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ABSTRACT 

Experiments have been performed to test time reversal invariance 

in nuclei using gamma transitions of oriented 191rr and 131xe. The 

phase angle n associated with the imaginary part of the ratio of re

duced matrix elements of the gamma transition was measured through ob

servation of the angular distribution of the linear polarization from 

oriented nuclei. Interaction of the gamma ray with the atomic electron 

cloud can cause an additional phase shift ; which is indistinguishable 

from the time-reversal phase n. Such an atomic final state effect has 

been observed for the 129 keV transition in 191rr. Nuclear orientation 

was achieved with a large magnetic field (the hyperfine field of Ir in 

iron) and low temperature (20 to 30 mK obtained with a dilution refrig-

erator). A Compton polarimeter was used to measure linear polarization 

of the E2-Ml gamma ray. The matrix-element ratio was found to have an 

imaginary part corresponding to a phase angle (n+;) = (-4.8 ± 0.2)xlo-3. 

This measurement is in a·greement with the most recent final state cal

culations which give;= (-4.3 ± 0.4)xl0- 3 • A limit lnl < 10-3 is 

deduced for the time-reversal phase. In another experiment a phase angle 

n = (-1.2 ± l.l)xlo-3 was measured for the E2-Ml 364 keV transition in 

131xe, for which atomic final state effects are small. Both measurements 

are consistent with time reversal invariance. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Discussion: T Violation in Physics 

The symmetries of time reversal, parity, and charge conjugation play a 

considerable role in modern physics' understanding of the universe. From the 

( 1 ) 
now well-established violation of CP in the K meson system it follows 

from CPT invariance and from a detailed analysis( 2) of the K0 decay param-

eters irrespective of CPT symmetry that time reversal invariance is violated. 

Aside from this single instance, however, no breakdown of the time-reversal 

symmetry has ever been observed. Unlike the case of parity, little under-

standing of T violation exists after fifteen years of theoretical and experi-

mental effort. The investigation of T invariance with increasingly higher 

accuracy therefore remains of fundamental interest and importance in the 

solution of this puzzle. 

0 Theories of CP (and T) nonconservation, based on K decay parameters, 

(3)-(5) may be divided into four· general categories : 

(1) C and T-violating electromagnetic interactions (with expected 

-3 -4 coupling strength gT = 10 - 10 relative to the strong interac-

tion; predictions for a neutron electric dipole moment d range 
n 

from 10-21 to 10-23 e cm. These theories are not gauge renormaliz-

able, however). 

(2) -3 -4 C and T-violating millistrong (again with gT = 10 -10 , and an 

expected dipole moment d = 10-23). 
n 

(3) P and T-violating milliweak (g = 10-9 , d = 10-23 - 10-24 ). 
T n 

(4) CP (T)-violating superweak (gT = 10- 15 , dn = 10-29 ). 
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Some 12 orders of magnitude in predicted effects are thus encompassed by 

T-violating theories, and it is up to experimental physics to resolve this 

rather unsatisfactory situation. 

The search for T violation in nuclear physics has basically been directed 

1 th 1 . f . t (4)-(6) a ong ree ines o exper1I11en s : 

(1) Tests of "detailed balance" in nuclear reactions (Peven, T odd), 

(2) Measurement of asymmetric spatial correlations (Peven, T odd ) in 

nuclear gamma transitions, 

(3) Search for electric dipole moments of nucleons (P odd, Todd). 

Probably the most precise and easily interpretable limit on T invariance 

is that provided by the current limit for the neutron dipole moment 

d < 1.6 x 10-
24 e cm( 7). From a dimensional argument we might expect for the 

n 

P and T violating dipole moment 

where gT and gp are T and P-nonconserving coupling strengths relative to the 

strong interaction, with ·gp ~ GM2/4 7T ~ 10 -
6 , and 'A ~ 2 x 10- 14 cm is the 

neutron Compton wavelength. The current limit for d then gives g < 10-
4 and 

n T 

tends to rule out the electromagnetic and millistrong classes of theories. It 

should be noted, however, that the predictions of these theories are scarcely 

less crude than the rough dimensional argument given. The situation cannot be 

completely resolved on the basis of the current limit for d . 
n 

Limits derived from the T-odd, P-even "detailed balance" and particu-

larly for the Y-correlation classes of experiments are consistent with T 

being invariant to a few parts in 103 . Interpretation of these experiments 

in terms of a T-violating coupling strength is difficult. From dimensional 
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arguments(B) we can say that in general the couplings gT are of the same 

order of magnitude as the measured T-odd variables, although in some cases 

much smaller liniits on gT might be obtained because of possible enhancement 

effects(g)-( 11 ). The limits on T-odd observables provided by this class of 

measurement are therefore close to the limits proposed by millistrong and 

electromagnetic theories and further investigation of T invariance in this 

area of physics is important in resolving the present situation. 
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1.2 T Invariance in Nuclear Transitions 

In low energy nuclear physics, time reversal noninvariance will manifest 

itself in a mixed y transition as follows. Let A(LTI) and A(L' TI') denote the 

reduced ~atrix elements of the two competing multipoles of the transition. 

The "mixing ratio" 6 is defined as 

6 = A ( L' TI' ) I A ( L TI) 
. Tl 

= ±I 6 I e1 
• ( 1 • 1 ) 

A nonvanishing value of the phase Tl would be evidence for T violation( 12 ). 

The imaginary component of 6 (i.e. sinn ) appears in observables which 

change sign under the T operation; in particular it appears in T-odd correla-

tions involving at least three vectors from the measurable quantities of 

-+ -+ nuclear spin J, photon momentum k, and photon linear or circular polarization 

E or S. T-odd observables are tabulated in Refs. (13) and (14). Most corre-

lation experiments involve the preparation of a polarized initial state (from 

-+ 
which J is determined), and the measurement of two other vectors. 

One class of experiment involves the search for a T-odd correlation of 

the form 

( 1. 2) 

-+ -+ 
where k1 and k

2 
are the momenta of two cascading gamma rays, measured in 

-+ 
coincidence. Polarization of the initial nuclear state (<J>) is obtained by 

one of three methods: (1) observation of a preceding 6 decay; (2) capture of 

polarized neutrons; or (3) cryogenic cooling of the nuclei to low temperature 

under a strong magnetic field. The low statistical accuracy of such coinci-

dent experiments tends to limit the experimental precision, however. 
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The second major class of experiment involves the measurement of photon 

polarization E in addition to photon momentum ~ in T-odd correlations of the 

form 

+ + + ++ j::t" 
(<J> • k x E) ( <J>•k) (< >•t;) • ( 1. 3) 

. t (15)-(17) Mossbauer experimen s which measure the absorption of linearly 

polarized recoilless Yrays in a magnetic medium are based on this correla-

tion. Because this is a singles counting experiment, fairly high precision 

may be achieved [e.g. sinn = (1.0 ±1.7) x 10-3 for the 90 keV Mossbauer 

transition in 99Ru( 15 )]. More recently an experimental technique has been 

developed for the precise measurement of the correlation (1.3) in the angu-

lar distribution of radiation emitted from nuclei polarized by low temper-

. (18) '(19) i 1 . i th. ature nuclear orientation . Again a s ng es counting exper ment, is 

technique yielded for the mixed 122 keV transition in 57Fe the most precise 

limit to date on an imaginary component of the matrix-element ratio 8 with 

sinn = (-3.1 ±6.5) x 10-
4

. 

The work of this thesis is an extension of the above technique to two 

cases in 131 xe and 191 rr. A limit for sinn is obtained for a mixed transi

tion in 131 xe; for the transition in 191 rr we report( 20) the first precise 

measurement of a nonzero phase for the matrix-element ratio 8 , and hence the 

first observation of a nonvanishing T-odd correlation of the form (1.3). As 

it turns out, the observed phase can be attributed to atomic final state 

effects, which are described in the following section. 
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1.3 Final State Effects That Simulate T Violation 

Photons emitted in a nuclear transition may interact with the atomic 

electrons. As first pointed out by Hannon and TrammeJJ.( 21
) (and Henley and 

Jacobsohn( 22 ) in reference to nuclear final state effects), virtual scatter-

ing processes (indistinguishable final states) of this type will interfere 

with direct photon emission and give rise to a phase shift t; between the 

multipole transition amplitudes of a mixed transition which is indistinguish-

able from the time-reversal phase n in a correlation experiment. 

Photon emission in a nuclear transition is shown schematically in Fig. 

1. Diagram (a) represents the amplitude Tfi(LTI) for direct emission of a 

photon of polarity (LTI) in the deexcitation of a nucleus in initial state i 

to final state f. The virtual interaction of the photon with the bound atomic 

electron is represented in lowest order by diagrams (b) and (c), for which 

the transition amplitude may be written( 23 ) 

t,Tfi(Ln) = Tfi(Ln)[P(LTI) +it; (LTI)], ( 1. 4) 

with P and t;<<1. The imaginary component corresponds to the absorptive part 

of (b) and (c) from intermediate states on mass shell. The sum of all three 

diagrams yields for the total transition amplitude 

::: T ( L ) it; ( L n) 
fi TI e · ( 1. 5) 

With A(Ln) ~ T(Ln), the mixing ratio o of (1.1) becomes 

( 1. 6) 
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f 

(a) 

f f 0 

0 0 

( b) (c) 

Fig. 1. Diagrams for photon emission in a nuclear 

transition. The second line of diagrams (b) and (c) rep

resents a bound electron with initial and final state o. 
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withs = s(L'TI') - s(LTI). The quantity measured in angular correlation 

experiments is thus sin(n+s) rather than sinn . 

The parameters s (sometimes referred to as "screening" or "interfer-

ence" parameters) also enter in Mossbauer absorption studies due to the 

interference of the scattering processes of Fig. 1b,c following nuclear res-

onant scattering with the direct scattering of photons by atomic electrons. 

This results in a "dispersion" term in the Y-ray absorption spectrum, with 

an attenuation cross section 

o (1 - 2i=;x) 
0 

0 = -----2- + 0 e · 
+ x 

( 1. 7) 

Here o is the nuclear absorption cross section on resonance, x the deviation 
0 

of photon energy from resonance energy in units of transition half width, and 

o the total cross section for scattering off atomic electrons. It was in e 

this second connection that studies of final state effects were first made by 

Hannon and Tramme11< 24 ) and Kagan et a1.< 25 ). 

The phase shifts s(Ln) in general depend upon the multipolarity and 

energy of the nuclear transition. Goldwire and Hannon( 26 ) have made calcula-

tions of phase shifts treating the two processes of virtual internal con-

version and virtual Thomson scattering of nuclear radiation off atomic elec-

trons. Rough approximations for the conversion and Thomson phase shifts 

(26) 
sc ( L 'TT) and sR ( LTI) are given by 

( 1. 8) 
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where a(Ln) is the internal conversion coefficient, op and oR are the partial 

cross sections for the (LTI) contribution to photoelectric absorption and 

Thomson scattering, respectively, A is the wavelength of the emitted gamma 
0 

ray, and E is a real number with absolute value somewhat less than one. 

Detailed calculations of ~C and ~R have been made for various multipole tran

sitions at different energies and atomic numbers. 

· To illustrate the general results of Goldwire and Hannon's calculations, 

Fig. 2 plots the phase shifts -[~C(E2) - ~C(M1)] and [~R(E2) - ~R(M1)] 

between E2 and M1 multipoles as a function of Z, at E = 100 and 200 keV. The 

Thomson phase shift is relatively insensitive to energy. As indicated, the 

phase ~ = ~C + ~R is largest at low energies and for Z ~ 60, and is smaller 

for high energy, low Z transitions. [A narrow region at Z = 80 also gives a 

minimum value for~ due to the cancellation of ~C and ~R terms.] 

