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ABSTRACT 

Weak interaction theories of the "current-current'' form predict 

a weak parity-non-conserving force between nucleons. One manifestation 

of such a force is the net circular polarization of Y rays from un-

oriented nuclei. We have measured the circular polarization for 

four favorable nuclear y transitions obtaining 

lSOHf 501 keV y: p = y (-23 ± 6) x 10-4 

159Tb 363 keV Y: p -4 = (-1 ± 5) x 10 y 
203Tl 279 keV Y: Py = (-0.04 ± 0.10) x 10-4 

181Ta 482 keV y: p -4 = (-0.031 ± 0.025) x 10 y 

The measurements were performed with a forward-scattering rapidly-

reversing Compton polarimeter and a phase-sensitive detection system. 

The analyzing efficiency of the Compton polarimeter, including 

effects of multiple scattering, was determined by Monte Carlo cal· 

culations. It was necessary in most experiments to apply corrections 

for polarized bremsstrahlung associated with ~ decays. Calculations 

198 of bremsstrahlung effects were verified by experiments on Au and 

177Lu.The residual asymmetry of the polarimeter itself was determined 

b 1 . 103R y contro experiments on u. 

The values of Py obtained are compared with related experiments 

and discussed in the framework of nuclear and weak-interaction theories. 
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I. INTRODUCTION 

I.l General Introduction 

Shortly after parity non-conservation (PNC) in the weak inter

actions was proposed l) and subsequently discovered in ~-decay experi

ments, 2) a weak interaction theory was put forward which stands today 

as the basis of more detailed theories. This "current-current theory" 
3

) 

predicts among other things a non-leptonic weak force between nucleons 

-7 of strength "' 10 relative to the strong nuclear force. Such a force 

would give rise to parity admixtures in nuclear states and consequently 

pseudoscalar phenomena such as net circular polarization of y rays from 

unoriented nuclei or a P
1 

(cos Q) term in the angular distribution of y 

rays from polarized nuclei. 

Measurements of such non-leptonic PNC effects in nuclei furnish an 

important test of the current-current theory and provide quantitative 

information for detailed theoretical descriptions. The interpretation 

of measurements is complicated somewhat by uncertainties in nuclear 

structure effects, which must be known in order to unfold the weak in-

teraction implications. 

We describe in this thesis circular polarization measurements for 

four y transitions, namely the 501 keV y in lBOHf, the 363 keV Y in 

159 203 181 ' 
Tb, the 279 keV Y in Tl and the 482 keV y in Ta. In these 

transitions (especially the first two) nuclear structure effects are 

expected to enhance the observable effects of parity mixing. Besides 

this condition there are a number of practical constraints which limit 

the nuclei feasible for such an experiment. Indeed other than the 
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175 cases above, only four others (343 and 396 keV y's of Lu, 1290 keV 

41 75 y of K and 401 keV y of As) have been attempted to date. Because 

of nuclear physics complications and because of the technical difficulty 

of the experiments themselves, it is important to study as many nuclei 

as possible and furthermore for several independent laboratories to 

confirm one another's results. 

In such experiments the magnitudes Py of circular polarization 

-6 -3 (measured or predicted) are generally in the range 10 to 10 . The 

most practical techniques for analyzing Y-ray circular polarization is 

to measure an asynnnetry for Compton scattering from electrons (in a 

magnet) polarized alternately in two opposite directions. Of the three 

alternative geometries 
4

) (a) transmission, (b) forward-scattering and 

(c) backward-scattering, we have chosen forward scattering because of 

its high intensity and analyzing efficiency. However, the efficiency 

is still only about 2% (i.e. measured asynnnetries are only about 2% of 

Py' as explained in Appendix A). 

The integral detection technique 5' 6 ) has been adopted here in 

order to surmount rate (and thereby statistical) limitations imposed by 

singles-counting techniques. The particular method employed in this 

experiment will be described fully in the next chapter. 

A number of effects interfere with the measurement of P . The y 

main one is due to polarization of bremsstrahlung associated with the 

f3 decays (which are "semi-leptonic" PNC processes as opposed to the 

"non-leptonic" PNC processes we seek by measuring Py)· In order to 

correct for this we have performed calculations and studied comparison 

cases (where Py should be negligible compared to bremsstrahlung effects) 
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1 198A d 177L name y u an u. In order to determine any residual asynnnetry 

in the Compton polarimeter we have performed control experiments with 

103Ru sources (negligible Py)· 

In the following section we outline the theoretical background for 

the parity experiments. For further details on theory and experiments 

the reader is referred to three recent review articles 7 ' 8 ' 9 ) and 

the references therein. 

1.2 Theoretical Framework 

(a) Weak Interaction Theory 

The current-current theory proposed by Feynman and Gell-Mann 3 ) 

describes the weak interaction Hamiltonian H as the inner product of a . w 

current J with itself 
µ 

H = ,J8 G (J J + + h. c.) 
w µ µ 

where the weak coupling constant G = 1.0 x 10-S /M2 , M being the pro-
p p 

ton mass. J itself has in essence the form (for notation see Ref. 3 ): 
µ 

where 

J = (~\, ) + <µv ) + <;;-p) + <A°p)+ 
µ e µ 

1 + i'Y5 
( 2 ) 1)r ) 

v 
e 

and similarly for (µv ). The meanings of (np) and (Ap) are complicated 
µ 

somewhat by strong interaction effects. More generally we write 

with t for leptonic and h for hadronic. 
10) 

In the Cabibbo theory J is 
µ 
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further decomposed 

h _l\.S=Q 1'.S=l 
J = .;-- cos Q + ~- sin Q 

µ µ µ 

where Sis the strangeness and Q is the Cabibbo angle (sin Q~0.22). 

In fonning H we note that in addition to cross-terms like w 

(np)( ·v e) which account for~ decay or (Ap)(V e) which account for 
e e 

hyperon decay, there are diagonal terms like (;;-p)(pn) which indicate a 

weak N-N force. 

In nuclei the contribution from this contact term shown diagramma-

tically in Fig. I.l (a) is highly suppressed due to the hard core in the 

strong N-N interaction. Instead the finite range weak forces indicated 

in Fig.I.l(b) and (c) dominate. 

J\S=O h Detailed considerations show that the .;---- term in J 
µ µ 

gives rise 

to .61 = O, 2 (where I is isospin) potentials only, physically corres-

ponding to vector meson exchange (p,W,~), Fig. r.l(b). These exchanges 

2 enter with a factor cos Q. 

On the other hand the p-l current leads to 61 = 1 potentials 
µ 

corresponding to pseudoscalar meson (i.e.n) exchange, Fig. I.l(c), en-

tering with a factor sin2
Q. Thus the Cabibbo theory suppresses the n 

2 relative to the p by a factor tan Q "'.05. On the other hand the n by 

virtue of its longer range gets enhanced by the N-N hard core. There 

is considerable theoretical activity presently to determine the rela-

tive effects of n and p exchanges and to clarify the isospin structure 

of H and ~Ne. In this connection the problem of short-range N-N w 

correlations (due to hard core) is receiving much attention. In 
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p n 

(a) 

n p 

p n 

(b) 

n p 

p n 

(c) 

n p 
Fig. 1.1 Non-Leptonic weak couplings (a) contact term, (b) vector 
meson exchange, (c) pseudoscalar meson exchange. Coupling constants 
G and f indicate weak and strong interaction vertices. 
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addition certain theoretical models ascribe "neutral currents" like 

(pp) to J . 
µ 

To date such .6.1 = 0 currents are neither required nor 

excluded by experimental results. 

{b) Parity Admixtures to Nuclear States 

In practice the non-leptonic strangeness-conserving part of H is 
w 

reduced to an effective pseudoscalar nuclear potential v1'Nc. Some 

theoretical workers deal with an internucleon potential while others 
-It ...,. 

reduce it further to a single-particle form a • pV(r). Generally 

~NC may include both static and velocity dependent terms. yPNC is 

treated as a perturbation to the strong nuclear Hamiltonian. The modi-

f ication to the parity pure states cpi of energy E1 is given by 

"'. = cp. + ~ 
l. l. Jli 

PNC (cp.\v \cp.) 
J l. 

E. - E. 
l. J 

If state cpi has spin and parity Jn then only those cpj with J-n will con

tribute. 

(c) Resultant Circular Polarization of y Rays 

Consider a y transition between two states w1 and w2 and let us 

assume for example that the parity mixing is dominated by only one 

unperturbed state cp which mixes into the initial state. Then 

where~ ' = E - E 1 
and 

"'2 = cp2 

I 

cp 
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Suppose that the regular y transition between cp
1 

and ~2 is of character 

I 

El-M2; then the irregular transition between ~ and cp
2 

will be mostly 
l'V 

Ml (we emphasize with the tilda that this is the irregular transition). 

Then the circular polarization will bell) 

2 
p =---

y 1 + tl 
i£tl -(Ell 

;: m where v = (El ) , the mixing ratio of the regular transition, and 

""' (El) and (Ml ) are the reduced matrix elements of the multipole 

operators O(El) and O(Ml) 

= ( cp2 \ I 0 (E 1) 11 cpl ) 

rJ 

<'i'2\ \0(Ml)\ lt1> (Ml) = 

'(cp' l VPNCI cp ) 
= < <i>2 I I 0 (Ml) 1 1 cp } &: 1 

More generally ~ (ML ) (EL) 
L 

p = 2-------
y ~ ((ML ) 2+(EL ) 2 ) 

L 

Note that there is no direct interference between different multipole 

-' 
orders (like El-E2). 

For most y transitions Py is too small to measure, but in certain 

favored nuclei, such as those investigated in this study, one may 
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reasonably expect a large P~ due to a small 6E and/or strongly hindered 

regular transitions. 
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II • EXPERIMENTAL METHOD 

II.1 Introduction 

In order to analyze circular polarization we take advantage of the 

dependence of the Compton scattering cross section on the relative 

4 12 ) . 
polarizations of the photon and electron. ' The basic idea is that 

a photon of given polarization (±1) will have a different probability 

of scattering off an electron and into the detector if the electron 

spin is forward or backward. A convenient source of polarized electrons 

is a ferromagnet, although at saturation in iron alloys generally only 

6-8% of the electrons participate. 

