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1ABSTRACT
A new expérimenfallupﬁérvlimit on ;he "time-reversal"

.coefficient D is reported for the allowed beta decay 19Ve + F‘9e+vé.
ThevreSult is given in térms of the réiative phase'angle between the
vector CV){and axial-vector (A) couplings, ¢A,V(19Ne) = 180.1 + 0.3?.
The V and‘A'couplings are relatively real, implyiﬁg that T invariance
“holds in the V-A Theory at zero momentum transfer. The preéent result
does not exClude therpossibility:of a T violation in the momentum-
transfer-dependent weak couplings of fhe.AS.= 0 hadronic weak current.

"The_éxpériﬁentbwas peffofméd with an atomic’beam.éppafatus.in

which either of the my = +1/2'o'r_.mI = -1/2 magnetiélsubstates was

selected from a beam of 'S, grdund state !°Ne atoms. The polarized beam
terminated its flight in a‘cell'(bulb) where the !°Ne atoms remained for

approximately 4 scconds without substantial spin relaxation. The
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measurement of those delayed coincidences between positrons and the
1F" recoil ions whose momenta are, on the average, perpendicular to .
the nuclear spin T of !°Ne served to meashfe the'"D”Acoefficient. The
nuclear polarizétion of the !°Ne cointained in the éell was monitored
continuously by observation éf the positrons emitted paréllel and

antiparallel to the spin axes.



' I. INTRODUCTION

The cont1nuat10n of -an ear11er experlmental search1 for a
possible Vlolatlon of time- reversal (T) 1nvar1ance in the allowed
nuclear beta decay of polar1zed 19Ne - 19F L+ v (T1 = 17.6 sec,
Emax 2.21 MeV) has been completed The new results .obtained from this
' AS O weak decay are aga1n cons1stent w1th T 1nvar1ance

Ihls work was stlmulated by-the observation of a direct CP
violationvln the AS =1 decay of K > 2ﬂ.ﬁ» The magnitude of this
CP- v101at1ng effect is glven in terms of the ratio of CP-violating to

CP—conserv1ng amplitudes:

(n m |H |K ) 3

+-

= 2.x10
(N'WEIHWIKS>

Subsequent measurements of K 3 “charge asymmetr1es" prov1de 1ndependent

'evidence of a CP violation: 6 [F(K > T e v) - F(K >1'e V)]

S > ﬂ‘e*v) + TG > mTeTv)] = 2.2x10 "33

Although ‘the parameters
essential for a phenomenologlcal descrlptlon of CP violation in the kaon
system have ‘been measured (the phase and magnitude of Moo remain ambig- |
uous) , the or1g1n of the CP violation remains unclear

Assumlng that CPT 1nvar1ance is va11d cp V1olat1on 1np11es that ’
T inyarlance also falls In. sp1te of . 1mmense experlmental effort, no
evidence of dlrect T Vlolat1ons in (l) strong 1nteract1ons,l+ (2) the
electromagnetlcv1nteract10ns of the.hadrons,s or (3) weak interactions
f'has»been observed. ' ‘. o

) 1Iffthe“CP‘yiOIationfOriginates throughfa first—order weak



-_.interaction'process;”the expected ratio‘of vaiolatlng1D‘I—conserving
amplitudes ‘will be of the order of 10 3. T violations-manifest
themselves 1nd1rectly in flrst order weak processes as tr1p1e angular

correlatlons (TAC) between the momenta and sp1ns of ‘the decay1ng par—

_t1cles. The observat1on of a T- odd TAC const1tutes unamb1gu0us ev1dence :

of a T Vlolatlon, 1f and only 1f f1nal state 1nteract10ns can be

'neglected

The T-odd TAC observed for polarlzed 19Ne is D{f (pXr)}, where N

f is the initial nuclear spln of 19Ne and p and T are. the momenta of

the positron and rec01l 19F ion. The coeff1c1ent D is g1ven by

(Seet.. -11)_-, 'D' R ﬁ,[p[s‘ir_up
1+ 0% ,
where o o
| o = | A e | Ly s
' a ’

¢ is the phase between the Vector and ax1a1 vector coupllng constants,-'

and (1) and (o) are the Ferml and Gamow- Teller matrlx elements. T 1nvar¥

iance requlres that Cp, CV be relatlvely real, 1, e., that the relatlve ;’
phase be ¢ = 0 or 8 Thus D must van1sh Alternatlvely, D w111 not
vanish identlcally, and ¢ could vary from 180° by as much as _

|m - ¢I =0.1°, if a 10 T V1olat1ng effect ex1sts in f1rst order weak
processes This follows, s;nce D ls proport1onal to_the decay , |

vamp11tudes

A beam of neon atoms is polarlzed in a Stern Gerlach atom1c—--~'f
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beams apparatus, then trapped and heldnin a cell made of Al, Au, and
sappiire , where the 19Ne atoms deéay; These decays are observed as delayed
coincidences between the positron and the»recoil ion. -The polarizétion
of the trépped neon gas is maintained by‘a ﬁagnetic field.v Maximum |
sensitivity to D is achieve& by observing only those delayed coinci-
dences for which the plane foﬁmed by 5 andv? is, dn the average,
perpendicplér to T. |

The experimental result is
 D(*°Ne) = 0.001 * .003.
Using the value of p above, the phase angle is

$('°Ne) = 180.1 * 0.3° .

The COhtributions_to D from non-T-violating finaléstéte interactions
are substantially B smaller than the present statistical_uncertainty.

"Our result is consistent with the conservation of T invariance.

The fesults of this and other experimental-tests of T invariance
in weak interactions are listed in the table below. The type of T-odd -
correlation is listed for each decay; the results are quoted iﬁ terms
of the relative phase ¢ between coupling cbnstants-or form factors and
the experimental sensitivity to-a T-odd amplitude. For the neutron

decay, ¢ is the relative phase angle between CA and'CV. In the KuS

'decay'the transverse polarization of the muon is measured to determine

Img, where £ = £7/f%, and f*, £ ‘are form factors for the AS = +AQ and

-AQ amplitudes. With Ref measured elsewhere,’ ¢.= tan'1 ég%-. For

7° » ﬂ—p,’the relative phase shifts are measured for the final-state
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s and p waves, giVing ¢ =9+ 5.5°. Comparing the phase difference
8 - Sp = 6.5+ 1.5°° in low-energy m-p scattering yields a result
consistent with T invariance. |

Sensitivity -
: ' 5 : to T-odd o
Decay AS Correlation. . .. ‘PhaSet¢..,.,;Al_Amp._. - Year:Ref.
neon 0 oy -(pxv) - 180.1£0.3°  3x107 71:
neutron 0 . _on-(va) - 178.8 + 1.2° 1><10,_2 70:3
. ) Y . . ) . ° ) . _zv ‘.10‘
K 5 1 o) 0.6 %2.6°  6x107° 67.:
' - . " (] . .~'_1. ‘ .11
A - 1 _pp (opon) <8 .10_ | 67:

Our present result, listed above, places a _I’>><10-3 upper limit
On'the size of a vector-axial vector T»violation   in AS =0 decé&s.
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 0.3x10" level will not -

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



FAERVIEY BN CERCR R B R ¢ N

:II, ‘THEORYI,s
"]In thls sect1on we w111 con51der the follow1ng 1tems as‘they |

apply to the present exper1mental test of T 1nvar1ance in the m1rror _
decay of 19Ne (a) the beta decay amp11tude and the phase restr1ct1ons
that T invariance 1mposes on. the 1nd1v1dua1 coup11ngs in the amplltude,
" (b). the formal expre551on for the decay rate dl and the T odd angular :
v,correlatlon term whose coeff1c1ent.DTR is sen51t1ye to the phase‘_" |
restrictions imposed_by T,inyariance;,(c)'contribUtions DEM to the same
. T-odd_angular correlationdarising_from fina1¥state'electromagnetic
'.interactions;vandf(dJ avcomparison_of the magnitude of DEM to»the '
present eXperimental uncertainty in D.xp’ where D, xp v ﬁTR +‘DEM is theA
eiperimentally measured quantity Placement of an upper 11m1t on a x

»p0551ble T v1olat10n requ1res that DEM < error 1n D

A, Beta Decay Amp11tude and Phase Restrlctlons on Coupl1ngs

Assum1ng a pure V- A coupllng, the va11d1ty of the CVC hypo-
'the51s, and the absence of final-state electromagnetlc 1nteract10ns the
most general form of the beta decay amp11tude for the allowed decay of |
1%Ne is . . o , o .
S R ¢ ERRTT LR i U _o+ S L o

,__271 ?p77 cosQCu(l?P){Vo + A':}u(lgNe)z' 1,; ,,'(II-l)'_

' where G (— 197—-) is the un1versa1 weak coup11ng constant e (— 15°) is

the Cablbbo'mp‘_angle,‘ y 1s the matr1x element of the lepton1c current ;,_

’z,u':- ‘._=' 'ﬁ_('e)’Yu“(l.} + YS)U(\)) , - - (I}I~2)vf o

iand Vo + A s the AS 0 component of the hadronlc weak current given
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OO e e o L. - :
e ot ~.=_51Yu ) 1fz°uaq ';leuYs " 182908 Y5 834 Y5 (1- 3) :

- Here Ay ;=>(p pv)a Cle_- pF)'”is the 4-momentum transfer to the’ o
s'flnal state lcptons .The £'s and g s are the vector and ax1al vector
form factors, all functibns of'q2 U51ng the standard nomenclature

the vector [f (O)] and ax1al vector [gl(O)] terms are the dom1nant
coup11ngs in allowed nuclear beta decay. The weak- magnet1sm (fz) term F
“has only a small effect on the express1on for the decay rate of 19Ne,
wh11e the "second-class”* 1nduced-tensor (gz) coupllng has not yet been -

_ experlmentally observed The 1nduced pseudoscaler term g3 w1ll not be

_ con51dered 51nce its. contribution to allowed beta decay is neg11g1ble d_,"

What,restrlctlon-does T 1nvar1ance impose upon the_ampl;tude Zﬂl_
and howfcan this be obServed ekﬁérimentally'in the decay'rate°dX7: In;dr
" the absence of flnal state 1nteract1ons, the hadronlc amp11tude in
.Eq II-1 must have the same. T transformatlon propertles as the lepton1ch
amplltude (2 ), 1f T 1nvar1ance is to hold Thus T 1nvar1ance requ1resdh

that n¥d- nT, where the etas are deflned by

“’3("3?' », np V°(X)

and

TAﬁ(x)T';: :-nT Vo(x )

These etas are arbitraryfphaSe.factors-equal'to +1. The condition -

The Weinberg!? class1f1cat10n of those terms in Vg ( Q) that ’
are odd (even) under a G transformation is used; G 1s the combined
- .operation of charge conjugation and isospin rotatlon



n¥ = ? requ1res that the form factors f and g5 must be relatlvely
real, e. g f. g If g le ¢1:J where ¢ 0,m. Wlthout imposing this
condltren on}ZQ, an angular-correlatlon term propertional,to Im(fig;)
appearsvinvdx An experimental observation of-such a correlation con-
stltutes a v1olat10n of T 1nvar1ance | |

The charge symmetry condltlon applled to the AS 0 weak

Current 15
el'"TZ(V(;\ + Ag)e-i“-Tz = t(\/;\) + Ag)f , (I1-4)

where the eﬁerators- éii"TZ Teverse the sign of the third compqneht_of
isospim and TZ is thedgenerator of rotations about the second axis in
isospin space._vThis conditidnlimposes the followingirestriCtions'Upon'
the form factors'" | | |
1T 2T BT R BT 8

The form_factors muet be real eXcept for the indueed tenaor,:which is

" pure imaginary if charge symmetry is Vaiidr rNotice that'T invarianee
imposes the same condition on £, £, aﬁd g,5 only the restriction on
the induced tensor term is distinct. The implication of this ambiguity

will be:cthidered in Section VI.

'B. Formal Expression for d\ and the T-odd'Angular”Correlatioh Term

If we ignore nuclear recoil effects, i.e. ,' tenhs in ”Lof the
order of mc /ZM where m and M are the masses of the electron and recoil
nuclei, then only the fl and g1 terms contrlbute to the decay rate.

Thus, ‘to zeroth order in the nuclear rec011.parameter EO/ZM,



Gcose

~

C [Cv(l)u Yo (1 + ys)u - C (c)-u y(l + YS)U:] (lI-S)
where fbrm-factors'orvcoupling constants are

S S P

k fl(q +~0) = CV: 1 and gl(O) = -CA.= -‘1'.2_,
the y‘s are nlllt mltrlcee -and (1) and (o) are,the‘Fermj:and'Gamow-v

Teller nuclear matrlx elements

The 1n1t1a1 and f1na1 nuclear sp1ns in 19Ne decay are equal

i.e. ,in =va'= 1/2. The trans1t1on rate dA in. the allowed approx1ma— _

tion and summed over the- f1na1 1epton sp1ns is”

5 (Gcosec) , _ R
dx = (ZN] TF(Z E)pq dpdﬂedﬂ\) o

-> -

x g{l + a.‘cl g + %_) [AlC’- + Ba- + Dan ]} (1I-6)

]

_Here F(Z, E) 1s thc Fermi funct1on, P> V, and E are the magnltude of the
v momentum, velocity, and energy of the electron ‘(positron); q = Email— -
vand a designates the magnitude and'directiOn’of'the_neutrino:momentnm; 3
and dQ and dQ ~are the dlfferentlal solid angles ~ for the electron'b

and neutrlno The polarlzatlon of the initial ensemble of 19Ne nucle1 1s

(I)

-denoted by 5

* 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 dA.  The coefficients a, A, etc. given there reduce to the
expressions given here upon setting the S and T couplings to zero.



In the absence of final-state interactions fhe coefficients aré
£ = i+ C2(0)2
21 2
fa = Cv(l) 3- (o)
Co : . 2 * L
EA = 437C 259 - ﬁ Re(CVCA) (_1){0)
2 c2)? - 72§Re(CVCA)(1)(o)

e = ;/—3' Im(CyC,) (1){o) .

EB

The upper'(lower) sign refers to electron (positron) emission. These

coefficients can be roWritten in terms of p, where

Ca <o)

C;TT

C

A _E%;_ ei(e * ¢A_,V) .