As explicitly illustrated by Eq. (1.6), the understanding of final state 

effects and a precise knowledge of~ is a prerequisite for the analysis of 

time-reversal studies in nuclear physics. Aside from this practical aspect, 

the investigation of these quantum electrodynamical corrections is of course 

important in its own right. With this motivation a case with a large expected 

final state phase shift (the 129 keV mixed transition in 191 rr) was selected 

for a time-reversal experiment based on the correlation (1.2) as a test of 

the calculations of Goldwire and Hannon. The results of this experiment have 

in turn motivated a revised calculation of atomic final state phase shifts 

by Davis et al. <23 ) which uses a more precise Hartree-Fock treatment of the 

bound and continuum electron wave functions and includes the so-called 

"anomalous" scattering contribution to virtual Rayleigh scattering in the 

calculation of ~R. 
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CHAPTER 2 

PRINCIPLES OF THE EXPERIMENT 

2.1. Angular Distribution from Oriented Nuclei 

The angular distribution of gamma radiation emitted from an axially sym

metric oriented source may be written as a sum of three terms( 19),( 27),( 2S): 

( 2. 1) 

-+ 
where Sis the angle between the emission vector k and the orientation vector 
-+ -+ -+-+ 
J, and ¢ is the angle between the linear polarization vector E and the J-k 

plane. 

w1(8) is the directional (intensity) distribution of the radiation if 

linear polarization is not observed, and may be written 

w 1 (8) (2.2) 

Bk is the orientation tensor which depends on the initial nuclear spin state 

Ii and the Boltzmann exponent (µH/IikT). Uk and~ are deorientation and 

angular distribution coefficients respectively, with 

( 2. 3) 

and Pk is the Legendre polynomial of order k. The Bk, Uk, and Fk coefficients 

are tabulated by Krane( 29),(30). 

W2(8,¢) and w
3

ce,¢) are the T-even and T-odd linear polarization distri

bution components, respectively, and are written 

l<k - 2)!]
112 

2 w2(8,¢) = BkUk~2 [(k + 2)! Pk (cose ) cos 2¢, 
k '4 

(2.4) 
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I [ (k 2) '] 
112 

2 BkUkAk2(-2i) (k + 2) j Pk (cos 8 ) sin 2¢. 
k=3 

(2.5) 

The coefficients ~2 and Ak2 are given by 

~2 = -:e[-fk(LL)Fk(LLifii) + 2ioleinTI cos(ll+;)fk(LL')Fk(LL'Ifii) 

+I 0 12 
f k (LIL I ) F k (LIL' I fI i ~ I ( 1 + I 0 I 2) ' ( 2. 6) 

for a-linear polarization detection system of efficiency E , with 
p 

where L and L' denote the multipolarities 1 and 2 of the mixing, and n = 0 

or 1 in the expression ioleinn. 

It is evident that w
3 

( 8, ¢) a: [Bl 
3 
2( cos 8 ) sin 2¢ J sin ( 11+;) changes 

sign under a time reversal transformation 

+ + + + + + 
k + -k, J + -J, E + E 

corresponding to 8 + TI-8, ¢+TI+¢, and in fact is proportional to our T-odd 
+ + + + + + + 

correlation (<J> "k x E) (<J>• k) (<J>• E) of (1.3). To measure such a term 

against the much larger contributions of the w1 and w2 distributions it is 

necessary to compare rates at 8 and TI - 8 (physically amounting to a reversal 

+ 
of the orientation vector <J>). The T-odd contribution is maximized at 

em = 54. 1° and ¢m = 45° (for which the p 2 (cos e ) term of w 1 ( 8) and both terms 

of w2ce,¢) vanish), and hence the measured "time-reversal" asymmetry is 
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RQ
3
Bl/ccos 8m)sin(2¢m)EP[loleinn/(1 + joj 2 ~sin(n+s) 

= ~------~~~~~~~--~----~~----------~---
(2.8) 

+ SQ4B4P4(cos 8m)joj 2!(1 + joj 2) 

where R and S are the spin coefficients 

(2.9) 

(2.10) 

Linear polarization is detected with a Compton polarimeter( 19 ) [which mea

sures the intensity of 90° scattered radiation], and o
3 

and o4 denote the 

solid angle corrections for this polarimeter. The polarimeter efficiency E 

is defined by 

do 

p 

E -
p 

d?i 
do 

p= 90°' ljJ = o0
) - ~ ( p = 90°' 1j; = 90°) 

(2.11) 
p= 90°' ljJ = o0

) + ~ ( p = 90°' 1j; = 90°) dTI 

d<J 
where d!2 is the differential cross section for Compton scattering, p is the 

scattering angle and 1j; the angle between the initial plane of polarization 

and the scattering plane. Linearly polarized radiation is preferentially 

scattered perpendicular to its plane of polarization and E is therefore 
p 

negative. 

From Eq. (2.8) it is clear that in order to maximize the sensitivity of 

A to sin(n+S) a large value of B
3

, and hence a reasonably large value for the 

Boltzmann exponential factor ~IT = µH/IkT, is required. Favorable values for 

the spin coefficients and a mixing ratio o on the order of unity are also 

necessary. 
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CHAPTER 3 

EXPERIMENT WITH 191 rr 

3.1 The Choice of Nuclear Transition 

In order to test the atomic final state calculations of Goldwire and 

H ( 26 ) t . t. . th 1 t d f. 1 t t h /; annon a rans1 ion w1 a arge expec e ina s a e p ase s is nee-

essary. From Fig. 2 we see that this requirement is approximately satisfied 

for transitions of energy E < 200 keV and atomic number Z > 40. With this and 

the aforementioned requirements of large polarizability and mixing in mind, 

the 129 keV transition in 191 Ir was selected for the investigation of atomic 

final state effects. 

The decay scheme of 191 Ir is shown in Fig. 3. An isomeric state at 

171 keV with 5-sec halflife is populated in the s- decay of 191os and cas-

cades down to the 129 keV level. The 41.9 keV Yray (E3) is internally con-

verted and does not contribute to the spectrum. From NMR measurements the 

171 keV state is known to have a magnetic momentµ= 5.72 ±0.03 µn(
32 ), and 

an internal field for Ir.in Fe of -1.481 ±0.004 MG( 31 ),( 32 ) gives 

~ = µH/Ik = -56.3 ±0.3 mK. A high degree of orientation may therefore be 
·n 

obtained. A relatively large mixing ratio Re 6 ~ 1 o I e1 = -0. 399 ±0. 004 is 

reported< 33 ) for the 129 keV transition. With the insertion of spin coeffi-

cients into (2.1) - (2.7) the angular distribution for this transition 

becomes 

+ EP[o.0303 B2P2
2

Ccos8) - 0.00292 B4P/Ccos8 )]cos 2¢ 

+ EP[0.0365 B
3
P/(cos8) sin 2<1]sin(n+f,;). (3.1) 
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19105 
9/2- ------ 15 d 

11/2+ 

5/2+ 

3/2+ 

Fig. 3. 

T~2- 5 sec 

+ 41.9 keV 

129.4 keV 
E2+MI 
8 = -0.399 

191Ir 

191 Decay scheme of Os. 

171 keV 

129 keV 

0 
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3.2 Source Preparation 

191 Os was produced by neutron capture in a 10 mg, metallic, isotopically 

enriched sample of 190os sealed in an evacuated quartz capsule. The sample 

was alloyed with 300 mg of Fe in an induction furnace in argon atmosphere. 

The resulting 1 at.% Os(Fe) pellet was then polished to remove surface oxide 

contamination, and by successive rolling and annealing a thin foil less than 

0.025 mm thick was obtained. To assure ourselves of the uniformity of the 

alloy, narrow strips of foil were scanned with a slit detector. Disks of 

0.32 cm diameter were punched, polished with No. 1200 lapping compound, and 

finally annealed at 800 C in hydrogen atmosphere. 

The finished disks, with strengths ranging from 0.5 to 1.0 mCi, were 

indium-soldered in a horizontal plane to the oxygen-free copper coZZa;p 

button of Fig. 4 (in one run a platinum collar button was used to minimize 

possible magnetostrictive effects) attached to the cooling rod of a dilution 

refrigerator, <34 ) and cooled to about 25 mK. A pair of superconducting 

Helmholtz coils provided.(with 5A input current) a 2 kG external field satu

rating the iron foil. The 191 rr nuclei are polarized via the large magnetic 

hyperfine interaction experienced by Ir in the Fe host. Because electronic 

(32) relaxation times are short compared to the 5-sec halflife , full nuclear 

orientation in the 171 keV state was assumed. 
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Cu 
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Fig. 4. 
191 131 . 

Source collar buttons used in the Ir and Xe experiments. 
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3.3 Experimental Setup 

The physical setup of the experiment, similar to that of Ref. 19, is 

shown in Fig. 5. The source foil is in the horizontal plane in the center 

of two pairs of superconducting Helmholtz coils which are thermally anchored 

to the 4K shield of the refrigerator. The Compton polarimeter consists of 

four NaI(Tl) counters mounted at 90° from each other in a plane about an 

aluminum scatterer. Gamma rays scattered at 90° from the incident beam 

are detected. In order to maximize sensitivity to the T-odd term w
3
(8,¢), 

the polarimeter is fixed at an angle e = e = 54.1° from the Chorizonta1) 8 
m 

axis. [By convention the quantization axis has been chosen to be that of the 

externally applied field; for this convention ~ = µH(hyperfine)/Ik is neg

ative and B
3 

positive< 35 > .] The four-pronged detector assembly, which is free 

to rotate through an angle O ~¢ S360° about its axis of symmetry, is posi-

tioned so that NaI counters Nos. 1, 2, 3, and 4 are located at some cyclic 

permutation of angles ¢ = ¢ = 45°, 135°, 225°, and 315°. The pedestal supm 

porting the polarimeter may be rotated through an arbitrary angle 0 ~ ~ ~360° 

about its own axis coincident with the (vertical) axis of cooling rod and 

source. The four ~ positions corresponding to the axes of the orthogonal 

coil pairs were designated as N, S, E, and W. A hyperpure germanium (Ge) 

detector, used to monitor the intensity distribution w
1

(8) of the source, is 

supported by a carriage that rolls on a circular track concentric with the 

pedestal. 0 It was generally positioned at 180 from the polarimeter. 

To eliminate magnetic influence on the photomultipliers, each NaI is 

optically coupled by means of a 30 cm Lucite light pipe to its magnetically 

shielded phototube. Output from the four photomultipliers is amplified via 

the usual preamplifier and linear amplifier stages, which provide the input 
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Sn 
Pb 

( MOUNTED ON ) 
SOURCE COLLAR BUTTON 

Ge 

H 

Fig. 5. Diagram showing the polarimeter and its geometry relative 

to the source and magnet positions. Only two of the four NaI detectors 

of the polarimeter are shown in the main diagram. 
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to both the four-input multiplexer/router front end stage of a Northern 1700 

multichannel analyzer and to four single channel analyzers. The pulse height 

spectra of the MCA were recorded on magnetic tape; output from the SCA's were 

recorded on teletype and paper tape. In practice SCA output was used almost 

exclusively in data analysis and the pulse height spectra used to monitor 

detector performance. 

"Time-reversal" data were typically acquired in paired sequences of 24 

hour runs at opposite ~ positions to cancel out certain systematic effects 

associated with improperly reversing fields (this will be discussed later in 

more detail). Source temperature measurements with the Ge detector, to be 

discussed in the following section, were made at the conclusion of a pair of 

runs. Pulse height spectra for the Ge detector for these measurements were 

obtained with the TN1700. The 129 keV photopeak was in addition continuously 

monitored with a single channel analyzer. Data acquisition was interrupted 

at 12 and 24 hour intervals to fill the liquid nitrogen and helium reservoirs 

of the refrigerator. 
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3.4 Source Temperature Determination 

To determine the source temperature, and hence the degree of nuclear 

orientation (i.e. the Bk coefficients appearing in (2.2) - (2.8)), the fol

lowing procedures were adopted. After each pair of "time-reversal" asymmetry 

runs the directional distribution of (2.2) for the 129 keV Yray in the plane 

of the source was measured with the Ge detector. As shown in Fig. 6 this 

distribution is very elongated along the axis of the applied field. By 

measuring peak count rates in the Ge pulse height spectra with the external 

magnetic field applied first parallel (0°) and then perpendicular (90°) to 

the axis of the detector a precise determination of the anisotropy ratio 

0 w
1
<e=o) 

0 w 1 ( 8 = 90 ) 
(3.2) 

could be made, where solid angle corrections Qk( 36 ) for the detector have 

been inserted. The orientation coefficients 

Bk = [<2I + 1)(2k + 

and thus the temperature T, could in principle be calculated were it not for 

the partial nonalignment of the Ir nuclei in Fe< 37 >. An independent determi-

nation of temperature was therefore necessary. After completion of an experi

ment a 60co(Fe) foil was indium-soldered to the 191os(Fe) source and a cali-

bration of the observed 129 keV anisotropy as a function of source temper

ature obtained from the known< 3B),(3g) distribution of the 60co(Fe) was made. 
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[The Co(Fe) sources were prepared as in Ref. 19, with the exception that the 

disk surfaces were treated by polishing with No. 1200 lapping compound rather 

than etched with HCl.] 191 The partial nonalignment of Ir was empirically 

treated as being the result of one or both of two possible phenomena: (1) mi-

croscopic inhomogeneities resulting in a fraction of the nuclei experiencing 

a small or vanishing field while the remainder sees the full hyperfine field, 

and (2) an overall reduction in hyperfine field saturation experienced by 

all nuclei. A two-parameter fit (see Fig. 7) of temperature to the 129 keV 

ratio w;<o)1w;<90), with 

yielded the free parameters f (the fraction of properly sited Ir nuclei 
a 

(3.3) 

experiencing the 1.481 MG field) and f (the degree of magnetic saturation). 
s 

It was found that f = 0.940 ±0.005 and f = 0.99 ±0.02 for all but one 
a s 

source, which suffered from an unexplained reduction in magnetic saturation 

with f = 0.957 ±0.005 and f = 0.75 ±0.02. a s 

0 0 The anisotropy measurements w1Co )/W1(90 ) obtained with the Ge detector 

for each experiment were then reanalyzed in terms of this effective distri-

bution w;ce) which replaces B2 , 4 C~/T) by faB2 , 4 Cr8~/T). In this manner the 

source temperature as a function of time was determined for each experiment, 

and an effective third order polarization coefficient B
3
(eff) = f aB3 Crs~/T) 

was calculated. [Other models could have been chosen to explain the incom

plete polarization of 191 rr(Fe). For example, one model which was used to 

1 i h 1 f i 191 ( t• . exp a n a muc arger degree o nonalignment n Ir source prepara ion is 
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apparently critical) speaks of a "cone angle" 8 defined by the polarization 

vectors of the Ir nuclei about the applied field vector( 37 ). Since our 

parameters assume values near unity, however, the calculation for B
3 

is quite 

model independent.] 