In Fig. II.l, we show our Compton polarimeter; y rays originating 

in the source material within the titanium capsule scatter off electrons 

in the inner region of the magnet and are detected by the coaxial 

lithium-drifted germanium detector. By measuring the relative change 

in detector current as the magnetization(mean electron spin)is reversed 

we are able to deduce the y ray circular polarization. 

In this experiment we adopt the integral detection technique pro

posed by Lobashov. S) By measuring the detector current rather than 

counting single pulses, we sacrifice energy resolution in favor of high 

counting rates. 

Letting I+ (I_) denote the detector current when the electron spins 

are forward (backward), we define the asynnnetry 

A= 
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where N stands for numerator and D for denominator with IN = (I - I+)/2 

and ID = (I_ + I+)/2. 

In general IN and ID will have contributions other than from the y 

ray of interest. ID will include other rays and IN will include a term 

from polarized bremsstrahlung associated with any ~ decays in the source. 

In Appendix A,we first derive a general expression for the asynnne

try A in terms of the intensity and polarization of the ~ bremsstrahlung 

and y rays. Then we outline the Monte Carlo calculation of the polari

meter efficiency functions which appear in the expression for A. In 

Appendix B we describe the internal (IB) and external (EB) bremsstrah-

lung calculations. With the machinery of Appendices A and B we are then 

able to unfold the y polarization Py from an observed asynnnetry A. 

A block diagram of the system is shown in Fig. II.2. In the next 

two sections, the details of the system are presented. 

IIs2 The Compton Polarimeter 

The analyzer for circular polarization (Fig. II.1) was a forward 

scattering magnet assembled from eight rectangular cores wound from a 

4-mil tape of grain oriented silicon iron. 13 ) The purpose of such lami

nated material is to suppress eddy currents and thereby permit fast 

switching. After winding, the cores had been annealed and them impreg

nated with varnish for strength. In our shop the eight cores were 

beveled on two edges at 22-f 0 on a surface grinder to permit a rigid 

close-packed octagon formation (see insert on Fig. 11.1). The cores 

were cemented together with the help of a cylindrical octagon form in 

the center. 

After the 25 turn coil was wound, the magnet was placed in a 
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cylindrical aluminum shell and fixed with set screws. A sandwich of 

magnetic shielding foils
14

) alternated with aluminum foils was fastened 

with epoxy resin to the outside of the shell and the endcaps, in order 

both , to contain the magnet's lOHz stray fields and to help isolate the 

magnet from the earth's magnetic field (see Sec. II.6(g)). 

The magnet current IM= ± 5 A produced a magnetic field H = ± 6.5 Oe 

and saturation induction B = ± 17.5 kG. The magnetization was reversed 

in 7.4 msec. The Magnet Control circuitry, shown in Fig. II.3, converts 

the lOHz reference sine-wave from the lock-in amplifier into a precision 

square wave forwhich the amplitude and time synunetries are adjustable. 

The importance of these symmetries is discussed in Appendix C. The 

square wave is then delivered to the bipolar power amplifier which is 

progrannned by external feedback components to deliver ± 5 A to the 

magnet, except during reversal when the output voltage clamps at ± 39 v. 

By Faraday's law, B then reverses linearly in time. Thus during rever

sal the waveform of I vs t is, aside from scale factors, equivalent to 

a waveform of H vs B, i.e. a hysteresis curve on its side. (To monitor 

this we temporarily disconnected the damping resistor which, besides 

fulfilling its function of suppressing ringing, draws ± 2.4 A during 

reversal.) This feature was useful in monitoring the dynamic hysteresis 

and, for example, selecting the number of turns. The magnet waveforms 

are shown in Fig. II.4(a). 

The fraction of polarized electrons at B - 17.5 kG was calculated 

to be fo = .067 based on the formula 
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B 2 1 . -
41T Pn g 

where g ~ 2.07 is the gyromagnetic ratio for Fe; -3 cm 

e 
and nsi = 0.07 x 1024 cm-3 are the electron densities for the Fe and Si 

in the silicon-iron. 

II.3 Phase Sensitive Detection System 

As a consequence of a net y ray circular polarization the detector 

current ID was modulated by a tiny 10 Hz square wave of amplitude IN 

proportional to the degree of circular polarization. 

ID' which had negligible fluctuations, was measured during the 

course of each experiment by connecting a differential voltmeter across 

the load resistor (see Fig. II.S). In the experiments ID ranged from 

10 nA to 100 pA and was corrected when necessary for leakage and dark 

currents which amounted together to about 0.5 nA. 

IN' which was buried in noise mainly from the randomness of the 

source decay, was separated from ID by A.C. coupling and passed to the 

remote preamplifier of the lock-in amplifier15) (LIA) for phase sensi-

tive demodulation. The "interface" circuitry between the detector and 

LIA is detailed in Fig. II.5. The filter passband is roughly 1 Hz to · 

100 Hz. 

The method· by which the LIA performs its phase sensitive detection 

is indicated in Fig. II.4(b). The high-pass filter blocks the D.c. and 

the tuned filter (Q = 5) suppresses harmonics. Then comes the 

synchronous rectifier which in effect multiplies the noisy signal by a 

unit amplitude square wave derived from the LIA reference sine wave. 
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Thus the fundamental (and the residual odd harmonics) are rectified 

whereas the noise is effectively unrectified. Finally the noise and 

rectified signal are averaged by a two stage low pass filter with 100 sec 

time constant. The LIA output is averaged by a bipolar voltage-to-fre

quency converter 16) (VFC) and a pair of 6-digit scalers which are 

read out every 100 sec onto a magnetic tape for subsequent computer 

analysis. 

The LIA is calibrated in tenns of the RMS of the fundamental of 

our signal which is in fact a trapezoid. To convert this RMS to the 

effective square wave amplitude involves a factor 

sin(w
0 

T
8
/2) 

(WO T /2) 
s 

= 1.12 

with w
0 

= 2~ x 10 Hz and Ts = 7.4 ms, the reversal time. The correction for 

loading effects in the filter network in the "interface" requires an 

additional factor 1.15. Lastly there is a factor 0.99 to correct for 

third hannonic pickup. 

The phase shifts of the system components were measured or cal-

culated. The overall phase shift was adjusted to less than 3° corres-

ponding to a negligible signal attenuation of less than (1- cos 3°) = 

0.1%. In all we must multiply the LIA output by a factor 

1.12 x 1.15 x 0.99 = 1.28 to obtain the equivalent square wave ampli-

tude IN. 

II.4 Data Analysis Procedures 

Each experiment consisted of a series of runs, typically ten. The 

raw data included manual measurements of ID at the beginning and end of 

each run as well as successive readouts on magnetic tape every 100 sec 
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of the (+) and (-) scalers. As mentioned above the difference of these 

scaler readings is proportional to the LIA output which in turn is a 

measure of IN. The successive readouts every 100 sec (determined by 

capacity of scalers) were ~trongly correlated by the 100 sec time con-

stant of the LIA output amplifier. To obtain negligibly correlated 

(< 1%) data, the readouts were averaged further by computer in groups 

of 16 (equivalent to reading out every 1600 sec). We determined em-

pirically that data analysis using 100 sec intervals (as if independent) 

lead to an error underestimated by a factor 1.92. (For some early data 

which had been analyzed naively with 100 sec intervals, the calculated 

errors were increased a posteriori by this factor 1.92.) 

181 103 . 
For long-lived cases such as Hf and Ru with Tl/Z >> TRUN 

(the run times TRUN were ;S 5 days here), the data within each run were 

analyzed as follows. Let M be the number of (grouped) readouts I N,m 
1 M 

of IN. Then the mean was IN = Mm~ IN,m with error 6"' IN = 

[ (!2 -12 )/(M - 1)] 112 ; note the neglect here of statistical weighting 
N N . 

of the IN,m to allow for source decay. ID was taken simply as the mean 

of the two measurements at the beginning and end of the run (negligible 

bias ~ .04 (TRUN/T112) 2). The error for A= IN/ID was taken as 

O"A = dyN/ID • Finally such results Ai' dAi of separate runs under 

identical conditions were combined to give A= (2; A1/a! )/(Zl/~2 ) 
i i 2 

with °A_= l/('El/&A ). 
i 

For short-lived cases such as lBOHfll 159 
and Gd we analyzed IN 

and ID to allow for source decay. In these sources as well as in the 

surrounding titanium-metal capsule there were often a few isotopes 

contributing significantly to IN and/or In· Generally, suppose there 
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were K isotopes contributing to IN(t) with lifetimes Tk (reserve k = 1 

for the isotope of interest). Then IN(t) was fit by least squares to 

determine I~(O) (and its error) in 

K 
IN (t )"1 ~ 

m k=l 

-t ,,, 
m k 

e 

In this fit we incorporated statistical weights for IN(tm) given by 
1 1 

oc. ---
I (t ) . The last relation is the extension to our inte

D m 

gral detection method. of the familiar "square root of the number of 

counts" rule for the error in singles-counting experiment. An analytic 

form for ID (tm) was obtained from the fit for ID(t) discussed next. In 

k 
the final analysis for the IN(O) for each experiment, all runs were 

effectively recombined as if there were one continuous run (with gaps). 

Similarly ID(t) was fit for L isotopes of lifetimes T£ (generally a 

slightly different set than the Tk; again £ = 1 for the isotope of 

interest). Then the values ID(tj) were fit to determine I~(O) in 

with no statistical weighting since the ID(tj) fluctuated negligibly 

during the manual measurements. 

In practice K was 1 or 2 and L was 1, 2 or 3. In some cases we 

used the ID fit to help identify contaminants by observing what value 

of T
3

, say, would give a minimum of the goodness-of-fit parameter X2 

for given ~l and Tz• This information was complemented by y spectra 

of the sources before and after the experiment. 
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The final asymmetry for the experiment (ref erred to the isotope of 

interest)was A= I~ (O)/I;(O) with <r'A = ~Ii(O)/I~(O); the percentage 
l N l 

error in ID(O) was always negligible compared to that of IN(O). 