6 is the relative phase between the nuclear matrix elements, and Ory
: . » ’
the relative phase of the vector and axial-vector couplings. In partic-

ular, the D coefficiéntvfor the T-odd angular-correlation term is
Reoyg = +h Lol _ginovo ). are
/3- 1 + ¢ | V A’V ’ S

W§th theophaoe.convent§on for tho nuclear wave functions of 19Ne giving»
e(nge)‘= w7 T conéervation (¢A VT 0) reqﬁireS'that ﬁTR vanish.
Using the value |p('°Ne)| = 1.6,'29 we have |
(lgNe) 0.518 51n¢A,V. The superscrlptv"TR" de51gnates that part of
the "total' D coefficient which is sensitive to a T Vlolatlon. ' Final-
state electromagnetic interactiong_oan'introduce a‘correlation term

Mn- N . p *®
DKMIr(§xq) in diA. The coefficient DEMiis proportional to Re(CACV) and
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therefore has no relation to T invariance. Thus the dietinction_between '
the two contrlbutlons to the total quantlty D exp® |
The effect of weak magnet1sm and second-class 1nduced tensor
: 'couplings upon the angular-correlat1on coeff1c1ents in dk can be

dexamlned only when f1rst order terms in the nuclear rec011 parameter

-vE/ZM (~10 4 for 19Ne) are 1nc1uded in the trans1t10n amp11tude m W1th
| the‘present'exper1mental uncertalnty in D xp’ it is ;mportant to eval-
TR 1

uate the f a.nd p0551b1e g2 contrlbutlons to D -Including these terms:

in the tran31t10n ampl1tude Holste1n obta1ned
B
7— 2 Im(CVCA)<1)(o) - Im a (c +dt b)
E .
-Ima [(c td+b) - ——-+ 2(3c t b) ]

. % Im c [(d +b) ;M_-_ d IVI]]} A(I.I;IO)"

The npper_(lower) Signs refer to.electron:(positrqn) emission, where §
is gi&eniabove,‘Eo is the electron (positron)vrest energy, M the maSS‘of
the recoil nucleus and a'and c are a'=-CV<1) c= Cy (¢). The b and d
terms arise from the weak- magnetlsm and 1nduced tensor coupllngs

The form factor f-(O) is contalned in b. fé is evaluated in
 terms of'ﬁmaparent and daughter nuclear magnetlc moments , accordlng to:

the conserved vector current (cve) hypothe51s Def1n1ng u as the

dlfference in nuclear magnetlc moments, u = (19Ne) - u(lgF) in units of

nuclear magnetons, we have

iy .:

b=v3M (e
: "



R RSN ]

- 11—':‘

| The phase of f is denoted by ¢y, and mp is the nucleon mass.
Def:mmg “2 as a parameter representlng the magnitude of the
':mduced tensor coup] ing, we have |
L (/3 19
.d=“zhgf¢‘ '

Slnce the' relatlve phase angles are the 1mportant parameters we can

rewrite DT above for the case of '°Ne as_

CTR
D" —-vqlsmq)‘A’V 51nd>V W 51n¢A W 51nd>v o ¥ Sln(bA 2 (II- 11) .

.v where B . v T : :
~ (,518 + (0.24 N JXIO

8
o
o
N
ST R
o
=
+
(@)
|
&

Uy =~y [+ 2 = ~07+7 x10
20 a1+t My M, E.m_ax /
g = _UL&LZ_I_HE_ o s 0.2 g0
_ 1+ p oL max
2 ) o . o . _3v
Oy = ——— — _ % -y, (0.2x10 )
4 1’+,pz myo | 2N
- uolel By op) - o g
ag = %__2—2 [ﬁ{g - Iij] % 112[0-1 _-_0.9’EE ]le’ 3 .
: 1L+p” Yp . p : Soe Tmax? oo

'Réwri’tiﬁg Fq. T.T’-A],]' , We Havervk_ |

‘DTR 2 0. 518 51n¢A v 3[

3 F ..\
sin u ><10 [ J
] qbV W | Emax smd)A 2

- 'O'.-JZXIO—.;,[EE—]Slnd)A W 2x10 smd)v 5 (II—12)' |
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: ‘The present_eRperiment.is‘predominantly»sensitive to-a T Viola-
tion manifesting itself_by_a.phase difference between the yector and -
axialQVector couplings; ‘This was'eVident from Eq.ilI-S'withoutvconsid-
eration of.momentum transferedependent couplingss 'However Eq ‘11-15
,demonstrates two 1mportant p01nts (1) there are energy dependent |
| terms in DTR, and although they are small they are of the same order of
omagnltude as the f1na1 state correctlons D (see below), and (2) a
| complete T Vlolat1on (¢ = v/Z) could occur via vector or. ax1a1 Vector-

1nterferences w1th e1ther the weak magnetlsm or 1nduced tensor couphngs,

and go completely undetected at the present uncertarnty level

f DEM'Contributions',-""

It was suggested earller that f1na1 state electromagnetlchlnter—(.
' actions can 1ntroduce an f (qu) correlatlon into the express1on for dx.
In general a T-odd observable may arise from (1) a V101at10n of T .
1nvarlance and/or - (2) flnal state electromagnet1c 1nteract10ns 'ContriQ

but1ons to the coeff1c1ent D may arlse from both sources.

The Ferm1 Watson Theorem!® states that when>f1nal-state'inter-r~7-v

actlons accompany a scatter1ng (decay) process the or1g1na1 scatter1ng‘h'
(decay) amplltude 7ﬂ;1$ mod1f1ed by a mult1p11cat1ve phase factor
| 1(6 6'). In the case of 19Ne beta decay, the § and 6’ represent the
phases of the orlglnal and "Coulomb scattered" f1na1 ‘states,

App1y1ng this theorem to weak decay processes and 19Ne beta '

decay in partlcular it can be shown that the expectat1on value of a

.T odd observable can be factored 1nto two terms,
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D = (f-(gxa)> = DTR‘fAD‘ f;

- where i "
) ES

,.DTR o« coe(d - 6')Im(CiCj).

and

L | *
ﬁMashma-aqka%%)g“

The C 's and CJ s are the weak-interaCtion coupling constants.

It is evident that DEM contains no information concernlng T V
invariance. Its magnltude depends upon the phase shift and, in the case
of light nuclei (Z < 50), sin(s - 6') « oZ, where a is the fine-
structure constant and Z is that of the daughter nucleus. In the
following‘paragraphs tne magnitude of DEM terms (first order in Za) Will
bevgiven_for:the zeroth- and first-order terms in tne nuclear-recoil
parameter E/ZM These w111 be compared to the present experlmental
uncertalnty 1n D exp” |

Jackson Treiman, and Wyld'® considered the correction due to
51mp1e Coulomb scatterlng between the daughter nucleus and an electron

or a p051tron in allowed beta decay Thelr calculatlon 1nc1uded

momentumftransfer 1ndependent S, V, A, and T weak couplings and neglec-

ted nuclear recoil terms The result for I, = I, =1/2 is
FM _ 2aZ mc ' ;' bk
b= ;Fr-i5-(l)<0)Re CVCT + C C CVCT | x

.x..[[l'csrzw lcal? + -_vau'z . lcv'wz}luuz
[!Crl +Icrl + 1c,1% +; |]|{<o>'|?] |

(I1-13)
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which vahishes identicaliylfbrpa pure V-A weak decay. The positron mass
’and 3-momentum are m and P |

_ To. determlne an upper 11m1t for the magnltude of these terms, we
may make use of the experlmental upper 11m1ts of the Ferml and Gamow-

‘Teller Fierz 1nterference terms,

g_ ; - C;CV *_C'Cé«+ c.c.
'[Icvl oyl ICI v 1cgl?]

_ C;C..+ bf* . +'c;c;
'[ICI il +|ch +|ch}

These place the most ‘accurate upper 11m1t upon the Sand T coupllngs in

B decay and may be approx1mated by

=2
]

ZRe(s +s') and ber 2 Re(t +t),

~where s = CS/CV,.S = C

it

'é/Cé, vW¢‘aT¢-jUstified in phis:approximation}v'

since measurements of the'electron—neutriﬁo angular coffelationvggin-

" Eq. I11-6 established that |Cg |2- << |'cV|2 and -|cr‘|2 << _-lc" |’2. ReWTiting _
M E

D1 in terns of exper1menta1 quant1t1es (assumlng P is real, i.e.,

cos¢v A ='1), we have

- ZdZ :p | e o o
DM _20Z o @ 4 ){_] , 114

- The uniformity of measured ft values in pure Fermi 0’ +_0+ decaySt'

A'places_anvupper_limit on bF <0.1.22'The ratio of K capturepto positren



215

emission in the‘pure:Cam0w—Te11er'3+ N 2+'decayiofv2?Na‘giVes.a«limit
on bGT’ IbGT| < 0.03..23 Using p = 1.6 we obtain

- 3
1 -

=D. | = 2.2xio

_Coult v(II—lS)

This represents an upper 1limit to the correct1on glven in Eq. II-13,
and has a character1st1c 1nverse momentum dependence

In this experlment the pos1tron energy was measured for each
event for whlch the angular correlation I (vxq) was observed: (Sect III)
The energy dependence of Dexp was thus experlmentally obtained .and may |
be compared to.the-characteristic energy dependence of each individual
final-state correction. Between the threshold.and endpoint energies
the positron momentum varies between 0.9 and 2.7 MeV/c, giving ’

"

8X10 <D

Coul . <.2.5X10

A Coulomb correction, second order in o, has not been calcu-
lated but should be of the order of

INC TR A I S
Coul 1P o >

unless there are fortuitous cancellatlons ‘

Holste1n has calculated to flrst order in oZ, the f1nal-
state corrections to D whlch arlse from 1nterferences between the
momentum—transFer-dependent weak-magnetism and'induced-tensor.couplings :
: and the Coulomb scatterlng in the final state These terms .come into
play when recoil- dependent terms of the order of E/ZM are retained in

the expressiOn for the allowed transition amplitude. The result for the
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19Ne decay ‘is

EM_ 19 ‘G.Z 1X
'DZ - Drecoil( Ne) = 3__'£

x {% Re [a* (bxc) (p2+4E(2,) - a_*dpz] -3 Re'[é*,(°;btd) (3P2'*4Eczj}

. SangM F) %{(.z A 4 & Re a*c}pZ , (I1-16)

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

Eq 11-20 1nc1udes ‘the flnal -state correctlon preV1ously cal-

25

culated by Callan and Treiman.? The weak- magnetlsm interference terms_.

a*b and ¢ b are the dominant contrlbutlons to DgM. Evaluatlng a, b, and

d as before and’ 1nc1ud1ng ‘only these largest terms we have

D

19 ~ 1 '4 .
weak mag DEM( Ne) (2 2cos¢V w ¥ 3. 4cos¢A “Q[ ] X1Q -

Assuming the cos¢ terns are approximately tl,'thie-beComes

™ ‘_4v E . . ., . v_ .' _
Dyeak mag. © 1.5x10 P . - (11-17)-
.almost identical in value to the Callan-Treiman result . For experi-

mentally measured events (0 9 MEY-< P < 2 7 I-\-/l-e-‘-\l-) D ‘varies between

0.4x10°% and 1.4x1074,

The total final-state correctioh is'thenli"

(2x10 %) p—-(‘ﬁév)'* (1.5x10 )'p_Lmax (11-18)
- 5 _
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where the fifst'teim'is an'upperflihit;"

' D. Comparlson of IDEMIto Experlmental Uncertalnty

One may conclude that the final-state correctlons are small_»
_with respect. to the present experlmental uncertalntyjln Dexp (see
Sect;'V): » . |

| e(Dexp)'= £0.003 _ (alllenergies)','5
'.and can be ignored.
| Flnally, in the expre551on for dXx (Eq. II -6), we w1sh to Te-

place}the neutrino momentavq and solid angle dQv by the recoil-ion
momenta T énd»dQQg Sinee the kinetic energy of the neon atoms is lees
‘than 0.0025 eV, the iaboratory frame and the rest frame of the decaying;v
_ neon ete esSentiaily.identicai. We have in the'lebeframe, to good

approximation:

Sy
+
a2
+
Ry

il
[ew]

.Expressing 7| as
| R Vo
) A oA 2 2 A'AZ 2 ’
Cr= 7] = “pp°r t'{q - p[1 - (pe1) ]}' >

one obtains
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o IPRELE )2 . w2 T

>~
-p°r

'-ptl-(p-r)]}’— 0 o o
{1 - a Brpetep) + ARID) - gf-c%s) -.D —CE%—)} (11-18)

"The sign convention refers to the relative siies_of'P;and q. Forp>q

‘”and'é fixed angle p+q, there are two neutrino moménta akfor which

D+ a + T =0. For this reason the totalbrate is?thejsum of the rate
withvthe‘pIUS sign and the rate with the minus sign;?é For p < q, only.
the plus-sign is applicable. Equation ii-18 descfiBes the angular cor—bv
relatlons in terms of the partlcles observed experlmentally, and was

used to calculate the geometry factors; see Sect. V and Appendlx E
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~III. - EXPERIMENTAL METHOD':_l

This'test of timeQreVersal invariance in beta detavaas
accomplished by measuring the magnitude of the pseudoscalar triple—
angular correlation term D{f~(§X?)} in dx, Eq. IT-18, T invariance
requires that the'coupling constants of the Hamiltonian from'which dx
was derived be real,.and_thus the.coeffiCient D'be.identically Zero.

Experimentally the "D dependence of di is measured by'observing
those delayed COlnc1donces between e’ and F~ whose momenta define aplane
perpendlcular to the spin of the decaylng 19Ne. The magnitude of D is
measured by taklng the difference between the coincidence (decay) rates

from states of opp051te mI, 1 e., I parallel and ant1para11e1 to the

normal of the plane defined by the decay products.

Both in the prev1ously reported exper1menta1 search for a T .
v101at10n and in the present experiment, !°Ne is continuously produced
in ‘the reaction F(p,‘n)‘gNe ' After separation from the carrier:gas, a
collimated beam of polarized '°Ne is formed with a Stern-Gerlach state-
selecting.magnet and collimating:slits, 7 |

‘In' Refr-l, D was measured_by detecting in-flight decays as

the neon beam_passed'tWOjcounter'arrays.' The detection efficiency was .

low,'Since neon atoms spent'onlyblOfs;sec in the detector region. The

coincidence count rate was 1.6 counts/sec. The uncertainty in D was

ventireiyVStatistical; the result being D = 0.001 + 0.014.

