The neon can
mike approximately 105 wall collisions before it decays or is pumped
back out the entrance slit mf.p the vacum surromdmg the bulb. - Neon
not originally entering the ‘ch#nnel’ is imediately pumped from the

detector chamber in a time of the order of 0.1 sec. The sitting time of . o

[
e
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neon in the bulb is determined by the conductance of the entrance
chanel and the bulb volume®® For large sitting times, T  ~ 10 sec,
the greater probability of decay ['r!,(“Ne) = 17.6 sec] is accompanied
by loss of polarization due to wall collisions. A brief discussion of
relaxation processes appears in Appendix D. Our choice of a 4-sec
sitting time yielded 75% polarization; see Section II-3d.

B. Bulb

1. General Peguirements of Bulb
The purpose of the bulb was contaimment and detection of the

neon activity in the beam. The following genaral"cmsideratims vere
dominant factors in the design of the bulb: (1) A sizable fraction of

the polarized !*Ne beam must enter the bulb and remain, without sub-

. stantial depolarization, for a time long emough for appreciable decay
[-r;i(“Ne) = 17.6 secl; (2) To maintain the uniformity of the guide

field within the bulb, both the bulb and thg detectors must be totally
nonmagnetic — nomuniformities induce depolarization of muclear spin; ‘
(3) Tn order to concentrate the activity and maximize detection :
‘efficiency, the size and volune of the bulb must be minimal; (4) The ‘
acceleration and detection of the negative recoil ioms, without loss of
their directional correlation information, requires (a) a field-free
region for ion drift and (b) a large high-voltage gradient providing
acceleration; and (5) A high degree of rotational symmetry in the
geometry of the bulb and detectors is essential to maximize counting

of the trapped activity and allow adequate measurement of systematic



-33-

A- Mum Cclagon {-I0KeV)
8- Convarier Box {-10KeV}
G- Pyran lngulstor

D~ Jon Detecter & FET Do (Ground Polentiol)

Dwdsis Lagrer Laner Grid {-20 KaV)
" " in Hrough sopphice dicc)
8- Dovble Loper Owler Grid {-$0KaV)
J- 20KeV High YoHoge Conneclor

XBL 123-505

Fig, 6. lixploded view of bulb-detector assembly. The sapphire
dists were held onto the octagon by small brass spring clips. The other
items were secured with 0-80 screws, All joining surfaces werc apped
to flatness. Dow Corning siiicon-based vacuum grease was used to vasure
a vacuum seal of ail joints. A copper lip, threaded into the end of the
copper beam entrance chanmel, secured the sapphire disc. The only
opening in the bulb was the 0.076x0.95-cm entrance slit. When all
iointswere properly sealed the sitting time of the !*Ne in the bulb was

sec.
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falsc asymmetries.

2. Bulb Design and Operstion
The hollow Al frame (labeled A in Fig. 6) upon which the bulb
is constructed forms an octsgon 2.54 ¢m in length, with a centsred
4,76-cm 1.D. hole along its symmetry axis. (In the following passage,
letters lsbeling buib components refer to Fig. 6.) Eight oqually
spaced rectangular parts provide pessage to the fiat faces of the
octagon. Here, facing sitemnately in cpposite directions, Al comverter
boxes (B) and ion detectors (D) are screwed to the Al frame. Lapping
and Si vaciam grease provided vacium seals between adjoining faces. The
top of each converter box, formed from a 0.005-cm Duralumin foil, pro-
vides a window through »aich positrons mey leave the tulb. Ions strik-
ing the foil stop =zad eject secondary electrons, which sre sccelerated,
allowing detection of the icn. The foil is glued to the box with
Shell epoxy; the curing time and the specific ratio of Shell 828 resin
to curing agent D were specific for this low-temperature spplication.
The ends of the octagon are gsaied by sspphire discs (E) 4.76 o
in dismeter and 0.22 cm thick, vhich were grown to order by the Crystal
Division of Union Carbide. A vacuum seal between the Al frame is sgsin
~ assured with Dow Corning high-vacoum silicon grease. To prevent prompt
loss of the trapped neon into the surrounding vecuum, the entire bulb
is vacum tight except for the narrow copper entrance chamnel (F),
0.076 cm wide by 0.95 cm high by 7.62 cm long. Positron detectors (G)
are mounted externally to the bulb on a carefully machined bracket that
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ensures the alignment of detectors with the thin windows and the
concentricity of the detectors with the bulb,

The irmer grid (H) is a hollow metallic cylinder with solid
ends. Its sides are coustructed from two layers, separated by 0.16 cm
of a fine mesh stainless steel screen vhich is 90% transparent. The
gold-plated S.S. screen is composed of sixty fine (0.00025 cm) strands
per inch and is manufartured by Buckbee Mears Cowpany. The grid is
mounted along the bulb axis by a pin through the center of the sapphire
disc} thus it is electrically insulated fram the rest of the bulb,
Being meintained at -20 keV, the field-free volume within the grid
(26% of the bulb volume) defines the region from which delayed coin-
cidence events are accepted. This grid is 1.90 cm long and 3.8} o
in dimsster. '

Along the inner dismeter of the Al octagon the cuter grid (I)
is formed from a double lsyer of the same 50% transparent mesh. The
radial distance between grids is 1 cm. The outer grid slong with the
Al octagon and converter boxes is maintained at -10 keV, thus providing
a 10-keV/cm potential gradient for the scceleration of F°. The double-
layer construction of the grids reduces undesizable fringing >f the
field into the interior of the :lmer grid and converter box. The strong
E field at the surface of the imper grid will extract large fluves of
clectrons from any microscopic metal whisksrs present on the surface of
the grid wires. To reduce this field emission, both grids are gold-
plated. Examinstion of the plated surfaces with a microscope showed
that all metal whiskers and irregularities on the original grid wire
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surface had heen covered by the gold plate.

The entire bulb-detector unit is held by an Al bracket
which is mounted on a brass pedestal inside a 50-liter vacum chamber
(see Fig. 2). The Al bracket is positioned on the pedestal by dowel
pins which allow removal and replacement of the bulb-detector unit
.without loss of the alignment between the entrarice channel and the beam
axis. The pedestal and Al bracket provide thermal contact between the
external LN reservoir and the silicon detectors. Thermal contact to
the ion detectors is through the Cu entrance channel and the sapphire
end plates. Sapphire is both an electrical insulator and & thermal
CHI&SWT-‘ Its thermal conductivity and coefficient of expansion are
approximately cqual to that of copper at IN temperataures.

The pressure in the detector chamber is maintained at
sx107
high-voltage breakdown within the bulb wss rarely a problem. Careful
rounding and polishing of edges and corners of hulb components enshled
20-keV patential diffevences to be meintuined for tolerances of less
than & ll To prevent damege to the grids ia case of high-vcltage
breakdown between grids or between grids and grmmd, 100-M1 surge-
current-limiting resistors wexre placed in the high-voltage lines.

Torr by a S00-liters/sec oil diffusion pimp. At this pressure,

fhese resistors were 9 mm in dimand 2.5 om long, Their small size
allowed placement within the vacinmm chamber between the high-voltage
vacnm feedthrough and each grid, thus providing maximm protection.
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3. Detection

Both positrons and ions (secondary electrons) are coﬁn_ted
with lithium-drifted silicon [Si(Li)]'semiconduét&r detectors made at
the Lawrence Berkeley Lsboratory. Particles paésihg through or stopping
in the sensitive volume of the detector liberate charge in proportion to
energy lost. This charge is swept from the depletion region of the V
detector by a large bias voltage, producing a charge pulse.