II.5 Source Selection and Design 

There are a number of constraints which limit the cases feasible 

for this type of experiment. To begin with,we want a y ray of energy 

in the range 0.2 to 1.2 MeV for which we may reasonably expect an en-

hanced circular polarization. We are encouraged in particular if there 

happen to be any opposite parity states near the initial or final states 

and if the regular multipole transition is hindered. 

The y ray must have sufficient relativ·2 and absolute intens i ty. 

Any associated ~ decay must not be of such high energy that the brems-

strahlung would overwhelm the expected asymmetry for the y. The virtue 

of the preceding ~ decay is to give the source a practicable lifetime. 

Only in lBOHfm did we avoid the need for a ~-decaying parent. 

tope. 

We must be able to produce sufficient activity of the parent iso

-8 For example if we desire to resolve an asymmetry 3 x 10 , then 

we will need """ 1015 detected events or """1018 from the source. If we 

want to run two weeks ( ""'106 sec), then we need at least 1012 y's per 

second or 30 Ci of the y • To produce such activities we are restricted 

to thennal neutron capture. Thus to produce the parent isotope (Z,A) 

we need a stable isotope (Z, A-1), with sufficient abundance and cross 

section to activate the material we can accomodate in the 4 cm3 capsule. 

Finally we must ensure that other isotopes in the material do not pro-

duce enough activity to obscure our effect because of bremsstrahlung or 

y intensity. 
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In order to mitigate some of these constraints, we sometimes used 

enriched material (higher activity, less contaminants) and/or diluted 

the sources with carbon powder (suppresses external bremsstrahlung). 

I ddi . . d 1771 d 198A , k n a tion to parity cases we use u an u as cnec s on 

the calibration and bremsstrahlung calculations. For controls we used 

103Ru. The dominant 497 keV y ray in this decay is unhindered 

(,.. ~100 psec) and expected to show negligible polarization. 

The details on our sources are tabulated with the results in 

Chapter III. After preparation the source material was enclosed in 

welded titanium 17) capsules. In a few cases for which we wanted less 

volume than the 4 cm3 , the source powder was enclosed in an inner vial 

of pure quartz. 

II. 6 Systematic Errors 

It is not surprising -6 that in seeking an asymmetry A ~ 10 we are 

vulnerable to a number of phenomena that may imitate or distort this 

effect. In order to eliminate such "false asyrrnnetries" or at least 

determine their magnitude , we have performed a number of control 

measurements. We now consider in turn the various causes and relative 

importance of these false asymmetries: 

(a) Bremsstrahlung 

In all cases except lBOHfm the y is fed from a ~-decaying parent. 

The internal (IB) and external (EB) bremsstrahlung following these ~ 

decays, although weak in intensity is highly circularly polarized and 

will thus contribute to A via IN. In cases where(the ~endpoint T~) 

< 
"' 

(the y energy k), the bremsstrahlung could be suppressed somewhat by 

lead filters (Fig. II.2) .In any case the EB could be reduced by a 
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factor < 10 by diluting the source material with a low Z material like 
l'V 

carbon. We have calculated IB and EB intensities and polarizations for 

177 198 our cases and checked the calculations with Lu and Au. The role 

of bremsstrahlung in the asynunetry is indicated in Appendix A while the 

calculations themselves are described in Appendix B. The IB and EB 

results in each case are given in Chapter III. 

(b) Contaminants 

Radioactive isotopes other than the one of interest may be present 

in significant amounts either in the source material (from isotopes of 

the same element or chemical impurities) or in the capsule. Genera.lly 

their y rays will be practically unpolarized and will . contribute to ID 

only; on the other hand any bremsstrahlung will contribute to IN. 

180 159 Contaminants notably in the cases of Hf and Tb are discussed in 

Chapter III. 

(c) Source Decay 

In experiments (unlike this one),which have D.C. coupling through-

out, source decay between magnet reversals can introduce an apparent 

asymmetry. These effects can be suppressed somewhat by using a complex 

switching pattern. la) However in our A.C. experiment the high frequency 

(10 Hz) and the various filters (high-pass, band-pass, synchronous-rec-

tifier) serve to attenuate these effects such that even in the worst 

case of 5.5 hr 180Hf11 the contributionof source decay to the asymmetry 

would be < 10-10, i.e. negligible. (With 10 Hz and D.C. coupling the 

false asymmetry would be """ Mt = 7T.£n2 "' 10-6 ) . 
WOTl/2 

(d) Right-Left Asynunetry 
19) 

Bock has measured an asymmetry apparently of the form 
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~ . 
where s is the electron polarization and k

1 
-+ 

and k
2 

are the initial and final photon momenta. Using a spare 

rectangular magnet core and a source of 103Ru with y energy k = 497 keV, 

we verified Bock's early measurements obtaining R = (1.7 ± 0.2) x 10-3 

at Q = 45° (resolution ~g = 10°) and R = (-0.7 ± 0.1) x 10-3 at Q = 85° 

( ~Q = 20°). More recently Bock has reconsidered these effects and 

20) 
interpreted them as due in large part to double scattering. 

~ ~ ~ 

In the parity experiment s is almost in the plane of k1 and k2 

and the effect is reduced; moreover the non-coplanarities tend to 

cancel when averaged over the geometry. However, slight misalignments 

or non-homogeneities may lead to a non-zero resultant asyrrnnetry for our 

polarimeter. 

(e) Quadratic Effects 

These effects, discussed in detail in Appendix C, arise from non-

linear polarization dependence of absorption and multiple scattering 

processes. For monochromatic y's (from the source) with circular po-

larization P, the detector current may be written 

I = I (1 + L P f + Q f 2 ) 
0 

where the linear and quadratic coefficients L and Q are dependent on the 

y energy and the polarimeter properties. The "normal" linear term 

permits our measurement of P. Here we call attention to the quadratic 

term which is independent of P. This gives rise to "false asymmetries" 

only if the magnetization waveform is asyrranetrical in amplitude or time. 

For further discussion and ntnnerical results see Appendix c. 
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(f) Magnetostriction and Motion 

The dimensions of the magnet vary with magnetization according to 

the process of magnetostriction. In addition there may be relative 

motions of parts of the system because of magnetic forces. In either 

case a slight difference in effective solid angles for the two states 

would lead to a false asynnnetry. 

The silicon-iron for the magnet was chosen in part for its low 

magnetostriction coefficients. 21 ) If the magnet waveform is symmetrical 

there should be no false asynnnetry from magnetostriction, Otherwise 

the effects would be similar to the quadratic effects (e). In fact the 

agreement between calculations and measurements in Appendix C indicate 

that the magnetostrictive effect is considerably smaller than the qua-

dratic effect. 

As for mechanical motions, successive refinements in the rigidity 

of the magnet support as well as measurements with an electromechanical 

transducer indicated these to be negligible. 

(g) Earth's Magnetic Field 

Although our polarimeter was oriented (geographically) east-west 

~e 
there was still a tiny component H.ll of the earth's field along the 

magnet direction. Thus for equal currents, H (and thus B) will be 

slightly different in the two states and we can get asynnnetries from 

the quadratic effects (e). Improving the magnetic shield for the 

magnet and increasing the number of turns (equivalently H ) did not max 

appreciably affect the control asynnnetry. So we conclude that this 

effect is negligible. 
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(h) Magnetic Pickup, Ground Loops and Output Off set 

Pickup of the magnetic stray field in the detector or subsequent 

electronics, or other crosstalk between the "reference" and "signal" 

channel will contribute in effect to IN. The Ge(Li) type of detector was 

chosen specifically for its insensitivity to magnetic fields. The cri-

tical circuits and the magnet were electromagnetically shielded and care-

fully grounded. It was easy to monitor any residual pickups since we 

could determine these without a source. In fact they were negligible. 

Finally if the zero offset of the LIA output amplifier or the VFC 

drift out of adjustment they will contribute to IN· These were checked 

periodically and found to be negligible. 

(i) Conclusion: Observed Residual Asynunetry 

With 103Ru sources (497 keV y) we did observe a net asymmetry 

l~ul fV 0.2 x 10-6 after a small correction for bremsstrahlung. This 

~u was clearly not due to effects (a), (b), (c) or (h), since the effect 

did in fact depend on the presence of a beam of y's. The fact that ~u 

was odd (like the A from polarized y's) under the operation of reversing 

the magnetic polarity (see switch in Fig. II.3) relative to the refe-

rence waveform, indicated that ~u was not due to (e) or magnetostriction 

in (f). As we have ruled out the motion in (f), and (g) we strongly 

suspect (d), the right-left asynnnetry. We tried several assemblies of 

the magnet pieces. -6 
Each time we got l~ul ~0.3 x 10 with either sign. 

Finally after about five such efforts we abandoned the effort to elimi-

nate (d). We accepted the fact that we have to live with a final 

-6 reproducible value of ~u = (-0.20 ± 0.03) x 10 . 
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III. RESULTS 

III.l Introduction 

The observed asyrrnnetries and corresponding circular polarization 

results are presented for the four nuclei lSOHf, 159Tb, 203Tl and 181Ta 

in which we have studied effects of parity non-conservation. In 

addition we give results for 198Au and 177Lu, which were employed as 

checks on the bremsstrahlung and efficiency calculations, and for 103Ru 

which was used to determine the background asymmetry of the polarimeter. 

The experimental particulars on all sources are given in Table 

III.l. The results of bremsstrahlung and efficiency calculations are 

given for reference in Table llI.2. The final results for all cases 

are sunnnarized in Table III.3. 

III.2 Application of Efficiency and Bremsstrahlung Calculations 

In Sec. A.l of Appendix A, we present the framework for expressing 

the experimental asyrmnetry A in terms of the bremsstrahlung (IB and EB) 

spectra and polarizations, the y intensities and the polarization of y1 

(the unknown). In Sec. A.2 we outline the Monte Carlo evaluation of 

the efficiency functions D (k) with the parameter w, the lead filter 
n 

thickness. In Appendix B we describe the bremsstrahlung calculations 

with one unknown parameter to be divided into the preli-

minary EB(~ = 1) intensity. The factor s is introduced to compensate 

for the zigzag trajectory of ~ particles in collisions preceding the 

EB event. The form of ~ is (~:) (the nature of this average is de

fined in Appendix B) where s denotes the path length and r the net dis-

placement. As we will see in Sec. III.3(b) we have determined t = 1.5 

198 for Au (undiluted). Application of this value of ~ to the EB cal-



Table III.) Descriptions of sources used in experiments. 