W(8= o0
) was continuously monitored with the Ge detector concurrent with 

the "time-reversal" data acquisition as a check on temperature stability. 
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3.5 Revisions in the Polarimeter 

The first experiment used the polarimeter configuration of Fig. Ba 

(polarimeter 1). A cadmium-lined lead cup covering the refrigerator tail 

piece shields the NaI detectors from direct radiation from the source. Small 

exit windows collimate they rays impinging upon scatterer and Ge detector. 

Also shown is the resulting spectrum for a single NaI counter. As is indi

cated, a large proportion of low energy Ir (and in addition Pb) x rays sig

nificantly dilute the spectrum. 

Numerous changes in the polarimeter were made for subsequent runs. The 

lead shielding previously affixed to the tail piece of the dilution refriger

ator was replaced by a tin ring attached to the polarimeter itself. This had 

the dual effect of maintaining a fixed collimator-to-scattering-block geome

try and also of reducing the Pb x rays. The remaining lead around the refrig

erator was sandwiched between 0.16 cm tin. The NaI crystals were individually 

wrapped with additional tin to reduce the contribution of backscattered radi

ation. Finally, a 0.09 cm thick tin absorber was placed in front of the 

aluminum scattering block to preferentially attenuate the Ir x rays with re

spect to the 129 keV Y ray. Although this resulted in a 40% reduction in the 

gamma count rate, with a corresponding 23% reduction in statistics, a factor 

of two increased detector polarization efficiency was realized. Fig. Sb shows 

the revised polarimeter (polarimeter 2) and its Compton-scattered spectrum. 

Alignment of source, superconducting coils, and polarimeter was care-

fully maintained to within 0.02 mm, typically. Refrigerator movement with 

respect to the collimator was monitored by a position-sensitive indicator 

attached to the polarimeter, and if necessary was corrected with the three 

aluminum struts which fixed the refrigerator to the rails supporting the 

polarimeter. 
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Fig. 8. Versions 1 and 2 of polarimeter shielding, with the 

resulting energy spectra for a single NaI detector. 
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3.6 Polarimeter Efficiency Determination 

(i) Measurement from oriented 191 rr 

The efficiency E of the polarimeter for detecting linearly polarized 
p 

radiation was determined from a measurement of the asymmetry 

A'(8) = W'(8, ¢ = o0
) - W1 (8, ¢ : 90°) 

p W'(8, ¢ = o0
) + W'(8, ¢ = 90°) 

(3.4) 

0 0 at e = 54.7 and 90 • The rates W'(8,¢) represent the total counts in a 

single channel window extending from 30 to 150 keV and including the scat

tered 191 rr peak, (unresolved) scattered Ir x rays, and background, as shown 

in Fig. 9a. The x rays contribute no asymmetry to A' but their presence 
p 

dilutes the measured effect, so that 

= Ep(129)/(1 + Nx/Ny) 

- E (129)/(1 + g), 
p 

(3.5) 

with g = Nx/Ny, the ratio of scattered x rays to scattered 129 keV gamma rays 

in the NaI spectrum. The factor g is common to both the polarization effi

ciency measurement (at 8 = 54.7°) and the measured "time-reversal" asymmetry 

A', and does not influence the result for sin(n+;) since 

sin(n+;) ~ A/E = A'(1 + g)/E' (1 + g) = A'/E' 
p p p 

(3.6) 

We may therefore speak of an effective polarization efficiency E , ignore the 
p 

factor (1 + g) and drop the primes. 
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The background in the polarimeter spectrum consists not only of high 

energy radiation from the environment entering the NaI detectors (amounting 

typically to 1 or 2% of the entire spectrum) but also, unfortunately, of 

radiation from the source which enters the detectors directly through the 

shielding. This direct radiation is composed of a small amount of the 129 keV 

Y ray (contributing a few percent to the total spectrum) and in the case of 

two later runs a sizeable amount of 300 keV radiation from 192Ir contami-

nants in the source. Because of asymmetric absorption by the superconducting 

coils and the anisotropic emission of oriented 191 Ir and 192Ir, such direct 

radiation will exhibit its own asymmetry in the measurement of A', and its 
p 

effect must be deconvolved to obtain a "true" efficiency asymmetry A for the 
p 

scattered 129 keV line. Background corrections (discussed in Appendix A) may 

be deduced from efficiency measurements at 4K. Because of the uncertainty 

in the relative amounts of contributing radiation, however, these corrections 

substantially limit the accuracy of the efficiency determination. 

The background does not contribute to the time-reversal asymmetry but 

will dilute the measured 'value in the same manner as the x rays, so that 

sin(n+~) ~ A/E = A'(1 + f)/E , 
p p 

(3.7) 

with A' the measured asymmetry and the unprimed variables referring to 

background-corrected values. The parameter f is defined as the ratio of back-

ground to the scattered 129 keV line (plus unresolved x rays). 

From (3.1) and (3.4) we obtain for the polarization efficiency 

asymmetries 

0 A (8: 54.7 ) 
p 

0.0606 Q2faB2 - 0.0195 04f aB4 
= Ep 1 - 0.0136 Q4faB

4 
(3.8) 



A (8: 90°) 
p 
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0.0909 Q2faB2 + 0.0219 Q4faB4 
= Ep 1 - 0.365 Q2faB2 + 0 . 0132 04faB4 . 

The solid angle corrections Qk for the polarimeter are o2 = 0.982, o
3 

= 
(19) ' 0 0. 963, and o4 = 0.940 . To measure AP(8: 54.7 ) the polarimeter was 

( 3. 9) 

,+, 0 0 1800 physically rotated to four positions corresponding to ~ = 0 , 90 , , and 

0 270 , and A' was taken to be 
p 

A' ( 8 = 54. 7°) = p 

4 

Na~ 1 w1 < <P = O) + w1<180) - w1 (90) - w1 (270) 
4 L: w1<0) + w1<180) + w1<90) + w1<210) 

NaI:1 

(3.10) 

This averaging over the four detectors and four positions served to cancel 

out small geometric effects. 

Efficiency measurements for polarimeter 1 were made at T = 21.5 mK, with 

(0.0760 ±0.0038) E . 
p 

(This 

proportionality constant relating A to E is quite sensitive to a deviation 
p p 

in mixing ratio 8 = -0 . 39.9 ±0.004; hence the 5% uncertainty.) From a raw 

asymmetry A' = -0.0172 ±0.0004 a background-corrected value A = -0.0163 
p ' p 

±0.0016 was deduced, yielding an efficiency E = -0.215 ±0.023. 
p 

For efficiency measurements at 8 = 90° the polarimeter may be left 

stationary while the field is rotated 90°. However, at 8 = 90° the 129 keV 

Y-ray emission is reduced (the reduction factor is the denominator D in 

(3.9)) relative to emission at 8 = 54.7° while the x-ray intensity remains 

the same. The difference in the proportion of x rays in the 90° spectrum 

must therefore be corrected for. This amounts to replacing the factor (1 + g) 

in (3.6) by (1 + g/D). The ratio g was determined by subtracting (see Fig. 9) 

191 57 from the Ir spectrum a spectrum obtained with a Co source (consisting of 
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a 122 keV line and no unresolved x rays). For the first run using polar-

imeter 1 a value of g = 1.08 ±0.15 was found. For subsequent runs with polar-

imeter 2, g = 0.07 ±0.03. 

From a raw asymmetry A'( 8: 90°) = -0.0412 ±0.0010, a corrected asym
P 

metry Ap(90°) = -0.0450 ±0.0040 was obtained for polarimeter 1, giving 

0 E (90 ) = -0.122 ±0.011. Applying an x-ray correction factor (1+g/D)/(1+g) = 
p 

1.65 ~0.05 gives E = -0.201 ±0.019, in fair agreement with the measurement 
p 

0 ate = 54.7 . For the first polarimeter, then, a value E = -0.21 ±0.02 was 
p 

finally adopted. 

Similar measurements were made with polarimeter 2. From the raw asym-

metries A'(54.7°) = -0.0333 ±0.0004 and A'(90°) = -0.112 ±0.001, background-
p p 

corrected asymmetries A (54.7°) = -0.316 ±0.0025 and A (90°) = -0.137 ±0.010 
p p 

were deduced. The 54.7° data were taken at T = 24.2 mK, with faB2 = 1.54 and 

f aB4 = 0.99, for which we obtain from AP an efficiency EP = -0.423 ±0.038. 

0 The 90 data were obtained at T = 25.3 mK, with faB2 = 1.52 and faB 4= 0.99. 

Applying a 1.07 ±0.03 correction factor for x rays then gives 

0 E = -0.438 ±0.036 for the 90 measurement. 
p 

(ii) Measurement from oriented 57co 

The accuracy of the polarimeter efficiency measurements using 191 rr 

suffer from the small proportionality coefficient relating the measured 

asymmetry to E , the sensitivity of this coefficient too , and the sizeable 
p 

background corrections required. To decrease the uncertainty of E the 
p 

efficiency of the new polarimeter was also measured using the 122 and 136 keV 

transitions in 57Fe from the decay of oriented 57co. This source has the 

advantage of having a large measurable asymmetry A , no unresolved x rays, 
p 
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and no high energy lines from 191rr contaminants. Corrections for asymmet-

ric background are negligible. 

Assuming an intensity ratio of 89:11 between the 122 and 136 keV lines 

we have for the efficiency asymmetries( 19 ) 

A ( 8 : 54.7°) E 
0.2866 B2 + 0.0179 B4 

= 1 + 0.01253 B4 p p 

A ( 8 : 90°) E 
0.4298 B2 - 0.0201 B4 

= 1 - 0.02B9 B2 - 0 .0120 B4 
. p p 

From a measured value A (54.7° ) = -0.0986 ±0.0025 at 18 mK we obtain 
p 

(3. 11) 

(3. 12) 

E = -0.471 ±0.012. Measurements at 8 = 90° gave A (90°) = -0.149 ±0.004 and p p 

E = -0.466 ±0.012. An averaged value E = -0.468 ±0.010 was adopted. [For p p 

interest this may be compared to a Monte Carlo calculation yielding E = 
p 

-0.448 ±0.007. This calculation is a refined version of the Monte Carlo pro-

gram of Ref. 19 and Ref. 35, attempting to accurately reproduce the geometry 

of the physical polarimet.er. The "error" in this value represents the stand-

ard deviation of n runs divided by Vn.] This efficiency represents the 

"true" polarimeter efficiency for a 122 (or 129) keV line with no dilution 

from x rays. To be related to our effective 191:rr efficiency it must be 

scaled by a factor (1 + g)- 1, with g = 0.07 ±0.03. We then obtain E = 
p 

-0.437 ±0.015. Combining this result with the 191Ir measurements yields for 

the efficiency of polarimeter 2, E = -0.435 ±0.015. 
p 
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3.7 Measurement of the "Time-Reversal" Asymmetry 

The experimental setup for the time-reversal runs is that of Fig. 5, 

with the polarimeter oriented at e = e = 54.7° and ¢ = ¢ m m 

asymmetry 

wee ,¢ ) - wcrr-e ,¢ ) 
A m m m m 

= w(e ,¢ ) + w(rr-e ,¢ ) m m m m 

0 = 45 . The 

[Eq. (2.8)] is measured by comparing polarimeter count rates for applied 
~ ~ 

fields of opposite polarity (Hand -H). Data were acquired for all four (N, 

S, E, and W) ~ polarimeter positions, typically in pairs of 24 hour runs at 

opposite positions (N and S, and E and W). The orienting field of the appro-

priate superconducting coil pair was reversed ce~rr-8) by inverting the input 

to the voltage-controlled current supply driving the coils. The input switch-

ing waveform, shown in Fig. 10, is controlled by a master timer. At time 

t = 0 data accumulation is stopped and field switching is initiated, as well 

as a dead time. The latter is set for a time interval t 2 which was generally 

chosen to be 1 or 2 min. A ramp time t
1 

of 25 sec was used for the switching 

waveform. At the end of the dead time the count gates are opened for the next 

counting period. In this manner data of alternate-polarity fields were 

acquired during the t
3 

counting periods for 10-min intervals. The driving 

current was symmetrical about zero to one part in 1000. 