High-energy resolution in the detector systems depends funda-
mencally upon maximizing the signal-to-noise ratio. To achieve an
energy resolution of a few keV, it was essential that‘(i) the initial
stage of preanplification, the field effect tramsistor (FET), be located
close to the silicon detector, and (2) both the detector and the FEE be
cooled to -100°C. At this temperature the gain of the FET is at a nex-
jmum, while the leakage currents in the detector and the FE% are reduced -
by a factor of 200 below room-temperature values. Theimal ﬁoise‘in the
feedback Tesistor is also reduced. B

Preamp11f1er input capacity increases w:.th the d15tance that
separates the detector from the FET. The preamplifier 1nput vbltage is
maximized by placing the FET and its feedback circuit directly behind
the detector in the vacuum chamber. The remainder of the preamplifi-
cation circuit was mounted outside the vacuum chamber.

Large-amplitude megacycle oscillations, which saturated the
scalars, were induced when the feedback response time bétween the FET
and the externzl preamp circuit was too long. Stable operation of the
preamplifier required that cables 33 cm or shortsr be used to reduce
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the transit times of feedback signals.

a. Positron detection. The positron detectors are located outside

the sealed bulb. Given the 2,21-MeV positron endpoint energy of !°Ne,

the average positron energy is 1 MeV, When escaping from the bulb, a
1-MeV positron loses 11 keV in the converter box foil. Neon gas is
uniformly distributed throughout the bulb so decays can occur anywhere
inside. Within the inner .rid, decays provide possible coincidence
events, Fur decays outside the imner grid, positrons may be counted as
singles events in either the positron detectors or the ion detectors (Figls).

-th

Let these respective singles rates be NB- and NEI- in the counters.
i i

NBi is the number of positrons passing directly through the thin Si(Li)
ion detector for decays within the converter box. Continuous monitoring
of the !°Ne polarization is provided by measurement of Ei; this will be
discussed in Section ITI-3d.

Extremely iarge-volume positron detectors were required to
provide both the adequate solid angie and the necessary sensitive range
to stoiJ, detect, and measure the encrgy of positrons with energies up
to 2.21 MeV. A triple-angular correlation (TAC) resulting from a final-
state interaction has a definite .positron-ene’rg)f (Ee) dependence (see
‘Section I1), while a true T-viclating TAC is independent of E,. Meas-
urement of E, for each coi_ncidence allows us tc distinguish these two
"cases. The dimensions of- the sénsv' i Ve depletion voiume are 3.81 cm by
4mm thick. This thickness pmi‘ideé.;sufficient range to stop 2-MeV
gpsitro::;; higher-energy _positrons_',_pasﬂs thra;gl; ythe :d,et':ector and are

: *:‘,‘é_yr;m‘;led{_g;s” 2-MeV events. The détectors ‘opqratgd-.wi,th a reversed bias
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Fig. 7a. Measurm\ positron ener, spectmn for
?;e]tmts. In bot::z "g"oand e e'a':permentsgythcf “‘positron e:ce’;glgia:g:m- :
ators were set a 5 MeV to'eliminate. background from & SR
positron annihilation gamma rays, Yann+ ‘ ‘the 051 MeV : '




42

| T T T T
Positron energy spectrum
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Fig. 7b. With positron energy discriminators lowered to 0.1 MeV
we can observe the cnergy loss of the Yanp in the 5i detector. This
appears as a Compton scaitering spectrum superimposed on the positven
spectra, The sharp peak corresponds to the 340-keV smgles Campton-~
scattermg peak produced by 'fann
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voltage of 400 V and had an energy resolution of 9 keV.
A typical coincidence positron energy spectrum is shown in

Fig. 7. A '*Cs source providing internal conversion electrons from
137pg at 525 keV and 655 keV was used for energy calibration. Discrim-
inators were set to accept all positrons above 0.5 MeV. The positron
energy is recorded for positrons associated with a coincidence event.

b._Ion detection. Counting the negative recoil ions requires a
highly stable, efficient, low-noise detection system which, in contrast
to the positron counters, mist be an integral part of the sealed bulb.
‘These counters, based on an earlier dosign,?? consist of a con-
verter box with a thin secondary-emission Al foil, a Si(Li) detector
plus FET, and a hollow glass electrical insulator' separating the two
(Figs. 1 and 6). The silicon detectors are 1.27 cm in diameter and 1 m
thick, providing sufficient range tc stop 600-keV electrons. The
sensitive depletion ugion is 0.96 mn thick. Emrgy resolution is
approximately 4 keV. To maintain the 125-V bias, a 50-A gold layer was
evaporated on the face of the detector through which electrons entered.

A typical coincidence event from a decay w1thin ﬂ'se field-free

region of the inner grid is shown in Fig. 1. The positron is detected
imediately. The ion, having an average recoil energy of 100 ev, dufts o
slowly in its ongmal roooil direction toward, t.he tranaparent surface
of the mner gud Drift tmes range “between 0-and: 1 4 usec. Once the

ion has passed through the gnd it is mmedmtely acu slerated T‘.sulrally

toward the thin window of the commrter box, wh1ch can collect mns only
from this port:on of the 1mer grxd surface. Paasmg through the cuter
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Fig. 8. For B and D data the ion energy discriminator was sét

at 15 keéV, to eliminate the large number of single secondary eiectrons
produced by prompt reroil ions (see Sect. V). Prompt coincidence events

do not yield valid B or D data.

These prompt ions originate from decays

between the -10-keV and -20-keV grids and, having less kinetic energy,
produce fewer secondary electrons. The presence of the prompts explains
the deviations of the spectrum shape from a pure Poisson distribution.
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grid, the 10-keV ion collides at a nominal angle of 45° with the Al
window and stops. The mpact of the 1on causes secondary electrons to
be eJected from the metal surfaue

With the Si detector at ground potent:lal and m;ulated from the
-10-keV converter box, the secondary-emission electrons are to some
extent focused and accelerated toward the Si dotector. An ion is thus
detected as a pulse of one or more 10-keV“e1ec'frons by the Si ion
detector. For decays between the 20- and 10-keV grids, ions are accel-
erated immediately in the radial directibn ‘and detected in the‘same
way. With respect to the positron; these prompt-ions are delayed less
than ions from the inner grid. Gomudence events originating between
grids can be distinguished in this way from those ongmatmg from
within the inner grid. Let NIj be the ion singles rate in the 5% jon
counter. e
The frequency d:.stnbul:mn of secondary e’.lectnms emtted
follows Poisson statistics. The average mmber enutted per stopped ion
is equal to the secondary emission coefficient v: with 10-keV ions on
Al at 45°, y = 3, For one, two, f.hree, etc. electrbns éjected the
silicon detector resolves md1v1dual lmes at 10 keV, 20 keV, 30 kev
etc., as seen in.a typical 1on comc:.dence energy spectnm' (F1g. 8y.

The ion discriminator was set at 15 keV, so the two-electvon peak is -

the first one seen in this figure. o :
It should be noticed in Fig./8 that the individual peaks-broaden _
as the nurber of electrons mcreases. The Si detectors produce this

broaden:mg, smce stat1st1cal ﬂuctuauons i charge productmn for R

¢

a
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SECONDARY ELECTRON SPECTRUM —Due to
Field Emission From Inner Grid in the Absence

of 1SNe,

P \
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XBL 723-510

_. Fig. 9, The Secondary-electrori spectrum due to field emission
provided a means of energy calibration of the ion recoil spectra.
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individual electrons add in quadrature. Thus the width of the 40-keV
peak for four 10-keV electrons is greater by a factor of v = 2 tham it
would be for a single 40-keV electrom.

Noise in the ion counters dus to £ield emission from the imer
grid was initially a serious problem. With the large voltage gradient
between grids, field emission electrons could be drawn off dust parti-
cles and/or metal whiskers on the small-diameter grid wires. These
10-keV £ield-emission electrons produced an average of one secondary-
emission electron upon striking the foil. The secomdaries, in the
absence of any '*Ne, produce a spectrum in the ion datectors with a
large onc-electron peak and a smaller tw-el_ecfrm péak. fFigA. 9).

