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ABSTRACT 

A new experimental upper limit on the ''time-reversal" 
coefficient D is reported for the allowed beta decay X 9Ne •»• Pl*e v e. 
The result is given in terms of the relative phase angle between the 
vector (V) and axial-vector (A) couplings, <j>A v( l 9Ne) = 180.1 t 0.3°. 
The V and A couplings are relatively real, implying that T invariance 
holds in the V-A Theory at zero momentum transfer. The present result 
does not exclude the possibility of a T violation in the momentum-
transfer-dependent weak couplings of the AS = 0 hadronic weak current. 

The experiment was performed with an atomic beam apparatus in 
which either of the nij - +1/2 or su. = -1/2 magnetic substates was 
selected from a beam of 'Ss ground state 1 9Ne atoms. The polarized beam 
terminated its flight in a cell (bulb) where the 1 9Ne atoms remained for 
approximately 4 seconds without substantial spin relaxation. The 
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measurement of those delayed coincidences between positrons and the 
l 9F~ recoil ions whose momenta are, on the average, perpendicular to 
the nuclear spin f of 1 9Ne served to measure the "D" coefficient. Ihe 
nuclear polarization of the 1 9Ne cointained in the cell was monitored 
continuously by observation of the positrons emitted parallel and 
antiparallel to the spin axes. 
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I. INTRODUCTION 

The continuation of an earlier experimental search1 for a 
possible violation of time-reversal (T) invariance in the allowed 
nuclear beta decay of polarized 1 9Ne •+ 1 9 F " + e + v (TV =17.6 sec, 
Emax = 2 ,21 MeV) n a s been completed. The new results obtained from this 
AS = 0 weak decay are again consistent with T invariance. 

This work was stimulated by the observation of a direct CP 
violation in the AS = 1 decay of K~ •*• 2ir.2 The magnitude of this 
CP-violating effect is given in terms of the ratio of CP-violating to 
CP-conserving amplitudes: 

wVlsyig) 
Subsequent measurements of K , "charge asymmetries" provide independent 
evidence of a CP violation: 8 e = tr(K^ -*• Tr"e+v) - T(K^ + ir+e"v)J 
*[r(K2 -> ir"e+v) * r(K° * ir+e~v)] = 2.2xl0~3.3 Although the parameters 
essential for a phenomenological description of CP violation in the kaon 
system have been measured (the phase and magnitude of n__ remain ambig-
uous), the origin of the CP violation remains unclear. 

Assuming that CPT invariance is valid, C? violation inplies that 
T invariance also fails. In spite of immense experimental effort, no 
evidence of direct T violations in (1) strong interactions,* (2) the 
electromagnetic interactions of the hadrons,5 or (3) weak interactions 
has been observed. 

If tlie CP violation Originates through a first-order weak 
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interaction process, the expected ratio of T-violatingto T-conserving 
amplitudes will be of the order of 10 . T violations manifest 
themselves indirectly in first-order weak processes as triple-angular 
correlations (TAG) between the momenta and spins of the decaying par­
ticles. Tile observation of a T-odd TAG constitutes unambiguous evidence 
of a T violation, if and only if final-state interactions can be 
neglected. 

The T-odd TAC observed for polarized l 9Ne is D{f«(pxr)}, where 
T is the initial nuclear spin of 1 9Ne and p and r are the momenta of 
the positron and recoil 1 9F~ ion. The coefficient D is given by 
C S e c t" ">• 4r Ipfsin* 

D = J 2 — , 
1 - P 2 

where 
IPI ^ e i * 

V 1 
1.6..,' 

4> is the phase between the vector and axial vector coupling constants, 
and <1> and (a) are the Fermi and Gamow-Teller matrix elements. T invar-
iance requires that C., Gy be relatively real, i.e., that the relative 
phase be § = 0 or ir.6 Thus D must vanish. Alternatively, D will not 
vanish identically, and <)> could vary from 180" by as much as 
|IT - <J>| = 0.1?, if a 10 T-violating effect exists in first-order weak 
processes. This follows, since D is proportional to the.decay 
amplitudes. 

A beam of neon atoms, is. polarized in a Sterh-Gerlach atomic-
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beams apparatus, then trapped and held in a cell made of Al, Au, arid 
saf{hire,*!here the 1 9Ne atoms decay. These decays are observed as delayed 
coincidences between the positron and the recoil ion.; The polarization 
of the trapped neon gas is maintained by a magnetic field. Maximum 
sensitivity to D is achieved by observing Only those delayed coinci­
dences for which the plane formed'by p and r isy on the average, 

-j. -perpendicular to I. 
The experimental result is 

D( I 9Ne) = 0.001 ± .003. 

Using the value of p above, the phase angle is 

<K 1 9Ne) = 180.1 ±0.3° . 

The contributions to D from non-T-violating final-state interar uions 
are substantially smaller than the present statistical ur jrtainty. 
Our result is consistent with the conservation of T jjivarias.ee. 

The results 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 in terms 
of the relative phase <f> between coupling constants or form factors arid 
the experimental sensitivity to a T-bdd amplitadefeFor the neutron f 
decay, $ is the relative phase angle between C A and^Q,;, In the JL, ;'f 
decay the transverse polarization of the muon is measare^to' deliSrn̂ nef:•.,'" 
ImC, where £ = f 7 f \ and f*. f" are form factors" for the l^:f||;^||\^'||||| 
-AQ amplitudes. With Re? measured elsewhere,7 <f> = ^ah"^^^?A-':;ii?or|1tW^'-|'§KJife 
A° *• ir'p, the relative phase shifts are measured for ̂the-'fiiiiaii-ltaiiê  

http://jjivarias.ee
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s and p waves, giving (j> = 9 ± 5.5°. Comparing the phase difference 
S - 6 = 6.5 ± 1.5° in low-energy ir-p scattering yields a result 
consistent with T invariance. 

Sensitivity 
to T-odd 

Decay AS Correlation . Phase <f> Amp. Year:Ref. 

neon 0 w ( P * v ) 180.1 ± 0.3° 3xl0"3 71: 
neutron 0 a -(Pxv) 178.8 ± 1.2° Ixio"2 70: 9 

n 
Ku3 X V'fy'Pir1 °'6 i 2-6" 6xl0"2 6 7 : 10 

1 i y ( y o A ) <8° -lO"1 67:" 

CXir present result, listed above, places a 3x10 upper limit 
on the size of a vector-axial vector T violation in AS = 0 decays. 
A factor of 10 improvement on the 19Ne-result may reveal a T violation 
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. 
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II. THEORY 

In this section we will consider the following items as they 
apply to the present experimental test of T invariance in the mirror 
decay of 1 9Ne: (a) the beta decay amplitude and the phasei restrictions 
that T invariance imposes on the individual couplings in the amplitude; 
(b) the formal expression for the decay rate dA-s and. the T-odd angular 

TR. 
correlation term whose coefficient D is sensitive to the phase 
restrictions imposed by T invariance; (c) contributions to the same 
T-odd angular correlation arising from final-state electromagnetic 
interactions; and (d) a comparison of the magnitude of to the 
present experimental uncertainty in D , where D„ . = D?^ + is the 
experimentally measured quantity. Placement of an upper limit on a 
possible T violation requires that IT™ < error in D f f i . 

A, Beta Decay Amplitude and Phase Restrictions on Couplings 
Assuming a pure V-A coupling, the validity of the CVC hypo-

thesis, and the absence of final-state electromagnetic interactions, the 
most general form of the beta decay amplitude for the allowed decay of 
1 9 N e is • • , • } ; ' 

# t = ̂  cos6cu(l9F){v^ + A° juC'^Ne)^ ("-D 

Iff 5 

where G (= —*- ) is the universal weak-coupling constant,. 9 C (=15°) is, 
the Cabibbo ' angle, £„ is the matrix element of the leptonic current:. 

«.u = u(e)Yy(l + Y5)u(v) ;•'-•• (II-2) 

and V° + A° is the, AS - 0 component of the hadronic weak current given 
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by 

Here a^ = (p g + p v ) a = (p^ - PpV is the 4-momentum transfer to the 
final-state leptons. The f's and g's are the vector and axial-vector 
form factors, all functions of q . Using the standard nomenclature, 
the vector [£^(0)] and axial-vector [gj(0)] terms are the dominant 
couplings in allowed nuclear beta decay. The weak-magnetism (f.) term 
has only a small effect on the expression for the decay rate of 1 9Ne, 
while the "second-class" induced-tensor (g,) coupling has not yet been 
experimentally observed. The induced pseudoscaler term g, will not be 
considered, since its contribution to allowed beta decay is negligible. 

What restriction does T invariance impose upon the amplitude #£, 
and how can this be observed experimentally in the decay rate dX? In 
the absence of final-state interactions, the hadronic amplitude in 
Eq. II-l must have the same T-transfoimation properties as the leptonic 
amplitude O L ) , if T invariance is to hold. Thus T invariance requires 
that n T = rC> where the etas are defined by 

TvJ(x)T-1 = -n^ V£(X T) 
and 

T A ^ M f 1 = -n* v£CxT) . , 3 

These etas are arbitrary phase factors equal to ±1. The condition 

The Weinberg1 z classification of those terms in v£[ (A°) that 
are odd (even) under a G transformation is used; G is the combined 
operation of charge conjugation and' isospin rotation. 
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n~ = n T requires that the form factors f. and g. must be relatively 
real, e.g., f.g. = |£-g.|ellJ>i»J where <j>. . = 0,ir. Without imposing this 
condition on W, an angular-correlation terra proportional to Im(f.g.) 
appears in dX. An experimental observation of such a correlation con­
stitutes a violation of T invariance. 

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

e i , r T2 cv£ + A°)e-ilf£2 = ±(y£ + A ° ) + (II-4) 

where the operators e" 1 2 reverse the sign of the third component of 
isospin and T, is the generator of rotations about the second axis in 
isospin space. This condition imposes the. following restrictions upon 
the form factors11*: 

'•l 
f l ' £ 2 = £ 2 ' g l = Si > 8 2 = -«2 

The form factors must be real except for the induced tensor, which is 
pure imaginary if charge symmetry is valid. Notice that T invariance 
imposes the same condition on £,, £-, and g,; only the restriction on 
the induced tensor term is distinct. The implication of this ambiguity 
will be considered in Section VI. 

B. Formal Expression for dX and the T-odd Angular Correlation Term 
If we ignore nuclear recoil effects, i.e., terms in $ £ o f the 

order of mc /2M where m and M.are the masses of the electron and recoil 
nuclei, then only the f, and g, terms contribute to the decay rate. 
Thus, to zero order in the nuclear recoil parameter E /2M, 
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Gcos6c 

[ty^eV1 + V u v - c A «>-vO • Y 5)%] (ii-s) SI 

where form factors or coupling constants are 

f x(q 2 - 0) = Cy - 1 and g l{0) = -C A = -1.2 , 

the Y'S arc Dirac matrices, and <1> and (cr arc the Fermi and Oamow-
Teller nuclear matrix elements. 

The initial and final nuclear spins in 1 9Ne decay are equal, 
i.e., I. = l£ = 1/2. The transition rate dX in the allowed approxima­
tion and summed over the final lepton spins is 

f.^5 (Gcose-)2 - , 

xJl + a | . 5 + i | i . [ A | + B q + Diq] l (II-6) 

Here F(Z, E) is the Fermi function; p, v, and E are the magnitude of the 
E - E momentum, velocity, and energy of the electron (positron); q = m a?i 

and q designates the magnitude and direction of the neutrino momentum; 
and dft and dn are the differential solid angles for the electron 
and neutrino. The polarization of the initial ensemble of % e nuclei is 
denoted by -i— . 