The "time-reversal" asymmetry for the ith NaI counter for a pair of 

(+, -) field counting rates is 

I Ni(+) - Ni(-) 

Ai= Ni(+)+ Ni(-) 
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(a) Switching Circuit Waveforms. 

+Vmax 

t 

·' 
+field 

(b) Counting Periods. 

Fig. 10. Magnet switching waveforms and counting periods. 
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W! (e , ¢ i) - W!( TI- e m' <Pi) l. m l. 
= w1cem' cpi) + W!( TI- em' $.), 

l. l. 

(-)i+1 
W' (8 ¢m) - W' (TI - 8 m' ¢m) m' 

(3.13) = W' (e cpm) + W'CTI - em, $m ) ' m' 

where the W! again refer to the total integrated count rate in the window of 
l. 

0 0 0 Fig. 9, corrected for decay (half-life = 15.4 days), and¢.= 45 , 135 , 225 , 
l. 

0 and 315 for i = 1 to 4. In actuality every run was compared to the average 

of the preceding and following runs in order to eliminate the influence of 

first order temperature and count rate drifts. The series A! were combined 
l. 

and averaged over detectors, adjusting for the signs of detectors 2 and 4 

which view opposite polarization patterns relative to detectors 1 and 3 

(W(8,¢) ~sin 2¢i). Additionally the asymmetry< 4o) 

was computed for each pair of (+,-) runs, where Mi and Ni refer to (+) and 

(-) count rates, respectively, for the ith counter. Fortunately count rates 

proved to be quite stable and the two procedures for computing A' yielded 

nearly identical results. For all runs (except for a few instances when the 

2 electronics failed) the normalized X was approximately equal to 1; hence the 

statistical error !::.A' was equal to that computed from the standard deviation 

of the distribution of A's. The resulting weighted average A' is the effec-

tive asymmetry of (3.7) and may be related to the "true" asymmetry A of (2.8) 

by multiplying by the background-correction factor (1 + f). 
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3.8 Results 

(i) Results with polarimeter 1 

All told four independent measurements with 191 rr were undertaken. 

Results for the initial experiment with polarimeter 1 are summarized in Ta~ 

ble I. The source was a 0.013 mm thick 191os(Fe) foil indium-soldered to the 

copper collar button of the refrigerator's cooling rod (Fig . 4a). Data were 

acquired in series of runs successively for the east, west, north, and south 

~ orientations of the polarimeter. Raw asymmetries for the 33 consecutive 

runs, each of approximately 12 hour duration, are plotted in Fig. 11. A 

background correction factor (1 + f) = 1.03 ±0.02 was applied to obtain the 

corrected asymmet.ry A, from which sin(n+t.:) was determined via (2.8): 

sin( n+t.:) 
1 + so4faB 4P4(cos 54.7°)101 21<1 + lo1 2) 

=AR o
3

faB
3
P

3
2Ccos 54.7°)EP[lole1 n/(1 + lo1 2)] 

= A 
1 - (0.0128 ±0.0002) faB4 

(0.203 ±0.001) f B
3
E 

a P 

(3.15) 

(3.16) 

To obtain (3.16) we have substituted loleiTI = -0.399 ±0.004, o
3 

= 0.963, 

o4 = 0.940, and numerical values for the spin coefficients R = -0.1061 and 

s = 0.2556. The polarization efficiency was E = -0.21 ±0.02 for polar
P 

imeter 1. From a corrected asymmetry A= (2.60 ±0.13) x 10-4 and a mean third 

order polarization coefficient f <B > = 1.35 ±0.03, we then determined 
a 3 

sin(ll+t.:) = (-4.46 ±0.48) x 10-3. 

Also included in Table I are the results of a control experiment at 4K. 

The asymmetries A' for the 23 runs are plotted in Fig. 12. The consistency 
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Table I. Results of Experiment No. 1. 

Polarimeter Temper- Polari- Raw 
Orientation ature zation Asymmetry 

T(mK) f a<B3> A' c10-4) 

E(weighted 26.7 1. 30 2.56(21) 
average) 

w 25.1 1.33 2.48(21) 

N 22.4 1. 37 2.21(22) 

s 20.7 1.40 2.85(22) 

Weighted 
Average of 24 1.35(3) 2.52(11) 
N,S,E,W 

Control Runs 

N 4K 0.0 0.44(38) 

s -0.31(29) 

E 0.12(41) 

w 0.36(34) 

Weighted 
Average of 0.09(17) 
N,S,E,W 

Polarization efficiency Ep = -0.21 ± 0.02. 

x2 per 32 degrees of freedom = 1.15. 

a) A= A'(l + f) = A'(l.03 ± 0.02). 

Corrected 
a) 

Asymmetry 

A (lo-4) 

2.64(22)b) 

2.55(22) 

2.28(23) 

2.94(23) 

2.60(13)c) 

b) "Error" is the propagated statistical error of A'. 
c) Error includes (1 + f) uncertainty. 
d) Includes errors of (1 + f), fa<B 3>, and Ep. 

Phase 
Cn+~) 

(lo-3) 

-4. 70(39) b) 

-4.44(38) 

-3.85(39) 

-4.86(38) 

-4.46(48)d) 
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with zero for these runs demonstrates the absence of significant instrumental 

effects not dependent upon polarization. 

(ii) Improvements in experimental precision 

The precision of the first experiment was limited by the large contri-

bution of Ir x rays in the polarimeter spectrum. The previously discussed 

improvements in polarimeter shielding for the subsequent experiments resulted 

in a factor of two improvement in polarization efficiency, and hence a factor 

of two in increased sensitivity of our measurement to sin(n+s). Results for 

the first series of runs using the redesigned polarimeter (Experiment No. 2) 

are summarized in Table II. (The source for this experiment was a 0.018 mm 

191 os(Fe) foil, again indium-soldered to copper.) For this series of runs 

data were acquired consecutively in ~ and lit~ polarimeter positions (i.e. in 

NS and EW pairs) and averaged. (In later runs this procedure was found to be 

of crucial importance in the cancellation of residual field effects.) Data 

were also acquired for different cyclic permutations of the four Na! 

detectors located at~ = 45°, 135°, 225°, and 315°. Asymmetries for the 8 

pairs of runs are tabulated, together with their corresponding source temper-

atures, effective polarizations, and background-to-signal coefficients. The 

reader may note the uniformly increasing values of f and f aB
3 

resulting from 

decreasing source strength and source heating as the 191os decays with 15.4 

day half-life. From the weighted average over all pairs of runs a value 

sin(n+s) = (-4.97 ±0.30) x 10-3 is obtained. Control runs at 4K yielded a 

null measurement A' = (0.07 ±0.33) x 10-4. The asymmetries A' for the 29 

individual "cold" runs and 15 "warm" runs are respectively plotted in Fig. 13 

and Fig. 14. 
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Table II. Results of Experiment No. 2. 

Polarimeter Temper- Polari- Background- Rav Corrected 
Orientation ature zation to-Signal Asymmetry Asymmetry 

T(mK) fa<B3> f A' (10-4) A (l0-4) 

NS (3)•) 28.4 1.25(3) 0.06(3) 5.17(43) 5.48(46) 

EW (3) 27.2 1.27 0.07 5.01(49) 5.36(52) 

NS (Z) 26.1 l.29 0.07 5.50(45) 5.88(48) 

EW (2) 25.2 1.31 0.08 5.61(46) 6.06(50) 

EW (4) 22.2 l.36 0.08 4.84(67) 5.23(72) 

NS (4) 21.3 l.37 0.09 6.38(58) 6.95(63) 

EW (2) 18.7 l.41 0.13 S.56(81) 6.28(92) 

EW (4) 18.3 1.42 0.14 5.06(71) 5. 77 (81) 

N(weighted 26 l.29 0.07 5.28(38) 5.65(41) 
average} 

s 26 l.29 0.07 5.87(40) 6.28(43) 

E 24 l.33 0.09 6.37(36) 6. 94 (39) 

w 24 1.33 0.09 3.97(38) 4.33(41) 

NS 26 l.29 0.01 5.56 (28) 5.95(29) 

EW 24 l.33 0.09 5.24(26) 5. 71(28) 

Weighted 
S.83(26)b} Average of 25 l.31(3) 0.08(3) 5.40(19) 

NS,EW pairs 

Control Runs 

N 4K o.o 0.57(73) 

s -0.27(60) 

E 0.78(71) 

w -0.52(67) 

Weighted 
Average of 0.07(33) 
N,S,E,W 

Polarizatiou efficiency • -0.435 ± O.Ol.S. 

x2 per 28 degreea of freedom • 1.6. 
x2 per degree of freedom for NS,EW pairs • 0.64. !lumber of pain • B· 

Phase 
(n+~ ) 

cio-3> 

-4.90(41) 

-4.72(46) 

-5.10(42) 

-5.17(43) 

-4.30(59) 

-5.67(51) 

-4.97(73) 

-4.53(64) 

-4.90(36) 

-5.44(37) 

-5.83(33) 

-3.64(34) 

-5.16(25) 

-4.79(24) 

-4.97(30)C) 

a) Data wa~acquired in pairs of~ poaitions and for different~ polarimeter 
orientations; number in () refers to the NaI counter at~• 45•. 

b) Error includes (l + f) uncertainty. 
c) Include• errors of (1 + f), fa<B 1>, and Ep· 
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(iii) Asymmetries due to residual fields 

Table III and Table IV present the results for the final two experi

ments with 191Ir. The source of Experiment No. 3 was a 0.02 mm thick Os(Fe) 

foil indium-soldered to platinum (Fig. 4b) to reduce the influence of 

magnetostrictive effects, (see discussion in Appendix B), while the fourth 

experiment reverted to a 0.025 mm thick foil soldered to copper. Data for 

the 20 and 22 runs of the two experiments were again acquired in NS and EW 

pairs and so tabulated. Respective weighted-average values sin(n+E.;) = 

(-4.94 ±0 . 40) x 10-3 and sin(n+~) = (-4 . 48 ±0.34) x 10-3 are obtained. 191 Ir-

induced background was especially large for the fourth and final experiment. 

For this experiment the Sn ring of Fig. 5 was replaced by a similar Pb ring 

to reduce the background contribution. 

Although NS and EW averaged data yield consistent results, the tabulated 

averages for individual N, S, E, and W positions reveal a significant diver-

gence in results for opposing polarimeter orientations. (This is also evi-

2 denced in the large values of X , which are reduced upon averaging N and S, 

and E and W measurements.) In particular, for both experiments asymmetries 

corresponding to south and east positions are higher than their north and 

west complements . This phenomenon also appears towards the end of Expt. 2 as 

evidenced in Fig. 13. Such an effect may be attributed to residual fields in 

the horizontal plane of the iron foil which result in a net orienting field 

vector that does not reverse by TI along with the externally applied switch-

ing field . To account for the higher S and E asymmetries a residual field in 

the NE direction is required (see Appendix C). Although the earth's magnetic 

field should not be of sufficient magnitude at our level of precision to 

have any effect, its direction happens to correspond to these polarimeter 
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Table III. Reaults of Experiment No. 3. 