The ion counters were totally saturateﬁ by these field-emission
(and subsequent secondary-emission) electroms. This backgmmd was
reduced by a factor of 10,000 to_an scceptsble level, less than 0.1 counts
per sec (above 15 keV)per ion counter, by a gﬁld-plating the imner and
outer grids to provide a microscopically smooth surface free from sharp
metal barbs and (2) careful cleaning of the grids in nitric acid,
distilled water,.and alcohol to eliminate dust and blemishes. This
field emission provided an accurate and cdnvenient means of energy

calibration for the jon spectra.

4, Polarizatidn Monitoring

During the "D experiment (-f aloﬁg the beam axis), contimious
monitoring of the "Ne polanzanon is achieved by using the S1 ion

v/c

detectors to measure the angular .orrelatmn term Af. in

SAd
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Fig. 10. The constancy of EA! indicates that the polarization msintained in the buld did not

- significantly either (1) vhen the aligmment field By was reversed, or (2) from one cyclotren run to another.
By = 22 gauss in cyclotron runs nos. 1-6, The D data was not used for any timer run whose values of ™
deviated by more than 207 f£rom the experimental average of 1.52 + 0.01; o1 ~ 0.15x10"2 was the typical error
in Aéefor- a single timer run, The Aj values for cyclotron run mo. 0 were lower than other Tuns, as the mag-

nitude and uniformity of Bj were less. Run no. 0 data was not used in the B and D experiments.
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Eq. 1118, !°Ne decaying inside the converter boxes emits positrons
which can pass through the 1-mm silicon ion detectors, producing a
high-energy pulse. The energy lost by a 1-MeV to 2-MeV positron is
500 keV, substantially higher than the energy from ion singles. With
canverter boxes and Si ion detectors alternately facing in upstream-
downstream directions along the beam axis, the difference over the sum
in the high-energy siagles count ratgs,Nai, from alternate detectors is
proportional to the polarization. Specifically, the polarization is
given by

Pe Z-S—A-’?x%— I (111-1)
vhere A = 0.039 is the previcusly measured asymmetry coefficient,
Sp = 0.85 and G, = 0.62 are the calculated backscattering correction
and geametry factor for this geametry, and(‘-’-) = 0.96 -is the average
positron velocity between the 0.5-MeV d1$cnmmtor setting and the
2.21-MeV endpoint energy. A, is defmed as

s ol Ny - N\ N, = N, (12
X >0 X_<0 '

where N; (N,) is the sum‘ of the Esmgles c“ouhts for all the;ups"tréém -
(dovnstream) Si detectors for a glven tlme in a given polauzatmn ‘

state or colhmator pos1t1on X.. A plot of By vs timer runs throughout o
the progress of the enqsermnt 1nd1cates the conszstemce of polanza;:on

within the bulb (Fig. 10).

Appendix C. R 5 _,7'/




IV. DATA COLLECTION AND ELECTRONICS

The delayed coincidence rates ;n; are measured between each
positron counter £; and four ion counters Ij, oriented $90° and $135°
from E;. For example, F‘l is in coincidence with Iy, I,, I,, and I,
giving coincidence rates jng, yfiy»> qnys 0d ng (Table IT and Fig. 14).
Coincidence rates for a total of thirty-two correlated paivs, four for
each positron counter, togather with the uncorrelated positron and ion
singles rates, are accumulated for 15-min intervals in euch of the
muclear polarizatiow states (xc >0and xc < ). A 3-min measurement
of the singles background completes each measurement sequence. Singles
measurements provide a continuous monitor of counter performance and
of the polarization. Typical singles rates are Ng - 12 counts per
 second (cps), Ny = 200 cps, and Ngg = 20 cps.

Recorded for each coincidence event is the detector idemtifica-
tion defining the coincidence pair, the time delay At between positron
and ion, and their respective energies €, and €. Thus, coincidence
evantscanbegmpedaccoﬁmgtotheirvalmsofu, E amieI for

each 1nd1v1dua1 coincidence pair (Fig. 11)
A schematic outline of the electronics and data transfer sysitem

appears in Fig. 12. Its op'e‘ratim is as follows. For each positron
above threskold (0.5 MaV) fron Ei’ a fast loglc puise registers a
singles count, sets an 1dent1f1cat1on (Ib) reg:ster labeling this count
as coming from E;, gates off a.cceptance of 311 add1t1ona1 positron
comc:mdence starts, and starts the TAC (t1me-to~anp11mde converter) for
the detemunat:.m of -the ‘time delay for a poss:ble oomc:.dance 'l'he
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(following page)

Fig. 11. Time-of-flight patterns =™ r 90° and 135° coincidence
pairs. For these three figurés the positron emergies are 0.5 s E_
s 2.2 MeV and the mmber of secondary electrons accepted > 2. Shaded
area shows acceptable coincidence data. The upper and lower delay
limits are explicitly given in psec. Note the difference between those
for 90° and 135° pairs. The sharp peaks are due to prompt coincidences.
Notice also the improved time separation of the prompt pesk from the
shaded area for the large 20-kV grid.
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Fig. 12.. Schematic of electronics and data-transfer system.
The upper ion discriminator is set at 0.5 MeV; thus tie EI singles
measures only. the passage of positrbns through the Si ioh detector.
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signal level (energy Ee) from the positron preamp is rcuted tc and held
in the multiplexer until an ion ccmpletes the coincidence. If no
coincidence occurs within § usec, the miltiplexer and the ID register
are each internally cleared and the positron gate is. opened.

An ion from Ij provides a fast and a slow linear amplifier
output. Above threshold (two secondary e1ectron§ = 20 keV}, the fast
output registers an ion singles count, sets the jth-ion ID register,
gates off acceptance of all additional ion coincidence stops, and
stops the TAC, thus registering a coincidence. The fast ion pulse also
gates the slow ion signal (engrgy EI) from the Hnear amp into the
multiplexer.

For a coincidence, the TAC provides the miltiplexer with the
time delay At and a logic pulse labeled 'valid coincidence’in Fig. 12.
The multiplexer then interrupts the data ahalysis of the on-line PDP-5
-computer. The PDP-5 initiates serial transfer of the coincidence
~ information — ID registers and multiplexer — into five successive
memory buffer locations allotted for each coincidence. When transfer
is complete, the compﬁter clears the ID registers and the multiplexer,
gates on the positron and ion coumters, and returns to a waiting state.
After 511 coincidence events the PDP-5 dumps the memory buffes onto
magnetic ta@e. )

Simple analysis of the incoming coincidence data is the major
source of dead time in the system. The minimm pfogram introduces 23%
dead time. A more comblete analysis program introduced approximately

50% dead time. For this reasoh, this longer program was only occa-
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Time Distribution of Coincidence
Events for Typical 135° Pair

- COUNTS

A- Accidental Background
B - Prompt+Background
C - True+Background

" XBL 723-512

Fig. 13. The angular correlatlon 1nformat1on is lost for prompt
coincidence events and cannot be used to measure D.  The prompt and true.
(valid) events overiap in the délay region between 1.2 and 1.5 usec,
Only the events with t:une delays At between 1.5 and 2.6 usec are. true
events, i.e., eveénts for whlch the angular correlatmn is certam.
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sionally used as a check on the performance of all coincidence counter
pairs, The iong program grouped events which were within preset energy
and time-delay limits into an 8x8 coincidence array with indices i and j
corresponding to the rates in counter pair inj' This array was printed
out on the Teletype after each 15-min run when this longer analysis was
used. The singles counts collected during a 15-min run (NEi, NIi, NEIi)
were read from the scalers through the computer onto magnetic tape. These
singles were always printed out on the Teletype after each 15-min vun.
The coincidence gate was held open for 5 usec accepting ions
with delay times between 1 usec and 6 usec. Three types of coincidence
events occurf prompts, trues, and accidentals. Prompts result from
decays occurring between the 10- and 20-keV grids (Fig. 15b). Theseims ae
immediately accelerated in the radial direcfion vegardless of ion recoil
directidn. Correiatidn between ion and electron recoil direction is
impossible. These eVehts provide no useful D or B information and are
sharply ﬁeaked between 1.0 psec and 1.5 ﬁséc (Figs; 11 and 13). True
coincidence events result from decays inside the 20-keV grid, where
ions drift in their natural.recoil'direction before acceleration.
Correlation information is preserved and delay times range from 1.5 to
2,5 usec depending on drift path. Prompts and trues can be distin-
guished since their overlap in tiwe is small (Figs. 11 and 13). Acci-
dental coincidences are uniformly distributed in time. The true events
are thus.superimposed on a backgromnd of accidentals. This background
can be measured (and thus glihinated from trues) by holding the coin-

cidence gate open for times before and after which trues are expected
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Accidental data was taken for the intervals 0 usec to 1 usec and
3 pusec to 5 usec. Thus, simaltanecus néasuremnt of the true and the
accidental coincidence rate is acnieved. _