With,the same-beam activity in the present experiment, the

detection efficiency and thus the coincidence rate was increased several
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Fig. 1. Side and end view of the 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 *z axis. The inner and outer grids are shown as double
dashed lines.

After entering the bulb through the long narrow copper channel,
the !'°Ne atoms (shown as dots) are uniformly 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 foil, while the ion drifts radially toward the edge of the
inner grid. Radlal acceleration is followed by- secondary electron (e”)
production upon ion impact with foil. The nuclear spin of the 19Ne,
denoted as P, is maintained by a magnetic field = +z|BA - Positrons
originating from decays within the converter boxes “and pa551ng 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
, provides continuous monitoring of the polarization. .
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orders of magnitude by trapping, holdlng;‘and7detecting the activity in
a sealed;bulb-for up'to four'seconds The statistical Uncertainty‘was'
1mproved by a factor of 5. Paramount in thlS contalnment techn1que is
‘the exper1mental fact that we are able to ma1nta1n ‘the nuclear polar1z-
atlon desp1te the 105 collls1ons of the !°Ne atoms with the conta1ner |
.walls Counters capable of detectlng the reco1l F ion are ‘an 1ntegral’:
'part of the sealed bulb whereas the p051trons ea51ly pass through the - o
thin Al f01l w1ndows in the bulb to external detectors

For ‘the ”D" experlment counter geometry de51gn optlmlzes
detect1on of those delayed coincidence events, between e* and F- hav1ng
the T V1olat1ng angular correlatlon descrlbed by the D ‘term in Eq. II-a
18. The sp1n is maintained parallel to the beam axis (along the z
‘axis. in F1g l) by a weak" ax1al magnet1c f1eld BA Pos1tron_and 103'
detectors are sensitive to events where the pos1tron and ion.momenta_p
and,?'arecnominally.perpendicular'tovl,.thusfproviding maximum,sensi- -
ftirity to D. Coincidences are measured " for p andlranminally 90° and.
135° apart (Fig. 1. | | : | | ’ | |

In the ”B” exper1ment co1nc1dence counts are observed for those
;‘decays hav1ng the angular correlatlon descrlbed by the B term in Eq II— |
.13: The nuclear sp1n 1 is. nom1nally in the plane formed by p and T.. A
‘weak magnetlc field perpend1cular to the beam ax1s malntalns the trans—v

- verse orlentatlon of I '

AL Detailed Description of Apparatus and,Operationv'

The production, separation from the carrier gas, and the polar-



-22-

SFGolsNe"\

Release S Torqe' Pressure SFg
Valve Regulator Valve In
- % — r==_ k
o i
e X . . Cooling '8~
Magneiic Mounting Brkt
. . Shield . L
. /ALHe Dewar A 4 :
5 LA /Derscron
I‘k 50cm. _l__SOa", | P ) ) CHAMBER
i Coll
I r aig:::w" Collimating * ' : .
Sl (S3) . . _DETECTOR BULB
: . -~ Xell. . B i T= I73s B8 (NORTH)/
. = ... %] P A ST i z Tsit= 4 Sec -’
4g-f--;3J_15 &—ﬁL—#L‘—'ﬂ“" o A
R B A 8 | 28. X141 111 ' '
S 18y, f or /{1 8 l.qx 22K6/em). 1 o6 _
Recirculation / Soufce/‘ o L3y ——= P . DR ] / Long, narrow
Loop — .17 1‘ - Cavity ; J ” ) s - ) ] gmngel . )
. . : .- . TinlLead : o .
li . { T . S wall - - LU - .
HE : To 6-in . 6 4-in. : _
I _ DR v & P @

4 | L v : Helmholtz Coils :

. : ) o : .o (Centering on_ ’

s Detector Bulb) . -
|6
- D

. 'USN

XBL 723-506

F1g 2. Schematlc dlagram of the productlon separatlon from
carrier-target gas (SFe) , 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 magnetic.

substate mp is selected from the atomic beam of !’Ne effusing from the
source slit S7 (30°K) in a !S, state by the collimator slit Sz. The
dark (llght) 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 magnetlc fields.

- For the orientation of Bp shown and Xc > 0, the spins that -reach the -
bulb point along the -z axis. The dark (llght) arrows are passed
(blocked) for Sz 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 Bp along the #x axis.) The coils pro-
ducing this transverse field are not shown. Bulb coollng is prov1ded by
contact through the mounting bracket with the IN reserv01r Tgit is the

51tt1ng tlme of 19Ne in the bulb
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’27and require only brief

ization of '°Ne have been described in detail
mention'here; ‘Details not previously described, ‘together with new
experimental techniques, will be discussed fully. .The entire experi-

mental apparatus istHOWn in Fig. 2.

1. Production.and Separation of '°Ne ,
| .'AvoO~uAfbeam of 15-MeV protons from’the Laurence‘Berkeley.Lab—
: oratory 88- 1n cyclotron is used to produce radloactlve 19Ne. The proton
| beam enters an SF6 gas target at 3 atm by pa551ng through a 0.038-cm
Ni- plated alumlnum f011 in the target face. In the reaction?
Y°F(p, n)lgNe, 10 curies of neon (Tl =17.6 sec) are produced Rapid
de11very of thlS short 11ved act1v1ty is essent1a1 |
| The SF6 target carrler gas flows through the target at a rate of
6 (atm- 11ters)/m1n sweeplng the neon from the target 1nto one of two
'LN—cooled traps. _Adequate concrete sh1eld1ng separates the:target area
from experimentalbapparatus. Each_LN?cooied‘SFé_trap consists of a |
vzb-liter copper vessel in which‘SFG is condensed_out-as a powder onto
baffles, 1earing only 19Ne to be pumped:to the atohic beam,source..
‘Total transit time of neon from target to,detectors is approximately
5 sec. " . | | d
| Once the SP6 trap 15 f111ed w1th condensed SF6, the target gas
is diverted into the second SF6 trap The experlment may thus contlnue
whlle the flrst trap is heated to. allow return of 1ts contents to the
large SF6 storage tanks which supply the target Two. traps allow con-

tinuous operatlon
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; i (fdllowiné. page) o - L

F1g 3 Detalls of source source sl1ts, and source cool1ng
The source temperature is 30°K;V An adJustable bellows mount (not
shown) was an 1ntegra1 part of the vacuum flange at the top of the
| chamber Th1s bellows mount allowed vertlcal adJustment ‘of the ent1re
frldged assembly upon wh1ch the source cav1ty was: mounted Horlzontal '
adjustments were made us1ng two externally adJustable S S. rods whlch
made contact w1th the foot of. the gold plated copper heat sh1e1d

Horlzontal and vert1ca1 adJustments were cr1t1ca1 for prec1se allgnment

of the source sl1ts w1th the deflect1on ‘magnet center 11ne.-”
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. ~ Fig. 4. Rec1rculat10n 1oop 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 galned in beam intensity by reinject-" .-

ing the gas that did not enter the deflection magnet back into the '

. source. _
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Injectionbof tﬁe activity into the hollow copper séurce block
occurs after successive compression of the neon by diffusion pumps R-S
and R-1. The sdurceiblock is cooledvto 30°K by the copper mounting rod
attached té the base of a LHe resérvéir. Source construction and cool-

ing are shown in Fig. 3. To minimize heat conduction between source

" chamber walls and the LHe reservoir, a Teflon tube plus a stainless

steel tube with 0.0025-cm walls connects the exhaust of pump R-1 to the

sdurce,' A gold-plated copper heat shield, cooled to LN temperatures,

surrounds’ the source and the LHé Dewar. The entire unit is suspended

by an adjustable mount in the source vacuum chamber at 10”7 Torr.

~ Neon effuses from the source in the !S, ground staté‘thfough_
sixteen horizontal slits machined in the source block. These”slits‘are
0.051 cm high, 0.25 cm wide, and 0.64 ‘cm deep (Fig. 3). These horizon-
tal slits and the vertical‘source jaws labeled Slv(0.076 cm widévby'
0.95 cm deep) channel the beam in the forward direction, increasing the
fofWard beam intensity over that of a cosine distribution by a faétor of
15. | o
| Gas not entering the deflection-mégnet through siit S2 is pumped
from the,source chamber and reinjected into the source block via a
cioséd fe;ifculation loop. The activity cén thﬁs Be circulate& up to .
20 times before it decays. Using this recirculatioﬁ-séheme, the:beam"
inténsity is higher by a factor of 20 than without recirculation. |

The time spent in each segment,of'the recirculation.lodp.is

shown in Fig. 4. The factor limiting recirculatiqh enhanéement is.the

low conductivity through the channeling slits. While_incfeasing the
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(following page) f  g
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‘Fig. 5. Neon beamvprofile and'pblarizafioh.at the entrance to .

_ the bulb_(slitrS4); The solid curves afé'calculated_using ﬁ(lgNe) |

= -1.88 My a:soﬁrée températufe of‘30°K?_andva déflectidn magnet field
.grédieht of 22 kG/ém,vtbgether with the iengths lisﬁed in Table i._
Experimental points are sthn‘as triangl%s and sqﬁarés. _Xc'ié'the._
distance from the magnet3Centér'1ine,toféhe center of Ssgv Ss_is
0.076 cm wide. For X_ 2 0.076 cm, the polarization of the beam Teach-
‘ing the buib.iS'IQO%. ~Arrows indicafe 16catiqns_of thé centér‘line of

- slit 33 used to select opposite spin states,_'
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pressUre in the eource:and enhancing'the'forward distribution of‘Ne,'
these sllts, at 30°K 11m1t the rate at whlch R 1 forellne and the
source volumes can be pumped by R-2. Slnce a 1arge fractlon of the-
'rec1rcu1atlon t1me is spent in R-l forellne and the source, these

“volumes must be kept at a minimum to;maxrmlze beam intensity.

2‘ Polarlzatlonr" |

. Selectlon of polarlzatlon states 1s shown schematlcally in
Fi'g'."éT h Pa551ng through the.22~kG/cm.f1e1d gradlent of the "Sterné ’
| Gerlach" magnetzethe‘two'magnetic Suhetates of'nebﬁioﬁ =t 1/2j are
deflected 1n opp051te dlrectlons With a nuclear magnetlc d1p01e
moment u(19Ne) =.-1.88 uN,T7the field gradlent exerts a force on u
separatlng the average traJectory of A = +1/2 and uI —‘—1/2 by o
'.0 076 -cm at-the center of the magnet “Due to the f1n1te width of the o
sllts def1n1ng the beam.and the dlstrlbutlon of velocities GWaxwell
Boltzmann) of the gas emerglng from the source a m1xture ‘of sp1n states‘
'ex1sts along the magnet center 11ne (F1g 5) Selectlon of a 51ng1e |
:'polarlzatlon state 1s p0551b1e by the 1ntroduct10n of a movable ‘
0.076-cm w1de'colllmatlngvsllt,vSS. If'Xc the distance from the magnetv
'centerline-toithe center of SS’ is. greater'than 0. 076 cm,-the trans-
_-m1tted beam contalns only one substate, 1 €., it is 100/ polar1zed
This follows, since S1 = 83 S4 where S4 is the width of the entrance B
channel.to the.bulb, | | '

 In the D experiment, spins arevrotatedladiabatically through an

angie of 90? after emerging‘from thexdeflection magnet (see Fig. 2). |

Upon entering the bulb through slit S4, the spin is parallel to the bulb
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' The strong axial coil field (Fig.2) rotates the sp1n by ~60°
‘in an average f1e1d of 230 gauss during’ the flrst 6 1nches of fllght
The weaker Helmholtz f1e1d B completes the rotatlon over a 30-in span
in an average f1e1d of 22 ~gauss. The cond1t1on ensurlng ad1abat1c
‘passage through a reglon of changlng f1e1d is Q> T, where Q is the
'tran51t time through the reglon and T is the’ Larmor prece551on perlod

about the rotatlng field. For ‘the f1rst abrupt rotatlon in the strong
| -6

10™° sec; and for the second slower'rota—

."5><10'-3 sec and 1= 2x107° 'ec; Both satlsfy

field, Q ~ 10_3'sec and T

tion in the weak f1e1d Q
the adiabatic cond1t10n, thus a 100° polarlzed beam enters the bulb
With neon spendlng up to 4 sec in the bulb a h1gh1y unlform,magnetlcd '
£f1e1d was necessary to minimize. relaxatlon of the spin and thus main-
ta1n ‘the polarlzatlon | | L

A set of Helmholtz c0115 5 £t in dlameter and centered on the,‘
| bulb, immerse the bulb 'in a 22 gauss alignment f1e1d B The observed
varlatlon of this field over the bulb volume was 1ess than 0. ZX10 -3 G.
To obtain thls level of unlformlty all magnetlc materlals were kept from
the detector chamber reglon The only exceptlon was the iron magnetic
shield between the deflectlon magnetvand ‘the detector chamber. ThlS
shield reduced thebvariation_of the defiection magnet;s highlyvnon-b
uniform fringing field to 1es§ than sx10‘3-G over the'bulb’region~

Max1mum flux of 19Ne into the bulb was ‘achieved by locating ‘the

detector chamber d1rect1y behlnd the 1ead wall whlch shlelded the
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- Table I. Pdsition; dimension, and flux? through"slits defining beam.

' 'Source Slit- Colllmator Sllt Entrance Channel
S G B

S Width (em) . 0.0%6  0.07% . 0.076
Height (cm) 1.5 100 0.95
Thickness (cm) = 0.32 - 76
"~ Distance from - o o "67;6“ 1‘e o ‘ezzg;»-

source slit (cm)

Solid angle (sr) = . 1.6x10 1.4x10°
»fEstimatedvflux of il . 6 . "

'°Ne atoms ~10 2100 - +10
(atoms/sec) - ' ' : _ ,

4 Fluxes glven for colllmator slit p051t10n at center line of deflec-
tion magnet, i.e., at X = (0, : S o
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detectors from the high backngUnd radietioh invthehsource block. This
proximity'ef the bulb to the.deflection.magnetvmade'the.iron shield
absoluteiy:esSentiel for the reduction of its fringing fieldtte the
5x1073 G level. | |
. With X_ > O'(X‘ < O).the spins of the neon gas trapped in the
: bulb are orlented in the same (opp051te) direction as § Te eliminate
p0351b1e systematlc errors, equal amounts of c01nc1dence data were
obtained fOr ﬁA oriented alQng the +Z axes and -Z axes. This reversal -
1ef-field was achieved by reversing the current ih both the Helmholtz
coils and'the.single'axiai coil in Fig. 2. A summary of D asymmetries
for the two field orientations is given in Tabie V.