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 dX. The coefficients a. A, etc. given there reduce to the 
expressions given here upon setting the S and T couplings to zero. 
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In the absence of final-state interactions the coefficients are 

£ = C^<1>2 + C2<a>2 

Ca = cJ<l>2 -jCl<a)1 

?A = fj-C^fa)2 - ^Re(C^CA)<lXct> 

?B = 4 C A < 0 > 2 " i»»(cJcA)<l><ff> 

5DTO = * ^ ImCcDcA)<l><a> . 

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

coefficients can be rewritten in terms of p, where 

„ _ CA <o> 
o - ^ T T T 

<a> ; i ( 6 + ,|>A > V) _ 

8 is the relative phase between the nuclear matrix elements, and $. v 

the relative phase of the vector and axial-vector couplings. In partic­
ular, the D coefficient for the T-odd angular-correlation term is 

D T R( 1 9Ne) = -^1-kLj sin(8 + * A y . (II-8) 

With the phase convention for the nuclear wave functions of I 9Ne giving 
TR 

0('aNe) = u, 1 7 T conservation {$. „ = 0) requires that E vanish. 
Usiug the value |p(!9Ne)j = 1.6, 1» 2 9 we have 

D T R( 1 9Ne) = 0.518 simj>A y. The superscript "TR" designates that part of 
the "total" D coefficient which is sensitive to a T violation. Final-
state electromagnetic interactions can introduce a correlation term 
[),Wi'(vxq) in dA. The coefficient D m is proportional to ReCC^Cy) and 
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therefore has no relation to T invariance. Thus the distinction between 
the two contributions to the total quantity D . 

The effect of weak magnetism and second-class induced tensor 
couplings upon the angular-correlation coefficients in dA can be 
examined only when first-ordeT terms in the nuclear-recoil parameter 
E/2M (~10~4 for 1 9Ne) are included in the transition amplitude 7%. With 
the present experimental uncertainty in B , it is important to eval-

TR. 
uate the f- and possible g, contributions to D . Including these terms 
in the transition amplitude, Holstein18 obtained 

D T R = 4 v 3 " L2 I m i c v c A ^ < 1 > < a > " I m a * ( c * d * b ) "W 
- Im a*[(c ± d * b) -j^ + 2(3c * b) |] 

+ § Im c*((d + b) £ - d |)]l . (11-10) 

The upper (lower) signs refer to electron (positron) emission, where ? 
is given above, E is the electron (positron) rest energy, M the mass of 
the recoil nucleus,and a and £ are a = Cyil}, c <= C.<o>. The b and d 
terms arise from the weak-magnetism and induced-tensor couplings. 

The form factor f,(0) is contained in b_. f, is evaluated in 
terms of the parent and daughter nuclear magnetic moments, according to 
the conserved vector current (CVC) hypothesis. Defining u as the 
difference in nuclear magnetic moments, v = u(*9Ne) - p( l 3F) in units of 
nuclear magnetons, we have 

b - tf'2L (ty'-iOe1** . 
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TTie phase of f 2 is denoted by <fy, and ni is the nucleonmass. 
Defining u, as a parameter representing the magnitude of the 

induced-tensor coupling, we have 

d-^[% ei«J>2 

Since the relative phase angles are the important parameters, we can 
rewrite D above for the case of l 9 N e as 

TR. "-
D - oijSinif^ v + c ^ s i n ^ w + a 3 s i n < ' , A W * a 4 s i n V 2 + a S s i n ( ' > A 2 ^ 1 " ^ 

where 

" i ^ t ^ t2 " -T + ^ J - 0.518 + (0.24^-]xl0-

«, = —!*. fi°+2J-] . [0.7 + 7 fZ-}*™-3 

2 l + pz Imp mpj I t J . 
a - J U E L J . * -0.2 „£-xNf 3 

1 + P ^> ^ * 

a , ^ — > -u,(0.2xl0 3 ) 
4 1 + p Z m p ^ 

•3 

Rewriting Hq. TT-11, we have 

D T R » 0.518 s i ^ v • .WU-' S(^«Hc> - ' ^ S ^ « W A ; 2 

- 0.2x10"?|gi_jsin4i4W - 'ujXlO^sinty 2 . (11-12) 
•max-' 
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The present experiment is predominantly sensitive to a T viola­
tion manifesting itself by a phase difference between the vector and 
axial-vector couplings. This was evident from Eq. II-5 without consid­
eration of momentum transfer-dependent couplings. However, Eq. 11-15 
demonstrates two important points: (1) there are energy-dependent 

TR terms in D , and although they are small they are of the same order of 
magnitude as the final-state corrections (see below); and (2) a 
complete T violation ($_• • * ir/2) could occur via vector or axial-vector 
interferences with either the weak-magnetism or induced-tensor couplhgs, 
and go completely undetected at the present uncertainty level. 

C. Jr^ Contributions 
It was suggested earlier that final-state electromagnetic inter­

actions can introduce an T'(p*q) correlation into the expression for dX. 
In general, a T-odd observable may arise from (1) a violation of T 
invariance and/or (2) final-state electromagnetic interactions. Contri­
butions to the coefficient D may arise- from both sources. 

The Fermi-Watson Theorem19 states that when final-state inter­
actions accompany a scattering (decay) process, the original scattering 
(decay) amplitude Til, is modified by a multiplicative phase factor 
ei( ''. In the case of , 9Ne beta decay, the 6 and &' represent the 
phases of the original and "Coulomb-scattered" final states. 

Applying this theorem to weak decay processes and 1 9Ne beta 
decay in particular, it can be shown that the expectation value of a 
T-odd observable can be factored into two terms, 
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D = <^3)> l = D T R
 + D E M , 

where 
T R ft 

D • = or, (6 - S.OImCCjC.) • 
a n d ... ,. • :.;..-•. .-. 

D ™ = sin(6 - -fi.OHeCCjcV .™-

The C.'s and C.'s are the weak-interaction coupling constants. 
It is evident that contains no information concerning T 

invariance. Its magnitude depends upon the phase shift and, in the case 
of light nuclei (Z < 50), sin(6 - 8') <* <xZ, where a is the fine-
structure constant and Z is that of the daughter nucleus. In the 
following paragraphs the magnitude of D"^ tenss (first order in Za) will 
be given for the zeroth- and first-order terms in the nuclear-recoil 
parameter E/2M. These will be compared to the present experimental-
uncertainty in D • 

Jackson, Treiman,, and Wyld 1 6 considered the correction due to 
simple Coulomb scattering between the. daughter nucleus and an electron 
or a positron in allowed beta decay. Their calculation included 
momentum-transfer-independent S, V, A, and T weak couplings and neglec­
ted nuclear-recoil terms. The result for I- = I f = 1/2 is 

| c / * | C s l 2 * l<Vl 2

+ |<^|2)|<i>|2 

JlCrL2 *,l<rj-2 + jcA | 2.+ I c ^ J M l 2 ] " 1 

(11-13) 

; 4 
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which vanishes identically i'or a pure V-A weak decay. The positron mass 
and 3-momentum are m and p. 

To determine an upper limit for the magnitude of these terms, we 
may make use of the experimental upper limits of the Fermi and Gamow-
Teller Fierz interference terms, 2 1 

b C*Cy * C ^ * c c . 

and 

bGT 

(|<VI2 + ic^l 2 + |c s | 2 + i g 2 ) 

CyCA + Ĝ  C^ + c . c , 

( | c A i 2 + | c ; i 2 • ic,.! 2 + ic^i2) 

These place the most accurate upper limit upon the S and T couplings in 
6 decay and may be approximated by 

bj, s Re( s + s') and bgp * Re(t + t') , 

where s = Cg/Cy, s' = Cg/Cy. We are justified in this approximation, 
since measurements of the electron-neutrino angular correlation a in 
Eq. II-6 established that |Cg|2 « JC^I2 and |Cj.|2 « |C A| 2. Rewriting 
D^ in terms of experimental quantities (assuming p is real, i.e., 
cosifiy , = 1), we have 

The uniformity of measured ft values in pure Fermi 0 * 0 decays 
places an upper limit on b_ <0.l.n The ratio of K capture to positron 
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eraission in the pure Gamow-Teller 3 ._->• 2 decay of " N a gives a limit 
on b C T , Ibgpl < 0.03.23 Using p = 1.6 we obtain 

This represents an upper limit to the correction given in Eq. 11-13, 
and has a characteristic inverse momentum dependence. 

In this experiment the positron energy was measured for each 
event for which the angular correlation I'(vxq) was observed (Sect. III). 
The energy dependence of D was thus experimentally 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 

8xl0"4 * W * *-5*10"3 • 
A Coulomb correction, second order in a, has not been calcu­

lated but should be of the order of 

"Coul. Ipj mo 
unless there are fortuitous cancellations. 

Holstein21* has calculated, to first order in aZ, the final-
state corrections to D which arise from interferences between the 
momentum-transfer-dependent weak-magnetism and induced-tensor couplings 
and the Coulomb scattering in the final state. These terms come into 
play when recoil-dependent terms of the order.; of E/2M are retained in 
the expression for the allowed transition amplitude. The-result for the 

• U • 
•I 

r, 
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, 9Ne decay is 

^ ^ r e c o i l ^ - ^ r 

x|^Re[a*(b?c)(p 2
+4E2) - a*dp 2] - J Re[c*Cc+btd)(3p 2+4E 2| 

where the notation is identical to that used above. Only the lower sign 
refers to the positron decay of 1 9Ne. 

£q. 11-20 includes the final-state correction previously cal­
culated by Callan and Treiman. 2 S The weak-magnetism interference terms 
a o and c b are the dominant contributions to D T \ Evaluating a_, b_, and 
d as before, and including only these largest terms, we have 

"weak mag. = ̂ " N B ) ~~ (2.2cos* V ) W * 3.4cos«f>A>w) (^J) xlO' 4 . 

Assuming the cos$ terms are approximately ±1, this becomes 

"weak mag. S 1- 5^" 4 p ^ » <»""> 

almost identical in value to the Callan-Treiman result. For experi-
mentally measured events (0.9 -^- < p < 2.7 iSL ) f D varies between 
0.4xl0"4 and 1.4xl0~4. 

The total xinal-state correction is then 

D 3 1 = (2X10 - 3) - 4 , * - + (1.5xlo'4) - E - CII-18) 
p (£=£•) pmax 
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where the first term is an upper limit. 

D. Comparison of \J^\ to Experimental uncertainty 
One may conclude that the final-state corrections are small 

with respect to the present experimental uncertainty in D (see 
Sect. V ) : 

a(D ) = ±0.003 (all energies) , 

and can be ignored. 
Finally, in the expression for dX (Eq. II-6)„ we wish to re­

place the neutrino momenta q and solid angle dfl. by the recoil-ion 
momenta r and dfi. Since the kinetic energy of the neon atoms is less 
than 0.0025 eV, the laboratory frame and the rest frame of the decaying 
neon are essentially identical. We have in the lab frame, to good 
approximation: 

p + q + r = 0 . 

Expressing |r| as 

r| = -pp»r ± 

one obtains 

{q2 - P2fl - 6-r^f , 
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dA - [2Fi2iEljE2(Eo - !)2dEdaedflr L 

- I - p r r • ' •, I 
I — f " j — — r * — I T - * i 
l(q2 - P Z[1 " (p-r) ?]}^ I 

x |l - a£(ip.*nO + AgCI-fc - | l - ( H ) - D ! ^ - } . (11-18) 

The sign convention refers to the relative sizes of p_ and q_. For p > q 
and a fixed angle p«q, there are two neutrino momenta q for which 
p + q + r = 0. For this reason the total rate is the sum of the rate 
with the plus sign and the rate with the minus sign. 2 6 For p < q, only 
the plus sign is applicable. Equation 11-18 describes the angular cor­
relations in terms of the particles observed experimentally, and was 
used to calculate the geometry factors; see Sect. V and Appendix E. 
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III. EXPERIMENTAL METHOD 

This test of time-reversal iiwariance in beta decay was 
accomplished by measuring the magnitude of the pseudoscalar triple-
angular correlation term D{l•(?><?)} in dX, Eq. 11-18. 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 dX is measured by observing 
those delayed coincidences between e and F" whose momenta define a plane 
perpendicular to the spin of the decaying 1 9Ne. The magnitude of D is 
measured by taking the difference between the coincidence (decay) rates 
from states of opposite m,-; i.e., I parallel and antiparallel to the 
normal of the plane defined by the decay products. 