Polarimeter Temper- Polari- Background- Raw Conected Phase 
Orientation ature :at ion to-Signal Asymmetry Asymmetry ( n+E;) 

T (mK) fa<B 3> f A' (10-4) A (10- 4) (10-3) 

EW (4) 33.4 1.14 (3) 0.36 (8) 3.85 (31) 5.24 (42) -5.15 (41) 

NS (4) 32.3 1.17 0.39 3.38 (41) 4. 70(57) -4.50(54) 

NS (4) a) 30.2 l.21 0.44 3.18 (47) 4.58 (68) -4.24 (63) 

EW (4 ) a) 29.3 l.22 0.46 3.43(50) 5. 01(73 ) -4 . 60(67) 

NS (3)a) 28.4 l.24 0.48 5.19 (45) 7 .68(67) -6.93 (60) 

NS (3) 27.9 l.25 a.so 3.23 (56) 4.84 (84) -4.33 (75) 

EW (3) a) 26.9 l.27 0.53 3. 74(47) s. 72 ( 72 ) -5. 04(63) 

EW (3) 25.8 l.29 0.54 3.98(56) 6.13 (86 ) -5.31 (74) 

NS (l ) 25.3 l.~') 0.56 2.64 (60) 4.12 (94) -3 . 54 (81) 

EW (l) 24.8 l.30 0.58 3.50(60) 5.53 (95 ) -4.76 (82) 

N(weighted 29 l.22 0.45 3.00(30) 4.35 (44) -3 . 99 (40) 
average) 

s 29 l.22 0.45 4.26 (31) 6.18 (45) - 5. 66(41) 

E 30.5 1.20 0 .45 4.67(29) 6.77 (42 ) -6.31 (39) 

w 30.5 l.20 0.45 2.96 (27) 4.29 (39) -4. 00(36) 

NS 29 l.22 0.45 3. 64(22 ) 5.29 (32 ) -4.86(29 ) 

EW 30.5 l.21 0.45 3. 74(20) 5.41 (29) -s. 02 (27 ) 

Weighted 
5.36 (37)b) -4.94 (40) c) Average of 30 1.21(3) 0.45(8) 3.69 (15) 

NS,EW pairs 

Polarization afficienc:y Ep • -0.435 ± 0.015. 
x2 per 19 degrees of freedom • 2.4. 
x2 per degree of freedom for NS,EW pairs • l.9. Humber of pairs • 10. 

a) Earth-field compensated (aee text). 
b) Error includes (1 + f ) uncertainry. 
c) Includes errors of f 8 <B

5
>, (1 + f), and Ep· 
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coordinates. To verify the negligibility of earth-field effects, an external 

coil wound about the outer shield of the refrigerator was used to cancel the 

vertical component of the earth's field, and the pair of superconducting 

coils orthogonal to the switching pair used to null that horizontal compo-

nent. No discernable change occurred for the earth-field-compensated runs 

(these runs are so labeled in Table III), eliminating the earth's field as a 

source of systematic error. 

More drastic measures were taken in the final experiment to investigate 

the effects of residual fields and to ascertain the effectiveness of the NS, 

EW averaging procedure. As shown in Appendix C, an imperfectly reversing 

field will result in an asymmetry A1 in the intensity distribution w1(6) 

observed by the Ge detector given by 

3Q2B2U2A2sin 6 cos 6 e: 

A1 = 1 + d
2
s

2
u

2
A

2
P 

2 
(cos 9 ) (3. 17) 

where e: = IH residuall!IH applied! and the reversing angle is TI - 2e:. This 

asymmetry is zero at the normal detector location 6 : o0
. During the fourth 

experiment the Ge detector was therefore located at e = 45° from the applied 

field (still in the horizontal plane of the source) to monitor e:. In this 

manner it was determined that residual fields corresponding to externally 

applied fields of a few gauss orthogonal to the 2-kG switching field were 

present in the Os(Fe) foil. Time-reversal measurements were then undertaken 

with and without a 4-G external field (maintained by the pair of coils 

orthogonal to the switching pair) to null the residual field . The data of 

Table IV reveal completely consistent EW and NS averaged results with and 

without residual-field cancellation, demonstrating the effectiveness of the 
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averaging procedure in cancelling the effects of residual fields. Table IV 

includes the Ge asymmetries A1 together with their implied E for each time

reversal run as illustration of the sensitivity of the A1 measurement to the 

presence of residual fields and the effectiveness of the field cancellation 

for each run. From the averaged data for each of the four polarimeter orien

tations, it may be seen that the divergence between asymmetries of opposing 

orientations has disappeared for the field-nulled runs. 

To determine if residual fields in the foil were endemic to the source 

itself, and perhaps related to source preparation, the source foil of Expt. 4 

was rotated 90° clockwise about the vertical axis relative to its original 

orientation. This change was made about halfway through the experiment, as 

indicated in Table IV, and necessitated warming the refrigerator to room 

temperature. No residual fields were initially observed with the Ge detector 

upon recooling the source, but manifested themselves after a few days. 

We now attribute the presence of the observed fields to imperfect 

demagnetization of the iron foil following temperature measurements. The 

technique for demagnetization involves the use of a logarithmically decreas

ing sinusoidal input to the superconducting coils. By observing the Ge asym

metry A1 as a sensitive monitor of residual fields in the foil, demagnetiza

tion effectiveness could be investigated and optimized. The last few cycles 

of demagnetization are particularly important, as is the initial field 

strength. In particular it was determined that significant improvement in 

demagnetization could be obtained by increasing up to a factor of 2 the 500G 

starting field originally thought to be sufficient. This was used with suc

cess in the elimination of residual field effects in a later 131xe experiment 

(discussed in Sec. 4). 
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(iv) Final experimental results 

Results for all four experiments are summarized in Table V. This table 

is a revised version of Table I of Ref. 20, which summarized the first three 

experiments. Significant changes are: (1) quoted polarization efficiencies 

E = -0.23 ±0.02 and E = -0.43 ±0.03 for the polarimeters are replaced by 
p p 

the revised efficiencies E = -0.21 ±0.02 and E = -0.435 ±0.015 which 
p p 

include background corrections for the polarimeter result and the recent 

efficiency determination discussed in Sec. 3.6 using 57Fe; and (2) background 

parameters f = 0.07 ±0.03 and f = 0.37 ±0.08 for Experiments 2 and 3 are 

replaced by f = 0.08 ±0.03 and 0.45 ±0.08. Reflected in Table V are the 

slightly increased source strengths of the final two experiments which 

resulted in higher source temperatures and lower polarization coefficients. 

Because of 192rr contaminants these runs also display signficantly higher 

levels of background in the polarimeter spectrum, as indicated by the larger 

f values. 

Consistent values o~ sin(n+~) are obtained for all experiments. From the 

weighted average of the four values a final result sin(n~) = (-4.76 ±0.21) 

x 10-3 is obtained. For subsequent discussions a value sin(n+~) = (-4.8 ±0.2) 

x 10-3 will be adopted. 
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CHAPTER 4 

EXPERIMENT WITH 131 Xe 

4.1 The Choice of Nuclear Transition 

In order to obtain a direct measurement of the time-reversal phase n , it 

is necessary to select a transition where final state effects are negligible. 

We are thus restricted to low Z elements or high energy transitions. The 

requirement of a high degree of obtainable nuclear polarization - hence a 

large magnetic moment and hyperfine field - to some extent limits our direc-

tion toward lower Z elements. Simultaneously, shielding problems and lower 

polarization efficiency place some restriction on transition energy. The 

prominent 364 keV E2-M1 transition in 131xe was selected as a compromise 

between the various requirements. As shown in Fig. 15, the 364 keV level is 

directly populated from the S- decay of 131 I. The oriented state is thus the 

parent 1311, which has a magnetic momentµ= 2.738 ±0.001 µn(
41 ), and a 

hyperfine field H = 1144.0 ±1.5 kG( 42 ) for !(Fe) yields 6 = 32.7 mK. A mixing 

ratio 8 = -4.53 ±0.12 (w{th l6l/C1+l61 2) = 0.21) is reported< 43 ) for the 364 

keV transition. With the substitution of appropriate spin coefficients, Eq. 

(2.1) becomes 

w364 C8,¢) = + 0.205 B2P2(cos 8) + 0.0390 B4P4(cos 8) 

+ EP[-0.0130 B2P2
2Ccose) - 0.0326 B4P4

2
Ccos8 )]cos 2¢ 

+ Ep [o.0292 B3P/(cos 8 >] sin(n+cJ sin 2¢. ( 4.1) 
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1311 
7/2 + --....----- 8d 

7°/o 

.....--------- 637 keV 

637keV 
E2 

93°/o 7°/o 
5/2 +----+---------- 364 keV 

364.5 keV 
E2 + MI, 8 = -4.53 

284keV 
E2 I /2 + _ __.,___...,._ __ --+--- 80 keV 

3/2 + OkeV 

131 Fig. 15. Decay scheme of I. 
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Since the 284 keV E2 transition (see Fig. 15) is unresolved from the 

364 keV line in the scattered spectrum, the angular distribution w284 (8,¢) 

is included: 

w284 (8,¢) = - 0.5345 B2P2(cos 8) - 0.6172 B4P4(cos 8) 

+ Ep[-0.2338 B2P2
2(cos 8) + 0.0298 B4P4

2(cos 8 )]cos 2¢. (4.2) 
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4.2 Source Preparation 

The 131 I(Fe) sources were prepared by the implantation of 131 r+ ions at 

50 and 70 keV acceleration energies into 0.02 mm thick, 0.32 cm diameter iron 

foils (held at room temperature). The implantation was achieved at Argonne 

National Laboratory courtesy of Dr. J. Lerner. Prior to implantation the iron 

foils were polished, annealed in H
2 

at 700 C, and indium-soldered to a copper 

collar button (Fig. 4c) at Caltech. The assembly was shipped to Argonne Labs 

in argon to minimize surface oxidation of the iron. Initial source activi-

ties of 0.5 to 1 mCi were obtained starting from 30 and 60 mCi samples of 

carrier-free 131 r purchased commercially from ICN< 44 ) as NaI in 0.05 N NaOH 
0 131 solution. With a mean estimated penetration depth of 200 A, the I concen-

tration in iron was less than 0.2 at.%. 

131 Upon return the I(Fe) foil, with activity ranging from 150 to 300 

µCi, was cleaned with alcohol and freon to remove loose surface activity. The 

collar button assembly was then screwed into the cooling rod of the refrig-

erator and cooled to 30 mK. 
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4.3 Determination of Source Temperature and Nuclear Alignment 

As in the case of 191 rr, measurements with the Ge detector of the ani

sotropy in the intensity distribution w1(8) of oriented 131 Ir(Fe) indicated 

a degree of orientation systematically smaller than predicted by Eq. (2.2) 

at the estimated source temperature. This phenomenon is not unusual for ion 

implanted sources< 45 ), and has been successfully explained in terms of low-

131 (43) (46) field siting of some fraction of the I ' . 

A procedure similar to that described in Sec. 3.4 was therefore adopted 

in determining an effective B
3

. The fact that the 131 r activity lies within 
0 

200 A of the foil surface, and the fear that any heating of the foil would 

change the siting, prohibited the soldering of a 60co(Fe) temperature

calibration source to the 131 I(Fe) after an experiment. For two initial 131 r 

sources, temperature was estimated to within a few mK from the known source 

activity (source heating) and from a temperature-calibrated carbon resistor 

fixed to the mixing chamber of the refrigerator. A more accurate calibration 

was made for a third source with a 60co(Fe) foil indium-soldered to a 0.32 cm 

slotted, threaded copper stud which was tightened down onto the collar button 

assembly with a copper nut (Fig. 4d). 

131 

For this third source a two-parameter 

fit of the observed I anisotropy w;<o)/Wi(90) to the 60co-determined 

temperature, with 

for the 364 keV transition, yielded a high-field-siting fraction fa = 

0.49 ±0.02 and a saturation parameter f = 0.90 ±0.03. s 

(4.3) 
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The latter parameter corresponds to an effective hyperfine field of 

1030 kG, somewhat lower than the NMR-measured field of 1144 kG. Mossbauer 

studies on 131 I(Fe) sources indicate the existence of intermediate-field 

(46) (47) . sites ' , so our effective measured field may correspond to a combina-

tion of sites at both fields. 