In the "B" experimenththe transverse orientation of the emerging
splns in the beam' is malntalned along the x axes by a large palr of
© square c01ls not shown in Fig. 2. These coils pr0V1de (1) an allgnment
- field between the deflection magnet and the bulb and (2) a h1gh1y
uniform f1e1d throughout the bulb Tegion.

'The neon beam fluxes and solid angles are given in’
Table I. With the bulb properly aligned with respect to the deflection
' magnet, approx1mately 289 of the. neon beam reachlng ‘the detector chamber.
enters the bulb via the 0.076-cm.channel and scatters randomly to pro-
duce a uniferm distribution of gas thtoughdut the bulb. The neon can

mﬁke approximately 105

wall collisions before it decays or is pumped
back eut;thé‘entrance”slittinto the vaemUm Sutrounding the bulb. Neon
not~origiha11y enteringethe'channel-is immediately pumped from the

detector chamber in a time -of the order of 0.1 sec. The sitting time of
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neon in the.bu1b is derermined by, the coﬁductance-efItheientrance"
chahnel and the bulb rolume?? For large sitting times,'rS ~ 10 sec,
the greater probability of decay [t, (19Ne) = 17. 6 sec] is accompanled
by loss of‘polarlzatlon due tovwallvcolllslons. A brief d1scu551on of
relaxation procesees appears.in Appendix D; Our ch01ce of a 4-sec

sitting time yielded 75%'polarization; see Section IT-3d.

- B. Bulb.

1. General Requlrements of Bulb

" The ‘purpose of the bulb was contairment and detectlon of -the
neon activity 1n the beam. The'followlng general considerations were
dominant factors hrthe design of the bulb: (1) A»sizéble fractien'of’
the”polarizedbl?Ne beaﬁ must enter. the bulb and remein, without sub- |
.»stahtialtdepqlariiation, for a time long enough for éppreCiable decay
tT%(19N¢) ='17.6_éec]; (2) :Te mainteinbthe unifermity of the guide .
field within the buib,vbeth the.bu1b and the detecters must be tetallyv.-
_ nonmagnetic';-nohuniformities induce depolarizationlof nuclear spin;_
(3) In order to concentrate the act1v1ty and max1mlze detect1on
eff1c1ency, the size and volume of the bulb must be m1n1mal (M The_'
acceleratron and detection of the negatlve_rec011 ions, w1thout loss of
their directional correlation information, requires (a)ﬂa_field-free
region for ion drift and (b) a large high;V01tage”gradient proriding
accolerdtien; nndr(S) A high degree‘of rotefionél symmetry in the
geometry of the bulb and detectors is.eseénﬁialAto_maximize counting

of the trapped activity and_alloW-adequate measurement of systematic
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A- Alum. Octagon (-IOKeV)
B- Converter Box (-10KeV)
C- Pyrex Insulator ’ _
D- lon Detector 8 FET Box (Ground Potential)
E- Sapphire Discs . .

_ F- Beam Entrance Channel (Ground Potential)
G- Positron Detector 8 FET Box (Ground)

H- Double Lug'er Inner Grid (-20 KeV)
(supported by pin through sapphire disc)

1- Double Layer Outer Grid (-IOKeV)
" J- 20KeV High Voltage Connector

XBL 723-505

Fig. 6. Exploded view of bulb-detector assembly. The sapphire
discs were held onto the octagon by small brass spring clips.. The other .
items were secured with 0-80 screws. All joining surfaces were lapped
to flatness. Dow Corning silicon-based vacuum grease was used to ensure
a vacuum seal of all joints. A copper lip, threaded into the end of the
copper beam entrance channel, secured the -sapphire disc.  The only-
opening in the bulb was the 0.076x0.95-cm entrance slit. When all
joints were properly sealed the sitting time of the '°Ne in the bulb was
4 sec. . o L ‘ ’ C
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false asymmetries.

2. Bulb De51gn and Operat1on

| ‘The hollow Al frame (labeled A in F1g 6) upon Wthh the bulb
s constructed forms an-octagon 2.54 cm ln lengthv with a centered :
' 4 76-cm I.D. hole along its symmetry axis. (In the follow1ng passage,‘_
‘_letters 1abe11ng bulb components refer to Fig. 6 ) E1ght equally
spaced rectangular parts prov1de passage to the flat faces of the pV'
:octagon v Here fac1ng alternately in opp051te dlrectlons Al converter
boxes (B) and ion detectors (D) are screwed to the Al frame. Lapplng
and Si vacuum grease prov1ded vacuum seals between adjoining faces The'
top of each converter box, formed from a 0.005-cm Duralum1n fo11 pro—
vides a window through which p051trons may leave the bulb. Tons str1k—
_ing‘theffoil‘stop and eject secondary electrons; which are accelerated,
allowing detection of the ion. ' The foil-is glued'to the box with _
Shell epoxy, the curing time and the spec1f1c rat1o of Shell 828 r851n

to curing agent D were spec1f1c for thls low—temperature appllcat1on

The ends of the octagon are sealed by sapph1re discs. (E) 4. 76 an.

in dlameter and 0.22 cm thick, wh1ch were grown to order by the Crystal
D1V151on of Unlon Carblde " A vacuum seal-between the Al frame is aga1n
assured w1th Dow Cornlng h1gh vaccum 5111con grease To prevent prompt
loss of the trapped neon into the surrounding vacuum,. the entlre bulb
is vacuum t1ght‘except for the narrow copper entrance channel (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 alignmentVOf'detectors mith'the"thlnfmindoms.andfthe_
concentr1c1ty of the detectors w1th the bulb

The 1nner grid (H) is a hollow meta111c cyllnder with solid
:ends._ Its sides are constructed fromvtwo layers, separated by 0.16 cm
of ‘a fine mesh stainless‘steel.screen?which 15'90¢ transparent The -
gold plated 5.5 ; screen 1s composed of 51xty fine (0.00025 cm) strands
per 1nch and is manufactured by Buckbee Mears Company The grid is
mounted along ‘the bulb axis by a’ p1n through the center of the sapphlref
dlsc, thus,ltvls electrlcally 1nsu1ated from theqrest of the bulb.
Being maintained at -20 keV, the field-free volume within the grid
.(26 of the bulb volume) defines the reglon from wh1ch delayed co1n->
cidence events are accepted This grld is 1. 90 am long and 3. 80 cn .
: f1n_d1ameter . |

Along the inner d1ameter of the Al octagon the outer gr1d (D

is formed from a double layer of the same 90° transparent ‘mesh. The

radlal d1stance between gr1ds is. 1 cm. The outer gr1d along w1th the .
Al octagon and converter boxes is ma1nta1ned at 10 keV, thus providing
‘a 10- keV/cm potentlal gradlent for the acceleratlon of F~ | The double-'
layer constructlon of the gr1ds reduces unde51rab1e fr1ng1ng of the
field:into the 1nter1or of the inner grld and converter box The strong
E f1eld at the surface of the inner grld w111 extract large fluxes of |
ielectrons from any microscopic metal whlskers present on the surface of f '
the gr1d w1res To reduce thls f1eld em1551on, both gr1ds are gold—
plated Examlnatlon of the plated surfaces w1th a mlcroscope showed

that all metal.wh1skers and 1rregu1ar1t1es-on the or;glnaIEgrld wire
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- surface had boen covered by - the gold plate | B
i lhe entire bulb- detector unit is held by an Al bracket _
which is mounted on a brass pedestal inside a 50-11ter racuum chamber
(see Fig. 2);_'The Al bracket is positionédxon”the‘pedestal by dowel
pins.which-allowbremoValiand'replacement?ofdthe;bulb;detector'unit"”
without loss of the allgnment between the entrance channel and the beam
' aXis; The pedestal and Al bracket prov1de thermal contact between the
external IN' reserv01r and the 5111con detectors Thermal contact to
the 1on detectors is through ‘the Cu entrance channel and the sapphlre |
bend plates. Sapph1re is both an electrlcal 1nsu1ator and a thermal
cohduttor.'dlts thermal conduct1v1ty and coeff1c1ent of expan51on are :
approximately equal to that of copper at IN temperatures R
The pressure in the detector chamber is ma1nta1ned at

5x10" 7. Torr by a 500- llters/sec 01l d1ffus1on pump At th1s pressure,
high- voltage breakdown w1th1n the bulb. was rarely a problem. Careful
roundlng and pollsh1ng of edges and COTners of bulb_componentsdenabled '
20-keV'potential differences to be‘mamntained°for tolerances_of'lessﬁwq
_than 8;mm. To'prevent damage'to the gridshin case of'high-voltage
breakdown between'grids or between:grids and ground 100-Mp surgeéjh
current 11m1t1ng re51stors were placed in the h1gh voltage llnes
These resistors were 9 mm in dumland 2.5 cm long -Their. small size
allowed placement within the vacuum chamber between the high-voltagev

vacuum feedthrough and each grid, thus providing'maximum protection.
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3."Detection:

Both positrons'anddions:(seCOndary eleCtrons)%are counted
with lithium- drifted s111con [Si(Li)] semiconductor detectors made at
the Lawrence Berkeley Laboratory Particles pa551ng through or stopp1ng
in the sensitive volume of the detector 11berate charge in proportion to
energy lost ThlS charge is swept from the depletion reg1on of the
‘ detector by a large bias voltage, produc1ng a charge pulse._
ngh energy resolutlon in the detector systems depends funda—~»
: mentally upon max1mizlng the 51gnal to-noise ratio " “To achieve an
energy resolution of a few keV it was essential that (l)”the initialVa
tage of preampliflcation, the f1eld effect tran51stor (FET) be 1ocated '
close to the 5111con detector, and (2) both the detector and the FET be
cooled to -100°C. At this temperature the ga1n of the FET is at a max-
‘1mum, while the leakage. currents in the detector and the FET are reducedb
| by a factor of 200 below room-temperature values. Thermal noise in the
feedback.resistor is-also reduced.v’ o |

vPreamplifier input capacity increases with the distance thath.'
separates the detector from the FET. The preamplifier'input voltage 1is |
maximized by placing the'FET and its feedback'cirCUit'directly.behind ~‘
the detector in the vacuum chamber The remainder of the preampllfl-
cation c1rcu1t was mounted outs1de the vacuum chamber

Large-amplitude megacycle osc1llat10ns Wthh saturated the -
scalars were 1nduced when the feedback response time between the FET ,-l
and the,erternal preamp c1rcu1t_was too long.- Stable operation of the )

preamplifier required that cables 33 cm or'shorter be used ‘to reduce
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the transit times of feedback signals.

a. Pesitron detection. The positron detectofsdare located outside
the sealed bulb. Given the 2.21-MeV pqsitron endpoint energy of !°Ne,
the average-pesitron energy is 1 MeV. When escaping from the bulb, a
vlfMeV poSitron loses llvkeV-invthe converter box foil; Neon gas is
uniformly distributed throughout'the_bulb-so deeays can occur anywhere
inside. Within the inner gfid' decays provide pOSSible coincidence'
events. -For decays outside the inner grid, pos1trons may be counted as
51ng1es events in either the p051tron ‘detectors or the ion detectors GﬁgJSl
Let these respective singles rates be NEi and Ner. in the 1th counters.

1

N, is the mumber of positrons passing directly through the thin Si(Li)

E;

_ion detector for deéays within'the converter box. Continuous monitofing
of the 19Ne polarization is prov1ded by measurement of E ; this will'be
discussed in Section II1-3d. ” | - | o

| Extremely 1arge-volume positron detectorSIWerevrequited to
provide both the adequate solid angle and the'neeessafy sensitive fange'
to stop, detect, and measure the energy of p051trons with energies up
to 2.21 MeV. A triple angular correlation (TAC) resulting from:a final-
state 1nteraction has a definite,p051tron—energy“(Ee) dependence (see
Section II); while a true vaielating TAC is independent of Eei Meas-
urement of'Ee for each coincidence allows us to distinguish these two
cases. \The dimensions of the sensitive depietion Voiume'are'3.81 Cmvby

4 mm thick. This thickness provides sufficient range to stop 2-MeV o

'~ positrons; higher-energy positrons pass through the detector and are .

recorded as. 2-MeV events. The detectors operated with a reversed-bias
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25— ——
R R POSITRON COUNTER No. |
: _ - Energy . Spectrum for
2 ~ Coincidence Events
1000 - —
o |
=
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O
o
250}
e l | 1 ~
OO - 05 - o . 1.5 - 2.0

XBIL 723-511

ENERGY (MeV)

“Fig. 7a. Measured positron energy spectrum for coincidence
events. In both-'"B' and '"D" experiments, the positron energy discrim- = -
inators were set at 0.5 MeV to eliminate background from the 0.511-MeV . °
positron annihilation gamma Tays, Yann- ’ . : ’
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Positron energy spectrum

Counts

W | | S~ )
.0 .0 20 3.0

Energy (MeV )

XBL 707-3357A

Fig. 7b. With positron energy discriminators lowered to 0.1 MeV
we can observe the energy loss of the Yann 1t the Si detector. - This-
appears as a Compton scattering spectrum superimposed on the p051tron
spectra. The sharp peak corresponds to the 340- keV singles Compton—
scatterlng peak produced by Yann _
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jvoltagevof 400iV'and,had'an'energy.resolution of.é'kev{,

T‘A typical coincidencefpositrOnlenergy spectrum is:sh0wn in
Fig. 7. 'A"??Cs.source‘providing'internal conversTOnlelectrons'froml
13784, at>625 keV and 655:keV was'usedifor”energy'calibration. Discrim—
‘1nators were set to accept all pos1trons above 0. 5 MeV The pos1tron
energy is recorded for pos1trons assoc1ated w1th a 001nc1dence event

*-”b;v Ion detectlon.‘ Count1ng the negatlve reco11 1ons requ1res a '

h1gh1y stable, eff1c1ent 1ow n01se detectlon system Wthh, in contrast
to the pos1tron counters must be an 1ntegra1 part of the sealed bulb
.These counters based on an earlier de31gn, p cons1st of a con-«"’
verter box w1th a th1n secondary emission Al f011 a 81(L1) detector
_plus FET, and_a hollow glass electrical 1nsu1ator separatlng the two '

(Figsv 1 and 6). The'siliconldetectOrs are 1.27 cm inldiameter and 1 mm

',;th1ck prov1d1ng suff1c1ent range to stop 600 keV electrons. The

_ sen51t1ve depletlon region is 0. 96 mm th1ck Energy resolutlon is

--yapprox1mately 4 keV. To ma1nta1n the 125 V b1as, a SO—A.gold layer was .