Both in the previously reported experimental search for a T 
violation1 and in the present experiment, , 9Ne is continuously produced 
in the reaction F(p, nl l sNe. After separation from the carrier gas, a 
collimated beam of polarized I 9Ne is formed with a Stern-Gerlach state-
selecting magnet and collimating slits. 

In Ref. 1, D was measured by detecting in-flight decays as 
the neon beam passed two counter arrays. The detection efficiency was 
low, since neon atoms spent only 10 sec in the detector region. The 
coincidence count rate was 1.6 counts/sec. The uncertainty in D was 
entirely statistical, 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 \ie 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 1 9Ne 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. Radial acceleration is followed by-secondary electron (e~) 
production upon ion impact with foil. The nuclear spin of the 1 9Ne, 
denoted as P, is maintained by a magnetic field 3^ » ±Z|BA|. Positrons 
originating from decays within the converter boxes and passing through 
the Si (secondary-electron) detectors provide a SOO-keV signal. Such a 
decay is shown at top left. Measuring these SOO-keV singles counts 
provi.ites continuous monitoring of the polarization. 
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orders of magnitude by trapping, holding, and detecting the activity in 
a sealed bulb for up to four seconds. The statistical uncertainty was 
improved by a factor of 5. Paramount in this containment technique is 
the experimental fact that we are able to maintain the nuclear polariz­
ation despite the 10 collisions of the l 9Ne atoms with the container 
walls. Counters capable of detecting the recoil F" ion are an integral 
part of the sealed bulb, whereas the positrons easily pass through the 
thin Al foil windows in the bulb to external detectors. 

For the "D" experiment, counter geometry design optimizes 
detection of those delayed coincidence events, between e + and F~, having 
the T-violating angular correlation described by the D term in Eq. Il­
ls. The spin is maintained parallel to the beam axis (along the z 
axis in Fig. 1) by a weak axial magnetic field, B.. Positron and ion 
detectors are sensitive to events where the positron and ion momenta p 
and r are nominally perpendicular to I, thus providing maximum sensi­
tivity to D. Coincidences are measured for p and r nominally 90° and 
135° apart (Fig. 1). 

In the "B" experiment, coincidence counts are observed for those 
decays having the angular correlation described by the B term in Eq. II-
18. The nuclear spin I is nominally in the plane formed by p and r. A 
weak magnetic field perpendicular to the beam axis maintains the trans­
verse orientation of I. 

A. Detailed Description Of Apparatus and Operation 

The production, separation from the carrier gas, and the polar-
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Fig. 2. Schematic diagram of the production, separation from 
carrier-target gas (SF 0), polarization, and subsequent detection of the 
1 9Ne activity for the "D" experiment. The target area is separated from 
the remainder of the apparatus by concrete shielding. A single magnetic 
substate mj is selected from the atomic beam of , 9Ne effusing from the 
source slit Si (30°K) in a lS<> state by the collimator slit S3. The 
dark (light) arrows represent the orientation of the nuclear magnetic 
moment of l 9Ne as atoms pass through S 3 for Xc > 0 (< 0). The moments 
adiabatically follow the changing orientation of the magnetic fields. 
For the orientation of BA shown and Xc > 0, the spins that reach the 
bulb point along the -z axis. The dark (light) arrows are passed 
(blocked) for S3 as shown. The beam is defined by slits Si, S3, and S4. 
The beare deflections are exaggerated for clarity. The field B^ is pro­
duced by the Helmholtz set. (In the "B" experiment, spin alignment in 
the bulb is maintained by a field B^ along the ±x axis.) The coils pro­
ducing this transverse field are not shown. Bulb cooling is provided by 
contact through the mountingbracket with the LN reservoir. T s j t is the sitting time of 1 9Ne in the bulb. 
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ization of , 9Ne have been described in detail 1' 2 7 and require only brief 
mention here. Details not previously described, together with new 
experimental techniques, will be discussed fully. The entire experi­
mental apparatus is shown in Fig. 2. 

1. Production and Separation of "Ne 
A 60-yA beam of 15-MeV protons from the Lawrence Berkeley Lab­

oratory 88-in cyclotron is used to produce radioactive X 9Ne. The proton 
beam enters an SF, gas target at 3 atm by passing through a 0.038-cm 
Ni-plated aluminum foil in the target face. In the reaction27 

, 9F(p, n) 1 9Ne, 10 curies of neon (T^ - 17.6 sec) are produced. Rapid 
delivery of this short-lived activity is essential. 

The SF 6 target-carrier gas flows through the target at a Tate of 
6 (atm-liters)/min, sweeping the neon from the target into one of two 
LN-cooled traps. Adequate concrete shielding separates the target area 
from experimental apparatus. Each LN-cooled SF, trap consists' of a 
20-liter copper vessel in which SF, is condensed out as a powder onto 
baffles, leaving only 1 9Ne to be pumpsd to the atonic beam source. 
Total transit time of noon from target to detectors is approximately 
S sec. 

Once the SF, trap is filled with condensed SF,, the target gas 
is diverted into the second SF, trap. The experiment may thus continue 
while the first trap is heated to allow return of its contents to the 
large SFg storage tanks which supply the target. Two traps allow con­
tinuous operation. 
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(follouAng page) 
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Fig. 3. Details of source, source slits, and source cooling. 
The source temperature is 30°K. An adjustable bellows mount (not 
shown) was an integral part of the vacuum flange at the top of the 

j 
chamber. This bellows mount allowed vertical adjustment of the entire 
ridged assembly upon which the source cavity was mounted. Horizontal 
adjustments were made using two externally adjustable S.S. rods which 
made contact with the foot of the gold-plated copper heat shield. 
Horizontal and vertical adjustments were critical for precise alignment 
of the source slits with the deflection magnet center line. 
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Fig. 4. Recirculation loop, the times spent in each segment of 
the loop are calculated values. With the source at 30°K, S.S. tube at 
~(iO°K, and all other surfaces at 300°K, the times are given in seconds. 
A factor of between 18 and 20 was gained in beam intensity by reinject­
ing the gas that did not enter the deflection magnet back into the 
source. 
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Injection of the activity into the hollow copper source block 
occurs after successive compression of the neon by diffusion pumps R-3 
and R-1. The source block is cooled to 30°K by the copper mounting rod 
attached to the base of a LHe reservoir. Source construction and cool­
ing are shown in Fig. 3. To minimize heit 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 
source. A gold-plated copper heat shield, cooled to LN temperatures, 
surrounds the source and the LHe Dewar. The entire unit is suspended 

-7 by an adjustable mount in the source vacuum chamber at 10 Torr. 
Neon effuses from the source in the lSo ground state through 

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 S, (0.076 cm wide by 
0.95 cm deep) channel the beam in the forward direction, increasing the 
forward beam intensity over that of a cosine distribution by a factor of 
15. 

Gas not entering the deflection magnet through slit S, is pumped,^ 
from the source chamber and reinjected into the source clock via a 
closed recirculation loop. The activity can thus be circulated up to 
20 times before it decays. Using this recirculation scheme, the beam 
intensity is higher by a factor of 20 than without recirculation. 

The time spent in each segment of the recirculation loop is 
shown in Fig. 4. The factor limiting recirculation enhancement is the 
low conductivity through the channeling slits. While increasing the 
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(following page) 

Fig. S. Neon beam profile and polarization at the entrance to 
the bulb (slit S.). The solid curves are calculated using u(l'Ne) 
= -1.88 VM> a source temperature of 30°K, and a deflection magnot field 
gradient of 22 kG/cm, together with the lengths listed in Table I. 
Experimental points are shown as triangles and squares, X c is the 
distance from the majgnet center line to the center of S,. S- is 
0.076 en wide. For X £ i 0.076 cm, the polarization of the beam reach­
ing the bulb is 1001. AZTQWS indicate locations of the center line of 
slit S, used to select opposite apin s'ates. 
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pressure in the source and enhancing the forward distribution of Ne, 
these slits, at 3 0 % limit the rate at which R-l foreline and the 
source volumes can be pumped by R-2. Since a large fraction of the 
recirculation time is spent in R-l foreline and the source, these 
volumes must be kept at a minimum to maximize bean intensity. 

2. Polarization 
Selection of polarization states is shown schematically in 

Fig. 2. Passing through the 22-kG/ca field gradient of the "Stem-
Gerlaeh" magnet "the two magnetic substates of neon («j • t 1/2) are 
deflected in opposite directions. With a nuclear magnetic dipole 
moment p( l sNe) « -1.88 v^," the field gradient exerts a force on v 
separating the average trajectory of u. • +1/2 and u* » -1/2 by 
0.076 at at the center of the magnet. Due to the finite width of the 
slits defining the beam and the distribution of velocities (Maxwell 
Boltzmann) of the gas emerging from the source, a mixture of spin states 
exists along the magnet center line (Fig. 5). Selection of a single 
polarization state is possible by the introduction of a movable 
0.076-cra wide collimatinff slit, S y If X c, the distance from the magnet 
centerline to the center of Sy is greater than 0.076 cm, the trans­
mitted beam contains only one substate, i.e., it is 1001 polarized. 
This follows, since 5j * Sj - S 4 where Sj is the Width of the entrance 
channel to the bulb. 

In the D experiment, spins are rotated adiabatically thrc-gh an 
angle of 90" after emerging from the deflection magnet (see Fig. 2). 
Upon entering the bulb through slit S 4, the spin is parallel to the bulb 



-31-

axis. For X c > 0 (Xc < 0) the spin points along the -Z (+Z) axes in 
Fig. 2. 

The strong axial coil field (Fig. 2) rotates the spin by ~6O 0 

in an average field of 230 gauss during the first 6 inches of flight. 
The weaker Helmholtz field B A completes the rotation over a 30-in span 
in an average r'ield of 22 gauss. The condition ensuring adiabatic 
passage through a region of changing field is Q » T, where Si is the 
transit tine through the region and T is the Laraor precession period 
about the rotating field. For the first abrupt rotation in the strong 
field, 0 • 10'* sec and T - 10 sec; and for the second slower rota-
tion in the weak field, Q • 5x10 sec and T - 2 4 0 sec. Both satisfy 
the adiabatic condition; thus a 100% polarized beam enters the bulb. 
With neon spending up to 4 sec in the bulb, a highly uniform aagnetic 
field was necessary to minimize relaxation of the spin and thus main­
tain the polarization. 

A set of Helmholtz coils, S ft in diameter and centered on the 
bulb, imnerse the bulb in a 22-gauss alignment field B A < The observed 
variation of this field over the bulb volute was less than 0.2x10 G. 
To obtain this level of uniformity all magnetic materials were kept from 
the detector chamber region. The only exception was the iron magnetic 
shield between the deflection magnet and the detector charter. This 
shield reduced the variation of the deflection magnet's highly non-
uniform fringing field to less than 5x10 G over the bulb region. 

Maximum flux of "Ne into the bulb was achieved by locating the 
detector dumber directly behind the lead wall which shielded the 
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Tablo I. Position, dimension, and flux* through slits defining beam. 
Source S l i t 

(Si) 
Collimator Sl i t 

(s 3) 
Entrance Channel 

CS4) 

Width (cm) 0.076 0.076 0.076 

Height (en) 1.25 1.00 0.95 

TTiickness (an) 0.32 - 7.6 

Distance from 
source s l i t (a*) - 67.6 228. 