The true and accidental coincidence rates were 2.5 counts/sec
and 0.2 counts/sec, respectively. : Con;idering all coincidence pairs,
‘our true rate was 60 counts/sec. The totél time during wﬁich good
coincidence data .was accumulated was approximately 100 hr, although

the rate was not always as high as 60 counts/sec.
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XBL T23-573

. Fig. 14, This sketch provides a schematic view of the bulb
octagonal counter geometry. Positron and ion counter designations Ej
and 15 rrovide a key to the counter pair mumbering in the Table.
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Table II. Regular and image coincidence pairs for 'D" e:cperimem:.a

Pair Index % Regular Image G;:g;?
135° pairs 1 1:4 1:6 Gf)as =
2 5:8. 5:2 0.42 + 0.03
3 712 7:4 S
4 3:6 3:8
5 25 Bi5
6 6:1 - 41
7 8:3 . 613
8 4:7 2:7
9 . - B3 LT 6y’ =
o . (537 8B 0 67.4-0,03
11 3:5 3:1
127 my s
13: - ¢ . 2.0 . Zig. e
14 836 634 ., ‘
15 224 - 42
6 68 T 86, _

2 Coincidence. pairs are: des.lgnated by:isg. 1: = positron tounter; ’
J = jon counter. For each Ealr i:j the comc:tdem:e rate inj is -
measured. See Flg. a4 Eor ey to counter ‘pair numbering.
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V. DATA ANALYSIS

A. False Asymetries and Analysis of 'D'" Data

Misalignment of the field By with respect to the bulb axes and
differences in coincidence-pair counting efficiencies are two sources
of systematic error that can contribute to the magnitude of D. Tt will
be shown that the contribution to D from false asymmetries produced by
these two sources of error is less than 1 part in 104, i.e., smaller
than the statistical error assigned to D by a factor of 10. This
follows from the choice of coincidence pairs and the manner in which
these pairs are combined to yield D (see Egs. V-2 and V-3 below). When
By, and therefore -f, is perfectly aligned along the normal to the de-
tection plane, the "A" and "B" terms in Eq. II-18 average to zero. The
“D"' term remains, producing an asymmetzy in the coincidence rate which
depends upon the magnitude of D. Perfect aligmment is impossible and,
in general, -fwill make an angle o with the normal, thus introducing a
component of spin parallel to the detection plané. The B term will not
average out as before, and é_l "false'.' asymmetry is introduced im;o the D
measurement since B is large (IB| » 1). The A term will not similarly
interfere since A ~ 0.

For e‘ach'm._incidence pair an appropriate image pair is chosen.
These 16 "z"egulax_‘"'and "image" pairs are listed in Table II, where £ is
the regular-mnge pa1r index. and 1 and j des1gnate the posu:ron and jon

counters. The measured comc:.dence decay rate {Nj or ny for an

i’
arbitrary pair is ’
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iny K iej[l - B —(%-2- qB) (rf-; + pf-ﬁ) -D 'CI[_)(EE)E'(I;X;) ]
V-1

where iej is the relative efficiency for the counter pair; p, E, 4, and
r are the positron momenta and energy and the neutrino and ion momenta;
K is a collection of all other factors in the decay rate; and -(%l =P
is the polarization. The sign of the D term is reversed for regular
and image pairs. '

When the ratios of the difference to the sum of regular (nl)‘
and image (né) coincidence counts (obtained in one spin state) are
summed over £, the false asymmetries due to B and the efficiencies i€ 3
cancel out in first order and enter only as a negligible second-order
correction. The resulting mumber is proportional to the mumerical value
of D. To minimize spin-independent false asymmetries, the same
difference-to-sum ratio ratios for n, and n R'. are formed for coincidence
data taken for equal times in opposite spin states. For each term in
the sum over £ (i.e., for all appropriate regular and image pairs) these
ratios are subtracted. The explicit expressions for the 135° a.r'ﬂ 90°

coincidence pairs are

AL3S = 1 g ni - nl _ nl - le
R YRR ng * Ny

‘ X >0 X0

' ' v-2)

-nf 1

Als)u = _]'é' 126 Mg My N M "My
16 & ]

2=91\ng * g Nyt Ny
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where the n,'s are net coincidence counts corrected for accidentals.
From Eq. V-1 it is obvious that these A's are proportional to the
magnitude of D and the nuclear polarization. Explicitly,

-l Ao =
vhere P is- the polarization, S is a backscattering correction (see
Section V), and the G's sre the geometry factors for the 90° and 135°
coincidence pairs (App. E).' These geometry factors éccount for the finite
spatial extent of the detectors, the finite decay volume, and the
momentum distribution of the decay products.

_Calculating D from the coincidence data by this method eftec-
tively eliminates counter efficiency differences and interference of
the B term only if the misaligm\enf, i.e., sind, is small (see Appen-
dix A). It is therefore important to determine quantitatively the
magnitude of sina so an estimate of the completenéss of the self-
cancellation can be made. The @gh a is determined for possible com-
ponents of BA along the x, Xy, and y axes in the detection plane (see
Appendix B). This is achieved by examining those coincidence pairs
for which the B term introduces its maximum contribution to the D
asymmetry, AD : o

The values of a determined in Appendix B for individual cyclo-
tron runs give ¢ = 2  1°, althqugi1 dmxl-aﬁve :
results imply that o ~ 0, - .

Using the results of Appemhx A, the value & = 2° implies that
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the second-order contribution to D due to these false asymmetries is
indeed <2><10'4, which is a factor of 19 smaller than the statistical

uncertainty assigned to D in the present expcriment.

B. Analysis of *'B'" Data

The sets of regular and image pairs defined for the "B" experi-
ment are given in Table III. 4For the measurement of B the spin lies
in the detector plane along the 5 axis of Figs. 1, 2, and 14. The
D term in Eq. II-18 averages to zero, and in genéral the coincidence

rate n depends upor: both A and B correlation:
PPN A A aAa 7
n = Ke [1 + AP{- I-p) - %P- (rI-r + pI+p) J .

With coincidence pairs £ = 3, 4 and 7, 8 we observe both A and B
asymmetries. The magnitude of A is known from previous measurements;
thus B can be défermined from each of the following expressions.

For the 135° pairs:

(v-4)

oy

L ws)
w0

V-5 . S
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Table ITI. Regular and image coinzidence pairs for "B" experiment.?

Pair Index 2 Regular Image GFeacumetgy

135° pairs 1 1:4 1:6 Gp =

2 5:2 5:8 0,48 £ 0.03

3 4:1 6:1

4 _ 2:5 8:5
90° pairs . 5 1:3 1:7 G -

6 5:3 5:7 0.77 * 0.04

7 3:1 o7

8 335 735

4 Coincidence pairs are designated by i:j., i = positron coumter;

j = ion counter. - For each pair i:j the coincidence rate inj is
measured. Only pairs £ = 1, 2 and £ = 5, 6 were iised. Tﬁe‘geomtry
Factors for the other pairs were not caiculated. Pairs £ =1, 2
were used to measure B, while pairs £ = 5, 6 were used in the D
experiment to measured the misalignment angle o.
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where
n ; Y'I' n n
=Ty L2 2
A =3[ 2—%) - -
. Mg+ N r'I
% % 9.
Xc>0 Xc< J

J
in each spin state and corrected for background, while the G's are.