'evaporated on the face of ‘the detector through wh1ch electrons entered
A typ1ca1 c01nc1dence event from a decay w1th1n the f1e1d free o
region of the 1nner gr1d is shown 1n F1g 1. The p051tron is detected
1mmed1ate1y The 1on, hav1ng an average rec011 energy of 100 eV dr1fts;'
' slowly in its or1g1nal reco1l d1rect1on toward the transparent surface B
of thellnner gr1d Dr1ft t1mes range between 0 and 1 4 usec. Once the -
'10n has passed ‘through the gr1d 1t is 1mmed1ately accelerated radlally FA
_toward the th1n window of ‘the converter box, wh1ch can collect 1ons only'

from thls portlon of. the 1nner gr1d surface. Pa551ng through the outer
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'QOQQ . ~ION COUNTER'No. 6
o R Secondary Electron Spectrum
o N . for Coincidence Events.
8000 —— ST S
SR 2e”
- 6000 A}__
=
e
S 4000
'] i l’: | 1

%0 20 40 60 80 120 160 200 240
R ~ ENERGY (keV) -

. XBL 723-513

Fig. 8.  For B and D data the ion energy discriminator was set
‘at 15 keV, to eliminate the: large number of single secondary electrons
produced by prompt recoil 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 neminal angle of 45° with the AL
W1ndow and stops The 1mpact ‘of the 1on causes. secondary electrons to‘
‘,be eJected from the metal surface.-”,_h?';’ |
W1th the Si detector at ground potent1a1 and 1nsu1ated from the'
1-lQ-keV converter‘box, the secondary-emlsslen electrons are tovsome
vextentifocused‘and_accelerated toward the Si'detector,"An ion is thus
deteCted'as-a pulsevof“ene‘er more lOQReV“electrens bydthe Si ion” |
detectOr” -Fer decays hetween _the 20- and'lO—keV grids, idns are‘accel:
‘ erated 1mmed1ately in the rad1a1 d1rect10n and detected in the same
way . W1th respect to the p051tron, “these prompt ions are delayed less
~ than ions from the inner gr1d -C01nc1dence events or1g1nat1ng ‘between _
grids can be d15t1ngu1shed 1n th1s way from those or1g1nat1ng from |
‘within the lnner grid.  Let NI be the ion s1ngles rate in the Jth on
COunterr R _ | | h
| The frequency disfribUtian6f“secondarycelectrons emi tted

fellows_PoisSOn statistiCs;_ The average number enitted per stopped ion.
is equal to the secondary emission'coefficient y:;.with 10-keV ions on
Al at 45°, y = 3. For one, two, .three, etc. electrons ejected the
silicon detector resolves 1nd1v1dual l1nes at 10 keV 20 keV 30 keV,
?etc as seen 1n a typ1cal ion. co1nc1dence energy spectrum (Fig. 8)
The ion d15cr1m1nator was set at 15 keV so. the two- electron peak is
the first one seen in thlS figure. o | |

It should be notlced in F1g '8 that the 1nd1v1dua1 peaks broaden
as the mumber of electrons increases. The 81 detectorsrproduce this

'brOadening,'sincevstatistical!fluctuationsvin charge:production for
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~ SECONDARY ELECTRON SPECTRUM -Due to |
- Field- Emission From Inner Grid in the Absence

of I9Ne,

 COUNTS

|| | lon Energy
SN0 I (Discriminator

e B R
T T En
0 0 ~ 20 30 40 50

R ENERGY (KeV) | |

- XBL 723-510

- Fig. 9. The secondary-electron spectrum due .to field emission
provided a means of energy calibration of the ion recoil spectra. .
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’ ,indlvidual'electrons add ln ouadrature Thus the.width:of'the 40-kev
peak for four 10- keV electrons is greater by a factor of /_ 2 than it
would be- for a 51ngle 40-keV electron. '

No1se in the ion counters due to field em1551on from the inner
gr1d was 1n1t1a11y a serrmx;problem W1th the large voltage grad1ent
' between grlds f1e1d em1551on electrons could be drawn off dust partl-
cles and/or metal whlskers on the small d1ameter gr1d w1res These
10- keV fleld emission electrons produced an average of one secondary—
emission electron upon str1k1ng the fo1l -The~secondar1es, in the
absence of any 19Ne, produce a spectrum in the ion detectors with a
- large one-electron peak and a smaller two- electron peak (F1g 9)

. The 1on'counters were totally saturated-by these fleld-emlssion
(and subsequent secondary emission) electrons ~ This background was: |
'reduced by a factor of 10,000 to an acceptable level less than 0 1 counts»
g per sec(above 15 keV)per ion. counter, by (1) gold platlng the inner and
- outer gr1ds to_prov1de a.m1croscop1ca11yfsmooth surface free from sharp
‘metal barbs and (2). careful cleaning of the grids lnﬂnitric acid,v
distilled water, and alcohol to eliminate dust and blemishes. This
field-emission'provided an accurate and conuenient means of energy |

calibration for the ion spectra.

4. Polarization Monitoring

'During:the "D" experiment a along‘the beam’axis),‘continuous
'mon1tor1ng of the 19Ne polarlzatlon is achleved by us1ng the Si ion

detectors to measure the angular correlatlon term Af Xég)
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“ Fig. 10. The constancy of |aa| indicates that the polarization maintained in the bulb did not change

significantly either (1) when the. alignment field Bp was reversed, or (2) from one cyclotron 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 |aa]

deviated by more than 201 from the experimental average of 1.52 # 0.01; o1 » 0.15x1072 was the typical error . .
in Ay for a single timer run. The Ap values for cyclotron run no. 0 were lower than other runs, as the mag-
~ nitude and uniformity of By were less. Run no. 0 data was not used in the B and D experiments.
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Eq. [1-18. 1°Ne decaying‘inside the converter boxes emits positrons

which can pass. throngh the i—mm silicon ion detectors,.producing'a

vhlgh energy pulse The energy lost by a 1-MeV to.Z-MeV positron.is

500 keV substantlally hlgher than the energy from ion singles. With
converter boxes and Si ion detectors alternately faclng in upstream-

downstream directions along the beam akis, the difference over-the sum
in the high-energy singles Count rates, Nﬁi,bfrom alternate_detectorS'isv

- proportional ‘to the polarization. Specifically, the polarization is
given by. |

- 1,

Asy 6T 7

where A = 0.039 is the previously measured asymmetry coefficient,
= 0.85 and Gy = 0.62 are the calculated backscattering correction

P = (III-i)

SA .
and geometry factor for this geometry, and<1> = 0.96 'is the average
-p051tron Veloc1ty between the O 5- MeV d1scr1m1nator sett1ng and the
2.21:MeV endp01nt~energy. Ay is defined as

YR [ G S A IR G | N (e eege

A2V NN, AN+ Ny : o

X0 -\ /%<0

where N (NZ) is the sum of the E 51ngles counts for all the upstream
(downstream) S1 detectors for a glven t1me 1n a glven polarlzatlon
state or colllmator p051t10n,XC, “A plot of AA_VS timer runs throughout‘ n
the progress of the experiment indicates the consistence of polarization. .

within the bulb (Fig. 10).

Appendix -C.
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IV. DATA COLLECT_ION AND ELECTRONICS -

The delayed c01nc1dence rates nJ are measured between each
'p051tron counter E and four ion counters IJ; or1ented +90° and 1135°_
Vfrom Eif -For example? vl is in co1nc1dence w1th 13, I7, I4, and I6 |
rgiving coincidence rates 1“3’ 1n7, 1n4, and 1" (Table II and F1g 14)
_Coincidenceprates for a total offthirtyetwo_correlated pa1rs, four forv
.-eaCh positron'counter, together With'the'uncorrelated‘poSitron-and ion
singles‘rates jare accumulated for lS-min‘intervalsdin each of the.'
nuclear polar1zat10n states (X >0 and X < 0) A 3 m1n measurement
4hof the - s1ng1es background completes each measurement sequence. Slnglesi
measurements prOV1de a cont1nuous monltor of counter performance and
of the-polar1zat1on.' Typlcal singles rates are‘NE = 12:counts per
‘second (cps) Ny = 200 cps, and. N;'-; ZOTcps |

Recorded for each c01nc1dence event is the detector 1dent1f1ca-»
btlon def1n1ng ‘the ‘coincidence pa1r, the t1me delay At between p051tron -
and 1on,and the1r respectlve energ1es €e and SI Thus, c01nc1dence
'events can be grouped accord1ng to the1r values of At, E : and e for
each 1nd1v1dual c01nc1dence pa1r (Fig." 11) |

A schemat1c outllne of the electron1cs and data transfer system,_'f
.appears in F1g 12 Its operat1on is as follows. For each positron -
above threshold (0.5 MeV) from E. i» @ fast loglcvpulse registers a
51ngles count ‘sets an 1dent1f1cat10n (ID) reg1ster labellng this count'{_
as com1ng from E;, gates off acceptance of all add1t1ona1 pos1tron ' |
c01nc1dence starts, and starts the TAC (time-to- amplltude converter) for

| the determ1nat1on of the time delay for a p0551b1e c01nC1dence. The -



,w
e
Uz
R
p
e
¥
-~y
s
"
Ed
o,
i
L3

-51- o

( f'o ZZoi{)inlgbv pdgé). :

Fig. 11, Time-of-£light patterns for 90° and 135° ‘coincidence
pairsf For these three figures'the positfon’enefgies are 0.5 < EC
< 2.2 Mthandvthe?nuhher'of secondary electrons aceepted'z 2, Shadedh
‘area showsjacceptable»coincidence data. The upper and lqwer'deiay
limits are explicitly giVen'in'ﬁsec; Notefthe differehce between those
for 90°'and‘135° pairs. The sharp peaks are due to prompt c01nc1dences.

Notice also the 1mproved tlme separatlon of the prompt peak from the

shaded area for the 1arge 20-kv gr1d
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: Fig. 12.. Schematic of electronics and data-transfer s_ystem.
- The upper ion discriminator is set at 0.5 MeV; thus the EI singles’
.measures only ‘the passage of positrons through the Si' ion detector.
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51gnal level (energy E ) from the pos1tron preamp 1s routed to and held
in the mult1plexer until an ion completes the coincidence. If no
c01nc1dence occurs within 5 usec, the multlplexer and the ID reglster
_are each 1nterna11y cleared and the p051tron gate 1s opened

An. ion from IJ prov1des a fast and a slow llnear amplifier
“output. ‘Aboye threshold (two secondary electrons ;_20 keV), the fast
‘ output.registers an“ion slngles count, ‘sets the jth+ion ID'register, .
ivgates of f acceptance of all add1t1ona1 ion c01nc1dence stops and
glstops the TAC thus reglster1ng a c01nc1dence The fast ion pulse also,
gates the slow ion 51gna1 (energy EI) from the hnear amp into the
,multlplexer | ; | ' ‘
'_ For a co1nc1dence, the TAC prov1des the mult1plexer w1th the

..t1me delay At and a log1c pulse 1abeled'valld c01nc1dence’1n F1g 12

The multlplexer then 1nterrupts the data ana1y51s of the on-line PDP-5

--‘-computer The PDP-S 1n1t1ates serlal transfer of -the c01nc1dence :

1nformat1on ~ 1D reg1sters and multlplexer — into f1ve success1ve

memory buffer locations allotted for each c01nc1dence. When transfer

is complete-'the'computer clears the ID regiSters and the multiplexer, "-l'

gates on the pos1tron and ion counters -and returns to a wa1t1ng state.
After 511 c01nc1dence events the PDP-5 dumps the memory buffer onto

magnetic tape

- Simple analy51s of the 1ncom1ng co1nc1dence data is the maJor»_-:"

source of dead time 1n.the system. The minimum program introduces 239
dead time. A more complete analys1s program introduced approx1mately

50% deadvt1me. For‘th1s reason, this longer program was only occa- -
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Time Distribution of Coincidence
Events for Typical 135° Pair

"COUNTS

| TIME |(usec) |
— A —+=-B C - ' - A

" _A Accndental Background
iB Prompt+Background
C- True_+Background

" XBL 723-512

Fig. 13. The angular correlatlon 1nformat10n is lost for prompt
coincidence events and cannot be used o measure D. The prompt and true.
~(valid) events-overlap in the delay region between 1.2 and 1.5 usec.