Initial Thermal Stable Mass of Mass of Nwnber Approx. 
Case Daughter Parent Half Stable Neutron Isotope Parent Chemical C?rbon of Activityc Purpose Isotope Isotope Life Cross Abundance a 

Eler:v~11t Formb Diluent Isotope Section (!$!) (g) (g) Sources (Curie) 

103Rh 103 
Ru 40d 102 

Ru 1.4 32 N 10 Ru ') 3 100 Control 

2 177Hf 177Lu 6.8d 176Lu 2100 2.6 N 1 Lu2o3 
2 1 100 Brems. 

3 l03Tl 203Hg 47d 202Hg 3 30 N 7 HgO 0 I 100 Parity 

4 181Ta 181Hf 43d 180Hf 12 98 E 0.3 Hf02 0.6 1 50 Parity 

5a 180Hf 180Hfm 5.5h 179Hf .34 14 N 50 Hf(ROD) 0 1 1 Parity 

5b 180Hf 180Hfm 5.Sh 179Hf .34 14 N 15 Hf02 0 5 1 Parity 

h-: 180Hf 180Hfm S.Sh 179Hf .34 75 E .75 Hf02 0 54 1 Parity N 
CX> 

180Hf 180Hf1' 179Hf .34 3 
d 

6b s.5h 58 E 1 Hf02 3 1 Parity 

7 198Hg 198Au 2.7d 197Au 99 100 N 0.1 Au2o3 3 1 30 Brems. 

8 198Hg 198Au 2.7d 197Au 99 100 N 2 Au2o3 0 1 30 Brems. 

9 159Tb 159Gd 18.6h 158Gd 3.5 92 E 0.1 Gd203 3 3 1 Parity. 

a E denotes enriched isotope; N denotes natural abundance. 

b Physical form is powder, unless otherwise noted. 

c The irradiations in cases 1-4 were in a neutron flux of 4 x 1014 cm- 2sec-l at the ETR in Arco, Idaho; those in cases 

5-9 were in a flux of 1.2 x 1014 cm- 2sec-l at the GETR in Pleasanton, California. 

d Successive irradiations of one sample in each case. 



Table III.2 Results of asymmetry calculations a 

Parent Chemical 0. 1 t• Effective Filter Den0rEinator 
-A. x106 6 ~x 10

2 ~x 102 Energy Case F 1 u ion Thickness x 103 -AsxlO Isotope orm z 
w{mm) IB pyl Pyl of Yt 

{keV} 

0 1.77 .055 .101 (1.92) {2.05) 

103R 
44 u Ru - 44 1 1.42 .031 .054 (1.85) (l.98) (497) 

2 1.08 .023 .037 (1.81) (1.95) 

2 ~ .075 6.6 8.3 (1.42) (1.47} 

177L 
71 u Lu203 1:2 22 1 .022 8.3 10.0 (1.59) {lc69) (208) 

2 .008 10.2 11.9 {1.56) (L7l} 

0 .957 .01)8 .012 1.68 1.68 

203H 
N 

3 HgO - 73 1 .422 .!)02 .003 1.81 L81 279 \0 
80 g 

2 .208 .()01 .001 L8'> 1..80 

0 1.92 .148 .179 1.60 2.03 

4 181 f 
12" Hf02 1:2 22 lb 1.30 .068 .080 1.77 1.97 482 

2 0.94 .038 .042 1.81 1.94 

ob 3.54 .065c .106 ~148 2 .. r:s 

180Hf 
c 

5 Hf02 - 60 1 2.11 .037 .056c .193 1.99 501 
72 

2b 1.-35 .024c ~034c .226 1.96 

ob 3.73 .one .090c .143 2.05 

6 180Hf 
72 Hf02 1:3 24 1 2.19 .'l4lc .046c .189 1.99 501 

2b 1.40 .025c .028c .222 1.96 

(continued) 



Table 111.2 (continued) 

Case 

7 

8 

9 

10 

Parent 
Isotope 

198 
79Au 

198Au 

79 

159Gd 
64 

159 
64Gd 

Chemical Dilution 
Form 

Au2o3 
1:30 

Au203 

Gd
2
o

3 
1:30 

Gd203 

Effective 
z 

8 

70 

7 

55 

Filter 
Thickness Denomi~ator 
w(mm) x lOJ 

0 

1 

2 

0 

1 

2 

0 

1 

2 

ob 

lb 

2b 

1.65 

1.11 

0.75 

1.64 

1.11 

0.75 

.167 

.. 099 

.060 

.167 

.099 

.060 

-~Bxl06 

3.49 

3.12 

3.% 

3.45 

3.11 

3006 

28.57 

28.57 

30.34 

28.3 

28.5 

31.3 

-A_xl06 ~ 10 2 '\-1 2 Energy 
-13 P x P x 10 of Y 

yl Y1 (kevJ 

4.21 

3.63 

3.49 

11.60 

8.97 

8.11 

33.91 

32. 77 

34.27 

79.0 

69a2 

68.4 

(1.90) 

(1.89) 

(1.85) 

(1. 90) 

(1.89) 

(1.85) 

1.85 

1.89 

L86 

1.85 

1.89 

1.86 

(1.93) 

(1. 92) 

(1.90) 

(1.93) 

(l.92) 

(1. 90) 

1.85 

1.89 

1.86 

1.85 

lo89 

1.86 

(412) 

(412) 

363 

363 

a Explanation of column headings: "dilution" is by mass with carbon; "effective Z" is defined in Appendix B; ny i'' 

refers in parity cases to the Y of interest, in other cases (where energies are bracketed) to the dominant Y; "AIB" 

is the part of the asymmetry due to internal bremsstrahlung; "~11 is total asymmetry due to bremsstrahlung = 

A18~8( ~= 1.5) ; "A/Pyl" is asymmetry relative to polarization of Y1; "A,:{Pyi' is asymmetry for Y1, alone relative 

to Py1 (see Appendix A); bracketed values of A/P in last ~~o columns are for cases where P is expected to be negligible . 

b Values listed for completeness, but not actually used in any experiment. 

c Bremsstrahlung from 181Hf (assuming activity equal to lSOHf) referred to lBOHf denominator. 

w 
0 
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Table III.3 Sununary of experimental results 

Final AsY!!!Metrx 
a 

10
6 x 

Case Isotope W SI ob w 1:11 1 w ISi 2 p~ x 104 

1 l03Ru·Rh (controls - see text) 

2 177L H d u- g -7.7±0.4 -10.2±0.6 -12.7±1.1 

3 203Hg·Tl -.08±.16 
(-.07±.16) - .04± .10 

4 181Hf-Tad,e -.20±.13 -.10±.05 
( .02± .13) {-.06±.05) -.031±.025 

5 180Hf -5.1±1.S 

}-23.±6. 6a 180Hfe -3.1±2.8 

6b 180Hfd,e -3.Y±2.0 

7 198A H d u- g -4.4±0.2 -3 .5±0 .2 -3.3±0.2 

8 198A H u- g -10 .6±0 .3 -9.3±0.3 -8 .6±0 .3 

9 159Gd-Tbd,e -38±16 -13±19 -53±17 
(-4±16) (+20±19) (-19±17) -1.±5. 

a Unbracketed values include corrections for controls. 
Bracketed ,values also include bremsstrahlung correction. 

b w a lead filter thickness (in mm). 

c Py a polarization of y of interest. For y energies see column for y1 in 
Table III.2. 

d Diluted with carbon (see Table III.l). 

e Enriched isotope (see Table III.l). 
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culations for 177Lu (diluted) and 198Au (diluted) yields good fits to 

the data. Thus we have applied ~ = 1.5 uniformly to the EB calcula-

tions for all cases. The bremsstrahlung is particularly important for 

159 181 198 177 Gd (diluted) and Hf (diluted), for which Au and Lu re-

spectively are very good bremsstrahlung comparison cases because of 

similar ~ endpoints and allowed-shaped spectrae Note that in our 

diluted sources the EB contributes only about 15% to the bremsstrahlung 

asynunetry so that accuracy in the value of ~ is not criticalo In the 

figures in the next two sections we display bremsstrahlung curves both 

for the IB component AIB and the total ~ +A 
EB(~ = 1.5). 

In general we unfold the circular polarization P of the y ray 
Y1 

of interest (denoted here as y1 for clarity) from the observed asyrmne-

try A (already corrected for controls) as follows. First subtract the 

calculated bremsstrahlung contribution~ (equ. A.8) from A, leaving Ay. 

Then using eqn. A.9 deduce Py= Ay/(Ay/Py ). 
1 1 

In Table III.2, the calculations are summarized. The key columns 

for data reduction are those for~ and (Ay/Py ). In the analysis we 
1 

have assigned 5% errors to these numbers. 

III.3 Results for lBOHf and 159Tb 

We discuss these cases together because both have short half-lives 

and expected large effects. As described in Sec. II.4 the data analysis 

for these cases incorporated source decay explicitly. Corrections were 

necessary for contaminants in both cases. 

159 To corroborate our bremsstrahlung calculations for Gd we have 

used sources of 198Au. lSOHfm was unique in that no direct brems-

strahlung correction is required. 
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180 The results for the three series of Hf experiments are summa-

rized in Table III.4. All Hf sources were irradiated for SsS hr in a 

flux of 1.2 x 1014 cm- 2 sec-l at the GETR in Pleasanton. The sources 

were shipped by air and the experiments connnenced at t = 6 - 10 hr s. 

Before converting the final asyrrnnetry to the polarization result we 

shall describe in detail the corrections for contaminants and control 

experiments. 

In the lBOHfm sources, all of which were irradiated for 5.5 hr, 

there were contaminants of 43 day 181Hf (suppressed somewhat in the en-

riched sources II and III). These contributed slightly to IN and more 

so to ID at t >> 5.5 hr. In addition there were contaminants from the 

capsule requiring corrections to both IN and ID. Such contaminants 

were monitored both by y spectroscopy of the sources and by analysis 

Before discussing the capsule control experiments, we outline the 

180 ..m analysis for the Hr sources themselves. The "numerator" data IN(t) 

were fit as described in Sec. II.4 to determine initial amplitudes 

1 
IN(O) and I~(O) corresponding . 180 m to half-lives T1 = 5.5 hr ( Hf ) and 

T = 43 
2 

day. The "denominator" data ID(t) were fit for three components 

1 
ID (0), r;(O) and I~(O) with T1 = s.s hr, T2 = 43 day and T

3 
= 40 hr. 