Here n. and n:; are the regular and image B coingii,dence, counts- cbtained

geametry factors, Since B is known from previous work, the B measure-
- ment served only as a check on the design and operation of the bulb.
A high degree of accuracy was vulmeqessary; therefore only the. 135° pairs
=1 and 2 in Eq. V-4 were used to determine AB . )

The 90° coincidence pairs £ = 5 and 6 were used during the D
experiment to meas"u_r_e a possible component of B, along the detector .
plane x axes. Similar 90° pairs were used to deﬁect other components
(Appendix B). |

© C. Results
1. 'B" Data |
B data were accimulated for a total of ten hours. The value of
Ap obtained with coincidence pairs £ = 1, 2 (Table III), for e pos1- ]

tron energies betmen 0 13 MeV and’ 2.21 MeV, and delay times between

1.6 usec and 2.6 usec, 1s
CABSe e K
AB "= 0.258 £0.015 o

Eq. V-4 with P = 0.75% 0.05,"S"='0:85 + 0.1 (Appendix C), and
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G; = 0.48 + 0.03 {(App. E) yields

B=-0.85 +0.17 .

This result is in agreement with the previously measured value

B = -0.90 + 0.13, and indicates proper operation of the bulb-detector
system. The uncertainties are attribﬁtab1e to errars in P, G, and
particularly S, rather than to statistics.

We have qbserved'that‘ions can backscatter for (razing angles
of incidence. Thus, a combined positron and ion backscattering correc-
tion factor'S,'S; should be used when calculating B and D from the
measured 4, and A. Energy and angular distribution data for back-
scattered posifrons is available.. An evaluation of S¢ for this bulb
geometry using this data and Monte Carlo methods is, however, difficult.
Only a crude model of positron backscattering was used to estimate the
factor S in Appendix C. Lit.le or no experimental daia exists for ion
scattering; thus, the evaluation of Sy is impossible. '

This definitely may be overcome by evaluating the product S.S;
for the present bulb geometry. Inserting the previously measured value
of |B| = 0.90  0.13, and the present value of (AB)exp into Eq. V-4,
we obtain '

S s =s=.(ﬁ)_el‘L
el GBP"”

Inserting the values P =0.75, Gg = 0.48, we find

8,5 = 0.80 £ 0.04 .
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It is also reasonable to assume that the scattering corrections are the.

same in the "B" and 'D" eicpéri.nen’ts. ‘We have then
(8,5p)p = (SSp)p = 0.80 £ 0.14 .

Based on experimentally determined quantities, this represents a useful
result for the evaluation of the coefficient D below, while S.= 3.85 -
(App. C) used withBdata Tepresentedlittle more than an educated guess.

2. "D'" Data

We can cbtain the value of D for varicus energy- and delay-
intervals by measuring the poéitroﬁ energy and time delay of each
coincidence event. The values of A}° and Aﬁ“ listed in Table IV were -
obtained by combining the data accorii;;g ‘to Eq. V-2, »Thé thgee- positron
eﬁergy intervals into which the coincideﬁce data‘.weré groupedare »
SE = 0.5 to 1.0 MeV, SEZ=10t015]\bV aJﬂSEs—IStoZZlLbV,
where 0.5 MeV is threshold enmergy and 2.21 va the endpomt energy of
19Ne. ’

For the 90° and 135° coincidence pairs, only those coincidence -
events with delay times between 1.3 and 2.5 psec and 1.6 and 2.6 uséé"
were used to calculated the A's. The factors P, SeSI,i and GD used to
combine the weighted averages of AB“ ‘and All)"" according to Eq. V-3 are..

P =§.75 + 0.05, SS =0801014' GD =067,t0.03andG635
= 0.42 £ 0.02 for large inner gr1d and GD = 0.77 # 0.04 and G}**
0.56 + 0.03 for small imner gnd (Cyc. Run 4). The results are:



Table IV. Computation of A, vs positron energy.a

Cyclo- Orien- : :
tron tation 2%95(551) 2%35(552) 2A‘35(6E3) 2p9°? (8E)) : ZA”(GBZ)’ 2790 (8E5)
Ripn # of BA . '
+Z +,0030£.0110  -,.0046+.0117 +.0142+.0213  -.0135:.0168 -.0109%.0242 + .07281.0627
(South) o
2 +Z -.0133+.0104 +.0148+.0105 -.0040+.0221 - -.0157+.0160 +.0055:.0228 +,0552+.0695
3 -2 +.0083%.0144  +,0196+.0147 -.0101x.0313 -.0378:.0233  +.0123+.0338 -.1021%.1087
(North) . . . )
-2 -.0014+,0081 - +.0080+.0083 +.0188:.0175 -.0063%.0133 -.0139+.0194 -.1518+.0635
4 . :
{ +Z +.0019+,0093  +.0092%.0095  +,0212%.0202 +.0059+.0149 +.0078x,0217 +.0838+.0648
5 -Z +.0013+,0073 +.006772%.0081 * +.0049+.0257 -.0123:.0110 +.0129%.0184  +.0605%.0808
' { -Z +,0091+,0105 -.0065+.0097 -.0291+.,0183 -.0082+.0172 .-.0183%,0228 -.0040%.0628
6 : .
+2 -.0040£,0097 -.0006+.0092 +,0115+,0171 -.0050+.0160 . +.0364:.0214 +.0539%.0596
Weighted o ' , '
Ave.. for ’ ; : PO ' ’ : :
Cyc. Run +,0013%,0073  +,0068%£.0081 +,0049+.,0257 - -.0123:.0110 +.0129+.0184 +,0605%.G808
#4 only b :
wtd. Ave, for .
Crc. Runs -.0002+.00382  +.0048%.0038 +.0045%.0076 -,0088+.0061 +.0020%+.0086 +.0113%,0253
1-4 and 5-6 :
3 §E; = 0.5 MeV to 1.0 MeV b tyclotron Run #4 used small inmer grid, while in other Runs
8E7 = 1.0 MeV to 1.5 MeV large grid was used. The geometry factors for the two cases
8Ez = 1.5 MeV to 2.21 MeV are different; therefore the A's must not be combined.

-89- .
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D(SE,) = -0.009 ¢ 0.006
+0.008 + 0.005

D(SE,)
D(SE3)

= +0,010  0.011 .

No energy-dependent trend or significant (20) difference exists between
these D's, implying the absence of any contribution of a final-state
interaction to the D data at the present level of.sensitivity.

Either by combining the D's above or by téki.ﬁg the weighted
averages of AD and All)35 for a1l energies ‘between threshold and endpoint

(listed in Table V), the final result is
D = 0.001 + 0,003 . (v-8)

This result is consistent with D = 0, The error in D is pm'ély statis-
tical. The result (Eq. V-8) is based on 100 hours of actual coincidence

data accumulation.

3. _Polarization Data

Using the EI singles data, cbtained continuouél}; during the
course of the D experinent, and Eq. ITI-2, the polarization asymmetry
8, was calculated for each 35-min data-taking cycle. The abso;ﬁte
values of these 4,'s for all cyclotron runs are 'shqi.m m Fig. 10. The
weighted averages for each orientation of B, are 115ted in Table VI.
Inserting the overall weighted average from Table ﬁ, tﬁe previously
measured value of [A| = 0.039 % 0.002, and the values



Table V. Computation of A, for all positron energies.