Only the events with time delays At between 1.5 and 2.6 usec are true
events, i.e., events for Wthh the angular correlatlon is certaln

Y
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sionally used'as a check on‘the performance of all coincidence counter.
pairs; The long program grouped events which were w1th1n preset energy
and time-delay 11m1ts 1nto an 8x8 c01nc1dence array w1th indices 1 and J
correspondlng_to the'rates in counter pair inj. Th1s array was pr1nted
out on the Teletype after each_ls-hdnarun when this longer analysis was

used. The-singles'countsvcollected'during a 15-min run (N‘ NI , EI )

_._were read from the scalers through the computer onto magnetlc tape. These

51ngles were. always prlnted out on the Teletype after each 15 -min run.
The c01nc1dence gate was held open for S_usec_acceptlng ions
with delay times between 1 psec andﬂ6-pséc._.Three types of coincidence
events occur: prbmpts; trues, and acCidentals. _Prompts result from
decays'occurring between the 10- and 20-keV grids (Fig. 15b) Theseizséne
1mmed1ate1y accelerated in the rad1a1 d1rect10n regardless of ion. rec011
' d1rect10n Correlatlon between ion and electron rec011 d1rect10n is
impossible. These events prov1de no useful D or B 1nformat10n and are
, -sharply'peaked between 1.0 usec and 1.5 usec (Flgs. 11 and 13). True4
c01nc1dence events result from decays 1n51de the 20- keV grid, ‘where _
ions drift in the1r natural rec011 d1rect10n before acceleratlon
Correlation 1nformat10n is preserved and delay times range from 1.5 to
2.5 usec dependlng on. dr1ft path Prompts and trues can be dlstln-
gulshed since their overlap in t1me is- small (F1gs 11 and 13) Accr-
dental c01nc1dences are uniformly d1str1buted in time.. The true events :
are thus superlmposed on a background of acc1dentals ThlS background -
can be measured (and thus e11m1nated from trues) by holdlng the c01n— |

cidence gate open for times before and_after wh1ch trues are expected
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Accidental data was teken for the intervéls 0 usecrto 1 uséec and
3 usec to 5 usec. Thus s smultaneous n;easurement of the true and the :
‘iacc1dental c01nc1dence rate 1s achleved

The true and accidental c01nc1dence rates were 2.5 counts/sec
and 0 2 counts/sec, respectlvely Con51der1ng all c01nc1dence pairs,
’our true rate was 60 counts/sec. The ‘total tlme durmg wh1ch good

c01nc1dence data was accumulated was approx1mate1y 100 hr, although

th_e rate was not always as hlgh‘,as 60 counts/sec. -
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-z axis out of paper) -
| - o XBL 723~ 573'

Fig. 14. This sketch provides ‘a schematic view of the bulb
_octagonal counter geometry. Positron and ion counter designations Ej
and I provide a key to the counter palr numberlng in the Table '
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‘Table II. Regular and image coincidence paifs fot "D" experiment.?

GeOmetryj

~Pair Indgx 2 . Regular Imggev Factor

©135° ‘pairs 1 1:4 16 G-
I 2 5:8 512 0.42 + 0.03
3 7:2 7:4 -
4 3:6 1 3:8 -
5 25 8:5
6 6:1 . 4:1- -
7 8:3 ... . 6:3 .
8 4:7 2:7
9 ST I £ AU
11 3:5 3:1 |
12 7:1 7:5
013 g2, - 2:8
14 4:6 614
15 24 4:2
16 - 6:8 86
C01nC1dence palrs are de51gnated by i: J i = positron cOunter;v_

j = ion counter. For each ﬁalr i:j the c01nc1dence rate jnj is -
measured. - See Fig.:14- fbr ey: to counter palr numberlng ‘
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V. DATA ANALYSIS

A. False Asymmetr1es and Analy51s of "U' Data -

M1sa11gnment of the f1e1d B w1th respect to the bulb axes and
1d1fferences 1n c01nc1dence pa1r countlng eff1c1enc1es are two sources :
| of systematlc error that can contr1bute to the magnltude of D. It will
be shown that the contr1but10n to D from false asymmetr1es produced by

4, i.e., smaller

these two sources of-error 1s less than 1 part in 10
(bthan the statlstlcal error a551gned to D by a factor of 10 This
follows from the choice of co1nC1dence pairs and the manner in wh1ch

~ these palrs_are comb1ned to yield D (see Eqs. V-2 and V-3 below). When
B,, and therefore l, ls perfectly aligned along the’normalltoAthe.dee
“tection plane, ‘the "A" and "B" terms in Eq. II-181average_to zero. The
'ﬂji'termrremains; producing an_asymmetry in.the'coincidence rate which
depénds?upon the magnitude”ofTD; Perfect alignment is.impossible and,
in;general l will. make an angle a with the normal , thus'introducing a
component of spin parallel to the detect1on plane ‘The B term will not
average out as before, and a "false" asymmetry 1s 1ntroduced 1nto the D |
- measurement since B is 1arge (IBI o l) ‘The A term will not s1m11arly

1nterfere s1nce A~ 0

For each co1nc1dence pair an approprlate 1mage pa1r ‘is chosen

These 16 "regular" and ''image" pairs are listed. in Table II, where % is -

the regular-image pair index and i and j designate the positron and ion
'counters. The measured coincidence decay rate in5 or n, for an-
arbitrary pairhis o
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. _ 7 ‘ oL v(v;lj'
where 'Ej is the relative effieiency'for'the ceunter-pair; P, E, q, and
r are the p051tron momenta and energy and the neutrlno and ion momenta;
K is a collectlon of all other factors in the decay rate, and 512-— p
is the polarlzatlon The sign of the D term 1s reversed for regular
and 1mage pairs. | |

When ‘the ratios of the dlfference to the sum of regular (nz)
andvlmage (nz) c01nc1dence counts (obtained in one sp;n state) ‘are
summed overjz; the_false'aSymmetries-due to B and the efficiencies iej.
cancel out in first order‘and‘enter‘only as a negiigible:second-erder'
_ correction. The resulting'number is proportional to the mmerical value
of D.b To minimize spin-independent'falseasymmetries; the same‘ |
difference-to-sum ratievratios for ﬁg and hé are formed for coincidence
data taken for equal ‘times in opposite'epin'statesrb'For each term in
the sum over .J'L'(i.'e., for all_apprdpriate regnlar_an_d .image-pairs') these
ratios are subtracted. The'eXpiicitréxpresSionshfor the 135° and 90° _

coincidence pairs are

. o 8 " o)
Alé’s = __l_ 2 nz j nl" _ nQ, B ngl &
D - 16 =1 ' '
: LN + g/ Mg * Ny,
X >0 X <0 - ,
) Wl N Ay oD
A30 = 1 z e SRR % EOEN ) 4 2 '
D 16 & ' S ' »
TYX >0 X <0‘
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where the nz’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 Dland the nuclear polarization. Explicitly,

S = 1: ——1— 90.:_ 1 135 L v -‘ ' .. o ‘ ;

. where P is-the’polarizatidn, S is a_back3cattering correction (see

" Section V), and the G's are the‘geometry factors for the*90°'and 135° |
c01nc1dence pa1rs (App E) -These geometry-fectofs.accouht for the fihite
'spatlal extent of the detectors the f1n1te decay volume, and the |
momentum dlstrlbutlon of the decay products |

Calculatlng D from the coincidence data by*this methed effec-
‘tively e11m1nates counter eff1c1ency dlfferences and 1nterference of
the B term only if the mlsallgnment i. e s 51na, is small (see Appen-
d1x A). It is therefore 1mportant to determlne quantltatlvely the
magnltude of sino so an estlmate of the completeness of the self—
"cancellatlonrcan be made. The angle o is determlned for»p0551b1e_cbmf
ponents of'B along the i, Xy ahd y axes in the'detection plahe (see
AppendixrB) This is achleved by examlnlng those coincidence palrs
for whlch the B term 1ntroduces 1ts max imum contrlbutlon to the D
asymmetry, B

The Values of o determined in Appendlx B. for 1nd1v1dua1 cyclo-, :
tron runs give g = 2+ although cumulatlve.
results 1mp1y that @ =0, , _

U51ng the results of Appendlx A, the value a = 2° implies that
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the second-order contribution to D due to these false asymmetries is
indeed <ZXI0_4,_which is a factor of 10 smaller than the statistical

uncertainty assigned to D in the present experiment.

B. Analysis of 'B'" Data

The sets of regular and image pairs defined for tﬁe "B experi-
ment;arevgivenlin Table III. For the measurement of B the sbin lies
in thé:detector plane along the g_axis of Figs. 1, 2, and 14. The
D term in Eq. II-18 averages to zero, and in genérai the'coincidence

rate n depends upon both A and B correlation:
n = Ke [1+AP§(f-f>) -%(rf-§+pf-§)} .

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 determined from each of the following expressions.

For the 135° pairs:

BG} = py AL = 1, 2) Wy
2, .1 .1 - | -
[BGB+AGBA]—%AB(JL—3, 4 B 5)
.and the 90° pairs: 3 L
b6 = L, (V-6
Gp = pg Lg% = 5, 6) (V-6)

(V-7

| B
o]
o
+
>

N
> !
R WS
A=
>
lov]
—
P
|
~1
0]
j —
-
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Table III. Regular and image coincidence pairs for 'B" eicperime_nt.a

- Pair Index 2 Regular Image | qgggigiy
135°>pairs. 1 1:4 1:6. G% =
| | 2 52 58 0.48£0.03
3 4:1 - 61 B
4 2:5 8:5 -
90° s ' . .‘ . 3 =
pairs . 5 , 1:3 17 Gy =
| 6 5:3 5:7  0.77 £ 0.04
7 3:1 7:1

2 Coincidence pairs are designated by i:j. ‘1 = positron counter;

j = ion counter. For each pair i:j the coincidence rate jn; is ,
measured. Only pairs £ =1, 2 and & = 5, 6 were used. The geometry
factors for the other pairs were not calculated. Pairs £ =1, 2
were used to measure B, while pairs 2 = 5, 6 were used in the D
experiment to measured the misalignment angle a. : '
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where
S £ PO WA W
SOUNE L~ My AN
A(2)= Z — e —
o o A\l

] .
n, + n, ‘
X_>0 vk

XC§O

Here ni‘and ng are ;hevregular and image B coinCidence counts obfaihed :
in each spin‘state.and corrected forvbackgfound, while the G's are
geométry fa;tors. Since B is known from previous work, the B ﬁeasurg-
j_meht served only as a check on. the design and operation of the bulb. |
A high degreé of_accuracy_was pnnecessary; theréfore_only the 135° pairs
2 =1 and‘zvinvK..V:4 were uSed_to determine.Aﬁ.,__ ‘

The 90° coincidence pairs & = 5 and 6 were uséd during the D
experiment to measure a possible component of BA'aiong the detectqr |

plane g_axés. Similar_90° pairs.were used to detect other components

(Appendix B);

C. Results

1. "B" Data

B data.were‘accumuléted fof aﬂtotal”offiénlhours. The value of
Ay obtaihéd with coincidence pairs'i = 1? ZV(Taﬁle‘Iii),”for all posi-
tron energies between 055 MeV and 2.21 MeV, and"delay times bétween o
1.6 useé and 2.6'usec, is" . |

135

. 0.258-1'0.915 ;

Eq. V-4 with P = 0.75 + 0.05, S = 0,85 + 0.1 (Appendix C), and
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Gé = 0.48 £_0.03'(App;»E).yie1ds:'

B = -0.85 £ 0.17 .

This reSulf is indagreement with the'previeuslyvmeésured value
B = -0.90 £ 0. 13, and indicates proper operation of the bulb detector
'system; ‘The uncertainties are attrlbutable to errorsin P, G,_and
particularly S, rather'than to statistics. |

We have observed that ions can backscatter for graz1ng angleS’
-ef incidence. Thus; a comblned p051tron and ion backscatterlng correc-
tion factor"Se_SI should be used when calculatlnguB and D from the
measured Ap and &y. Energy_and angularddistributien_data fer back-
scattered posirrons isvavailable;.rAn evaluation of Se for‘this bulb
geometry using this data and Monte Carlo methods is,vhoﬁerer, difficult.
| dnly e'crdde:medel of positron backscattering was-uSed fo estimate the
factor S in Appendix'C L1tt1e or no experlmental data exists for ion
scatterlng, thus, the evaluatlon of S is 1mp0551b1e

- This def1n1te1y may be overcome by evaluatlng the product S SI
for the present bulb geometry. Insertlng the prev1ously measured valuev
of |B| = 0.90 * 0.13, and the present value of (AB)exp into Eq. V-4,
we. obtaln | | . | |

58 == e :

Gy P [B]

Inserting the values P =0.75, GB,= 0.48, we find -

SeSI

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" experiments. We have then
(s sI) (S sI)B 0. 80 0 14
Based'on experimentally deterndned'quantities this7represents a u$efu1 '

result. for the evaluatlon of the coeff1c1ent D below, whlle S.=.0. 85

(App. C) used w1thlldata~represenﬂaillttle more than anveducated.guess.

2. "D" Data
tWe'Can obtain the-value ofID for various energy;‘and delay-_f
intervals by measur1ng the p051tron energy and t1me delay of each
coincidence event. The Values of A9° and Aéas llsted in Table IV were
: obta1ned by comb1n1ng the data accordlng to Eq. V 2 The three pos1tron
:energy intervals into which the c01nc1dence data were grouped are:
" 8E

= 0. 5 to 1.0 MeV SE, = 1.0 to 1.5 MéV, and GES = l.5-to 2.21 MeV,

1 2
where 0.5 MeV is threshold energy and 2.21 MeV the’endpoint energy of '_'
For the 90° and 135° coincidence pairs only.those coincidence
events with delay tlmes between l 3 and 2.5 usec and 1.6 and 2. 6 usec
d‘were used to. calculated the A's. The factors P S S- and GD used to

~ combine the we1ghted averages “of AD and A”5 accordlng to Eq V 3 are:

Bav}
]

= 0.75 .0.05, S,;S; = 0.80 * 0.14; Gy? = 0.67 £ 0. 03 and Gp®? -
= 0.42 + 0.0z for large 1nner gr1d ‘and GD° < 0.77 0'04‘énd G
= O.S6vi 0. 03 for small 1nner gr1d (Cyc Run 4) The results are:



_Table v. Computaition of Ay Vs positron-energy.a

" Cyclo- Orien-

8E3. ;

‘tron tation  2013%(6E;) - A135(6E2) .IZAi?S(sES) o 2A9°(6E1) A9°(6E2) 2A9°(6E3)
Run # of B, . = e , | o T
1 +Z +.0030£.0110  -.0046%.0117  +.0142+.0213 -.0135:.0168. -.0109+.0242  +.0728+.0627
~ (South) - - " o N n .
2 +#Z - -.0133:.0104. +.0148+.0105 -.0040+.0221 - -.0157+.0160 . +.0055%.0228  +.0552¢.0695
, 3 -z +.0083£.0144  +.0196+.0147  -.0101£.0313 -.0378+.0233  +.0123+.0338  -.1021t.1087
Y/ -.0014%.0081 - +.0080+.0083 +.0188+.0175 -.0063%.0133  -.0139+.0194 . -.1518+.0635
f{'+z‘ +.0019+.0093  +.0092+.0095  +.0212£.0202  +.0050+.0149  +.0078.0217 = +.0838+.0648 -
5 -2 +;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 . R o | ] - o A |
U +Z° -.0040£.0097 ~ -.0006%.0092 = +.0115¢.0171  -.0050%.0160  +.0364+.0214  +.0539+.0596
Weightéd':.-v T _ ) e S
Ave. for Sl R _ I S NER
Cyc. Run +.0013£.0073  +.0068+.0081  +.0049+.0257 - -.0123+.0110  +.0120%,0184 +.0605+.0808
#4onlyb. B v o o o
“Wtd. Ave. for""' | o . | oo
~ Cyc. Runs . '-,0002£.0038 * +.0048+.0038  +.0045+.0076  -.0088+.0061  +.0020+.0086 - +.0113+.0253.
14 and 5-6 P . . o - - AASEEE |
a 8E] = 0.5 MeV to 1.0 MeV ' b;'Cyclotro'_n Run #4 used small inner grid, while in other Runs -
~8E» = 1.0 MeV to 1.5 MeV- large grid was used. The geometry factors for the two cases
= 1.5 MeV to 2.21'MeV ~  are different; therefore the A's must not be combined. -

-89~
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-0.009 + 0.006

D(SE,) =
D(SE,) = +0.008 + 0.005
D(SE;) = +0.010 * 0.011

No.energy-dependent trend or significant (20) differeﬁce eXists_between
| thesevD's, implying the absence of any contribution of a final-state
interaction to the D data at the present level of.sensitivity.