Solid angle (sr) - 1.6xlO'S 1.4xl0"6 

Estimated flux of 
"Ne atoms 
(atoas/sec) 

- 1 0 1 1 -10« -10 5 

a Fluxes given for collimator slit position at center lire of deflec­tion magnet, i.e., at X c - 0. 
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detectors from the high background radiation in the source block. This 
proximity of the bulb to the deflection magnet made the iron shield 
absolutely essential for the reduction of its fringing field to the 
Sxio"3 G level. 

With X > 0 (X c < 0) the spins of the neon gas trapped in the 
bulb are oriented in the same (opposite) direction as 3.. To eliminate 
possible systematic errors, equal amounts of coincidence data were 
obtained for 3. oriented along the +Z axes and -Z axes. This reversal 
of field was achieved by reversing the current in both the Helmholtz 
coils and the single axial coil in Fig. 2. A summary of D asymmetries 
for the two field orientations is given in Table V. 

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

The neon beam fluxes and solid angles are given in 
Table I. With the bulb properly aligned with respect to the deflection 
magnet, approximately 28% of the necn beam reaching the detector chamber 
enters the bulb via the 0.076-cm channel and scatters randomly to pro­
duce a uniform distribution of gas throughout the bulb. The neon can 
make approximately 10 wall collisions before it decays or is pumped 
back out the entrance slit into the vacuum surrounding the bulb. Neon 
not originally entering the channel is inmediately pumped from the 
detector chamber in a time of the order of 0.1 sec. The sitting time of 



-254-

neon in the bulb is determined by the conductance of the entrance 
channel and the bulb volume* For large sitting times, T S ~ 10 sec, 
the greater probability of decay [T. ( 1 9Ne) - 17.6 sec] is accompanied 
by loss of polarization due to wall collisions. A brief discussion of 
relaxation processes appears in Appendix D. Our choice of a 4-sec 
sitting time yielded 75% polarization; see Section II-3d. 

B. Bulb 

1. General Requirements of Bulb 
The purpose of the bulb was containment and detection of the 

neon activity in the beam. The following general considerations were 
dominant factors in the design of the bulb: (1) A sizable fraction of 
the polarized ! , N e beam must enter the bulb and remain, without sub­
stantial depolarization, for a tine long enough for appreciable decay 
[T. ( 1 9Ne) = 17.6 sec]; (2) To maintain the uniformity of the guide 
field within the bulb, both the bulb and the detectors must be totally 
nonmagnetic — nonuniformities induce depolarization of nuclear spin; 
(3) In order to concentrate the activity and maximize detection 
efficiency, the size and volume of the bulb must be minimal; (4) The 
acceleration and detection of the negative recoil ions, without loss of 
their directional correlation information, requires (a) a field-free 
region for ion drift and (b) a large high-voltage gradient providing 
acceleration; :IIK1 (SI A high degree of rotational symmetry in the 
geometry of the bulb and detectors is essential to maximize counting 
of the trapped activity and allow adequate measurement of systematic 
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Fig. 6. Exploded view of bulb-detector assembly. The sapphiie 
discs were held onto tlic octagon by snail brass spring clips. The other 
items were secured with 0-80 screws. All joining surf acea were tapped 
to flatness. Oow Corning silicon-based vacuum grease was used to unsure 
a vacuum seal of all joints. A copper lip, threaded into the end of the 
copper bear entrance channel, secured the sapphire disc. The only 
opening in the bulb was the 0.076x0.95-« entrance slit. When all 
joints were properly sealed the sitting time of the "Ne in the bulb was 
4 sec. 
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false asymmetries. 

2. Bulb Design and Operation 
Hie hollow Al frame (labeled A in Fig. 6) upon which the bulb 

is constructed fonts an octagon 2.54 vm in length, with a centered 
4.76-cm I.D. hole along its symmetry axis. (In the following passage, 
letters labeling bulb components refer to Fig. 6.) Eight equally 
spaced rectangular parts provide passage to the flat faces of the 
octagon. Here, facing alternately in opposite directions. Al converter 
boxes (B) and ion detectors (9) are screwed to the Al frame. Lapping 
and Si vacuum grease provided vacuum seals between adjoining faces. The 
top of each converter box, formed from a 0.005-ca Duralumin foil, pro­
vides a window through *&ich positrons m y leave the bulb. Ions strik­
ing the foil stop tsiid eject secondary electrons, which are accelerated, 
allowing (fetection of the ion. The foil is glued to the box with 
Shell epoxy; the curing time and the specific ratio of Shell 829 resin 
to curing agent D were specific for tills low-teaperatum application. 

The ends of the octagon are sealed by sapphire discs (E) 4.76 ca 
in disaster and 0.22 cm thick, which were grown to order by the Crystal 
Division of Union Carbide. A vacuus seal between the Al fraae is again 
assured with Dow Corning high-vaceuB silicon grease. To prevent prompt 
loss of the trapped neon into the surrounding vacua), the entire bulb 
is vacuus tight except for the narrow copper entrance channel (F), 
0.076 on wide by 0.95 cm high by 7.62 ca long. Positron detectors (G) 
are mounted externally to the bulb on a carefully machined bracket that 



-37-

ensures the alignment of detectors with the thin windows and the 
concentricity of the detectors with the bulb. 

The inner grid (H) is a hollow Metallic cylinder with solid 
ends. Its sides are constructed from two layers, separated by 0.16 ca 
of a fine mesh stainless steel screen which is 90% transparent, the 
gold-plated S.S. screen is composed of sixty fine (0.00925 cm) strands 
per inch and is manufactured by Buekbee Mears Gcapany. The grid is 
aounted along the bulb axis by a pin through the center of the sapphire 
disc; thus it is electrically insulated fro* the rest of the bulb. 
Being Maintained at -20 keV, the field-free volume within the grid 
(26% of the bulb voluae) defines the region from which delayed coin­
cidence events axe accepted. This grid is 1.90 ca long and 3.83 cm 
in disaster. 

Along the inner diameter of the Al octagon the outer grid (I) 
is foxiwd from a double layer of the saw S0% transparent mesh. The 
radial distance between grids is 1 ca. The outer grid along with the 
Al octagon and converter boxes is Maintained at -10 keV, thus providing 
a 10-keV/cm potential gradient for the acceleration of F". The double-
layer construction of the grids reduces undesirable fringing of the 
field into the interior of the inner grid and converter box. The strong 
E field at the surface of the inner grid will extract large fluxes of 
electrons from any Microscopic Metal whiskers present on the surface of 
the grid wires. To reduce this field emission, both grids are gold-
plated. Examination of the plated surfaces with a microscope showed 
that all Metal whiskers and irregularities on the original grid wire 
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surface had been covered by the gold plate. 
The entire bulb-detector unit is held by an Al bracket 

which is mounted on a brass pedestal inside a 50-liter vacuum chamber 
(see Fig. 2). The Al bracket is positioned on the pedestal by dowel 
pins which allow removal and replacement of the bulb-detector unit 
without loss of the alignment between the entrance channel and the beam 
axis. The pedestal and Al bracket provide thermal contact between the 
external LN reservoir and the silicon detectors. Thermal contact to 
the ion detectors is through the Cu entrance channel and the sapphire 
enC plates. Sapphire is both an electrical insulator and a thermal 
cwvtxtor. Its thermal conductivity and coefficient of expansion are 
opproximately equal to that of copper at IN temperatures. 

The pressure in the detector chamber is maintained at 
5x10 Torr by a SOO-liters/sec oil diffusion punp. At this pressure k 

high-voltage breakdown within the bulb was rarely a problem. Careful 
rounding and polishing of edges and centers of bulb components enabled 
20-keV potential differences to be maintained for tolerances of less 
than 6 m. To prevent damage to the grids in case of high-voltage 
breakdown between grids or between grids and ground, 100-Ml surge-
current-limiting resistors were placed in the high-voltage lines, 
rhese resistors were 9 mm in dim and 2.5 cm long. Their small size 
allowed placement within the vacuum chamber between the high-voltage 
vacuum feedthrough and each grid, thus providing maximum protection. 
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3. Detection 
Both positrons and ions (secondary electrons) are counted 

with lithium-drifted silicon [Si(Li)] semiconductor detectors made at 
the Lawrence Berkeley Laboratory. Particles passing through or stopping 
in the sensitive volume of the detector liberate charge in proportion to 
energy lost. This charge is swept from the depletion region of the 
detector by a large bias voltage, producing a charge pulse. 

High-energy resolution in the detector systems depends funda­
mentally upon maximizing the signal-to-noise ratio. To achieve an 
energy resolution of a few keV, it was essential that (1) the initial 
stage of preamplification, the field effect transistor (EBT), be located 
close to the silicon detector, and (2) both the detector and the FEi" be 
cooled to -100°C. At this temperature the gain of the EET is at a max­
imum, while the leakage airrents in the detector and the FET are reduced 
by a factor of 200 below room-temperature values. Thermal noise in the 
feedback resistor is also reduced. 

Preamplifier input capacity increases with the distance that 
separates the detector from the FET. The preamplifier input voltage is 
maximized by placing the FET and its feedback circuit directly behind 
the detector in the vacuum chamber. The remainder of the preamplifi­
cation circuit was mounted outside the vacuum chamber. 

. Large-amplitude megacycle oscillations, which saturated the 
scalars, were induced when the feedback response time between the FET 
and the external preamp circuit 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. Positron detection. The positron detectors are located outside 

the sealed bulb. Given the 2.21-MeV positron endpoint energy of , 9Ne, 
the average positron energy is 1 MeV. When escaping from the bulb, a 
1-MeV positron loses 11 keV in the converter box foil. Neon gas is 
uniformly distributed throughout the bulb so decays can occur anywhere 
inside. Within the inner 6rid, decays provide possible coincidence 
events. For decays outside the inner grid, positrons may be counted as 
singles events in either the positron detectors or the ion detectors (HgJ5). 
Let these respective singles rates be Ng. and N - T . in the i counters. 
N„ is the number of positrons passing directly through the thin Si(Li) 
ion detector for decays within the converter box. Continuous monitoring 
of the 1 9Ne polarization is provided by measurement of E.; this will be 
discussed in Section III-3d. 

Extremely large-volume positron detectors were required to 
provide both the adequate solid angle and the necessary sensitive range 
to stop, detect, and measure the energy of positrons with energies up 
to 2.21 MeV. A triple-angular correlation CMC) resulting from a final-
state interaction has a definite positron-energy (E e) dependence (see 
Section II), while a true T-violatxng TAG is independent of E e . Meas­
urement of E for each coincidence allows us tc distinguish these two 
cases. The dimensions of the sens?wire depletion volume are 3.81 cm by 
4,1311 thick. This thickness provides.sufficient range to stop 2-MeV 
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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1*0 2.0 
Energy ( MeV ) 

XBL 707-335TA 
Fig. 7b. Kith positron energy discriminators lowered to 0.1 MsV 

we can observe the energy loss of the Yjm- i n *>» Si detector. This 
appears as a Compton scattering spectrun superimposed on the positron 
spectra. The sharp peak corresponds to the 340-keV singles Ccstpton-
scattering peak produced by. Tann* 
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voltage of 400 V and had an energy resolution of 9 keV. 
A typical coincidence positron energy spectrum is shown in 

Fig. 7. A l t T C s source providing internal conversion electrons from 
> , 7 B a at 625 keV and 655 keV was used for energy calibration. Discrim­
inators were set to accept all positrons above 0.5 MeV. The positron 
energy is recorded for positrons associated with a coincidence event. 

f>. Ion detection. Counting the negative recoil ions requires a 
highly stable, efficient, low-noise detection system which, in contrast 
to the positron counters, must be an integral part of the sealed bulb. 
These counters, based on an earlier design,** consist of a con­
verter box with a thin secondary-emission Al foil, a S;L(Li) detector 
plus F£T, and a hollow glass electrical insulator separating the two 
(Figs. 1 and 6). The silicon detectors are 1.27 cm in diameter and 1 ma 
thick, providing sufficient range to stop 600-keV electrons. The 
sensitive depletion region is 0.96 ma thick. Energy resolution is 
approximately 4 keV. To maintain the 12S-V bias, a 50-A gold layer was 
evaporated on the face of the detector through which electrons entered. 