Cyclo- - ‘Bulb Directioﬁ of
tron Deflection Alignment Spin in Bulb . ZA]‘)35 ZAB"
Run #  Field Field B, X, >0
1 -X +Z (South) “Z -.0013+,0075  -.00552.0136
2 X +2 2 -.0000(4).0070  -.0059%,0129
3 X -7 {(North) -z +.0111$,0098  -.0340%,0189
-X -z -z +.0053,0055  -,0085%.0108
: { x 8 4 +.0051+,0063  +.0117+.0121
S -z -2 | +.0029,0053  -.0041%,0094
X -z -z -.0024£,0067  -.0123%.0135
° { X 2 . -.0020£.0063  +.0121%.0126
Veighted Avorage for Cyclotron Rm 4 +.0029:.0053  -.0041%.0004
Y -

Weigﬁ;ed Average for all other " ) g )
Cyclotron Tuns "-00]..91.00..5 .0034+,0049

-0L-



Table VI. Weighted averages for each orientation of B,.

Cyclotron Alignment

|AA|)¢1(]—3 Polarization

Run # Field

1 +Z (South)  1.59:.014 78.4%

2 +Z 1.57+.023 77.5

3 -Z (North)  1.61%.027 79.2

.. 1,56£.015 770

ot { +Z 1.53£,018 - 75.4

s 2 1.54£.012  75.8
: -2 1.47:.010 72,1

° { +Z 1.50£,012 74.0

Overall Weighted Average: 1.52¢,005 = 74.8%

_IL_
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G, = 0.64
Sa

vic = 0.'95

= 0.85

into Eq. III-1, we obtain the average polarization
P=754%5%

where the major uncertainty is Sy~
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VI. "CONCLUSION
"From the final value of D;
D(*°Ne) = 0.001 * 0,003 ,
one obtains from Eq_.' 1I-9 the ‘value of the \_rgctqr-axial vector phase
angle, . .
¢A,V = 180.1 + 0.3° ..
This represents a factor of 5 improvement over, the previous esuit. The
quoted error is purely statistica.l
Although ¢V A is, cons:.stent with 7, :unplymg the relecive real:.ty
of Gy and C,, the implication for t:m-reversal invariance ! anb1guous,
since both T mvanance and the cha:rge-asynmtry condutwn (Bq. TI-4)
impose the same relative phase condition on Gy and CA" T could be'

violated and ¢V A exactly equal to 1r, pm\rlded charge symmetry holds
There ex15ts however, little ev1dence for the val:.d1ty of the charge
symmetry condition. The. observatmn of second-class weak coupl:mgs would .

directly e}.clude it from cms1derat1on and ‘the anb1gulty would vamsh. _
We will assume that charge symnetry 15 not strlctly va11d and thus the ‘ R
e




-74-

iance can only be made by the' Obs'ervatidn of a D-like a,ngulér correla-
tion arising from an interference between a first- and a second-class
coupli,ng.* Observation of such an interference would i.innediately'in-
validate the charge symmetry condition and allow unambiguous interpre-
tation of phase measurements in terms of T invariance alone. Such an
interference term could be obseﬁred in a pure Gamow-Teller transition,

where the expression for DTR given in Eq, II-10 reduces to

Measurement of the energy dependence of DTR for such a transit'ion.is
dependent only upon first-second class interference. The size of such a
term could be of *he order of 107>, Measurement of a term of this size
could be impossible, however, due to final-state E-M correction terms of

comparable size.

* It should be noted that, for analogue decays, the induced-
tensor coupling is second class. On the other hand, the presence of
the induced-tensor term for non-analogue beta tramsitions does not
automatically imply the presence of a second-class. coupling since,
accorcalil.ng to the impulse approximation, first-class terms contribute
to d. .
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APPENDIX A
ELIMINATION OF SYSTEMATIC ';FAI.SE" ASYMMETRIES IN "D BEASUR]MNT
With the high degree of rotational symetry present in the

D experiment, systematic false asymmetries due to detector efficiency

differences and spin misalignment cancel out to second order in the

expansion of A . It will be shown here that this camcellation obtains
By, . : )

when A is defined as in Section'V. ~Let a be the'é'ngle between the’
magnetic field or spin-and the normal to the detection plane. The
detector plane is the Sc-y plane in Fig. 1. Furthér,' let the component
of spin in the detector plane lie along the x axis of Fig. 1, i.e.,

T =1 sinai+1cosek. The coincidence decay rate is

v {12} aa  BAI)
i”j"Kiej{l A——s:m'p a T smu(r11‘+P1P)

-D % T cosa ke (_pxr)}

Q-

'

{

where <L = P is the polarization, p and v are the positron momentum

I

and velocity, r and q are the ion and neutrino momehtlm,' iandj refér] .

to the positron and ion detector and i the relat:.\re corm:ldence-pau
efficiency for i and j. Since Bz 1 and A ~Q, the A term can be
neglected. ' ‘

The coincidence rates for the regular and umgn pairs in

Table II will be divided into four g'mups and des1gnated by -the pair

index 2. The 135° pairs comprise gwoup I, 2'='1, 4 and 1T with £ = 5, '

8; vhile the 90° pairs are III, £ = 9, 12, and IV, & = 13, 16. Only
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group I will be considered here since cancellations of false asynmetries
from AD occur in identical fashion in each group. For individual pairs
in I, we can simplify i above by aver_aghg over angles and decay .

volume. . For the spin state X. >0, and the alignment field By pointing

North, we have:

i TN

M= =5 A-b-d
16 =M =15 1 *b+d)
shg =My =56 (1+b -0
ST g A -bed
72 = M3 = g8 A -b1-d)
Py =g ey A -b e D)

s =My =35 1D - D
Mg =My =355 (1+br+ )

vhere
b = B sina L2 L.
T 54
Y = (1) T8 ~ P&

B sino

sino == q

nyr - (D
d=D ?q' cosa T g3 .

The g's are geometry factors resulting from the averages taken above.

With the z component of spin reversed, X < 0, the orientation

of the component of spin lying in the detection plane is also reversed.
The expressiors for ng, are identical except the signs of the b, b’, and
d terms are all reversed. The group I porti-m of Aﬁ’s is
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? r

135 __.‘%_ ‘)‘: ('nll'-'-.'nﬂ.) . ('nﬂ,"'nﬂ,)
A]D & 1 ’
el ARV AN Nty

I

x>0

or, substituting the above 'efcpress'ions for s

1- x1~('b +.d) 1+;_;1(b + d)

x2+(b-_d)'_ Xy - (b - )

. !
14x,00-d) 1-x,0-d)

1-b9-d x,(1+b"
R R RL
(1-b')-;c3d Qa +.b’)+x3d

1+b%) ~-d x,(1-b"
+x4( +b%) x4( ) +d

A+b") -x,d (1L-b" + *4.1-

where -
« 14" 1% o s8sf2 752" 7%
H . L]
1oaSg % " T2 sfgtsf2 3 982t g8y
and . . B

< = 36 3°8
T4 586 * 3%

Observing the values of iej? given in Table_vIIa, it is seen :m
Table VIIb that the x 's << 1. The values of b, b’ (for small angles
a), and d are also << 1. We can expand and simplify the expression for
B3 by disregarding terms of fourth order and higher in these small '

quantities. The result is
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Table VIIa. Measured relative coincidence-pair efficiencies for

"D" experiment.

14 1% . 5%8...5%2. 7°2 7% 3% 3%

. Group I
99 98 .97 1.00 .99 .99 .88 .90
s 8% 651 451 6%3 83 457 257

Group II
.00 .81 .97 .88 .92 .71 .89 .94
1%3 157 587 %3 3% 3¥1 7f1 755

Group III -

. .86 .92 .95 .89 .96 .89 .92 1.00
8%2 2°8 4% 6% 24 42 6°8 8%

Group IV
79 .79 .96 .96 .99 .99 1.00 1.00
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Table VIIb. Calculated ratios of measured relative
coincidence-pair efficiencies for "D" experiment.

group I group II group 111 grosp IV
x; | *+0.0056 +0,102 -0.0302' 0.
Xy -0.0138 +0.0446 +0.,0302 Coo.
X; -0.00477 +o.1;93 +0,0391 0.