The value of T
3 

was selected by X2 -tests to accomodate small amounts of 

capsule contaminants with decay rates in this intermediate range. Let 

us distinguish the values IN
1

(0) and ID
1

(0) thus obtained as 11 (0) N Hf+cap 

and 11 (0) where "cap" is short for capsule. D Hf+cap' 

Two control experiments were performed with capsules (irradiated 



Table III.4. 1 f 180Hf1 . . Resu ts or experiments. 

Source material b Chemical 
Series isotopic composition form 

% 179Hf %180Hf 

I 14 35 
Hf Rod 

Hf0
2 

Powder 

II 75 14 Hf0
2 

Powder 

III 58 30 Hf0
2 

Powder 

a 

Mass(g) 
of Hf 

50 
15 

0.75 

_f 
LO 

Number of Chi Raw 
experiments square asymmetry 

x 106 

1 2.1 -3.5 ± 1.4 
5 

5 d 4.6 -9.6 ± 1.8 

3 d 4.8 -2.6 ± 1.8 

6 (Mean asymmetry) x 10 

(Asyrnmetry referred to 50i keV y) x 106 

a All measurements were performed with a 1 mm lead filter around the source. 

b Isotopic abundance prior to irradiation. Series I used 
enriched material in order to suppress 181Hf. 

natural abundance material; 

Final 
asymmetry c 

x 10
6 

-
-5.l ± 1.5 

-3.1 ± 2.8 e 

-3.9 ± 2o0 

-4.4 ± 1.1 

-46 ± 11 

VJ 
+' 

II and III used 

c 103 -6 
Corrected for Ru control ~u = (-0.20 ± 0.03) x 10 

d Successive irradiations of one sample. 

-6 and for capsule control A ~(lo6 ± 0.5)x 10 • cap 

e Corrected for effects of 24Na contaminant present in this sample alone: ~Ta = 
f Diluted 1:3 by mass with carbon powder. 

-6 (-8.1 ± 2.0) x 10 • 
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5.5 hr) containing no Hf powder. The data were fit exactly a.s above 

Yielding in particular values IN
1

(0) and r 1 (0) The latter was cap D cap 
1 l 

subtracted from I 0 (0)Hf+cap yielding I 0 (0)Hf for each case; this 

correction amounted to about 10% only. At this point we define A = 
raw 

1 1 
IN(O)Hf+cap/I0 (0)Hf. Values for this raw asymmetry are given in the 

second last column of Table III.4 (The value for series II contains 

yet a large Na contaminant which will be discussed below). Finally we 

subtract from A the values A = I 1 (0) /T 1(0) yielding A raw cap N cap -D Hf final· 
1 1 1 1 

Equivalently Afinal = IN(O)Hf/I0 (0)Hf where IN(O)Hf = IN(O)Hf+cap 

1
1 (0) Values of Af. 

1 
are given in the last column of Table III.Lh N cap ina 

We present the results in this way to emphasize the original concern that 

perhaps IN1 (0) might have been producing the non-zero effect in A • cap raw 

But in fact we found A to have opposite sign thus requiring actually cap 
1 

an increase in jArawl to obtain Afinal· Referred to an average I 0 (0)Hf 

the value of A was N (+1.6 ± 0.5) x 10-6 . 
cap 

The presence of the large Na contaminant in the enriched material 

of series II was established quantitatively by y spectroscopy. The re

lative y intensities indicated the ratio of initial activities of 24Na 

to lBOHfm to be (.25 ± .06) corresponding to about 27 mg Na. We cal

culated that the 24Na bremsstrahlung contribution from the 1.39 MeV 

endpoint ~ decay with 15 hr half-life would produce an apparent asyrmne-

1 -6 try (referred to I 0 (0)Hf) of ~a= (-8.1 ± 2.0) x 10 . The corrected 

-6 value Afinal (series II) = (-3.1 ± 2.8) x 10 is consistent with the 

other results, but carries less statistical weight because of the en-

larged error. 

The purity of the enriched powder in series III was checked doubly 
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by chemical analysis (flame photometry) and by activation analysis 

and found to contain < 1 ppm of Na. Furthermore y spectroscopy of the 

sources in all three series established the absence of any other 

appreciable contaminants. 

We considered also the possibility, albeit remote, that the ob-

179 served asynnnetry might be due to bremsstrahlung from 4.6 hr Lu 

produced by 179Hf (n,p) 179Lu in the reactor fast flux. It was difficult 

to reject this possibility by y spectroscopy alone since the sole 

179 217 keV y from Lu decay would be hidden below the 215.3 keV y peak 

of lBOHf. A control experiment with a Hf source irradiated within a 

180 cadmium shell (to absorb thermal neutrons and thereby suppress Hf) 

was performed. The effective asymmetry for this r;(O)Hf (Cd) relative 

1 -6 
to the usual ID(O)Hf was ~f (Cd) = (+1.4 ± 2.3) x 10 , in contrast to 

-6 
~f = (-4.4 ± 1.1) x 10 • This result together with y spectra of the 

Hf (Cd) source indicated the absence of 179Lu. 

The residual asynnnetry of the system was determined with the fast 

497 keV y of 103Rh following ~-decay of 103Rue After a small brems-

strahlung correction we found the control asynnnetry ~u = (-0.20 ± 0.03) 

-6 x 10 • The results have been corrected for this small background 

asynnnetry. 

The mean final asynnnetry (-4.4 ± 1.1) x 10-6 (shown in Fig.III.l(a) 

below the decay scheme) corresponds to a polarization of the 501 keV Y of 

lBOHf given by 

Py= (-2.3 ± 0.6) x 10-3 
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Fig. III.1 Asymmetry A vs lead filter thickness w for (a) lBOHfm (b) 198Au (c) 
159

Gd. In {b) and (c) 
the circles and solid curves are respectively the experiments and total (IB +·EB)~ bremsstrahlung calcu
lations for sources diluted with carbon. The dotted curves show the IB component alone. In (b) the 
crosses and dashed curve are the experiments and IB + EB calculations for the undiluted source. The decay 
schemes shown in (b) and (c) are partial. The hindrance factors h are relative to the Weisskopf estimate~ 
In (b) the errors are about the size of the data points. The bremsstrahlung curves have 5% errors. The 
asymmetry in (a) is attributed to circular polarization of the 501 keV y. In (c) any net deviation of the 
data from the solid curve would be attributed to circular polarization of the 363 keV y of 159Tb~ 
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(b) 198Au _ 198Hg 

We chose 
198

Au specifically to check the bremsstrahlung asymmetry 

calculations for 159Gd, because of their similar ~ endpoints and y 

energies. (Compare decay schemes in Fig. III.l(b) and (c).) To this end 

we prepared a source of 100 mg Au2o
3 

diluted with 3 g C powder, the 

same composition as the Gd
2
o

3 
source. 

In addition we used an undiluted Au2o
3 

source to determine the 

parameter s in our EB calculations (see Sec. B.l). In Fig. B.l(a) 

we show the calculated IB and EB (~ = 1) spectra and polarizations 

for the 962 keV ~ endpoint of 198Au for both diluted and undiluted 

sources. 

Using these results we then calculated (Appendix A) the respective 

asymmetries (referred to the 412 keV Y) ~Band ~B(s = l). Then we 

evaluated s by comparison to the experiments on the undiluted source: 

(w) (w) (w) I . _ . 
Aexpt "' A IB + AEB(s = 1) s' with w - o, 1, 2 mm. This gave 

s = 1.5. The fit is shown in the dashed curve and crosses in Fig.III.l(b). 

Using s = 1.5 for the undiluted source we find very good agreement 

between calculations and experiment. This gives confidence in similar 

calculations for 159Gd. 

(c) 159Gd _ 159Tb 

The one Gd source(irradiated three times for 18 hr) was composed 

of 100 mg Gd
2
o

3 
enriched to 92% in 158Gd mixed with 3 g C powder. The 

dilution served two purposes (a) to suppress EB and (b) to provide a 

large surface-to-volume ratio for the Gd powder to minimize self-shield-

155 157 ing effects by Gd and Gd which have resonances in the thennal 

155 157 neutron range. The enrichment suppressed Gd and Gd relative to 
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The "numerator" data IN(t) were fit with only one component IN(O) 

with half-life T = 18.6 h for 159Gdo Just as with lSOHf we ran a capsule 

control (here irradiated for 18 hr like the Gd source). The contribution 

to ID(t) was considerable here because of the lower y intensity from 

159Gd. Therefore we subtracted graphically the data ID(t) from cap 

ID(t)Gd+cap· The resultant ID(t)Gd indeed fit well to 18.6 h decay, 

yielding ID(O)Gd. The capsule asynnnetry here was effectively 

Acap = IN(O) cap/In(O)Gd ~ (-0.3 ± 1.6) x 10-
5

. (The fact that this 

differs from A for lSOHfm is due to (i) different irradiation times cap 

(ii) different half-lives in the data analysis and (iii) different de-

nominators I~(O)Hf and ID(O)Gd.) 

The results including this correction are displayed in Fig. III.l(c) 

and Table III.3. Subtracting the bremsstrahlung calculations from the 

data points we obtain the three bracketed values for Gd in Table III.3. 

159 -6 The mean asymmetry for the 363 keV Y of Tb is then A = (-2 ± 10) x 10 

corresponding to a circular polarization 

III.4 

p = (-1 ± 5) x 10-4 
y 

203 181 Results for Tl and Ta 

We group these cases together because of their connnon properties 

of long half-life and small effect. Relatively large corrections are 

required here for residual asynunetries observed in Ru controls. 

181 In connection with the Hf bremsstrahlung, we present results 

177 for the Lu comparison case, which has a comparable ~ endpoint and 
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spectrum shape. For 
203

Hg with lower endpoint the bremsstrahlung is 

less important. 