A typical coincidence event from a decay within the field-free 
region of the inner grid is shown in Fig. 1. The positron is detected 
inaediately. The ion, having an average recoil energy of 100 eV, drifts 
slowly in its original recoil direction toward the transparent surface 
of the inner grid. Drift times rangebetweenr0 and1.4 psec. (Sice the 
ion has passed through the grid, it is immediately aetsleratPd radially 
toward the thin window of the converter box, which can collect ions only 
from this portion of the inner grid surface. Passing through the cuter 
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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 reroil ions (see Sect. V). Prompt coincidence events 
do not yield valid B or D data. These prompt ions originate from decays 
between the -10-keV and -20-keV grids and, having less kinetic energy, 
produce fewer secondary electrons. The presence of the prompts explains 
the deviations of the spectrum shape from a pure Poisson distribution. 
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grid, the 10-keV ion collides at a nominal angle of 45° with the At 
window and stops. The impact of the ion causes secondary electrons to 
be ejected from the metal surface. 

With the Si detector at ground potential and insulated from the 
-10-keV converter box, the secondary-emission electrons are to some 
extent focused and accelerated toward the Si detector. An ion is thus 
detected as a pulse of one or more 10-keV electrons by the Si ion 
detector. For decays between the 20- and 10-keV grids, ions are accel­
erated immediately in the radial direction and detected in the same 
way. With Tespect to the positron, these pronpt ions are delayed less 
than ions from the inner grid. Coincidence events originating between 
grids can be distinguished in this way from those originating from 
within the inner grid* Let N T be the ion singles rate in the j ion 
counter. . •'•• 

The frequency distribution of secondary electrons emitted 
follows Poisson statistics. The average nunfcer emitted per stopped ion 
is equal to the secondary emission coefficient v* with 10-keV ions on 
Al at 45°, y a 3. For one, two, three, etc. electrons ejected, the 
silicon detector resolves individual lines at 10 keV, 20 keV, 30 keV, 
etc., as seen in, a typical ion coincidence energy spectrum, (Fig. 8J. 
The ion discriminator was set at 15 keV, so the two-electron peak is 
the first one seen in this figure. 

It should be noticed in Fig./: 8 that the individual peaks broaden 
as the number of electrons increases. The Si detectors produce this 
broadening, since statistical fluctuations in<charge production for ; 

; • • " • • " . . - • " V " o 
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SECONDARY ELECTRON SPECTRUM - Due to 
Field Emitslon From Inner Grid in the Absence 
of«Ne. 

,,../ \ 
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Fig. 9. The secondaiy-electron spectrum due to field emission 
provided a means of energy calibration of the ion recoil spectra. 
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individual electrons add in quadrature. Thus the width of the 40-keV 
peak for four 10-keV electrons is greater by a factor of vT » 2 than it 
would be for a single 40-keV electron. 

Noise in the ion counters due to field emission from the inner 
grid was initially a serins problea. With the large voltage gradient 
between grids, field eaission electrons could be dram off dust parti­
cles and/or metal whiskers on the small-diameter grid wires. These 
10-keV field-emission electrons produced an average of one secondary-
emission electron upon striking the foil. The secondaries, in the 
absence of any l ,Ne, produce a spectrum in the ion detectors with a 
large one-electron peak and a smaller two-electron peak (Fig. 9). 

The ion counters were totally saturated by these field-emission 
(and subsequent secondary-emission) electrons. This background was 
reduced by a factor of 10,000 to an acceptable level, less than 0.1 counts 
psr sec (above IS keV)per ion counter, by (1) gold-plating the inner and 
outer grids to provide a microscopically smooth surface free from sharp 
metal bates and (2) careful cleaning of the grids in nitric add, 
distilled water, and alcohol to eliminate dust and blemishes. This 
field emission provided an accurate and convenient means of energy 
calibration for the ion spectra. 

4. Polarization Monitoring 
During the "D" experiment (f along the beam axis), continuous 

monitoring of the "Ne polarization is achieved by using the Si ion 
detectors to measure the angular correlation term At«pf^j£j in 
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£q. Ii-18. l 9Ne decaying insWo the converter boxes emits positrons 
which can pass through the 1-mm silicon ion detectors, producing a 
high-energy pulse. The energy lost by a 1-MeV to 2-MeV positron is 
500 keV, substantially higher than the energy from ion singles. With 
converter boxes and Si ion detectors alternately facing in upstream-
downstream directions along the beat axis, the difference over the sun 
in the high-energy si.igles count rates, -K^ , froa alternate detectors is 
proportional to the polarization. Specifically, the polarization is 
given by 

A S A GA\c/ 

where A - 0.039 is the previously measured asymmetry coefficient, 
* 

S A * 0.85 and G A « 0.62 are the calculated backscattering correction 
and geometry factor for this geometry, and/^V» 0.96 is the average 
positron velocity between the 0.5-MeV discriminator setting and the 
2.21-MeV endpoint energy. A. is defined as 

(HI-2) 

where Nj (N,) is the sum of the E. singles counts for all the upstream 
(downstream) Si detectors for a given time in a given polarization 
state or collimator position X . A plot of A. vs timer rims throughout 
the progress of the experiment indicates the consistence of polarization 
within the bulb (Fig. 10). 

Appendix C. !i 
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IV. DKTA COLLECTION AND ELECTRGNICS 

the delayed coincidence rates jfe are measured between each 
positron counter Ej and four ion counters Ij, oriented ±90° and 1135° 
frcn Ej. For exaaple, Ej is in coincidence with Ij, I 7, 1^, and Ifi, 
giving coincidence rates JHJ, jn 7, jn^, and jTig (Table II and Fig. 14). 
Coincidence rates for a total of thirty-two correlated pairs, four for 
each positron counter, together with the uncorrelated positron and ion 
singles rates, are acctsnulated for 15-ain intervals in each of the 
nuclear polarization states (X c > 0 and X < 0). A 3-ain nsasurenent 
of the singles background coKtletes each measurement sequence. Singles 
measurements provide a continuous Monitor of counter performance and 
of the polarization. Typical singles rates are Ng - 12 counts per 
second (cps), Nj • 200 cps, and Ngj - 20 cps. 

Recorded for each coincidence event is the detector identifica­
tion defining the coincidence pair. the time delay At between positron 
and ion, and their respective energies e e and e^. thus, coincidence 
events can be grouped according to their values of At, E e , and Cj for 
each individual coincidence pair (Fig. 11). 

A schematic outline of the electronics and data transfer system 
appears in Fig. 12. Its operation is as follows. For each position 
above threshold (0.5 MeV) from E., a fast logic pulse registers a 
singles count, sets an identification (ID) register labeling this count 
as coming from Ej, gates off acceptance of all additional positron 
coincidence starts, and starts the TAC (time-to-amplitude converter) for 
the determination of the time delay for a possible coincidence. The 
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(folloaing page) 

Fig. 11. Time-of-flight patterns ' r 90 s and 135° coincidence 
pairs. For these three figures the positron energies are 0.5 s E_ 
< 2.2 MeV and the mmfoer of secondary electrons accepted i 2 . Shaded 
area shows acceptable coincidence data. The upper and lower delay 
limits are explicitly given in usee. Note the difference between those 
for 90° and 135° pairs. The sharp peaks are iue to praapt coincidences. 
Notice also the unproved tine separation of the prcopt peak from the 
shaded area for the large 20-kV grid. 
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Fig. 1 1 . (see previous page) 
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Fig. 12.. Schematic of electronics and data-transfer system. 
The upper ion discriminator is set at O.S MeV; rJiys ii:e EI singles 
measures only the passage of positrons through the Si ion detector. 
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signal level (energy E ) from the positron preamp is routed to and held 
in the multiplexer until an ion ccimpletes the coincidence. If no 
coincidence occurs within 5 Msec, the multiplexer and the ID register 
are each internally cleared and the positron gate is opened. 

An ion from I- provides a fast and a slow linear amplifier 
output. Above threshold (two secondary electrons = 20 keV), the fast 
output registers an ion singles count, sets the j -ion ID register, 
gates off acceptance of all additional ion coincidence stops, and 
stops the TAC, thus registering a coincidence. The fast ion pulse also 
gates the slow ion signal (energy Ej) from the linear amp into the 
multiplexer. 

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

Simple analysis of the incoming coincidence data is the major 
source of dead time in the system. The minimum program introduces 23% 
dead time. A more complete analysis program introduced approximately 
504 dead time. For this reason, this longer program was only occa-
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Fig. 13. The angular correlation information is lost for prompt 
coincidence events and cannot be used to measure D... The prompt and true 
(valid) events overlap in the delay region between 1.2 and 1.5 usee. 
Only the events with time delays At between 1.5 and 2.6 usee are true 
events, i.e., events for which the angular correlation is certain. 
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sionally used as a check on the performance of all coincidence counter 
pairs. Hie long program grouped events which were within preset energy 
and time-delay limits into an 8x8 coincidence array with indices i and j 
corresponding to the rates in counter pair .n.. This array was printed 
out on the Teletype after each 15-min run when this longer analysis was 
used. The singles counts collected during a 15-min run (N £., Nj , Ngr ) 
were read from the scalers through the computer onto magnetic tape. These 
singles were always printed out on the Teletype after each 15-min run. 

The coincidence gate was held open for 5 usee accepting ions 
with delay times between 1 ysec and 6 usee. Three types of coincidence 
events occur: prompts, trues, and accidentals. Prompts result from 
decays occurring between the 10- and 20-keV grids (Fig. 15b). These ions are 
immediately accelerated in the radial direction regardless of ion recoil 
direction. Correlation between ion and electron recoil direction is 
impossible. These events provide no useful D or B information and are 
sharply peaked between 1.0 ysec and 1.5 ysec (Figs. 11 and 13). True 
coincidence events result from decays inside the 20-keV grid, where 
ions drift in their natural recoil direction before acceleration. 
Correlation information is preserved and delay times range from 1.5 to 
2.5 ysec depending on drift path. Prompts and trues can be distin­
guished since their overlap in tine is small (Figs. 11 and 13). Acci­
dental coincidences are uniformly distributed in time. The true events 
are thus superimposed on a background of accidentals. This background 
can be measured (and thus eliminated from tiws) by holding the coin­
cidence gate open for times before and after which trues are expected 
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Accidental data was taken for the intervals 0 ysec to 1 ysec and 
3 ysec to 5 ysec. Thus, simultaneous measurement of the true and the 
accidental coincidence rate is achieved. 

The true and accidental coincidence rates were 2.5 counts/sec 
and 0.2 counts/sec, respectively. Considering all coincidence pairs, 
our true rate was 60 counts/sec. The total time during which good 
coincidence data was accumulated was approximately 100 hr, although 
the rate was not always as high as 60 counts/sec. 
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Fig. 14. This sketch provides a schematic view of the bulb 
octagonal counter geometry. Positron and ioa counter designations Ej 
and Ij provide a key to the counter pair numbering in the Table. 

/ 
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Table II. Regular and image coincidence pairs for "D" experiment.3 

Pair Index i. Regular Image Q&j££? 

135° pairs 1 
2 
3 
4 
5 
6 
7 
8 

•. 9. 