For the less accurately calibrated initial sources the parameter f was 
s 

held fixed at f = 0.90. Fits for f yielded f = 0.23 ±0.01 and f = 
s a a a 

0.48 ±0.01 respectively for the first and second sources. The much lower 

alignment observed for the first source was attributed to an inadequate 

implanation energy of 50 keV, for which a large proportion of the 131 r was 

believed to reside in the surface oxidation layer of the iron foil. A larger 

implanation energy of 70 keV for the two following sources yielded the con

sistently larger values of f ~ 0.49. As in the case of 191 rr, orientation 
a 

coefficients Bk(6/T) were replaced by effective coefficients faBk(f s6/T) 

throughout. 
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4.4 Modification of the Polarimeter and Determination of Polarization 

Efficiency E 
p 

(i) Revised Shielding 

The Sn collimating ring and plate depicted in Fig. 5 proved to be in-

adequate for shielding the NaI counters from the direct 364 keV gamma ray of 

131 xe. They were therefore replaced by an analogous Pb ring and plate. This 

effectively halved the background. The background-to-signal ratio, determined 

from a comparison of NaI spectra with and without the Al scattering block in 

place (see Fig. A.2), was nevertheless large, with f = 1.5 ±0.3. The NaI 

energy spectrum, with SCA window settings, is shown in Fig. 16. 

(ii) Deterimination of E by Monte Carlo calculation 

Because of the large background and the poor alignment of 131 r, an accu-

rate determination of polarization efficiency at 364 keV via measurement of 

A' proved unfeasible. In light of its fair success at 129 keV, a Monte Carlo p 

calculation yielding E = -0.41 ±0.01 for the Compton polarimeter was taken p 

as the efficiency at 364 keV. The quoted "error" is the standard deviation 

of n runs divided by .yn: To reflect the uncertainty in the calculation's 

reproduction of real polarimeter-source geometry, a polarization efficiency 

E = -0.41 ±0.03 was adopted. p 

(iii) Experimental corroboration of the Monte Carlo determination 

Measurements of A' were carried out at 8 = 90° and 54.7° despite the 
p 

above-mentioned difficulties.· Taking an intensity ratio of 93:7 between the 
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(unresolved) 364 and 284 keV lines, and assuming nearly equal polarization 

efficiencies for both lines, combining (4.1), (4.2), and (3.4) yields a 

polarization asymmetry 

A ( e) 
p 

= o0
) - wee, ¢ = 90°) = wee, ¢ 

W(e, ¢ = 

= E p 

= 90°) 

Solid angle corrections Qk for the polarimeter and effective orientation 

0 0 coefficients faBk have been included. At e = 90 and 54.7 this becomes 

Ap(90) E 
-0.405 faB2+ 0.199 faB4 

= 1 - 0.0777 faB2+ 0.119 faB4 ' p 

A ( 54. 7) E 
-0.270 faB2+ 0.177 f aB4 

= 1 - 0.124 faB2 p p 

( 4. 4) 

(4.5) 

(4.6) 

Measurements of ,A' were carried out with and without the Al scattering block. 
p 

As discussed in Appendix A, the measured asymmetry A' is a linear combination 
p 

of the asymmetry A of the scattered 364 keV line and the background asym
P 

metry AB; 

A~ = (AP + 1af)/{1 + f). 

Solving for A gives 
p 

(4.7) 

( 4. 8) 
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Taking AB to be the asymmetry measurement without scatterer, the 90° measure-

ments at 25 mK yielded A' 
p = 0.0310 and AB = 0.0024, from which AP = 0 . 074 

is determined. From (4.5), with faB2 = 0.51 and faB 4 = 0.12, we obtain 

Ep = -0.40. 

0 
Similarly, 54.7 measurements gave AP = 0.0197 and AB = -0.0084, from 

which a background-corrected asymmetry A = 0.062 is deduced, yielding 
p 

E = -0.39. Both measurements are fortuitously consistent with the adopted 
p 

value E = -0.41 ±0.03. 
p 
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4.5 Results 

Three measurements with three 131 1 sources have been performed. Data 

were acquired as in the 191 rr experiments in NS and EW polarimeter orienta-

tion pairs. 

(i) Results for the first two experiments 

For the first preliminary experiment a 50 keV implantation energy was 

utilized in the preparation of the 131 I(Fe) source. An initial ion source 

activity of 30 mCi yielded an activity of about 150 µCi upon cooldown. Re-

sults for this run are summarized in Table VI. The effect of residual fields 

is clearly illustrated in the averaged data for N, S, E, and W positions, 

with opposing polarimeter orientations producing nearly equal asymmetries of 

opposite sign. To determine an average raw asymmetry A', unweighted averages 

for each pair of runs were taken, with an assigned error equal to the largest 

statistical uncertainty of the two runs divided by -v-2. A weighted average 

over all pairs then yielded A' -5 = (2.2 ±1.9) x 10 , and a background-

-5 corrected value A = (5.4 ±4.8) x 10 . Assuming 93% intensity of the 364 keV 

line, and with spin coefficients R = -0.1387 and S = 0.4093, one may deter-

mine sin(n+;) via (3.15): 

sin(n+;) = A (o.151 ±6.004) r B3E 
a P 

(4.9) 

With faB
3 

= -0.15 ±0.02 [in contrast to Ir(Fe), I(Fe) has a positive hyper

fine field;~ is therefore positive and a
3 

nega~ive< 35 >], faB 4 = 0.06, and 

E = -0.41 ±0.03, we obtain sin(n+;) = (5.8 ±5.3) x 10-3. Table VI includes 
p 

the result of a control experiment at 4K, for which A' = (1.2 ±2.6) x 10-5 . 
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Table VI. Rl!Jlults of 131xe Experiment No. 1. 

Polarimeter Temper- Polari- Raw 
Orientation ature z:ation A.symmetry 

T(mK) fa<!3> A' (10-5) 

NS(3) a) 22.5 -0.145(20) 5.45(2.91) 

EW(3) 22.5 -0.145 0.58(3.51) 

NS(3) 22 - 0.lSO -1.45(4.91) 

EW(3) 22 -0.150 -0.56(4.94) 

R(veighted 22 -0.147 23.90(3.49) 
average) 

s 22 -0.147 -16.80(3.21) 

E 22 -0.146 -7.17(3.97) 

w 22 -0.146 7.50(3.72) 

NS 22 -0.147 3.66(2.50) 

EW 22 -0.146 0.20(2.86) 

Weighted 
Average of 22 -0.147(20) 2.16(1.88) 
RS,EW pairs 

Control Run.a 

N 4K o.o 14. 00(5. 05) 

s -3.20(5.27) 

E -1.19(4.78) 

w -6.06(5.51) 

Weighted 
Average of 1.20(2.56) 
N,S,E,W 

Pol.ari.zation afficiency Ip• -0.41 ± 0.03. 

BackgrOUDd-to-•igD&l f • 1.5 ± 0. 03. 

Corrected 
A.symmetry 

A (l0-5) 

13.62(7.28) 

1.45(8.78) 

-3.62(l2.28) 

-1.40(12.35) 

59.75(8.72) 

-42.00(8.02) 

-17.92(9.92) 

18.75(9.30) 

9.14(6.26) 

0.49(7.lS) 

5.39(4.75)b) 

Phase 
(n+F;) 

(l0-3) 

15.04(8.04) 

1.60(9.69) 

-3.86(13.ll) 

-l.49(13.18) 

65.07(9.49) 

-45.74(8.76) 

-19.65(10.88) 

20.56(10.20) 

9.87(6.85) 

0.52(7.81) 

5.80(5.27)c) 

x2 per degree of freedom for RS,!V pairs • 0.8. Humber of pairs • 4. 

a) Asymmetries for q,,ir~ pair• are unweighted averages of the two orientations. 
b) Error includes unceruincy from (1 + f). 
c) Includes errors from (l + f), fa<B,>, and EP . 
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Implantation energy was increased to 70 keV for a second source, with 

the result of improved siting for the I(Fe). With double the initial ion 

activity, a usable source activity of 300 µCi was achieved. Data are pre

sented in Table VII. Improved statistics gave A' = (-1.0 ±1.0) x 10-5 and 

A= (-2.6 ±2.5) x 10-5 . As in the first experiment, unweighted averages of 

pairs of ~ and rr + ~ polarimeter orientations were taken to cancel residual 

field effects. With the improved polarization faB
3 

= -0.24 ±0.03 at 28mK, 

sin(n+~) was determined to be (-1.5 ±1.7) x 10-3. [The reader may note that 

the averaged <sin(n+~)> ~ <A/B3> ~ <A>/<B3> in this case.] 

(ii) Results for Experiment No. 3 

Table VIII summarizes the results of a third 131 xe measurement which 

used a source similar to that of Expt. 2. Asymmetries for the 12 runs, each 

of approximately 24 h duration, are plotted in Fig. 17. In comparison with 

the initial experiment, the more recent series of runs are characterized by 

an absence of nonzero, opposite-signed asymmetries for opposing ~ orienta-

tions. This is attributed. to the improved demagnetization technique developed 

during the fourth 191 rr experiment (discussed in (iii) of Sec. 3.8). [In 

time-ordered sequence, the first two 131 xe experiments occurred prior to the 

final 191 rr run, while the third 131xe experiment occurred subsequently.] 

From the raw asymmetry A' = (-0.9 ±0.8) x 10-5 , a background-corrected 

asymmetry A= (-2.3 ±2.1) x 10-5 is obtained. The phase (n +;)was deter-

mined from the weighted average of NS and EW pairs to be sin(n+;) = 

-3 (-1.5 ±1.5) x 10 • Control runs at 4K were also performed, with the null 

result A' = (-0.7 ±1.0) x 10-5• 
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Table V!I. Results of 131xe Experimeut No. 2. 

Polarimeter Temper- Polari- Raw 
Orientation ature zation Asymmetry 

T(mK) fa<B 1> A' (10-5) 

NS (l) a) 31 -0.200(30) -4.59(1.82) 

EW (l) 30 -0.215 o. 93 (l. 63) 

NS (l) 25 -0.280 -0.12(1.69) 

N(weighted 27 -0.25 33.91(1.58) 
average) 

s 28 -0.24 -39.28(1.46) 

E 30 -0.22 -22.50(2.33) 

'W 30 -0.21 23.84(2.10) 

NS 27 -0.247 -2.19 (l. 24) 

EW 30 -0.215 0.93(1.63) 

Weighted 
Average of 28 -0.236(30) -1.05(0.99) 
NS,EW pairs 

Control Runs 

N 4K o.o o. 76(2. 58) 

s -3.22(3.23) 

E 3.17(2.96) 

" 0.11(2.32) 

'Waighted 
Average of 0.34(1.35) 
N,S,E,IJ 

Polarization .£ficiency ~ • -0.41 t 0.03. 

Background-to-aignal f • 1.5 ± 0.3. 

X2 per degree of freedom for NS,EW pairs • 2.9. 

Corrected 
Asymmetry 

A (lo-5) 

-11.48(4.55) 

2.32(4.08) 

-0.30(4.22) 

84.72 (3.95) 

-98.20(3.65) 

-56.25(5.82) 

59.60(5.25) 

-5.47(3.09) 

2.32(4.08) 

-2.63(2.48)b) 

Phase 
(n+f;) 

(10-3) 

-9.16(3.63) 

1.72(3.03) 

-0.17(2 . 40) 

54.10(2.52) 

-65.28(2 . 43) 

-40.79(4.22) 

45.28(3.99) 

-2.90(2.00) 

l. 72(3.03) 

-l.50(1.69)C) 

a) Asymmetries for NS,EW pairs are unweighted .,,.rages of the two orientations. 
b) Error includes uncertainty from (l + f). 
c) Error includes uncertainties from (l + f), fa<B 1 >, and~· 
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Table VIII. Results of 131xe Experiment No. 3. 