+0,00506 -0.0225 -0.0390 0.

X4




B(IAB“) = -z{d(I - xf) +b(1 - xi) +4Q - x%) - b - xg_)
sa-H+0-xD .1_._1;;}

or

.2 2 2 2
pAlSS (xy *+ X5 + X3 + X,) 2
3 = -d {1 - 1 2 7 L-ﬂ- [2 - (xg + xz)] b_4.'— * -oo}

(xg o x%) ¥ oeve (A-1)

~jo

The superscript I is dropped from 4, siﬁce this expression holds for
each group, only the values of b and b’ changing slightly. The value
of d depends slightly on the group, but we are not concerned with this
here.

If there exists no difference in detector efficiencies, vhich
is ﬁxdeedthecaseingrmxpw,xl-xz;x3=x4=0, and

pr®

All)” = -d[1+_2..+ .-.] .

To determine the magnitude of this second-order correction tc d, let
B=(0.,88, a =4° and P = 0,75. BEstimating the value of

rig; 7 g,

— (i.e., the factors in b’ for I and IV) to be 0.05 and 0.5

respectively, we obtain

3x1070 < -;-b'z <3107 .

Thus the largest correction to D is a factor of 10 smaller than
the statistical uncertainty in our present measurement of D and can be

ignored.
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Inserting the values of X3 from Table VIIb_ in the expression
for 4 above, the b and b’ corrections to D are of the order of
ZXIO'4 or smaller, Thus, false asymmetries due to misaligmment angles
s 4° and the present detector efficiency differences are insignificant

in the present eikperi.men't. )
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APPENDIX B
MAGNITUDE OF -SP]N MISALIGNMENT BURING "'D" EXPERIMENT

A misalignment of the Ffield §A with respect to the z axes
introduces a component of muclear spin, I sina; into the detector
plane — the x-y plane of Figs. 1 and 14. In this case the B term in dA
no longer averages to zero and a B-like asymmetry is introduced ;i.nto
the D data. The magnitude of this false asymuetry 8y» defined as

GM GBB—qlsma, (B-1)

is determined by taking the difference over the sum of coincidence rates
for appropriate coincidence pairs. Sincé we are looking for a B asym-
metry in D data, the pairs offering maximm sensitivity to a projection
of T along the g_axes or y axes are simply those that would be used to
measure B vhen T = |I{i or |1}].

The magnitude of &, is determined from the expression

zZ-Y

M*ETY e
where Y and Z ave defined as follows for detection of a component of
'falongthezaxes:
Y=sm+m
Z=gn5* g5 s
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the x-y axes:

R LA

ERVURE RS
the x axes: ' ‘

Y= sy

Z=ghytqngs
or the x (-y) axes: »

Y=t e

Z=gng*¢ng -

The " are coincidence counts for the‘i; j positron and.ion‘counters,
The pairs used for the x axes are just those listed as £ = 5 and 6 in
Table 111 for the B experiment. ‘These four axes were used to check the
self-consistency of the results. All of the rates listed ﬁbove are
for 90° coincidence pairs. When using Eq. B-1 to obtain sina from
§ys the same geometry factor Gﬁ = Ggrbf Table III) appliéﬁyfbr all
axes, A N

The results are summarized in Table VIfI in te.nn; of the angle
between the z axes and T when T lies in a plane defined by £ and one of |
the four detector plane axes listed above. Thé-ﬁncertainty in the angle
thus determined is seen to be approximately 2° for individual cyclotron
runs and 1° for the cambined "North" or "South" runs. The error is
purely statistical.

The magnitudes of these measured angles iustify the applica-
bility of the results of Appendi& A to the present experiment.




Table VIIT. Summary of misalignment angles.

Aljgnment

Cyclotron 1 . . .
Rum No. Rield B, a, Sy o L.
1 +2 (South) ~ -3:2° +2:2°,  -1x2°  +0,5:2°

2 +7 a2 120 242°  40.5:2°

3 -Z (North)  -1#2°  -6£3°.  -1#3°  -643°

-Z -0,1£2°  -uZ° +2+2° +342°

v LA o +1£2°  40,5:2° -312°

5 2 4110 1350 +1a1° 4241°

] “z 2520 -0.3s2° -0.%2°  -1#2°

° +Z ~122° +1£2° +1£2° ° +322°

X;:_g“ﬁo"gth -2 0.5:0,8°  2¢1°  0.7:0.9° 0.9:0.9°

elghtel n M 28.9° 0.39°  0.28.9° 0.240.9°

Tofal ' .
Weighted 1:0,6° 0.7:0.7° 0.310.7° 0,5:0.6°

Average
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APPENDIX C
.mmmeu@mmﬂm.
.

The majority of pos:.trcns enu.tted do not d1rect1y enter a
silicon detector, but rather stnke the gold alunnnm, or sapphu'e
of the bulb mtenor. A fractmn of the posrtrons, which stnke
interior surfaces’ adjacent to detectors, backscatter into these detec-
tors and preduce counts that would not otherw:se have bem observed. If
we define b as the backscattering contnbutlon to the observed count rate

N in a2 given detector, then

Nen+b,

vwhere n is the mmber that directly enter the detector without back-
scattering. '

Because of the 1sotropy of positron emssmn with respect to
the nuclear spin T@in Eq. I1-6 is 0.039) and the symnetry of the
detector bulb assembly, b is assumed equal for &li coimters. -Thus, in
monitoring the pclarization, if N is the obse:ved rate ‘for. downstrean EI-

counters, then the upstream rate will be

N"= n'+b . ‘
The effect of backscéttering is to reduce the measured polarization
asymnetries A,: B :

p 2NN L omemt memt [0 )L,
A N+N"n+n'+2b' nea’ n_+n"‘ o *

where we have neglected backgrmmd and counter effrcrency drfferences

lr

’ !(

d




and assumed that b is much less than either n or n’. The backscattering

correction S is
. o 2b . _b
5= [1- n+n ] ~ [1 i]

for n ~ n’ and considering the "A" correlation in Eq. II-6:

_n-n' v
b =awmr=PeAg

Identical considerations hold for regular z-md image coincidence pairs
used to measure the B and D asymmetries. .

The ratio b/n of backscattered counts t;) "true" counts depends
upon the bulb-detector geometry and the materials used. The walls of
the converter boxes are Al and the insulators:are glass with an average

Z of 10. n and b can be defined as
n=Nf  and b=Nfef,,

where No is the mmber of positrons emitted per unit time. The fraction
of No that directly enters the detectors is fo. The fraction that
strike surfaces adjacent to detectors, from which positrons could back-
scatter into these same detectors, is fl' e is the backscattering
coefficient (percentage of incident positrons that umdergo backscat-
tering), and f2 is the percentage of backscattered positrons entering

a given detector. Letting f = fl-fz, we have

£
S= (1 - E) .
%
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For the geometry of the converter boxes and.Si detectors used
to monitor the polarizatidn, f= fo' Co

The value of e for positrons is lower by a factor of 1.2 than
that for electrons.®? For the average-energy (1 MeV), nommally-
incident positron, e(Al) = 0.10 + 0.01.°* This coefficient, for back-
scattered positrons with energies above threshold, is ep(A1) = 0,05,
For glancing incident scattering angles’ (~30°v abo'vé surface) , ar(Al) can
increase to 0.33.%* The lower the Z, the greater this increase.

Assuming t»:(effective).r ~ 0,15 + 0.1, for apprmcimatelf normal
incidence we have S = 0.85 + 0,1. Since, for our partiﬁula: geometry,

a reasonable fraction of the backscattering is at near-grazing amngles,
our value of S probably represents an upper limit, '

An evaluation of the backscattering contribution to the measured
coincidence rates is extremely complicated, due to the intricate geom-
etry of the bulb. Such an evaluation was not attempted. If, however,
we assume that the ﬁajot contribution fo both positfon and ion back-
scattering occurs due to graziﬂg collisions on thg walls of the
converter boxes, the value of S obtained ahove'cam be used for the
evaluation of the coefficient B in Sect. V. A more reliable evaluation

of S is obtained in Sect. V using the known value of B and the present

experimental data.