10 
11 
12 
13 
14 
15 
16 

a 

1:4 1:6 <T = 
•. 5:8 

7:2 
5:2 
7:4 

0.42 ± 0.03 

3:6 3:8 
2:5 8:5 
6:1 4:1 .: 
8:3 6:3 
4:7 2:7 

1:3 
. 5:7 

3:5 

1:7 
553.-... 
3:1 

0.67 ±0 .03 

7:1 ' 7 : 5 
8:2 - 2:8 •' - * 
4:6 6:4 
2:4 4:2 
6:8 8:6 

Coincidence, pairs are designated by, i: j. 1 = positron counter; 
j = ion counter. For each pair i: j the coincidence rate JTIJ is 
measured. See Pig. ,14 for. key .to-'counter -pair -numbering. 
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V. nATA ANALYSIS 

A. False Asymmetries and Analysis of "D" Data 

Misalignment of the field B, with respect to the bulb axes and 
differences in coincidence-pair counting efficiencies are two sources 
of systematic error that can contribute to the magnitude of D. It will 
be shown that the contribution to D from false asymmetries produced by 
these two sources of error is less than 1 part in 10 , i.e., smaller 
than the statistical error assigned to D by a factor of 10. This 
follows from the choice of coincidence pairs and the manner in which 
these pairs are combined to yield D (see Eqs. V-2 and V-3 below). When 
B., and therefore I, is perfectly aligned along the normal to the de­
tection plane, the "A" and "B" terms in Eq. 11-18 average to zero. The 
"0" term remains, producing an asymmetry in the coincidence rate which 
depends upon the magnitude of D. Perfect alignment is impossible and, 

- * • in general, I will make an angle a with the normal, thus introducing a 
component of spin parallel to the detection plane. The B term will not 
average out as before, and a "false" asymmetry is introduced into the D 
measurement since B is large (|B| * 1). The A term will not similarly 
interfere since A « 0. 

For each coincidence pair an appropriate image pair is chosen. 
These 16 "regular" and "image" pairs are listed in Table II, where I is 
the regular-image pair index and i and j designate the positron and ion 
counters. The measured coincidence decay rate -n- or n^ for an 
arbitrary pair is 
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.r.5 . K l S j [ l - B <[> (E) (ri-r • pl-p) - D - ^ ( ^ C P ^ ) ] 

(V-l) 

where .e. is the relative efficiency for the counter pair; p, E, q, and 
r are the positron momenta and energy and the neutrino and ion momenta; 
K is a collection of all other factors in the decay rate; and - j — - P 
is the polarization. The sign of the D term is reversed for regular 
and image pairs. 

When the ratios of the difference to the sun. of regular (tig) 
and image (ru) coincidence counts (obtained in one spin state) are 
summed over SL, the false asymmetries due to B and the efficiencies -e. 
cancel out in first order and enter only as a negligible second-order 
correction. The resulting number is proportional to the numerical value 
of D. To minimize spin-independent false asymmetries, the same 
difference-to-sum ratio ratios for n» and y\l are formed for coincidence 
data taken for equal times in opposite spin states. For each term in 
the sum over l (i.e., for all appropriate regular and image pairs) these 
ratios are subtracted. The explicit expressions for the 135° arid 90° 
coincidence pairs are 

lip + In/ 
* • v x c < o j 
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where the ru's are net coincidence counts corrected for accidentals. 
From Eq. V-l it is obvious that these A's are proportional to the 
magnitude of D and the nuclear polarization. Explicitly,, 

D = ^ # + ^ r * r } cv-3) 
where P is the polarization, S is a backscattering correction (see 
Section V), and the G's are the geometry factors for the 90° and 135° 
coincidence pairs (App. E ) . These geometry factors account for the finite 
spatial extent of the detectors, the finite <?ecay volume, and the 
momentum distribution of the decay products. 

Calculating D from the coincidence data by this method effec­
tively eliminates counter efficiency differences and interference of 
the B term only if the misalignment, i.e., sina, is small (see Appen­
dix A). It is therefore important to determine quantitatively the 
magnitude of sina so an estimate of the completeness of the self-
cancellation can be made. The angle a is determined for possible com­
ponents of B A along the x, xy, and y axes in the detection plane (see 
Appendix B). This is achieved by examining those coincidence pairs 
for which the B term introduces its maximum contribution to the D 
asymmetry, AQ. 

The values of a determined in Appendix B for individual cyclo­
tron runs give a = 2 ± 1°, although cumulative 
results imply that a * 0. 

Using the results of Appendix A, the value a = 2° implies that 
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the second-order contribution to D due to these false asynmetries is 
indeed <2xl0~ , 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 the "B" experi­
ment are given in Table III. For the measurement of B the spin lies 
in the detector plane along the x axis of Figs. 1, 2, and 14. The 
D term in Eq. 11-18 averages to zero, and in general the coincidence 
rate n depends upon both A and B correlation: 

n * K e [ l + A p i (I-p) - £p (rl-r + pl-p) J . 

With coincidence pairs i. • 3 S 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: 

1, 2) CV-4) 

3 , 4) (V-5) 

£,x%.' ; ' • • •< • CV-6) 

7, 8) , CV-7) 

and the 90° pairs: 

[ < + J U * A ] . - P W * = 
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Table III. Regular and image coincidence pairs for "B" experiment.3 

Pair Index i. Regular Image Gj^l¥ 

135° pairs 1 1:4 1:6 4" 
2 5:2 5:8 0.48 + 0.03 

3 4:1 6:1 

4 2:5 8:5 

90° pairs 5 1:3 1:7 4-
6 5:3 5:7 0.77 ± 0.04 

7 3:1 7:1 

8 3:5 7:5 

Coincidence pairs are designated by i:j. 1 = positron counter; 
j = ion counter. For each pair i: j the coincidence rate jijj is 
measured. Only pairs i. m 1, 2 and I • 5, 6 were used. The geometry 
factors for the other pairs were not calculated. Pairs I = 1, 2 
were used to measure B, while pairs % = 5, 6 were used in the D 
experiment to measured the misalignment angle a. 
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where 

Here r\- and n- are the regular and image B coincidence counts obtained 
in each spin state and corrected for background, while the G's are 
geometry factors. Since B is known from previous work, the B measure­
ment served only as a check on the, design and operation of the bulb. 
A high degree of accuracy was unnecessary; therefore only the. 135° pairs 
Jl = 1 and 2 in Eq. V-4 were used to determine Ag.. 

The 90° coincidence pairs £ = 5 and 6 were used during the 0 
experiment to measure a possible component of B. along the detector 
plane x axes. Similar 90° pairs were used to detect other components 
(Appendix B). 

C. Results 

1. "B" Data 
B data were accumulated for a total of ten hours. The value of 

Ag obtained with coincidence pairs 9. • 1, 2 (Table III), for all posi­
tron energies between 0.5 MeV and 2.21 MsV, and delay times between 
1.6 usee and 2.6 \isec, is 

13S: 

Ag = C.258 i 0.015 .• 

Eq. V-4 with P •= 0.75 ± 0.05, rS'« 0i85 ± 0.1 (Appendix Q , and 

file:///isec
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Gj[ = 0.48 ± 0.03 {App. E) yields 

B - -0.85 ± 0.17 . 

This result is in agreement with the previously measured value 
B =•• -0.90 + 0.13, and indicates proper operation of the bulb-detector 
system. The uncertainties are attributable to errors in P, G, and 
particularly S, rather than to statistics. 

We have observed that ions can backscatter for (razing angles 
of incidence. Thus, a combined positron and ion backscattering correc­
tion factor Se"Sj. should be used when calculating B and 1) from the 
measured A £ and A-. Energy and angular distribution data for back-
scattered positrons is available. An evaluation of S for this bulb 
geometry using this data and Monte Carlo methods is, however, difficult. 
Only a crude model of positron backscattering was used to estimate the 
factor S in Appendix C. Lit Sit or no experimental data exists for ion 
scattering; thus, the evaluation of Sj is impossible. 

This definitely nay be overcame by evaluating the product S S , 
for the present bulb geometry. Inserting the previously measured value 
of |B| « 0.90 ± 0.13, and the present value of (ig) into Eq. V-4, 
we obtain 

c c = e _ ( V e x p 
" e~ J " (̂  P |B| 

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

SgSj » 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 e S I } D = ( S e S I } B * °- 8 0 * °'14••• 

5oS6u on experimentally determined quantities, this represents a useful 
result for the evaluation of the coefficient D below* while. S = 0.85 
(App. C) used withBdata represaitsdlittle more than an educated guess. 

2. "D" Data 
We can obtain the value of D for various energy- and delay-

intervals by measuring the positron energy and time delay of:each 
coincidence event. The values of Ai° and A i 3 S listed in Table IV were 
obtained by combining the data according to Eq. V-2, The three positron 
energy intervals into which the coincidence data were grouped are: 
6E X = 0.5 to 1.0 MeV, 6E 2 = 1.0 to l.S MeV, and <5E3 = 1.5 to 2.21 MsV, 
where 0.5 MeV is threshold energy and 2.21 MeV the endpoint energy of 
1 9Ne. 

For the 90° and 135° coincidence pairs, only those coincidence 
events with delay times between 1.3 and 2.5 usee and 1.6 and 2.6 usee 
were used to calculated the A's. The factors P, Ŝ S,., and CL used to 
combine the weighted averages of Ag° and A i 9 S according to Eq. V-3 are: 
P = 0.75 ± 0.05, S eS x = 0.80 ± 0.14; Gg° = 0.67 ± 0.03 and G^ 9 5 

= 0.42 ± 0.02 for large inner grid; and G§° = 0.77 ± 0.04 and G^3S 

= 0.56 ± 0.03 for small inner grid (Cyc. Run 4). The results are: 



Cyclo^ Orien-
tron tation 
Run # of B. 

Table IV. Computation of ̂  vs positron energy. 

2^ 3 5(SE 1) 2i»35(6E2) 2& l 3 5(5E 3) 2&9»(«E1) 2A»»(6E2) 2&9»(8E3) 

1 +Z 
(South) 

2 +Z 
3 -Z 

(North) 

\+Z 

{ -z +z 

+.00304.0110 

-.01334.0104 

+.00834.0144 

-.00144.0081 

+.00194.0093 

+.00134.0073 

+.00914.0105 

-.00404.0097 

-.00464.0117 

+.01484.0105 

+.01964.0147 

+.00804.0083 

+.00924.0095 

+.0067724.0081 

-.00654.0097 

-.00064.0092 

+.0142+.0213 

-.00404.0221 

-.01014.0313 

+.01884.0175 

+.02124.0202 

+.00494.0257 

-.02914.0183 

+.01154.0171 

-.01354.0168 
-.01574.0160 
-.03784.0233 
-.00634.0133 
+.00594.0149 
-.01234.0110 
-.00824.0172 
-.00504.0160 

-.01094.0242 
+.00554.0228 
+.01234.0338 
-.01394.0194 
+.00784.0217 
+.01294.0184 
-.01834.0228 
+.03644.0214 

+.07284.0627 

+.05524.0695 

-.10214.1087 

-.15184.0635 
+.08384.0648 • 

CO 

+.06054.0808 

-.00404.0628 

+.05394.0596 

Weighted 
Ave. for 
Cyc. Bun 
#4 only » 
Wtd„ Ave. for 
Cyc. Buns 
1-4 and 5-6 b 

+.00134.0073 +.00684.0081 +.00494.0257 -.01234.0110 +.01294.0184 +.06054.0808 

.00024.0038 +.00484.0038 +.00454.0076 -.00884.0061 +.00204.0086 +.01134.0253 

a«El 
6E 2 6E 3 

0.5 MeV to 1.0 MeV b Cyclotron Run #4 used small inner grid, while in other Runs 
1.0 MeV to 1.5 JfeV 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. 
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DCSEj) = -0.009 ± 0.006 
DCSE2) = +0.008 ± 0.005 
D(SE3) = +0,010 ± 0.011 '. 

No energy-dependent trend or significant (2a) difference exists between 
these D's, implying the absence of any contribution of a final-state 
interaction to the D data at the present level of sensitivity. 