Capsule contaminants were negligible for these long-lived cases 

with high activities. 

(a) 203Hg _ 203Tl 

For these measurements the polarimeter was in an intermediate 

assembly (see Sec. II.6(i)) for which Ru controls before and after 

gave a background asymmetry: 

-6 
~u = (+ 0.27 ± 0.07) x 10 

after bremsstrahlung corrections. This control pertains to a y energy 

203 of 497 keV, whereas in Tl the y energy is only 279 keV. Depending 

on what was really causing the background, the control for 279 keV 

could be the same or perhaps less. Assuming that in the energy range 

below 500 keV, the behavior of the background is intermediate between 

being constant and being in proportion to energy, we project the control 

to 279 keV as 

A279 = (+ 0.20 ± 0.15) x 10-6 

We have increased the error conservatively to be compatible with either 

hypothetical energy dependence. 

All 
203

Hg runs were performed with no lead filter (w = 0), since 

the 279 keV y would have been appreciably absorbed and since the brems-

strahlung was minor. In the earlier runs there was a fast decaying 

198 Au component in I
0 

and IN. This was produced by the peculiar chain: 

196Hg(n,Y) 197Hg(EoC.~ decay) 197Au(n,y) 198Au. In the analysis we 

readily separated the 203Hg component from this short-lived contaminant. 
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203 -6 The raw asynnnetry for Hg was A = (+ .12 ± .06) x 10 . Sub-raw 
-6 tracting the control A279 we obtain '\ig = (-.08 ± .16) x 10 . For 

-6 w = O, ~ = -.01 x 10 (5% error). The value of ~g and the curve 

~are shown together with the decay scheme in Fig. III.2(a). Sub

-6 tracting we obtain A.rr = (-.07 ± .16) x 10 . Finally, we obtain the 

circular polarization of the 279 keV y of 203Tl 

(b) 177Lu 

-6 Py = (-4 ~ 10) x 10 

177Lu was chosen to check the efficiency and bremsstrahlung cal-

1 . . . 1 f 181Hf cu ations, in particu ar or • 177 181 The ~ decays for Lu and Hf may be 

compared by inspection of the respective decay schemes in Fig. III.2(b) 

and (c). Curves for the spectra and polarization of IB and EB(~ = 1) 

are given in Appendix B for the 497 keV ~ branch of 177Lu. 

The calculated and measured asynnnetry results (s = 1.5) are shown 

in Fig. III.2(b) and Tables III.2 and 111.3. The good agreement between 

calculation and experiment supports the bremsstrahlung calculations used 

for 181Hf. 

(c) 181Hf _ 181Ta 

A portion of the 181Hf data was taken with the magnet polarity 

switch (Fig. Il.3) reversed; in this case the sign of A was opposite 

to that of the LIA output. In this section we use a superscript (+) or 

(-) to denote the normal or reversed polarity. In addition we include 

the filter thickness w in the superscript, when relevant. 
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The raw Hf data gave 

A_~ 2+) - (-.311 ± .047) x 10-6 
-""Hf, raw -

A_~Z-) - (-.371 ± .070) x 10-6 
-!ff, raw -

103 For the corresponding Ru controls we found after bremsstrahlung 

correction 

= (-.205 ± .028) x 10-6 

= (-.277 ± .058) x lo-6 

103 The 497 keV y from Ru is a very suitable control for the 482 keV y 

from 181Hf. Thus we subtract the controls directly from the data ob-

taining 

-6 (-.201 ± .129) x 10 

~~) = (-.103 ± .047) x 10-6 

where we have combined the w = 2 results. 

These values as well as bremsstrahlung curves (see also Table 

III.2) are plotted in Fig. III.2(c). Subtracting bremsstrahlung we 

obtain 

~~) = (-.022 ± .129) x lo-6 

~!) = (-.060 ± .047) x lo-6 

Using values of (Ay/Py ) in Table III.2 we find polarizations re
l 

spectively 
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p = (-1.4 ± 8.1) x io-6 
y 

p = (-3.3 ± 2.6) x 10-6 
y 

The final results from the polarization of the 482 keV y in 

181Ta is 

p = (-3.l ± 2.5) x 10-6 
y 
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IV. DISCUSSION 

IV.1 Introduction 

The results of Chapter III are now compared to values from other 

experiments and to theoretical predictions. For reference we present 

in Table IV.l a sunnnary of experiments measuring Py from unoriented 
5,6,22-31) 

nuclei. We include only the four nuclei studied herein. 

IV.2 180Hf 501 keV y 

This transition has the largest Py yet observed in (non-leptonic) 

-3 
parity experiments. Our value Py = (-2.3 ± 0.6) x 10 is in good 

22) 
agreement with the value reported by Jenschke and Bock 

-3 p = (-2.8 ± 0.45) x 10 . y 

The decay scheme is shown in Fig. III.l(a). The 501 keV y between 

the 1142 keV 8 + (K = 8) isomeric state and the 641 keV 6 (K = 0) state 
,....; 

has multipolarity M2 - E3 - (E2) with regular mixing ratio 02 ~ 30. 

Transitions from the isomeric state to the ground-state rotational band 

(K = 0) are strongly hindered by virtue of their high K forbiddenness. 

(See hindrances h in Fig. III.l(a)). 

The unusually large polarization observed here is due presumably 

to two main features (a) the irregular multipole, being E2,is strongly 

enhanced (factor (100) 112 = 10 for the amplitudes within a single-par-

ticle model) compared to the regular M2 and (b) in perturbation theory, 

+ the closeness of the 8 (K = 8) and 8 (K = 0) levels (58 keV) enhances 

the admixture by the PNC force. 

However since '1NC itself (lacking collective character) would not 

mix states of different K, we must invoke a collective mechanism, such 
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Table IV.1. Comparison with other experimental results. 

Nucleus 

180Hf 

159Tb 

203Tl 

181Ta 

'Y-Ray 
Energy 

(keV) 

501 

363 

279 

482 

P 104 
'Y x 

-23 ± 6 

-28 ± 4 "5 

-1 ± 5 

-.04 ± .10 

+.016 ± .05 

-.2 ± .3 

.o ± .1 

-.30 ± .18 

-.014 ± .039 

-.031 ± .025 

-.06 ± .01 

- .. 039 ± .012 

-.041 ± .013 

-.04 ± .os 
-.1 ± .4 

+. 7 ± • 7 

-.9 ± .6 

-·-21 ± .11 

-.28 ± .06 

-.051 ± .006 

Authors 

this work 

Jenschke and Bock22 ) 

this work 

this work 

Vanderleeden,Boehm & Lipson23 ) 

Boehm and Kankeleit24 ) 

Kankeleit and Kupha125 ) 

De Saintignon and Chabre26 ) 

••• Mean (X~=3.36, V= 4, 

P(X2>X2 ) = v .50) 

this work 

Lobashov et al5) 

Vanderleeden and Boehm6) 

Bock and Jenschke 27) 

Kankeleit and Kupha125 ) 

Boehm and Kankeleit 24 ) 

van Rooijen et al 28) 

Cruse and Hamilton29) 

De Saintignon et alJO) 

Bodenstedt et al 
31) 

••• Mean (X2= 22.9 v = 
v ' 

9, 

P(X 2>X 2 ) = v . 007) 
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as Coriolis (rotation-particle) couplinga From this point of view we 

may represent the 1142 keV state as 

where the first "matrix element" is actually an abbreviation for 

Coriolis coupling in eighth order perturbation theory, since the 

--fl 2 
Coriolis operator 21 (J+j- + J_j+) can change K by only one unit in 

,..J 

each order. The value of 6.E is -58 keV. The E2 transition proceeds 

+ + 
unhindered between the 18 K = 0) admixture and the 16 K = 0) state. 

Voge1
32

) has estimated Py using such Coriolis mixing with strength 

in each order given roughly by 

--fi 2 ((J-K) (J+K+l)) l/Z {K+l I j+1 K ) 
--------------------- ~ (15 keV) 

21 F1<+1 - ~ 
(7) (3) 
(2 MeV) 

= .15 

compatible with regular multipole transition ratios from the isomeric 

state. This leads to his estimate IPyl $ 2 x 10-3 , which is in agree

ment with our observation. 

A b f 1 d . . b 1 . lSOHf num er o re ate experiments are possi e in • The 58 keV 

- + transition between the 8 and 8 states should show a comparable 

polarization. It is more difficult to measure because of its low 

33) 
energy. The present limit for this transition is \Py I < 5%. Another 

possibility is to search for anomalous internal-conversion coefficients 

for this y; however the interpretation is complicated by penetration 

effects.
34

) Finally for the 501 keV y it would be desirable to seek 
N 

an E3(E2) interference (not diluted by o = 0.2 
l'"\J 

as is the M2(E2) 
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interference observable in Py) in an angular distribution experiment 

from oriented nuclei. Continued experimental and theoretical investi

gations of this outstanding nucleus lBOHf would be h ighly desirable. 

rv.3 159Tb 363 keV y 

After the successful observation on lBOHf we were led to consider 

159Tb which has similarly an opposite parity state very near the init i al 

state. The partial decay scheme is shown in Fig. III.l(c). The El 

transition between the 363 keV 5/2 5/2- [532] state (notation 

J Krr [N rizA] in Nilsson scheme) and the ground state 3/2 3/2+ [411] 

has hindrance h = 4 x 104 relative to the Weisskopf estimate. The 

neighboring 348 keV state has quantum numbers 5/2 5/2+ [413]. Admix-

"""" ture of this into the 363 keV state would permit an Ml transition as 

rv "" ,...., well as E2. All three multipolarities El, Ml, E2 are hindered by 

asymptotic selection rules. 

Using Nilsson-model (single particle in deformed potential) wave 

functions Vogel32 ) has estimated Py for the 363 keV Ye He finds that 

indeed the 348 keV state should dominate the parity mixing (note the 

+ ~ 
two other known 5/2 states available). Furthermore the Ml reduced 

rJ 

matrix element should exceed the E2 (see below). Vogel's estimate is 

-4 -4 IPyl ;S 4 x 10 in agreement with our measurement Py= (-1 ± 5) x 10 . 