Either By §ombining the D's above or By taking_the weighted
éveragés of AB“ and Aﬁas for all 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 purely 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, obtained continuously during the
course of the D experiment, and Eq. III-2, the polarization asymmetry

A, was calculated for each 35-min data-taking cycle. The absdlUte

A
values of these‘AA's for all cyclotron runs are“shown in Fig. 10. The

weighted averages for each orientation of B, are listed in Table VI.
Insertihg the overall weighted average from Table VI, the previousiy

measured value of |A| = 0.039 + 0.002, and the values



Table V.

Computation of AD for all positron energies.

Direction of -

Cyclotron Tuns

0094

0094 - -

Cyclo- ' ‘Bulb :
~ tron - Deflection = . Alignment - Spin in Bulb . | 2A635 2AB°
Run # » Field Field BA . X >0 -
1 X +Z (South) +7 -.0013%.0075 .0055+.0136
2 X - -z - 0000(4)+ 0070 .0050+.,0129
3 X -Z' (North) - +.0111%.0098 03400189
X -z : -7 ~+.0053%.0055  -.0085+.0108
) '{ X +Z -z +.0051+.0063 .0117+,0121
5 1-X;' -7 -Z +.0029+.0053 .0041+,
X -Z -z =.0024+.0067 .0123+.0135
° {: X o +2 -z | ,-.0020:,0063' .0121+.0126
| welghted Ayerage for Cyclotron Run 4 +a00291.0053 ) b-;004lt;
: only R _ : S T
Welghted Average for all other . '4,0619£.0025 .00341'0049

“0L-



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

Cy&igt;qn Al;%ZTgnt jA |x10 Polarization
1 +Z (South)  1.59+.014 78.45%
2 47 1.57+.023 77.5
3 -Z (North) 1.61:.027 79.2
-z 1.56+.015 77.0
o {i +Z 1.53+.018 - 75.4
s ' -Z 1.54+.012 75.8
oz 1.47£.010 72.1
° '{ 4z L50:012 . 74.0
Overali Weighted Average: 1.52+.005 74.8%

-1L-
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Gy = 0.64

%=o@s
v/c = 0.95

into Eq. III-1, we obtain the average polarization

=

where the major uncertainty is Sp- -
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~ VI. CONCLUSION
From the final value of D,
D(lgNe) = 0.001 £ 0.003 ,'i

‘one obtalns from Eq II -9 the value of the vector ax1al vector phase
'angle, | e
¢A,V._v180'1 +0.3° .
ThlS represents a. factor of 5 1mprovement over, the prev1ous result. The
: quoted error is purely statlstlcal | | _
Although ¢V A ‘is. cons1stent w1th ﬂ, 1mp1y1ng the relat1ve reallty
vv' of CV ‘and Cy» ‘the 1mp11cat10n for time- reversal invariance is amblguous,
51nce both T 1nvar1ance and the charge asymmetry cond1t10n (Eq II 4)
impose the same relat1ve phase condltlon on G, and CA ~ T could be

olated and ¢V A exactly equal to n, prov1ded charge symmetry holds.
‘There ex1sts however, 11ttle ev1dence for the va11d1ty of the charge '
symmetry condltlon. The observatlon of'second—class weak couplings would
directly exclude it fromlconsideration and the ambigUity would vanishr |
We will assume that charge symmetry is. not strlctly val1d “and thus the
) measurement of ¢A v bears d1rect1y on t1me reversal 1nvar1ance The _

conclu51on then, for 19Ne, ‘is that T 1s conserved 1n the V A coupllng

to w1th1n 3 parts in 103

"'A;"Discuséién |
Untll 1ndependent experlmental ev1dence of the ex1stence of

_.second class coupl1ngs ex1sts a totally unamblguous test of T invar <
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iance can only be made by the cbservation of a D-like angular correla-
tion'arising-from an interference between a firstf’end.a-second-ciass
coupling. * Observation>bf such'én interference would immediately:in-'
valldate the charge symmetry condition and allow unamblguous 1nterpre-'
tation of phase measurements in temms of T 1nvar1ance alone._ Such an
1nterference term could be observed in a pure Gamow-Teller tran51t10n _

- where the expre551on fbr ﬁTR given 1n Eq. 11-10 reduces to -

TR _ 1
D T

oqho

B 21
Tm c*_ @+b) 2-af| .

Measurement of the energy dependence of- D for such a tran51t10n 1s

~_dependent only upon f1rst second class 1nterference. .The‘51ze of such_a
‘term could be of the order of 10 3;’ Measurement of a term of thiS'Size::
could be 1mp0551b1e,however, due to flnal state E-M correctlon terms of

_’comparable size. . .

* : ' : - : :
e 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 tran51t10ns does not
automatically imply the presence of a second-class coupling since,
.accordlng to the 1mpulse approx1mat10n f1rst class terms contrlbute
to d : _
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APPENDIXA
B ELIMINATION OF 'SYSFMTI'C _':'1.=ALsE""” ASMTRlES N MEASUREMENT
:aWith'the high degree of‘rotational symmetry present‘ln the

D experlment systematlc false asymmetrles due to detector eff1c1ency

d1fferences and sp1n mlsallgnment cancel out to. second order in the

N , expanslon;of AD. It will be shown here thatgth1svcancellat1on_obtarns

when-AD~i$vdefined,as in Section V.'_Lethd.bedthefangle between;the.~ |
.magnetic'field or spinhand'thevnormal'to the detectionvplane. ‘The .
detector plane is the x-y- plane in ‘Fig. 1 Further, let the component
of spin in the detector plane lie along the x axis of F1g l, i.e.,

T-Isinni+1 cosa. k. The co1nc1dence decay rate is

"inj = K iej {1 A A <—£-)- sina if) - %f—?— sinoc .(-r'i\'-r:_f p'if)) |
2 2L a e )
'whereFﬁ%z = P is the polarization, p and v are the positron momentum - .

and Velocity, T and.q are the ion andvneUtrino momentum, i and j refern:
to the p051tron and ion detector and eJ the relatlve c01nC1dence palr: h
-'eff1c1ency for i and j. Slnce,B l and.A =0, the A term can be -
neglected>' | o | |
The c01nc1dence rates for the regular and 1mage pairs in

l'Table II will be d1v1ded into four groups and des1gnated by the pa1r
index 2 - The 135° pa1rs comprlse group 1, 2 =1, 4 and II w1th L=

8; while the. 90° palrs are 111, 2 9 12 and IV % = 13,'l6f"0n1y :
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‘grOup I vvill be considered here since eancell'ations of ' faise asymmetries .

from A"D'occ.:ur in .identical fashion in each group. " For indiv'idual' pairs

1n I, we can SIHIpllf)’ iy inj above by averaglng over angles and decay
volume : For the spin state X. > O and the ahgnment fleld B, pomtmg

| North, we "have:

iy =Ny .
v.:1n4 =M = 154'(1 -b "d)'- |
. Y . . _.
1M =M = 1% L *ord
sNg =Mz = 5g 1 +D - d)
: - [ . . o
s =M T U-brd
v;7ﬂ2.?_n3 = 752l(1v-:bf'f-d)~"
AR Ny = ggy (L-bTr
R 3ng =Ny = 365 (1 + b+ )
_where RN
| ~ (1) r
b =B 31noc:T agl
L. A1) Y81 T P8y
.}b' =B sino —3 —q
e D
d— D—d-cosa—I—gS

' ‘The g' s are geometry factors resultlng from the averages taken above.
W1th the z component of sp1n reversed, X <0, the or1entatlorr -A

'of the component of spm lying in the detection plane is -also reversed.

The expressmrs for n, are 1dent1cal except the 51gns of the b b and

d terms are all reversed. The group I portlon of Aﬁss is”
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or, substituting the above eXpressions for Ngs

NP g 1ex0rd

x,+ 0 -4  xy-(-d
1+x,0b-d). 1-x,0b-d)

+

+‘x3(1 -vb_)_:,dv; Xz(1+b) +d

o@-bYy - x34] L +b') +xd

xA1+V)-4;xﬂlaw3+d_“

e T T o
v_(l + b‘) ‘x4d. (1 {_b’) +‘x4d_‘
| ' 1°4 " 1% . _5°8 " 5f2 . _7%2 " 7%~

: K s
E R R AR O

36~ 3°8
38 -

X
4 3%
_ Observing the values of iej given'ih Table_VIIa,'it ié”seeh in i

Table_VIib that the xkﬂs‘<<‘1. The values of b,'b"(for_Small angles

" a), and d afe'also'<<‘1. lwevcan expan&'and simplify‘the_expréssion foffv"

. quantities. The result is

Aﬁas by disregarding terms of fourth order:and.highér.in these small .=



Table VIIa. Measured relative coincidence-pair
< '"D'" expériment.
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efficiencies for

. Group I

- Group: I:I'. ’

Group III.

- Group IV

.79

.99

1% 1% 5% 52 %20 7% 3% 38
.99 .98 .97 1.00 .99 .99 .98 .90
2°s 8% 61 4%1 . 63 8%3  a%7 2%y
1.00 .81 .97 - .88 .92 .71 .89 .94
153 157 - 57 53 3f5 3f1 781 7SS
.8  .92. . .95 .89 .96 - .89 .92 1.00
82 2% 4% 6% 254 4%2 %8 8%
79 .96 .96 .99 11.00  1.00
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'Téble'ViIb. Calculated ratios of measured relative
coincidence-pair efficiencies for 'D" experiment.

- group 1 ~group II _ group'IiI»v group IV

X, fo:ooss ©+0.02 -0.0302 o 9;
*2 -0.0138 +Qa0446 .+0.0302 S 0.
x, | -0.00477 +0.1293 | +0.0391 0.
X, +0.00506 -0.0225 f : -0Q0390'_ | 0.
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20

8<IA11)35> =.-2{d(1' - xi) +b(1 -'Xi) + d(l ,P xg)-v b(1 -_XZ')
22 1
+ d (1 - ) + (1 - -
_XS x4)1_b12}

or

| 2,02, .2, 2 - R
©A135 . (X7 + x5 + X7 + X,)
' AD =-d{1‘ - 1 2.4 3 : 4~'+ [2- (x2+x4)] 24'—-* }

R I R

The supersqript I is dropped from A;<since this expression holds for
each greun, only the values of b and b’ changingvslightly.v:The value
of d depends'slightly on’tne group, but we_areinet concerned with this
here. | | ’ '. |

If there exists o dlfference in deteetor eff1¢1enc1es whlch '

1s 1ndeed the case in group 1v, xl = xz =Xz =X, —.0, and

Alljas -d[l + P.'_Z.-}-.oo. ]
. 2 ’ b.
To determine the magnitude of this second-order correction to d, let

B =0.88, a =4°, and P = 0.75. Estimating the value of
| (r)gl ¥ (pv)gz :
P
respectively, we obtain

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

- 3><1o‘6 < %b'z < 31074,

Thus the largest correctlon to D is a factor of 10 smaller than _
~the statlstlcal uncertainty in our present measurement of D and can be

ignored.
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.Insertlng the values of X3 from Table VIIb in the expte551on
for Ay above, the b and b corrections to D are of the order of
2><10.4 or smaller Thus false'asymmetrles due to mlsallgnment angles
< 4° and the present detector eff1c1ency d1fferences are 1n51gn1f1cant :

in the present experlment. -
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APPENDIX B
MAGNITUDE OF SPIN MISALIGNMENT DURING "'D" EXPERIMENT =~

| A mlsallgnment of the f1e1d § w1th respect to the.z axes
1htroduces a component of nuclear sp1n, I sma, into the detector '
vplane - the x-y plane of Flgs 1 and 14 In thls case the B term in dAx
no 1onger averages to zero and a B 11ke asymmetry 1s 1ntroduced into "

the D data The magnltude of this false asyrmnetry GM deflned as.

( v
6M GBB—I->-51na, (Bl)

is determlned by takmg the d1fference over the sum. of c01nc1dence rates
for,approprlate comcuience palrs_. Slnce we are 1ook1ng for aB asym-
metry'in.’Dp'data, _the_ pairsv offerihg Mmaximim sen51t1V1ty to a prOJectlon
of T along the x axes Or y axes are simply those“. that would be used to
measureBwhenT |I|’1\ or |I]3. | | | - |

The magnltude of GM is determlned from the expressmn

where Y and Z are defined as _follow_s for detection of a componeht of
-Iyalo'ng' the y axes: | | |
Y=sm*Mm
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the x-y axes
YE gt gy
Z ='4n6 + 8n6‘1
the x axes: ’
Y =13 * 53
| L=y * Ny
or the x (-y) axes:
Y=t e
KU L

The inj are eoincidence counts'for the i, jvpoSit;oh andfiontcountefs,b
The pairs used for the ziakes are just those'listed as’2'= S-and:6 in
Table III for the B eXpefimeht. These four axes were used to check the
selfeeonsistenCy of the results. All of the rates listed above are
for 90° coincidence pairs..lWhen using Eq. B-1 to obtain 51na”from
ﬁw; the'same geometry factor'GB (=uG§'of Table III) applies for all
axes. | v o
The‘results are summarized in TablevVIll'in terms of the'angle

" between ‘the z axes and T when T 11es in a plane defined by z ‘and one of
the four detector plane axes llsted above " The uncerta1nty in the angle
thus deternuned is seen to be approx1mate1y 2° for 1nd1v1dua1 cyclotron
TUns - and 1° for the comblned "North" or "South" runs -The error is
purely statlstlcal |

| The magnltudes of these measured angles Just1fy the appl1ca-

bility of the results of Append1x A to the present experlment

-
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Table VIII. Summary of misalignment angles.