" APPENDIX D

NUCLEAR SPIN RELAXATION DURING CONTAINMENT IN BULB

The Successful observation of a possible T-odd angular correla-
tJ.on in the present experiment depends entirely upon the fact that
nuclear spin relaxation mechanisms do not — despite ---105 wall collisions
before escaping or decaymg — substantially diminish the polarization of
%Ne atoms. Estimates of the relaxation time T are made for several

possible relaxation mechanisms. The results are given below for a
ZZ-gauSs field B,. Nome of these adequately account for the observed
average polarization P = 75 + 5%, for a 4-sec sitting time, and .

P < 25% for a 10-se. sitting time,

Perturbation
- Field
uMNe)+u(Al) uNe)-u(Bohr) Inhomogeneities
Reflection  T=10'2 sec 1010 sec -
Adsorption 108 sec 106 sec -
In Flight - - 10% sec

A, Relaxation During Collisions with Walls

Estimating the adsorption time of !%Ne on the Teflon walls of
a bulb, Dobson?? calculated the relaxation times due to dipole-dipole
interactions of uy(*®Ne) (nuclear) with (1) the fluorine in the Teflmm
and (2) paramagnetic molecules absorbed on the bulb walls, e.g., 02.
The bulb in this experiment is made of Al, Au, sapphire, and Pyrex, and
is kept at a temperature of 200°K. For an adsorption time of approx-
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imately 1071 sec, the relaxation times due to '®Ne-27Al and !°Ne-Cr
dipole-dipocle interactions are given in the above table.  The'most
prevalent paramagnetic material in the bulb was not 0, , but the et
ions present as an impurity in sapphire at the 25-ppm level. Electro-
static quadrupole interactions cammot occur durmg (_:oilis:'i.‘dn‘s;:since the

quadrupole moment of neon is identically zero.

B. Relaxation In Flight
Magnetic field irﬂioaqogew:eities encountered by the neon atoms

as they move along random trajectdries in the bulb may also cause spin
relaxation. The results of Kleppner's an:alysi.s’"s of sp:.n relaxation in
the hydrogen maser may be applied to !®Ne. To calculate T ocme must
include the velocity distribution, the shape of the bulb, and a precise
description of the irhomogeneities. If we assume inhomogeneities in the
bulb given, in polar ceordinates, by '

N . S O .

_2" T,
LA ' EE - ) d

where Ry is the magnitude of the inhomogeneities perpendicular to the

z axes, and d is an effective bulb diameter, then we may use the

1+[ }

to estimate T. Here the gyromagnetic ratio is y = 2.9 kHz/gauss, the

expression

W= ;-Y (“Ne)ﬂr

Larmor frequency is v - 57 kHz, the transit time of the bulb is

o

v


http://inhomogeneiti.es
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t, = 1074 sec, and the field inhomogeneity perpendicular to the z axis
is By = 1072 gauss (we assume By is twice as large as that cbserved; see
Sect. II1). Using these values, T is 103 sec.

4 The relaxation times are orders of magnitude larger than the
obsexved value of approximately 10 sec. This discrepancy indicates that
the neon is sticking on and interacting with diffusion pump oil, or
Si-based vacuum grease used to seal the bulb, or some unknown substance
in the bulb. On the other hand, the mumber of collisions could be
substantially larger than estimated. No effort was made to calculate

this number using an exact model of the bulb and Monte Carlo methods.
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APPENDIX E

GECGMETRY FACTORS

For each asymmetry 4, the geametry factor G takes into account
variations over the acceptable angles between T, fi, and T which are
possible with the finite 'decay volume smd detector sizes, variations
over all acceptable positron emergies’ bétkea; Ttlu'esh =.0,5 MeV/c and
Tpax = 221 MeV/c, and variations over the acceptable positron-ion
time-delay intervals (0.27-3 usec). |

All geometry factors (and theoretical time-of-flight pattems)
were calculated on the CDC G600 carputer using Monte Carlo methods. For
Gy and GD’ 50,000 events were generated to obtain the results gim
below. An ocutline of the program used will be given. Within the
-10-keV grid (see Fig. 15), a decay site is generated at random. A
random position an the £ace of a positron detector is generated next and
direction of the positron momentum p is thus fixed. With uniform
probability betwsen Eitresh and E ax» 8 positran energy is generated.
Finally, a neutrino direction is generated. The direction and magnitude
of the recoil-ion momentum T is then obtained from the conservation of
energy and momentum, o

For each event constructed in this way, an appropriate weight
factor (5A) is obtained fram the rate equation di (Eq. II-'lg), where T
is chosen along the +z axes (+x axes)of Fig. 2 for the D'(B) e.xperimem;.
Only events for which the positron can actually enter the positron
counter El, without striking the bulb walls, were considered further



-92-

(see Fig. 15a).

The direction of the recoil ion detevmines which ion detector,
if any, is struck. The mognitude of the recoil momentum, |T|, is used
to determine the time of flight for the ion. In this way the T-O-F
patterns are calculated. Since the total time of flight depends on
where the ion strikes the sloped surface of the converter box foil, this
triangular shape is included in the program.

' The probability that two or more secondary electrons are pro-
duced for 10-keV ions, #(2), is obtained from an empirical formila
obtained from secondary-electron-yield data.®" Subject to a smaller
potential difference, ions from events between grids (prompts ~— see
Fig. 15b) have less energy and therefore a lowei sec r-electron
yield. (This was considered in the program.) The tosal weight factor
is the product of 6 and P(2), n = A P(2).

By generating events and recording the total weight factors
for regular and image coincidence pairs in the way outlined above, the
calculational method simulates the actual operation of the bulb. If,
in calculating the weighting factors 6) and §i' for the regular and
image pairs in Table II, we set D = 1, B = A = 0 and neglect a in
Eq. II-18, the expression for & is simply equal to the geometry factor.
That is,

CRErs ALY

vhen P is set equal to one (1),
The results for a preset time delay interval of 0.27-3.0 usec
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are
G12% = 0.42 £ 0.03 GJ°= 0.67 + 0.03 (3.3 cm dia.
inner grid.)
135 = 0,56 + 0,03 =0.77 £ 0.04 (2.5 cn dia.
GD . GD immer grid.)
GL=048£005 . 6 =0.77%0.08 (3.3 dia.
© immer grid.)

where 5% errors are assigned.

The shape of the calculated time-of-flight (T-0-F) patterns
vbtained from this program agree quantitatively with the experimentally
measured T-O-F patterns. - .

The calculation of G for the polarization measurement was
considerably easier. Using another program, only randomly generated
events which had a direct shot at the Si detectors were considered
(see Fig. 15c). A random direction for positron emission was generated
and only those events Heré accepted as hits for which the coordinates
in the plane of the detector were within the sgnsitive volume of the

Si detector. Including the region behind the detector,

G, = 0.64.
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(following page)

Fig. 15a, Schematic end view of bulb showing pesitron detection
in El. Light plus dark shading represents volume of bulb for which
positrons can be cbserved by the positron counter shown. Light shading
represents volune from which positrons as part of a coincidence event
can be observed by El1. Acceleration of ions occurs between grids.

Fig. 15b. Schematic end view of bulb showing active volume
inside -10-keV grid (light shading) from which ions can be detected in
any ion counter. For each ion comter shown, dark shading indicates
region between grids from which prompt ions, with energies less than
10 keV, can originate.

Fig. 15c. Side view of ion detector and converter box mounted
on octagon. Shading both in front and behind Si detector indicates
volume from which positrons contribute to the El singles rate used to

monitor polarization.
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