Either by combining the D's above or by taking the weighted 
averages of A^° and A i 3 5 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 absolute 
values of these A.,'s for all cyclotron runs are shown in- Fig. 10. The 
"weighted averages for each orientation of B. are listed in Table VI. 
Inserting the overall weighted average from Table VI, the previously 
measured value of |A| = 0.039 ± 0.002, and the values 



Cyclo­
tron 
Run # 

Deflection 
Field 

Table V. Cospitation of A Q for all positron energies. 

Bulb 
Alignment 
Field B A 

Direction of 
Spin in Bulb 

X„ > 0 c 
K 

{ 

{ 

-X 

-X 

-X 

-X 

-X 

-X 

-X 

-X 

+Z (South) 

+2 

-Z #!orth) 

-Z 

*Z 

-Z 

-Z 

+Z 

+Z 

+Z 

-z 
-z 
+z 
-z 
-z 
+z 

Weighted Awrag» for Cyclotron Bun 4 
only 

Weighted Average for a l l other 
Cyclotron runs 

-.00134.0075 

-.0000(4)±.0070 

+.01114.0098 

+.00534.0055 

+.00514.0063 

+.0029+.00S3 

-.00244.0067 

-.00204.0063 

+.0029±.0053 

+.001&+.0025 

-.0055±.0i:56 

-.0059+.0129 

-.0340+.0189 

-.00854.0108 

+.01174.0121 

-.00414.0094 

-.01234.0135 

+.01214.0126 

-.00414.0094 

-.0034+.0049 



Table VI. Weighted averages for each orientation of B A > 

Cyclotron 
Run #' 

Alignment 
Field |AA|xlO"3 

h. 

Polarization 

1 +Z (South) 1.59±.014 78.4% 
2 +Z 1.57±.023 77.5 
3 -Z (North) 1.61+.027 79.2 

' \ 

-Z 1.56±.015 77.0 
' \ I * 1.53+.018 75.4 
5 -z 1,54±.012 75.8 

_ J r - " z 1.47±.010 72.1 _ J L + z 

;ed Average: 

1.50±.012 74.0 

Overall Weighl 

L + z 

;ed Average: 1.52±.005 74.8* 
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G A = 0.64 
S A - 0.85 

v/c • 0.95 

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

P = 75 ± 5* 

where the major uncertainty is S, 
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VI. CONCLUSION 

From the final value of D, 

D ( " N e ) = 0.001 ± 0.003 , 
one obtains from Eq. II-9 the -value of the vector-axial vector phase 

angle, 

<f>AV= 180.1 ± 0.3° . 

This represents a factor of 5 improvement over, the previous esiJ.t. The 
quoted error is purely statistical. 

Although $» .'is, consistent with ir, implying the relExive reality 
of Cy and C., the implication for time-reversal invariance :'s ambiguous, 
since both T invariance and the charge-asymmetry condition (Eq. II-4) 
impose the same relative phase condition on Cy and C.. T could be 
violated and (Jy A exactly equal to ir, provided charge symmetry holds. 
There exists, however, little evidence for the validity of the charge 
symmetry condition. The observation of second-class weak couplings would 
directly exclude it from consideration and the ambiguity would vanish. 
We will assume that charge symmetry is not strictly valid, and thus the *: 

measurement of 4 A v bears directly on time-reversal invariance. The 
conclusion then, for 1 9 N e , is that.T is conserved in the 'Vj A jEOUpliiig !. 
to within 3 parts in 10 . ' 'K'\ ?!; 

A; Discussion :<S:'-:{-:i.~!&i 

• • • • • . ' • . •••:• ••:'•• ••;• • • : ' ' ^ ' t f t i « ; ! ; . u f e U : * ! ^ ) i 

second-class couplings exists, a totally unambiguous testf of %/M^,^i^^jMf}jji 

Until independent experimental evidence of the exislencfeltsij}; 
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iance can only be made by the observation of a D-like angular correla­
tion arising from an interference between a first- and a second-cjass 
coupling. Observation of such an interference would immediately in­
validate the charge symmetry condition and allow unambiguous interpre­
tation of phase measurements in terms of T invariance alone. Such an 
interference term could be observed in a pure Gamow-Teller transition, 

TR where the expression for D given in Eq. 11-10 reduces to 

nTR _ . 1 2 - * 
U = + y -r Im C (d + b) -2 - d £ 

2M . 
TP Measurement of the energy dependence of D * for such a transition is 

dependent only upon first-second class interference. The size of such a 
-3 term could be of the order of 10 . Measurement of a term of this size 

could be impossible, however, due to final-state E-M correction terras of 
comparable size. 

It should be noted that, for analogue decays, the induced-
tensor coupling is second class. On the other hand, the presence of 
the induced-tensor term for non-analogue beta transitions does not 
automatically imply tne presence of a second-class coupling since, 
according to the impulse approximation, first-class terms contribute 
tod. 3 1 
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APPENDECA 

ELIMINATION OF SYSTEMATIC "FALSE" ASYMMETRIES IN "D" MEASUREMENT 

With the high degree of rotational symmetry present in the 

D experiment, systematic false asymmetries due to detector efficiency 
differences and spin misalignment cancel out to second order in the 
expansion of Ap. It will be shown here that this cancellation obtains 
when AQ is defined as in Section V. Let ct be the angle between the 
magnetic field or spin and the normal to the detection plane. 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 Fig. 1, i.e., 
f = I sina I + I cosot k. The coincidence decay rate is 

I, . v (I) . •*•* B (I) . #.* A * A . •T\. * K . e. i 1 + A — -r=— suirt i-p - — -y- sua ( T I T + pi*p) 

where -=— = P is the polarization, p and v are the positron momentum 
and velocity, r and q are the ion and neutrino momentum, i and j refer 
to the positron and ion detector and -e- the relative coincidence-pair 
efficiency for i and j. Since B * 1 and A * 0, the A term can be 
neglected. 

The coincidence rates for the regular and image pairs in 
Table II will be divided into four groups and designated by the pair 
index A. The 135° pairs comprise group I, A = 1, 4 and II with X. = 5, 
8; while the 90° pairs are III, % = 9, 12, and IV, i, - 13, 16. Only 
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group I will be considered here since cancellations of false asynmetries 
from IL. occur in identical fashion in each group. For individual pairs 
in I, we can simplify -n- above by averaging over angles and decay 
volume. . For the spin state X > 0, and the alignment field B, pointing 
North, we have: 

i"j = nA 
l n4 = nl = l s4 C 1 " b " d ) 

l n6 • "1 - l e6 ( 1 + b + d ) 

5*8 = n 2 = S e8 C 1 * b • d ) 

5 n 2 = n 2 = s e 2 (1 - b + d) 
7 n 2 = n 3 = 7 e 2 (1 - b' - d) 
7 n 4 = n£ = 7 e 4 (1 - b' + d ) 
3Tfc = n 4 = 3 e 6 ( l * b ' - d) 
3"8 " n i - j e g C l + b' + d) 

where 
b = B sino -̂ - ĵ-g. <I> r 

<I> r8l " P g 2 b' = B sinct ̂  -
vr _;__ <I> 
cq d = D — cosa -Y~ g. 

The g's are geometry factors resulting from the averages taken above. 
With the z_ component of spin reversed, X < 0, the orientation 

of the component of spin lying in the detection plane is also reversed. 
The expressions for n & are identical except the signs of the b, b', and 
d terms are all reversed. The group I porti^ of Ap 3 5 is 
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I *- • * x >o % "• x <oJ 
or, substituting the above expressions for n,, 

T \ x, - (b + d) • : 1 ,.«\ x, - (b + d) x. + (b + d) 
8 X " = - U ± — 
\ / 1 - xj(b + d) 1 + XjCb + d) 

x 2 + (b - d) x 2 - (b - d) 
1 + x2Cb - d) 1 - x2(b - d) 

x3(l - b') - d x^l + b') + d 
(1 - b'} - x 3d (1 + b') + x 3d 

x4(l * b') - d x4(l - b') + d 
(l+b r) -x 4d (1 - V ) +x 4d 

tdiere 

and 

_ _ le4 " le6 
1 l e 4 + l e 6 * 

5e8 "• 5e2 
* 2 * 5e8 + 5e2 ' 

_ 3e6 " 3 e8 
4 3e6 + 3e8 " 

^ _ 7e2 " 7e4 
3 7e2 + 7 e4 

Observing the values of .c. given in Table VTIa, it is seen in 
Table Vllb that the x^'s « 1. The values of b, b' (for small angles 
a), and d are also « 1. We can expand and simplify the expression for 
i i 3 5 by disregarding terms of fourth order and higher in these small 
quantities. The result is 
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Table Vila. Measured relative coincidence-pair efficiencies for 
"If' experiment. 

l e4 l e6 S e8. S e2 7 e2 7 e4 3 e6 3 e8 Group I '• .99 .98 .97 1.00 .99 .99 .98 .90 

2 e5 8 eS 6 E1 4 el 6 e3 8 G3 4 e7 2 e7 Group II 
1.00 .81 .97 .88 .92 .71 .89 .94 

l e3 l e7 5 e7 S e3 3 eS 3 el 7 el 7 e5 
Group III : .86 .92 .95 .89 .96 .89 .92 1.00 

8 e2 2 e8 4 e6 6 e4 2 e4 4 e2 6 e8 8 e6 
Group IV .79 .79 .96 .96 .99 .99 1.00 1.00 
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Table VIlb. Calculated ratios of measured relative 
coincidence-pair efficiencies for "D" experiment. 

group I group II group III group IV 

x x +0.0056 +0.102 -0.0302 0. 

x 2 -0.0138 +0.0446 +0.0302 0. 

x 3 -0.00477 +0.1293 +0.0391 0. 

x„ +0.00506 -0.0225 -0.0390 0. 
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or 

8 ( I f i D j = " 2 { d ( 1 " A* * b ( 1 " X l } + 4 ( 1 " X 2 > " b C 1 " X 2 } 

• d (1 - x|) + (1 - X | ) — ^ } 

- J (x| - x 2) + — . (A-l) 
The superscript I is dropped from A, since this expression holds for 
each group, only the values of b and b' changing slightly. The value 
of d depends slightly on the group, but we axe not concerned with this 
here. 

If there exists no difference in detector efficiencies, which 
is indeed the case in group IV, x, « x, « x, = x. • 0, and 

A»«.-d[l •*£•.»] . 
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> 8 l * <p>g, 

=Tjjj (i.e., the factors in b' for I and IV) to be 0.05 and O.S 
respectively, we obtain 

3xl0"6 < i b ' 2 < 3xl0"4 . 
it 

Thus the largest correction to D is a factor of 10 smaller than 
the statistical uncertainty in our present measurement of D and can be 
ignored. 
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Inserting the values of x= from Table Vllb in the expression 
for A,, above, the b and b' corrections to D are of the order of 
2*10 or smaller. Thus, false asymmetries due to misalignment angles 
s 4° and the present detector efficiency differences are insignificant 
in the present experiment. 



-82-

APPENDIX B 

MAGNITUDE OF SPIN MISALIGNMENT CURING "D" EXPERIMENT 

A misalignment of the field 2. with respect to the £ axes 
introduces a component of nuclear spin, I sina* into the detector 
plane — the x-y plane of Figs. 1 and 14. In this case the B term in dX 
no longer averages to zero and a B-like asymmetry is introduced into 
the D data. The magnitude of this false asymmetry &., defined as 

«M - % B ill sina , (B-l) 

is determined by taking the difference over the sum of coincidence rates 
for appropriate coincidence pairs. Since vie are looking for a B asym­
metry in D data, the pairs offering maximum sensitivity to a projection 
of I along the x axes or y_ axes are simply those that would be used to 
measure B when I = |l|i or |l|J. 