Cyclotron - Alignment I ,_ C
Run No. .Field By ay o .axy: - o, o

X -yx
1 4z (South)  -3:2°  +252°,  -122°  +0.5¢2°
2 4 ©-332° . -1£2° -232°  40.5:2°
'3 . -Z (North) - -1#2° -6£3°  -1:3°  -643°
. 7 -0.1£2°  -242°  +242°  4342°
+Z o -1x2° +1£2°  #0.5+¢2° - =3%2°
5 -Z | +1#1°  -125° SE1° 42410
{' -7 -242°  -0.3:2° -0.3:2° -12°
6 | -
+Z -1+2° +1£2° +1+2° +342°
helghted w2 24009° 0.311°  0.2:0.9° 0.2:0.9°
Total . o _
Weighted ©© 110.6° 0.740.7° 0.320.7° 0.5%0.6°

Average
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~ APPENDIX C
POSITRON BACKSCATTERING

‘The majority of positrons emitted do not directly.enter a
silicon detector but rather str1ke the gold alumlnum, or sapph1re
of the bulb 1nter10r A fractlon of the p051trons whlch strike
1nter10r surfaces adJacent to detectors backscatter into’ these detec-
' tors and produce counts that would not otherw1se have been observed If
we def1ne b as the backscatterlng contrlbutlon to the observed count rate

Nin a glven detector then

N=n+b"

where n is the nunber that directly enter'the;detector Withoutrback-

scattering ‘ _. o | |
Because of the 1sotropy of p051tronkem1551on w1th respect to

the nuclear spin T (A in Eq. II- 6 is 0.039) and the symmetry of the

detector bulb assembly, b_ls assumed equal for all counters ‘Thus, in

| mon1tor1ng the_polar1zat10n, if N is the'observed rate for domnstream Ei'

counters, then the upstream rate will be

e

N'=n' +b .

The effect of backscattering is to reduce the measured polarization

asymmetries AA:

SN=N _‘_""-n'- n' _nemf (; o2 ) L AS
Bp = N+N' n+n’'+2 n+n' o” ?

~where we have:neglectedfbackground:and cbunter efficiency differences
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and assumed that b is much less than either n or n’. The backscattering

correction S is

SRR ek WP A
Identical tonsiderations hold for regUlérvandrimage coincidencé pairs
used to measure the B and D asymmetries. |

_ The ratio b/n of backscattered counts td "true" counts depends
upon the.bulb-detector geometry and the materials used. The walls Qf
the cdnvefter boXes'are Al-énd'the insUlafors are_glass wifh an average

Z of 10. n and b can be defined as

ef

n = Nof0 aqd b = Nofl

2
where No is the number of positrons emitted per unitvtime; The fraction
of Nd that directly enters the detectors is f,. The fraction that
strike Surfaces adjacent to detectors, from which pbsitrdns could back-
scatter into these samé detectors, is fl' e_iS_the backscattering
coefficient (percentage of incident positrons that'undergo backscat-
tering); and fz is the percentage of backscattered positrons entering

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

s=@-i¢
BT A



.87-

For the geometry of the converter boxes and Si detectors used
‘to monitor the polarlzatlon f fo. DR |

The value of 3 for pos1trons is lower by a factor of 1.2 than
that for electrons 2h Fer the average~energy ¢! kaO, vnormally-'
incident positron,{e(Al)bt 0:10 t'0501.33hhThié coeffieient, for back- -
seattered'poSitrOns'with energies'above threshold,“is eT(Al)'z 0.05.3“
For glancing inéident'scattering angles'(?30°'abore'Surface); eT(Al)_can
increase to 0. 33 3u The lower the Z the greater this increase. |

Assumlng e(effectlve)T ~ 0.15 + 0.1, for approx1mately normal
1nc1dence we have S = 0. 85 + 0 1 Since, for our’partlcular geometry,'
a reasonable fract1on of the~backscattering is‘at.near-grazing angleé,
our Value of S.prdbably represents an upper limit. |

An evaluation of the backscattering cbntrihutien to the measured
',coinCidence rates is extremely complicated;-due to the intrieate geom-fv
etry of the bulb. Such an evaluatlon was not attempted;'hIf, however,
we assune that:the'ﬁajor contribution tO‘both positren and ion back-
scattering occursvdue to grazing collisions on the walls of the
converter boxes, the value of S obtalned above can be used for the
evaluatlon of the coeff1c1ent B in Sect. V. A more re11ab1e evaluation

of S is obtalned in Sect V u51ng the known Value of B and the present

experimental data.
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- APPENDIX D

" NUCLEAR SPIN RELAXATION DURING CONTAIMIIENT IN BULB

" The suceessful observation of a possible T- odd angular correla-
tion in the present experlment depends entlrely upon the fact that
nuclear splnjrelaxatlonvmechanlsms dovnot_f-desplte ~105.wa1_1 c011151ons
befofe escaﬁiﬁg of.deeaying —-suestantially dimiﬁish the-polarization'of
1%Ne atoms Fétimates'of'the reiakation.time T are made for several
possible relaxatlon mechanlsms ' The results are glven below for a - |
22-gauss field BA. None of these adequately account for ‘the observed N
average polarlzat1on P= x75,£ 5%, for a 4-sec 51tt1ng~t1me{ and |

P < 259 for a 10-sec 51tt1ng time.

Porturbation
' L S ~ Field
- u(Ne)-u(Al) p(Ne)-u(Bohr) . Inhomogeneities
Reflection  T=1012 sec = 1010sec -
"AdSOrptioﬁ © 108 sec : 10° sec e
- In Flight - - e o 10° sec’

A. Relaxatioﬁ»Dﬁring.CollisiOns with Walls
rEstimating ﬁhe’adsorption £ime?ef 19.Ne oﬁ the Teflon Walls_of
a bulb, Dobson?’ calculated tﬁe'relaxatien tiﬁee due‘to.dipole-dipole o
interactions of ﬁN(lsNe)'(nuclear) with (1) the flﬁorine in the Teflon
and (2) paramagnetic moleeules absorbed on the bulb walle e.g., 02.
The bulb in this experiment 1is made of A1 Au, sapphire, and Pyrex; and

is kept at a temperature of 200 K. For an adsorption time of approx—_ _
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+

11 sec, the relakation,times_due‘to '*Ne-2?7A1 and 19Ne'—Cr++

imately 10~
adipole~dipole interactions are given in the above table. The most
prevalent paramagnetic material in‘the bulb was not_OZ; but the Cr

‘ions present as an impurity in sapphire at the 25-ppm level. Electro-

static quadrupole interactions cannot occur during collisions, since the

quadrupole moment of neon is identically zero.

B. Relaxation In Flight

_iMagneﬁic-field inhomogeneities encountered by the neon atoms
as they move along'randém tiajectdries in the bulb may élsq cause spin'
relaxation. The results of Kleppner's analysis3® of spin relaxation in‘
the hydrogen maser may be applied to 13Ne, To calculate T one must
include the velocity distribution, the shape 6f thé bulb, and a precise
description of the inhomogeheities.‘ If we'aséume ihhomogeneities in the
bulb giVen,'in polar coordinates, by ‘ ,
B B ]A 2Brrz

‘ 5. ,
A dZ(rZ _ 2z2)

z + ‘dz' T,

where Bt is the magnitude of the inhomogeneities perbendiCular to the
z axes, and d is an effective bulb diameter, then we may use the

expression

e

. 1 2 19& BZ ot
= 7Y (PNe)By —-——-]w

: .\)Lto

1+

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

Larmor frequency is QL = 57 kHz, the transit time of the bulb is
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t, = 10—4 sec, and the field inhomogeneity perpendicular to the z axis
is By = 10'_2 gauss (we assume By is twice as large as that observed; see
Sect. Iil); Usiﬁg these vaiues;‘T is 103 sec.

" The rela*ation times are orders of ﬁagnitude.iarger than the
obsgrvéd‘value of.approximatély 10 sec. This,discrepéncy'indicates that
the neon is sticking on and interacting‘with diffusion pump oil, or
Si-based vacﬁum,grease used to seal the bulb, or some unknown substance
in the bulb. On the other hand; the nunber of toilisions céuld be
substantially larger than estimated.. No effort waé made to calculate

this number using an exact model of the bulb and Monte Carlo methods.
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APPEN]ﬁX_ E
GEOMETRY FACTORS
For each asymmetry A, the geometry factor G takea into account
- variations over the acceptable anglee between f,iﬁ; and T which ate';g_
possible with the finiteﬁdecay.vblnme'and'detector‘Sizes,.vafiatiena
dver allﬁacceptabie positron energieS'hetneen'Tthreshh=‘0.S'MeV/c and
‘ Tmax = 2.21 MeV/c, and Variatibns‘over the aCceptable positronéion
_ time- delay 1ntervals (0 27 3 usec) | | | o
All geometry factors (and theoret1ca1 tlme of f11ght patterns)

were calculated on the CDC 6600 computer using MontevCarlo methods. ,For_
GB and GD’ 50,000 events were_generated'te obtain the results given,
below. An outline of the program uéedfwilldbe given. Within the
_10-keV grid (see Fig. 15), akdecay site iédgenerated_at fandom.' A
randombpoeition on.the face of a positron detector is genefatedvneXt and
direction of the positren momentum p is thus fixed“b.With uniform ‘)
,probab111ty between Ethr sh and E nax® 2 p051tron energy is generated
F1na11y, a neutrino d1rect10n is generated The dlrectlon and magnltude’“
of the recoil-ion momentum T is then obtained -from the-conservatlon of -
energy and momentum.’ | | |

_ For each event constructed in this way, an. approprlate welght
factor (6A) is obtained from the rate equation dx (Eq. 11-18), where 1
is chosen-alqng the‘+z axes (+x axes)of Fig.»Z for the D (B) experiment .
Only events fer whiCh.the“peeitron can actually enter the positren }

counter E1, without striking_the'bulb-walls,,wefe considered further
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(see Fig. 15a).

’ The'dlrection~of the reCOil'ion determines which ion detector'
if any,.is struck The magnitude of the recoil momentum, |r|, is used
to determlne the time of fl1ght for the ion. In thls way the T 0 F.
patterns are calculated : Srnce the total t1me of flight depends on
~ where the ion strlkes the sloped surface of the converter box fb11 this
'trlangular shape is 1nc1uded in the program .

 The probab111ty that two or more secondary electrons are pro-
vduced for 10-keV 10ns, 79(2), is obtalned from an emp1r1cal formula
obtalned from secondary-electron—yleld data.?3? SubJect to a smaller'_
'potential'differenceh-ions from'eVents betWeen grids (prompts — see
Fig. 15b) have less energy and therefore a lower secondary electron
yield. (Thls was cons1dered in the program.) The total welght factor
is the product of SA and 17(2), 6A75k2)

By generatlng events and recordlng the total we1ght factors
for regular and 1mage c01nc1dence pa1rs in the way. outl1ned above, the :
.'calculatlonal method simulates the actual operation of the bulb. f, |
in calcUlating'the weighting factors SA and Gll:for the regular and |
- image pa1rs in Table 1I, we set D = 1, B=A=0 and neglect a in |
Eq.YII—lS, the expression for AD is 51mply equal to the geometry factor
That is, |

p =BID_Gpoag .,
p=n¥ar - G > Cps
~ when P iSVSetrequal to one (1).

The results. for a‘preset time'delay interval of 0,27-3.0 usec
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are .
Gt =0.42 0.03 G3%.= 0.67 + 0.03 (3.3 cm dia.
: | . inner grid.)
G1°° = 0.5 +0.05 Gy =0.77.%0.04 (2.5cn dia,
, SR inner grid.) -
G = 0.48 £ 0.03 . G =0.77 £ 0.04 (3.3 cm dia._

inner grid.)

where 5% errors afé'éssighed;} o

Tﬂé SHape:bf'the calculated tiﬁé;bf;fliéht CT-O:fj ﬁatterhs
obtained from this program.agree'quéntitatively With-the-e£pefiﬁéntally
measured TTO-F pafterﬁs. o ' R |
| .The calculation of G, for the polariiation mcasuremgnt.was
considerably easier. Using another program, only féndomly generafed
events which had a direct shot at the Si detectors were considered
(see Fig, 15c). A random direction for positrdh'emission was generated
and only those events weré accepted as hits for.which thé Coqfdinates
in the plane of thé detector were hithin the sensitive volumé of the

Si detector.. Including the region behind the detector,

G

, = 0.64.
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(following page)

Fig 15a. - Schematic end V1ew of bulb show1ng p051tron detection
{iﬁ El. Light plus dark shading represents volume of bulb for Wthh
: positrons’can be observed by_the positron counter shown. Light shading
' fepresents volume‘ffom.whiCh'positrQns gsipart'of a Cdincidence‘event

can be_bbserved by El. Acceleration of ions occﬁrs'between grids.

.'Pig. 15b; Schematic end view of bulb showing active volume
inside.—loékev grid (1ight shading) frbm which ibns can be détecféd'in
~any ion coﬁnter‘ For each 1on ‘counter shown dark shadlng 1nd1cates |
region between grlds fTom whlch prompt 1ons w1th energies less than

- 10 keV, can originate.

'Fig. 15c. Side view of'ion‘detecfor and gonveftef box mounted
on octagon. Shading both in front and behind Si detector indicates
volume from which positrons contribute to the Ellsingles rate used to

. monitor polarization.
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