Polarimeter Temper- Polari- Raw Corrected Phase 
Orientation ature zation Aaymmetry Asymmetry (n+F;) 

T(mK) fa<B3> A' (lQ-5) A c10-5> c10-3) 

NS (3) 32 -0.196(30) -2.01(1.80) -5.02(4.50) -4.09(3 . 67) 

EW (3) 31 -0.204 -0.57(1. 74) -l.42(4.35) -l.11(3 . 40) 

NS (3) 30 -0.217 -l.54(1.88) -3.85(4.70) -2.83(3.46) 

EW (3) 29 -0.233 o. 87 (l. 92) 2.18(4.80) l.49(3.29) 

NS (3) 27 -0.250 -5.68(2.91) -14.20(7.28) -9.07(4.65) 

EW (3) 26 -0.265 2.35(2.59) 5.88(6.48) 3.54(3.90) 

N(weighted 30.5 -0.214 -4.07(1.68) -10.12(4.20) -7.96(3.13) 
average) 

s 30.5 -0.214 -0.81(1.68) -2.02(4.20) -l.43(3.13) 

! 29 -0.232 0.30(1.64) 0.75(4.10) 0.75(2.81) 

w 30 -0.223 0.76(1.63) 1.90(4.08) 1.52(2.91) 

NS 30.5 -0.214 -2.43(1.19) -6.08(2.97) -4.70(2.21) 

EW 29 -0.227 0.53(1.lS) 1.33(2.88) l.12(2.02) 

Weighted 
)a) -l.53(1.52) b) Average of 30 -0.221(30) -0.90(0.83) -2.26(2.09 

NS,EW paira 

Control R1J11S 

N 4K o.o 1.38(2.18) 

s 0.19(1.98) 

! -2.16(1.95) 

w -1.93(2.20) 

Weighted 
Average of -0.67(1.03) 
i'i,S,E,W 

Polari.utiou efficiency Ep • -0.41 ± 0.03. 

Background-to aignal f • 1.5 ± 0.3. 

x2 per 11 degree• of freedom • 1.1. 
x2 per degree of freedom for NS,EW pairs • 1.2. 

a) !rror includes \JDCertainty from (l + f). 
b) Include• \JJlcertainties from (l + f), fa<B 5>, and Ep. 
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(iii) Final results 

Final results for the three 131 xe experiments are summarized in Table 

IX. The same polarization efficiency E = -0.41 ±0.03 and background-to
p 

signal f = 1.5 ±0.3 have been adopted for all three experiments. A weighted 

average of the three measurements yields sin(n+C.;) = (-1.2 ±1.1) x 10-3. 
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CHAPTER 5 

DISCUSSION 

5.1 Atomic Final State Interaction in 191 Ir 

The present observation of a nonvanishing value of sin(n +E,;) ~ (Tl +S) = 

-3 191 -(4.8 ±0.2) x 10 for the mixed 129 keV Y transition in Ir may be ex-

plained in terms of atomic final state effects. In Ref. 20 a comparison of 

the experimental result with the available calculated final state phases of 

Goldwire and Hannon( 2G) was made. From their work we found a "virtual-inter

nal-conversfon" phase shift t;C = t;C(E2) - t;C(M1) = -4.51 x 10-3 and a "virtual

Thomson-scattermg" phase shift ;R = ;R(E2) - ~R(M1) = 0.80 x 10-3 between 

the two multipole components of the 129 keV transition. The total phase shift 

for the two final state processes was; = E;C + t;R = -3.7 x 10-3, with a 

quoted error of a few percent. Although of the same sign and order of mag-

nitude, the calculated phase ; differed from the measured (Tl~) by some five 

standard deviations. If it was assumed that no time-reversal violation (TRV) 

of this magnitude was present, the experimental observation could not be 

reconciled with the calculated atomic final state phase shift. [Contributions 

from other known TRV-simulating processes of "Faraday rotation" (see discus

sion in Ref. 19) and nuclear final state effects( 22 ) are estimated to be 

-6 <10 and negligible at the present level of precision.] 

The discrepancy between calculation and measurement, apparent evidence 

for a time-reversal violation, has motivated the recent theoretical study of 

atomic final state effects by Davis et al. <23 >. Their calculations for 191Ir 

yield for the conversion phase shift ;C for the atomic K, L, M, and N shell 

electrons, respectively, -3.85 x 10-3 , -0.97 x 10-3, -0.23 x 10-3, and 
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-0.05 x 10-3, giving a total of ~c = -5.10 x 10-3. The phase shift for 

Rayleigh scattering (including Thomson scattering and the small "anomalous" 

scattering term) is~ = 0.79 x 10-3• The total atomic final state phase 

shift then becomes ~ = ~C + ~R = (-4.3 ±0.4) x 10-3 (the indicated error 

bars represent a 2% uncertainty for the E2 and M1 phases). Our measured 

value is in agreement with the given upper limit of -4.7 x 10-3. The revised 

calculations thus remove the apparent evidence for violation of time reversal 

invariance. 

In summary, by measuring the linear polarization of the mixed 129 keV 

y ray in 191 rr oriented in iron, we have established for the first time a 

non-vanishing T-odd angular correlation in a nuclear transition. The reduced 

matrix-element ratio for the two competing multipoles (M1 and E2) was found 

-3 to have an imaginary component with a phase angle of (-4.8 ±0.2)x 10 . This 

time-reversal-like phase shift may be attributed to virtual quantum electro-

dynamical effects in the atomic final state, and is now accounted for by the 

final state calculations of Davis et al. <23 ). The precision of the measure-

ment is half an order of magnitude greater than all previous time-reversal 

measurements in low energy nuclear physics. By comparison with the theoret

ical bounds -3.9 x 10-3 ~~~ -4.7 x 10-3 given by Davis, a limit -1 0-3 ~n~ O 

may be inferred, consistent with time reversal invariance. 
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5.2 General Survey; Experimental Evidence for Final State Effects 

Experimental evidence for atomic final state effects in nuclear transi-

tions is obtained primarily from Mossbauer experiments. Such experiments are 

sensitive to a dispersion term in the absorption cross section proportional 

to C.:0 , with 

rather than the direct phase shift C.: = t.;(E2) - t.;(M1). Table X lists the 

results of atomic final state phase measurements for various transitions 

together with the calculated phases of Davis( 23 ). Agreement between experi-

ment and theory is in general quite good. Included is the result of a Moss-

191 bauer experiment which also measured the 129 keV transition in Ir; a 

value c.; 0 = (-0.50 ±0.12) x 10-3 is to be compared to the theoretically cal-

culated c.; 0 :-0.69 x 10-3. The measurement t.: 0 is sensitive to a combination 

of M1 and E2 phases nearly orthogonal to the !RV-simulating phase t;;, however, 

so no comparison can be made with the present observation. We note that with 

the exception of the present 191Ir measurement, the listed time-reversal 

measurements of the phase C.: = C.:CE2) - t;;(M1) are all essentially null results. 
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Table X. Survey of Atomic Final State Measurements 
from Mossbauer and Correlation Experiments(23) 

Isotope E(keV) Multipolarity lOo;a) lOO;EXPT. 
b) 

57 
26Fe 122.1 Ml + l.4%E2 e.: = -0.06c) ; = -0.03 ± 0.07 

73 
32Ge 13.3 E2 -3.24 -4.7 ± 1.0 

99 
44Ru 90.0 E2 + 37%Ml -0.60 -0.33 ± 0.32 

t_: = -0.57c) e.: = -0.43 ± 0.50 

13lx 
54 e 364.5 E2 + 4.6%Ml t_: = -0. 01 c) e.: = -0.12 ± 0 .11 d) 

153E 97.4 El -2.03 -1.l ± 0 . 3 63 u 
-1.4 ± 0.3 

155Gd 
64 86.5 El -2.48 -2.5 ± 0.5 

105.3 El -1. 85 -1.8 ± 0.5 

1610 25.6 El -3.97 -3.5 ± 0.5 66 y 
-3.2 ± 0.3 

74.5 El -3.40 -3.0 ± 0.5 

166E 
68 r 80.6 E2 -1.37 -1.60 ± 0.19 

170Yb 
70 84.3 E2 -1.33 -1. 70 ± 0.38 

171Yb 
70 66.7 Ml + 49%E2 -0.75 -1.00 ± 0.14 

180Hf 
72 

93.3 E2 -1.27 -1.82 ± 0.48 

181T 
73 a 6.21 El -12.3 -11. ± 1. 

182w 
74 100.1 E2 -1.22 -1. 71 ± 0.14 

183w 
74 99.1 E2 -1.22 -1.25 ± 0.17 

46.5 Ml + 0.6%E2 -0 . 28 -0.05 ± 0.06 

(continued) 
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Table X.(continued) . 

Isotope E(keV) Multipolarity l OO t:a) l OO f:EXPT. 
b) 

184w 
74 111.1 E2 -1.17 -1.53 ± 0 .29 

186w 
74 122.5 E2 -1.10 -2. 09 ± 0.36 

1860 
76 s 137.2 E2 -1.02 -1.02 ± 0.25 

1880 
76 s 155.0 E2 -0.93 -1.51 ± 0.49 

1911 
77 r 129.5 Ml + 14i.E2 -0.69 -0.50 ± 0.12 

~ = -0.43c) ~ = -0.48 ± 0. 02d) 

1931 73.1 Ml + 3li.E2 t; = -0.12c) t: 0.11 ± 0.38 77 r = 
t: = 0.16 ± 0.24 

195Pt 
78 98.7 Ml -0.70 -1.1 ± 0.3 

197A 
79 u 77.3 Ml + 12.li.E2 -0.40 -0.414 ± 0.017 

236u 
92 45.3 E2 +o.31 +0 .25 ± 0 .75 

237N 
93 p 59.6 El -3.18 -3.4 ± 0.2 

a)Calculated interference parameters t; of Davis<23). Both convers i on 
and scattering contributions included. 

b)Measured values of ~. 
c)For Time-Reversal Violation Experiments, ~ = E,:(E2) - E,:(Ml). 
d)Present work. 
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5.3 Limit for Time Reversal Invariance in 131 xe 

A phase angle sinn = (-1.2 ±1.1) x 10-3 was measured for the mixed (E2, 

M1) transition of 364 keV in 131 xe. [At this energy, the atomic final state 

phase~ is estimated by Davis( 23) to be~-1 x 10-4, and may be neglected.] 

The precision of the measurement is comparable to the best limits in liter-

ature [sinn -3(19) = (-0.3 ±0.7) x 10 , sinn = (1.0 ±1.7) x 10-3 (15)' 

sinn = (1.5 ±2.2) x 10-3<
4B)], and is consistent with time-reversal invari-

ance. One should note that the sensitivity of given experiment to a T-

violating interaction depends on presently unknown matrix elements. Possible 

enhancement of TRV matrix elements could increase this sensitivity by orders 

of magnitude(g). Theoretical estimates are therefore required to fully 

realize the implications of a particular experiment. In the meantime it 

seems justified to measure more than one case with the greatest possible 

precision. 

High precision was obtained in the 131 xe and 191 Ir measurements pri-

marily because they are single counting experiments in contrast with the 

older coincident measurements. However, one must measure the relatively 

insensitive k = 3 term instead of the k = 1 term in the angular distribution. 

To achieve high precision requires a nearly ideal combination of large spin 

coefficients cu
3 

and F
3

) and a high degree of nuclear orientation (large 

magnetic moment and hyperfine field, and low temperature). In addition the 

poor energy resolution of the linear polarimeter limits the technique to 

cases where the y-ray spectrum is simple. Common to all time-reversal experi-

ments measuring nuclear y transitions are the requirements of a large degree 

of multipole mixing (o ~ 1) and small atomic final state interactions which 

simulate time reversal violation (thereby restricting one to high energy 
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transitions and/or low Z nulcei). In the case of 131xe, a factor of maybe 1.5 

improvement in precision could be obtained by sacrificing some polarimeter 

solid angle for improved shielding from the direct y ray to reduce back-

ground. Present generation dilution refrigerators, available commercially, 

for example from S.H.E. <49 ), are able to cool to 10 mK with fairly large 

source heat loads. A factor of 2 in increased nuclear orientation could be 

achieved in 131 xe if temperatures of 10 to 15 mK could be reached. It seems 

-4 doubtful, however, that a sensitivity for sinn approaching 10 or better 

for time-reversal tests in nuclei could be achieved with any currently 

available experimental techniques. 
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5.4 General Survey of Time-Reversal Measurements in Gamma Decay 

A survey of time reversal measurements in nuclear y decay is presented 

in Table XI. All measurements are consistent with time reversal invariance, 

and with the most recent limit for the neutron dipole moment 

d 
n 

<1.6 x 10-24 e cm( 7 ). One must note that the observables measured in the 

neutron dipole moment case are P-odd and T-odd, in contrast to the case of 

y decay, for which P-even, T-odd observables are measured. A comparison 

between theory and experiment requires more accurate estimates than are 

presently available for the expected effect of a given theory on various 

T-odd observables. 

The neutron dipole moment limit tends to rule out millistrong, electro-

magnetic, and possibly milliweak theories of time reversal violation, and is 

more easily reconciled with the superweak theories. However, precise inter-

pretation of this limit, as in the case of y decays, is difficult at present. 