In an experiment with nuclei polarized by cryogenic techniques, 

Pratt et a1
35

) have reported an asynnnetry 1 + A
1 

P
1 

(cosQ) with 

-3 Ai = (+4.5 ± 3.0) x 10 in the angular distribution of the 363 keV y. 

In order to compare their results to ours we have evaluated for this 
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transition the general expressions for A1 and Py given by Blin-Stoyle 1 ~, 

obtaining 

= 2 x 1.464 ( -1.025 ~~~ + Q.520 ~~~ ) 

rJ 

p = 2 QQl 
'Y (El) 

.._, N 

where (El), (Ml),(E2) denote reduced matrix elements. If we assume 
N ~ 

(E2) << 2(Ml) then 

and our result would correspond to 

-3 A1 = (-0.2 ± 0.8) x 10 

,.../ ""' Thus unless somehow (E2) >> 2(Ml) (i.e. mixi~g ratio for 348 keV 

transition 0 2 >> 4), the parity admixtures in the 363 keV state seem 

considerably lower than indicated by the experiment of Pratt et a1. 35
) 

IV. 4 zo3Tl 279 keV y 
203 The partial decay scheme for Tl is shown in Fig. III.2(a). The 

279 keV 'Y has regular multipolarity Ml - E2 (0 2 ~ 1.6) and irregular 
IV 

multipolarity El. The single-particle (proton hole) assignments for 
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-1 -1 
the initial and final states are (2d312 ) and (3s 112 ) respectively. 

Thus the regular Ml is hindered (h = 103 ) by £-forbiddenness. 

Szymanski36) has estimated for this transition P'Y = (-0-9 ± 0.3) x 10-4 . 

In Table IV.l we compare our result Py= (-.04 ± .10) x 10-4 to 

four other experimental results. The overall trend indicates that the 

estimate above is too high by an order of magnitude at least. Thus 

parity admixtures (if any) in 203Tl are lower than predicted and lower 

than can be resolved by experiments to date. 

IV.5 
181

Ta 482 keV y 

This transition has been by far the most popular for such studies 

(see Table IV.l), although in retrospect the enthusiasm is somewhat 

dubious. The decay scheme is shown in Fig. III.2(c). The transition 

of interest proceeds from the 482 keV 5/2 5/2+ [402] state to the 

7/2 7/2+ [404] ground state. The regular Ml is strongly hindered 

(h = 3 x 106) and the E2 slightly hindered (h = 35); the Ml-E2 mixing 

ratio is 0 2 _, 30. 
-.J 

One hopes that the relative enhancement of El may 

lead to a large Py here. 

37) 38) 
Early estimates by Michel and Wahlborn using a single particle 

force (including p exchange potential VP but not V1f) of the form 

Cf· p and Nilsson wave functions gave I P'YI = 1 x 10-4 and 

P'Y = (-0.6 ± 0.3) x 10-4 respectively. Maqueda and Blin-Stoyle
39

) 

using a static two-body potential of the form 112 · 01
1 

x "C?2 predicted 

-4 p = -0.7 x 10 . 
'Y 

More recently McKella1°~onsidered in more detail the 

effects of two-body correlations (due to N-N hard core). With the 

inclusion of V p and V 1f (the latter contributing "-' 20%), McKellar 
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-4 41) 
estimated Py= (-0.2 ± Oel) x 10 . Vinh Mau and Bruneau ~valuated V1f 

(claiming V to be suppressed by a factor of N 8) and obtained 
p 

-4 P = -0.008 x 10 much smaller than previous estimates. Finally y 

Gari et a1
42

) reconsidering short-range correlations predict (with V 
p 

and V1f) Py~+ 0.0003 x 10-
4

• Thus in eight years theoretical estimates 

for 181Ta have fallen by over three orders of magnitude. Clearly the 

theoretical question is still open. 

In Table IV.1 we note the excellent agreement among the top four 

181Ta experiments, all of which achieved small statistical errors by 

means of integral detection techniques. The mean of these four stu-

dies -4 
is the small but finite value Py= (-$048 ± .006) x 10 with 

X2 = 2.75, v = 3, P(X2 > X2 ) = .45. Most theoretical estimates are 
v v 

either too high or too low compared to this result. The last three 

experiments listed (which used singles-counting techniques) seem to 

claim a much larger effect despite their lower precision. The discre-

pancy is irreconcilable without detailed inspection of systematic 

errors in these experiments. -4 Our value Py= (-.031 ± .025) x 10 , 

while not the most precise to date, does support the camp claiming a 

small finite value. The mean of all ten experiments is found (with a 

rather poor X2 probability) to be Py = (-.051 ± .006) x 10-4 • (The 

"external error" is • 010 x 10-4 .) 

IV. 6 Conclusion 

Our result in lBOHf has established the presence of a PNC force, 

159 whereas in Tb we have reduced the upper limit of. parity mixing 

suggested by a related experiment elsewhere. In 
203

Tl we have confinned 
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that the parity admixtures are lower than originally predicted. 

Finally in 181Ta we support the presence of a small but finite PNC 

effect. We hope that the results herein particularly the lSOHf result 

will stimulate further theoretical study both in nuclear structure 

considerations, such as short range correlations, and in the structure 

of the non-leptonic weak-interactions~ 
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APPENDIX A 

POLARIMETER EFFICIENCY CALCULATIONS 

A.l Relation Between AsY!!!!!!etry and Polarization 

We first fonnulate the dependence of the detector current I and 

dN asyrmnetry A on the initial photon spectrum dk and circular polarizat i on 

P(k). For the present we neglect source decay which contributes an 

overall exponential factor to I and we assume the magnetization follows 

an ideal square wave (the effects of waveform distortions are discussed 

in Appendix C). Let A~k) represent the absorption of photons in the 

source material and container such that Ajk)~~ is the spectrum of pho

tons leaving the source region. 

dN dNB 
We decompose dk into bremsstrahlung quanta dk and gannna rays N. 

1. 

of energy k 
i 

dN = 
dk (A.l) 

and P(k) into components PB(k) for bremsstrahlung and Pi for gammas. 

P(k) dN 
dk = 

dNB 
PB(k) dk + ~ P.N.O(k-k.) 

i ]_]_ ]_ 
(A. 2) 

dNR ( dNL) 
where dk dk refers to right(left) handed circularly polarized 

photons. Finally we define the polarimeter intensity detection 

function 

D(k) = for P(k) = + 1 
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where k is again the energy of the photon leaving the source and (kD) 

is the expectation of the energy deposited in the detector by the 

resultant scattered photon. It is convenient to expand D(k) in a power 

series in f(t), where f(t) denotes the fraction of polarized electrons 

(positive in the forward direction)~ 

(A.3) 

The terms O(f 3 ) can be neglected since both D and fn fall off rapidly 
n 

with n. 

If we correspondingly decompose the detector current as 

(A.4) 

we find that 

(A. 5) 

where C is a constant depending on the detector's conversion of the 

photon energy to current. Note that P(k) appears linearly only in 

terms odd in f(t), here 1
1
(t). We now define the asymmetry 

I(f = -f } - I (f = + fol 
A= 

0 
I(f = -f } + i (f =+ fo} 0 

With this sign convention A will have the same sign as P, since 



n
1

(k) 

D
0

(k) 

Then 
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< 0 in our geometry. 

fD1(k) A~k) P(k) k :~ dk 
A= -f 

0 
fD0 (k) fts(k) k~~ dk 

:E Dl(ki) /\Jki) P. k. N. +f 
-f 

l. l l. 
= 

0 
~ DO (k.) A (k.) k. N. +f 

1. s 1 1. 1. 

dN 
k _l_ dk 

dk 

where we have neglected the term of order f 2 in the denominator. 

(A. 6) 

(A. 7) 

The bremsstrahlung intensity term in the denominator is generally orders 

of magnitude below the gannna intensity. In most cases of interest 

only one gamma transition {denoted by Y1) will have appreciable net 

polarization Py . 
1 

with 

We then write 

dNB 
f D1 (k) A~k) PB(k) k ~ dk 

(DENOM} 

and 

A = - f P Y 0 y1 {DENOM} 

where {DENOM} is the denominator of (A.7). 

If the transition y
1 

is all that is observed 

Dl (ky ) 

A = - f P 
1 

0 Yl DO (k ) 
Y1 

(A.8) 

(A.9) 

then 
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For this special case (more relevant to singles counting experiments) 

the expression -f0D1 (k'Y ) /D0 (k'Y ) is called the "efficiency" for 
1 1 

detecting the polarization of a photon of energy ky • For example if 
1 

k = 500 keV the efficiency is roughly 0.3 x 0.067 = 0.02. Thus the 
Y1 

observed asynnnetry would be only 2% of the net polarization P • 
Y1 

A.2 Monte Carlo Calculation of Dn(k) 

The actual polarimeter is shown in Fig. 11.1. The polarimeter 

treated by the program (Fig. A.l(a)) has the following simplifications: 

the magnet is a uniformly magnetized annular cylinder; the source is a 

point; the detector is an opaque sphere; the plug is opaque; the magnet 

inner surface with z < B is opaque as is the magnet volume z < A. Al-

though the figures show the cylindrical lead filter with thickness 

1 nnn, we have run experiments and the program with 0 nnn and 2 mm as 

well. We have used a modified version of the program for another pola

rimeter 
6

) which has disc shaped lead between source and plug filters. 

Despite the different dimensions, results for both systems are quite 

similar. 

To illustrate the procedure let us follow the trajectory indicated 

in Fig. A.l(a). Beginning at the source (1) in a preassigned direction 

we determine an intersection with the filter and compute the distance 

through the filter in that direction. Then with reference to the entry 

point we generate a random distance for an interaction (2), specifically 

Compton scattering or photoelectric absorption. If the photon has not 

escaped we reduce the statistical weight (see below) to allow for ab-

sorption and then generate a Compton scattering direction. This pro-
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cess is repeated until the photon escapes or exceeds a scattering order 

limit for the material, here lead. If the escape is in a direction 

that misses the plug and intersects the magnet at z > B, the photon 

proceeds in a similar fashion to that with the filter, with one excep-

tion: upon determining a scattering position (3) we immediately force 
9 

a scatter to the center of the unobscured region of the detector (3 ) 

and record the final probability in a two dimensional histogram for 

the last magnet z-coordinate ~ and the final detected energy kD. Then 

with reduced weight we continue the random scatterings. The terminat i on 

(not including forced branches to the detector) of each initial photon 

is tallied in eleven categories including: escape from the system, 

entry to forbidden zones, exceeding scattering order limits, hitting 

the plug (as shown at (6) in the example), having an energy below some 

cutoff and "accidental" detection. 