The magnitude of &. is determined from the expression 

«. - z " Y 

where Y and Z are defined as follows for detection of a component of 
I along the y_ axes: 

Y " 3 nl + 7 nl 
Z * 3*5 + 715 ; 
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the x-y axes: 
Y " 4 n2 + 8 n2 

the x axes: 
Y * 1"3 + S^S 
z - 5 n 7 + ±r\7 ; 

or the x (-y) axes: 
Y " 2 n4 + <5 n4 
Z " 2 r>8 + 6V18 • 

The .ri-: are coincidence counts for the i, j positron and ion counters. 
The pairs used for the x axes are just those listed as i, = 5 and 6 in 
Table III for the B experijiant. These four axes were ussd to check the 
self-consistency of the. results. All of the rates listed above are 
for 90° coincidence pairs. When using Eq. B-l to obtain sina from 

3 SJJ, the same geometry factor Gg (» Gg of Table III) applies for all 
axes. 

The results are summarized in Table VIII in terns of the angle 
between the z_ axes and I when f lies in a plane defined by z and one of 
the four detector plane axes listed above. The uncertainty in the angle 
thus determined is seen to be approximately 2° for individual cyclotron 
runs and 1° for the combined "North" or "South" runs. The error is 
purely statistical. 

The magnitudes of these measured angles justify the applica­
bility of the results of Appendix A to the present experiment. 
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Table Vllf. Summary of misalignment angles. 

Cyclotron Alignment 
Run No. Field B. "V V -yx 

1 +Z (South) -3+.20 +2±2°, -1±2° +0.5±2° 

2 +Z -3±Z° -1+2° -2+2° •0.5+2° 

3 -Z (North) -1±2° -6±3° -1±3° -6±3° 

. - \ 

' -Z -0.112° -2+2° +2+2° +3+2° 

. - \ . +Z -1±2° +1±2° +0.5+2° -342° 

5 -z +i±i° -1=5° +1±1° +2*1° 

• < 

' ~z -2+2° -0.3±2° -0.3+2° -1±2° 

• < • +z r-l±2° *1±2° +1±2° +3±2° 

Weighted 
Aye. North -z 0.5+0.8° 2±1° 0.740.9° 0.9±0.9° 

Weighted 
Ave. South +z 2*0.9* 0.3±1° 0.2±0.9° 0.2±0.9° 

Total 
Weighted 
Average 

1±0.6° 0.7*0.7° 0.3±0.7° 0.5±0.6° 
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APPENDIX C 
POSITW^l BACKSCATTERING 

The majority of positrons emitted do not directly enter a 
silicon detector, but rather strike the gold, aluminum, or sapphire 
of the bulb interior. A fraction of the positrons, which strike 
interior surfaces adjacent to detectors, backscatter into these detec­
tors and produce counts that would not otherwise have been observed. If 
we define b as the backscattering contribution to the observed count rate 
N in a given detector, then 

N « n + b , 

where n is the number that directly enter the detector without back-
scattering. 

Because of the isotropy of positron emission with respect to 
the nuclear spin I (A in Eq. II-6 is 0.039) and the symmetry of the 
detector bulb assembly, b is assumed equal for all counters. Thus, in 
monitoring the polarization, if N is the obse; wed rate for downstream EI 
counters, then the upstream rate will be 

N' - n ' + b . 

The effect of backscattering is to reduce the measured polarization 
asymmetries A.: 

A = N - N ' = n - n ' a n '- n'^ f, 2b ) . . c A A = WTW n + n» + 2b * xTTa? [ x " r r i r j * V • 

where we have neglected background and counter efficiency differences 
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and assumed that b_ is much less than either n or n'. The backscattering 
correction S is 

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

o n + n' c 

Identical considerations hold for regular and image coincidence pairs 
used to measure the 3 and D asymmetries. 

The ratio b/n of backscattered counts to "true" counts depends 
upon the bulb-detector geometry and the materials used. The walls of 
the converter boxes are Al and the insulators are glass with an average 
Z of 10. n and b_ can be defined as 

n = N f and b = N t e f , , o o o 1 Z 

where N is the number of positrons emitted per unit time. The fraction 
of N that directly enters the detectors is f . The fraction that 
strike surfaces adjacent to detectors, from which positrons could back-
scatter into these same detectors, is £,. e is the backscattering 
coefficient (percentage of incident positrons that undergo backscat­
tering) , and f, is the percentage of backscattered positrons entering 
a given detector. Letting f = f, -f,, we have 

S = (1 - f-.e) . 
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For the geometry of the converter boxes and Si detectors used 
to monitor the polarization, £ * f . 

The value of e for positrons is lower by a factor of 1.2 than 
that for electrons.32 For the average-energy (1 MeV), normally-
incident positron, e(Al) » 0.10 ± 0.01.33 This coefficient, for bark-
scattered positrons with energies above threshold, is ^(Al) » 0.05.3I* 
For glancing incident scattering angles' (-30° above surface), e~.(Al) can 
increase to 0.33.3I> The lower the Z, the greater this increase. 

Assuming e(effective)-, « 0.15 + 0.1, for approximately normal 
incidence we have S = 0.85 + 0.1. Since, for our particular geometry, 
a reasonable fraction of the backscattering is at near-grazing angles, 
our value of S probably represents an upper limit. 

An evaluation of the backscattering contribution to the measured 
coincidence rates is extremely complicated, due to the intricate geom­
etry of the bulb. Such an evaluation was not attempted. If, however, 
we assume that the major contribution to both positron and ion back-
scattering occurs due to grazing collisions on the walls of the 
converter boxes, the value of S obtained above can be used for the 
evaluation of the coefficient B in Sect. V. A more reliable evaluation 
of S is obtained in Sect. V using the known value of B and the present 
experimental data. 
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APPENDIX D 

NUCLEAR SPIN RELAXATION DURING CONTAINMENT IN BULB 

The successful observation of a possible T-odd angular correla­
tion in the present experiment depends entirely upon the fact that 
nuclear spin relaxation mechanisms do not — despite -10 wall collisions 
before escaping or decaying — substantially diminish the polarization of 
1 9Ne atoms. Estimates of the relaxation time T are made for several 
possible relaxation mechanisms. The results are given below for a 
22-gauss field B A. None of these adequately account for the observed 
average polarization P • 75 ± Si,, for a 4-sec sitting time, and 
P < 25* for a 10-ser sitting time. 

.. Perturbation 

u(Ne)«ufAl) u(Ne)-u(Bohr) 
Field 

Inhomogeneities 
Reflection T-10 1 2 sec 1 0 1 0 sec -
Adsorption 10 sec 10 6 sec -
In Flight - - 10 3 sec 

A. Relaxation During Collisions with Walls 
Estimating the adsorption time of 1 9Ne on the Teflon walls of 

a bulb, Dobson 2 7 calculated th® relaxation times due to dipole-dipole 
interactions of ̂ ( " N e ) (nuclear) with (1) the fluorine in the Teflon 
and (2) paramagnetic molecules absorbed on the bulb walls, e.g., 0^. 

The bulb in this experiment is made of Al, Au, sapphire, and Pyrex, and 
is kept at a temperature of 200°K. For an adsorption time of approx-
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imately 10 sec, the relaxation times due to 1 9Ne- 2 7Al and 1 9Ne-Cr 
dipole-dipole interactions are given in the above table. The most 

+++ prevalent paramagnetic material in the bulb was not 0,, 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 
Magnetic field inhomogeneities encountered by the neon atoms 

as they move along random trajectories in the bulb may also cause spin 
relaxation. The results of KLeppne^s analysis36 of spin relaxation in 
the hydrogen maser may be applied to l 9Ne. To calculate T one must 
include the velocity distribution, the shape of the bulb, and a precise 
description of the inhomogeneiti.es. If we assume inhomogeneities in the 
bulb given, in polar coordinates, by 

- ZByrz „ 
z + T- r , = | B A * IFTJ.—^ I * d'(r* - 20J d' 

where Pj is the magnitude of the inhomogeneities perpendicular to the 

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

expression 

W = J Y

2 ( 1 9 N e ) B j ^ 

1 + L 0 

to estimate T. Here the gyronagnetic ratio is y * 2.9 kHz/gauss, the 

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

i'.-7 ' 

http://inhomogeneiti.es
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t Q = 10" sec, and the field irihomogeneity perpendicular to the z axis 
-2 is By » 10 gauss (we assume BL is twice as large as that observed; see 

Sect. III). Using these values, T is 10 sec. 
The relaxation times are orders of magnitude larger than the 

observed value of approximately 10 sec. This discrepancy indicates that 
the neon is sticking on and interacting with diffusion pump oil, or 
Si-based vacuum grease used to seal the bulb, or some unknown substance 
in the bulb. On the other hand, the number of collisions could be 
substsntially larger than estimated. No effort was made to calculate 
this number using an exact model of the bulb and Monte Carlo methods. 
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APFENDIXE 

GBOMETTOf FACTORS 

For each asynmetry A, the geometry factor G takes into account 
variations over the acceptable angles between t» p, and r which are 
possible with the finite decay volume and detector sizes, variations 
ovet' all acceptable positron energies between Tfhraeh " 0 , s MeV/c and 
Tmax ° 2* 2 1 M ^ / 0 ' a n^ variations over the acceptable positron-ion 
tine-delay intervals CO• 27-3 usee). 

All geometry factors (and theoretical time-of-flight patterns) 
were calculated on the CDC6600 computer using Monte Carlo methods. For 
Gg and Gp, 50,000 events were generated to obtain the results given 
below. An outline of the program used will be given. Within the 
-10-keV grid (see Fig. 15), a decay site is generated at random. A 
random position on the face of a positron detector is generated next and 
direction of the positron momentum p is thus fixed. With uniform 
probability between E*hresh "^ Emax» a P 0 5** 1 0 1 1 &&*& is generated. 
Finally, a neutrino direction is generated. The direction and magnitude 
of the recoil-ion momentum r is then obtained from the conservation of 
energy and momentum. 

For each event constructed in this way, an appropriate weight 
factor (6X) is obtained from the rate equation dX (Eq. 11-18), where I 
is chosen along the +z axes (+x axes) of Fig. 2 for the D (B) experiment. 
Only events for which the positron can actually enter the positron 
counter El, without striking the bulb walls, were considered further 
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(see Fig. 15a). 
The direction of the recoil ion determines which ion detectOT, 

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

The probability that two or more secondary electrons are pro­
duced for 10-keV ions, ~P{2), is obtained from an empirical formula 
obtained from secondary-electron-yield data. 3 0 Subject to a smaller 
potential difference, ions from events between grids (prompts — see 
Fig. 15b) have less energy and therefore a lower secondar/-electron 
yield. (This was considered in the program.) The total weight factor 
is the product of S\ and P(2), n = S\P(2). 

By generating events and recording the total weight factors 
for regular and image coincidence pairs in the way outlined above, the 
calculational method simulates the actual operation of the bulb. If, 
in calculating the weighting factors 6\ and 6X' for the regular and 
image pairs in Table II, we set J » l , B = A = 0 and neglect a in 
Eq. 11-18, the expression for Ap is simply equal to the geometry factor. 
That is, 

when P is set equal to one (1). 
The results for a preset time delay interval of 0.27-3.0 usee 
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r 1 3 5 = 0.42 ± 0.03 G»° = 0.67 ± 0.03 (3.3 an dia. 
inner grid.) 

r .135 = 0.56 ± 0.03 Ĝ j = 0.77 ± 0.04 (2. S an dia. 
inner grid.) 

4 = 0.48 ± 0.03 Ĝ  = 0.77 ± 0.04 (3.3 cm dia. 
inner grid.) 

where 5% errors are assigned. 
Ihe shape of the calculated time-of-flight (T-O^F) patterns 

obtained from this program agree quantitatively with the experimentally 
measured T-O-F patterns. 

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

G A » 0.64. 
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(folloaing page) 

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

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

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