If a superweak theory of T violation is correct, it would be impossible to 

measure a violation of time reversal invariance in nuclear Y transitions. 
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Table XI. Survey of Time-Reversal Experiments (19) 

Isotope Method a) Cascade (keV) ob) 103x sinn 

36c1 n-y-y 7790-790 0.21 4 ± 12 

36c1 n-y-y 7790-790 0.21 -1.8 ± 2.2 

49Ti n-y-y 341-1378 0.1 17 ± 25 

56Fe B-y-y 2110-847 0.18 l 4 ± 26 

56Fe B-y-y 1811-847 -0.28 

57Fe J-y-t:. 122 0.12 -0.31 ± 0.65 

99Ru M. E. 90 -1. 65 1. 0 ± 1. 7 

106pd B-y-y 1050-512 0.21 30 ± 40 

106pd B-y-y 1050-512 0.21 4 ± 18 

llOCd J-y-y 1505-658 -1.09 1.5 ± 2.2 

llOcd J-y-y 1384-658 -0.39 -1. 7 ± 5.1 

131xec) J-y-t:. 364 -4.53 -1.2 ± 1.1 

169Tm J-y-y 198-110 -0.30 150 ± 120 

169Tm J-y-y 177-130 -0.51 2:0 

175Lu J-y-y 283-114 -0.036 170 ± 500 

180Hf J-y-y 501-332&215 5.3 48 ± 87 

191 Ire) J-y-t:. 129 0.40 lnl < 10-3 

193 Ir M.E. 73 0.56 1.1 ± 3.8 

193 Ir M.E. 73 0.56 1. 6 ± 2.4 

192pt J-y-y 604-316 -2.1 4 ± 5 

a) M.E. stands for Mossbauer effect. 
b) All mixing is E2-Ml except in 175Lu(El-Ml) and 180Hf(E3-M2). 
c) Present work. 
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APPENDIX A 

CORRECTIONS FOR BACKGROUND 

Background in the polarimeter spectrum dilutes the measured time-

reversal asymmetry (no background asymmetry was observed in an analysis of 

the background portion of the time-reversal polarimeter spectra), so that 

A' = A[S/(S + B)] 

= A/(1 + f), (A. 1) 

where A' is the measured asymmetry and A is the "true" asymmetry of the 

Compton-scattered "signal." The parameter f :: B/S is defined as the ratio of 

background (B) to signal (S). To determine f for the 191 Ir experiments, 

energy spectra were acquired with the collimating window of the polarimeter 

shielding "blacked out" with a 2mm Pb absorber to effectively remove the 

scattered signal. A comparison of spectra with and without the Pb asorber 

is shown in Fig. A.1. Counts below and above the dashed curve are taken to 

be background (B) and signal (S) events, respectively. In this manner mean 

values of f = 0.03 ±0.02, 0.08 ±0.03, D.45 ±0.08, and 0.21 ±0.05 were deter-

mined for experiments 1, 2, 3, and 4, respectively . The large background for 

the final two experiments was due to 19 2rr contaminants in the source. Be

cause of the different half-lives of 191 rr and 192rr, f is time dependent. 

131 For the Xe experiments, a background spectrum was obtained by re-

moving the aluminum scatterer. From a comparison of the two spectra of Fig. 

A.2, a value f = 1.5 ±0.3 was deduced. 
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Background-subtracted spectrum is shown in (b). 
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Fig. A.2. Background-subtraction spectra for 131xe. Entire 

photopeak, including background (B) and signal (S) is shown in (a). 

Background-subtracted spectrum is shown in (b). 
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The presence of background in the spectrum can cause biased polarization 

efficiency measurements in the following manner. The efficiency E of the 
' p 

polarimeter is determined (see Sec. 3.6) by measuring the asymmetry 

A' ( 8) 
p 

= W1 (8,¢:0°) + W1 (8 1 180°) - W1 (8,90°) - W1 (8,270°) 

W'(8,0°) + W'(8,180°) + W1 (8,90°) + W'(8,270°) (A.2) 

for 8 = 54.7° and 90°, where W' = B +Sis the total count rate in the window 

of Fig. A.1. However, background due to direct radiation from the source will 

also exhibit an asymmetry 

(A. 3) 

where the angles 8¢ are the angles between the applied field and the direc

tions defined by a line from source to NaI counters corresponding to (8,¢). 

The background for the (8,¢) detector is 

(A. 4) 

with W(8) the directional distribution of Eq. (2.1), and a4K(8) the back

ground count rate at T = 4K. [The a4K(8¢) are deduced by measuring A~ at 4K 

temperature. a4K(8) is not isotropic because of the anisotropic absorption 

of the superconducting coils (the reader is referred to Fig. S).] The mea-

sured asymmetry A~ is a linear combination of the "true" asymmetry AP of the 

Compton-scattered signal and the background asymmetry A
8

; 

A~ = Ap[S/(S+B)] + A8 [B/(S+B)] 

: (AP+ ~f)/(l+f). (A. 5) 



Solving for A gives 
p 

85 

(A.6) 

For the 191 rr experiments, direct radiation from both 191 rr and 192rr con-

tributes to background. As the asymmetry ~ for the two contributions is 

different, Eq. A.6 becomes 

(A.7) 

where the two contributions are identified by the subscripts 1 and 2, and 

f 1 = B1/S, f 2 = B2/S. The relative amounts of the two background contribu

tions may be roughly determined by investigating the time behavior of the 

background. The sensitivy of the correction °L:A8 .f. to the relative amounts 
1 1 

of background radiation, however, severely limits the accuracy of the effi-

ciency measurement if significant source-related background is present. 
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APPENDIX B 

INVESTIGATION OF THE EFFECTS OF MAGNETOSTRICTION 

During the investigation of the saturation and alignment characteristics 

of 191 Ir(Fe) it was observed that after demagnetizing both horizontal compo-

nents of field in the source foil the Ir nuclei exhibited an anomalous ori-

entation in the vertical direction (perpendicular to the foil plane) as if a 

field of several kG along that direction was present in the iron. This 

"field" remained unaffected by demagnetization along the vertical axis, how-

ever, and later measurements with a gaussmeter indicated that no vertical 

field existed! By comparing the 129 keV emission rates to the isotropic rates 

at 4K with the Ge detector, a directional distribution pattern for the zero-

applied-field condition was mapped and found to assume the form of (3.3) if 

one empirically inserts another factor h in front of the polarization coeffi-

cients, 1. e. 

(B. 1) 

where now 8 is the angle measured from the vertical axis, and h = 0.42. (The 

small P4 term has been omitted.) This at first puzzling vertical orientation 

is now attributed to magnetostrictive effects caused by the differential con-

traction of iron and copper at low temperatures. Thermal expansion coeffi-

-6 -6 -1 cients for iron and copper are 12 x 10 and 16.6 x 10 K respectively; 

the iron, contracting less than the copper, therefore experiences a net 

radial compression force upon cooling. The factor h may then be interpreted 

as an effective normalized <P2(cos8 )> which is nonzero because of the 

magnetostrictively-induced alignment of domains orthogonal to the foil plane. 
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Fortunately, the vertical domain alignment is apparently not associated 

with a macroscopic field of specified direction. Such a vertical field would 

be recognizable as producing an asymmetry in total polarimeter count rate 

during the time reversal runs (see Appendix C), although it should not affect 

the measured value of A' because the individual asymmetries of the four 

detectors are averaged with alternating sign (Eq. (3.13)). In fact all indi-

cations are that the magnetostrictively induced alignment is completely 

(although only temporarily) erased when the foil is saturated by an external 

field. However, to test the hypothesis of magnetostriction as a possible 

cause for the incomplete polarization observed for Ir(Fe), and to further 

examine any unforseen influences of magnetostriction on our measurements, a 

new source collar button was designed consisting of a 0.33 cm long, 0.25 cm 

diameter platinum rod surrounded by a 0.25 mm thick copper sleeve (Fig. 4b). 

[The copper sleeve was found to be necessary to maintain sufficiently high 

thermal conduction at mK temperatures.] Platinum's thermal expansion coeffi

-6 -1 cient (9 x 10 K ) is closer to iron than is that of copper, and is actu-

ally smaller, so that upon cooling the Os(Fe) foil, indium-soldered to the 

platinum collar button, experiences a net radial expansion. Measurement of 

the directional distribution of this new source under the condition of zero 

applied field revealed a radial alignment (or absence of vertically oriented 

domains, as predicted for a foil under expansion) equivalent to h = -0.13 in 

Eq. (3.14). Calibration of this source polarization with 60co, however, 

yielded identical values of the parameters f and f 'as for the previous 
a s 

copper-mounted source which experienced a much larger and opposite magneto-

strictive tendency. Also, no significant change in the time-reversal runs 

was observed, thereby reassuring us as to the negligibility of the effects 

of magnetostriction on our measurements. 
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APPENDIX C 

ASYMMETRIES CAUSED BY AN IMPERFECTLY REVERSING FIELD 

C.1 Effect of a Vertical Field 

Let us consider a fixed vertical component of field Hv present in the 

source foil in addition to the horizontal field H induced by the external 

switching field. The net aligning field is then H = ±H + H which as shown 
± v 

in Fig. C.1 lies out of the horizontal plane by an angle E = H /H. The 
v 

-+- -+-
angle 8 defined by the J and k vectors is 8 - E, where 8 is the angle be-m m 

-+-
tween k and the horizontal plane, and the net switching angle is TI - 2E. The 

total measured "time-reversal" asymmetry for the ith detector is 

and 

Wi(8m-E'¢i) - Wi(n-8m-E'¢i) 

= wicem-E'¢i) + wi(n-em-E'$i) 

:Ai+A, v . 

3Q2B2U2A2sin 8 mcos 8 m E 

: i + Q2B2U2A2P2(cos em) 

( c. 1) 

(C.2) 
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N ---------7 

Fig. C.l. Diagram illustrating the effect of a residual 

vertical field in the source foil. 



90 

(The much smaller P4 term has been neglected.) Thus each detector sees an 

additional asymmetry proportional to s. However, the measured asymmetry 

averaged over all detectors gives 

= A ' 

(A. + A ){-) /cr . ( 1 /cr . ) i+1 2]/L: 2 
l. v l. . l. 

l. 

with A the "time-reversal" asymmetry of Eq. ( 2. 8). A vertical-field asymmetry 

therefore cancels out when averaged over the four polarimeter detectors (as-

suming the statistical weights cri are approximately equal for all detectors). 
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C.2 The Effect of a Horizontal Field 

Let us now consider the effect of a fixed horizontal component of field 

Hh perpendicular to the switching field, with E = Hh/H as shown in Fig. C.2. 

The previous arguments for a vertical field also hold for the asymmetry A
1 

in the intensity distribution seen by the Ge detector (in the horizontal 

plane of the source), so that 

3Q2B2U2A2sin 8 cos8 E 

Ai= 1 + Q
2

B
2
u

2
A

2
P
2

(cose )• 

The fixed horizontal field will additionally result in a net angle 

,+, - £sine 't'm 

(C.3) 

= <P - £' (C.4) m 

-+ -+ 0 
defined by NaI No. 1 and the J-k plane which is no longer <P = <P = 45 . The m 

T-even distribution W2(8,¢) is hence nonzero, and the imperfectly reversing 

field will generate an asymmetry ~ seen by the ith detector as follows: 
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Fig. C.2. Diagram illustrating the effect of a residual 

field in the plane of the source foil. 
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= (A /2)(2 sin 2¢i) 2E:' p 

= (-)i+1 2 A sine E: • p m (C.6) 

The expression is braces in (C.5) is precisely the polarization asymmetry AP 

i+1 of (3.8), divided by 2, and has been so replaced to obtain (C.6). The (-) 

weighting for each detector is that of the time-reversal asymmetry. The total 

measured asymmetry will therefore be 

= A + 2 E: sin 8 A . m P 
(C.7) 

A is negative (A = -0.03) for the 129 keV line of 191 rr. As illustrated in 
p p 

Fig. C.2 for the polarimeter in the N orientation, an E horizontal field 

corresponds to a positive 2E: = ¢ - ¢+; ~ is then negative and the measured 

asymmetry At will be smaller than the (positive) time-reversal asymmetry A. 

In the S orientation E: is negative and the opposite is true. The Ah contri

bution cancels out if the two At measurements are averaged. A north compo

nent of field will similarly result in a negative-contributing asymmetry Ah 

for the W orientation and an opposite positive contribution for the E orien-

tation. A horizontal field equivalent to that induced by a 4 gauss external 

field corresponds to £ = 2 x 10-3 and jAhj = 1 x 10-
4

• 
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