To carry the photon polarization and intensity through successive 

Compton scatters in lead and magnetic iron we take advantage of an 

elegant matrix formalism using the four-component Stokes vector S and 

4 x 4 transformation matrix T43). In this formalism which follows 

from the density matrix
44

) representation, the photon polarization is 

treated statistically in the sense of an ensemble average, although 

for individual photons the polarization is quantized (viz circular 

polarization Pc=± 1). In the same spirit we will treat the electron 

~ ~ -+ 
polarization s statistically putting s ~ 0 (null vector) in lead and 

-+ 
s = fe in iron for each electron. 

z 

In the Stokes vector the first component s1 = I is the intensity. 

If we introduce a "normalized Stokes vector" ! = '§_/I, then s2, s3 are 
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linear polarization projections and s4 = P the circular polarization. 

Thus S describes completely the photon polarization& If a photon of 
.... 

momentum k and polarization S suffers a Compton scatter, then the re-

t 

sultant Stokes vector is S = T M S and the resultant polarization is 

..... ' ' v given by ~ = ~/I o The matrix M rotates the linear polarization com-

12) .... 
ponents between scatters since the coordinate system - for s

3 
is de-

-i> _,., ~ 

fined by the scattering plane. I itself is a function of k, k and s. 

The Compton cross section is simply 
do" I 
dQ = I . In our calculation we 

assign every initial photon a Stoke's vector (1, O, O, 1). After each 

' ..... ' scatter we renormalize ~ to ~ . 

1 h 4S ' 46 ). 1 . 1 . l i i i . Severa aut ors in ana yzing mu tip e scatter ng n transm· ssion 

polarimeters have omitted the linear polarization components. This is 

incorrect since the geometry (source, magnet, detector) correlates 

successive scattering planes. Even though the initial photon lacks 

linear polarization,the first scatter will linearly polarize the photon 

and subsequent scatters will "analyze" it. This will affect both the 

detected intensity and the circular polarization efficiency. Despite 

cylindrical symmetry the correlations will no~ average out completely, 

however the resultant contribution from linear polarization effects is 

not expected to be very large. 

Recall that every electron in the magnet is assigned a polarization 

of value f in the z-direction. In our system f = ± £0 where f 0 = .067. 

All quantities depending on f are expanded as polynominals, for 

example~= ~(O) + ~(l) f + ~(2 ) £2, neglecting consistently terms 

2 beyond order f • Throughout the program only the coefficients them-

selves are evaluated while f is left as a free parameter. In 
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particular we carry a statistical "weight polynomial", initialized to 

unity at the source, along with each photon traced through the system. 

In the generation of random scattering positions and directions we use 

spin-independent cross sections as if f = O. Then we adjust the weight 

polynomial to correct implicitly for the dependence on f. No bias is 

introduced by this procedure, moreover it is essential for an efficient 

Monte Carlo program. (The "simpler" techniques of running a program 

explicitlI with f = + f
0 

and then f = -f0 (and f = 0 for information on 

quadratic terms) and comparing results to deduce the efficiency, would 

be , far inferior statistically.) 

As an example, suppose we have generated a scattering distance 
1 

within the magnet d = - nO'T ln r where n is the electron density, <1"T 

is the total spin-independent (f = 0) photon cross section per electron 

and r is a random number between 0 and 1. To allow for absorption we 
O'o 

multiply the weight by ~ where d
0 

is the Compton spin-independent 
T 

cross section. To allow for f, the weight should be multiplied by the 
_ fS4 (f)nd de cosw ~ ~c 

polynomial expansion of e (1 + f s
4
(f) c;- cost), 

0 12) 
where <:5' is the spin dependent term of the Compton cross section 

c 
..,.. ... 

and w is the angle between k and s • 

The directions are generated by random sampling47) of sio)', since 

the probability distribution function for directions cannot be in-

verted analytically. The correction factor to the weight polynomial in 

' ' s<l) s<2) 
1 1 2 

this case is simply 1 + ~' f + s(O) f . For the forced scatters to 
sl 

l (0) 1 -ndOUT6"0 
the detector the zero-order probability is s1 1:;£/,e /0"

0 
where 

b.Q is the solid angle of the unobscured part of the detector and dOUT 
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is the path length out of the magnet. After a final adjustment here, 

the weight polynomial is added to the histogram discussed earlier. Then 

with reduced probability we proceed with multiple scatters from the 

last magnet point. 

After tracing the desired number of initial photons with energy 

k we print out the tenninal category information and the polynomial 
s 

coefficients N(n)(~,zM)' meaning the nth order term inf of the pro-

bability of detecting a photon with energy in bin kD arising from 

magnet bin ~· We then project the two-dimensional histogram 

N(n)(kD' zM) to obtain the following three one dimensional histograms: 

N(n)(kD) = ~ N(n) (kD' zM)' N(n) (zM) = ::2: N(n) (kD, zM) and 
ZM kD 

W(n) (zM) = ~ N(n) (kD' zM) · kD/k
8

• The latter histogram (appropriate 
kD 

to our integral detection technique) is the expectation of energy 

detected relative to the initial energy. The final result for each 

energy k and given filter thickness w are the three nwnbers 
s 

D = D (k ) = ~ W(n) (zM)' for n = O, 1 and 2. 
n n s 

~ 

In Fig. A.l(b) we show smoothed results for the intermediate 

histogram (bin size .6.zM = 1 cm) W(O)(zM) (normalized to n0) and the 

"efficiency" -W(l)(z )/W(O)(z) for the representative initial energies 
M M 

ks = 1 and 2 (in units of electron mass m). These indicate the relative 

effects of different parts of the magnet. 

In Fig. A.l(c), we show the other smoothed projection N(O)(k) 
D 

(bin size 6kD = k
8
/10) normalized to N0 ~ ~ N(O) and the corresponding 

efficiency -N(l)(~)/N(O)(~)· N(O)(kD) kD is the detected spectrum 

for given initial energy k • We note that the efficiency peaks more 
s 
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sharply for the higher energy curve k = 2, showing that the degradation s 

from multiple scattering (the lower end of the spectrum) is more severe 

at higher k
8

° We discuss this further below. 

In Fig. A.2 we have plotted smoothed curves of D0 (k
8
),-D1 (k

8
)/D

0
(k

8
) 

and D2 (k )/D0 (k ) vs k /m. The error of each curve is about 5%. For s s s 

each initial energy k and filter thickness w we had traced 1000 y's 
s 

from the source, resulting in roughly 2000 detected photons according 

to our branching technique. On the IBM 360/75 the average execution 

time was 25 ms per initial gannna. The values of 
k _s used were 0.2, 0.4, 
m 

••• ,2.2, 2.4, 3,0, 3.5, 4.0 (note that pair production was not included 

k in the program as we were actually concerned only with -8< 2 in our ex
m 

periments). We allowed no more than four random scatters each in the 

filter and the magnet, not counting the forced scatter. For compari-

son we ran once without the filter allowing zero random scatters in 

iron to see the differences between multiple scattering and "single 

scattering" calculations. The striking .feature of the calculation is 

that for ki> m the multiple scattering efficiency factor n1/n0 satu-

rates at -.33 whereas for single scattering alone it would continue to 

increase. This can be understood in part by inspection of the detected 

energy spectra for ~/m = 1, 2 in Fig. A.l(c). We see that for higher 

k the efficiency falls off more rapidly away from the most probable 
s 

kD (mostly single scattered photons). Thus as k increases, multiple s 

scatters through unfavorable angles (appearing in the low energy part 

of the kD spectrum) dilute the efficiency more and more. The inadequacy 

of "single scattering" calculations is even more severe for the function 



.03 

.02 

. 01 

c:P 
' cf' 

-.01 

-.02 

-.03 
.5 

.4 

00 . 3 

' o- .2 
I 

.I 

0 
2.0 

1.5 
rt) 

0 
x 1.0 

00 

0.5 

0 
0 

.. ·· .......... . . . . 
: ·· . . . .. .. .. ... 

······ .. .. .. . .. . . . ·· 

.. .. 

63 
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Fig. A.2 Smoothed results of Monte Carlo calculations; solid curves 
are multiple scattering results for lead filter thickness w = O, 1, 2 
and dotted curves are "single scattering" results for w = Q. (a) In
tensity function n

0
, (b) efficiency function -D1/D0,. (c) quadratic 

function D/D0• 
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The results thus testify to the importance of realistic multiple 

scattering calculations of the efficiency for such an integral detection 

(i.e. without energy resolution) Compton polarimeter. 

A.3 Source Attenuation Function A (k) s -

In Section A.1 we introduced the function AJk) for attenuation of 

photons in the source material and capsule wall (thickness 6R ). We w 

have treated this problem as if each ~ originated at a point on the 

axis of a cylinder of source material with radius REFF 
8 = 3w x (actual 

source radius). We took a representative angle of 45° to the axis for 

the initial photon. Then (with the help of empirical formulas for the 

photoelectric absorption cross section ~PE and the analytic Compton 

cross section <r for energy loss to electrons 48)) we computed for the 
a 

density (p1) of each element (Z1, Ai ) the mass absorption coefficient 

u The resultant attenuation was given by ra,i· 

AJk) ~ exp (-( ~ Pa,i !);FF/cos 45°) 
SOURCE 

- ( ~ p i 6.R. /cos 45°)) 
WALL a, w 
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APPENDIX B 

BREMSSTRAHLUNG CALCULATIONS 

B.l External Bremsstrahlung 

' Consider the emission of a ~-particle of kinetic energy T 

' (velocity ~ ) from a point within a material composed of one element Z; 

the latter restriction will be removed below. Assume that all ~ 's are 

stopped within the material (i.e. range<< volume/surface). After nu-

merous atomic collisions the electron will on the average have its 

energy reduced to T after having traveled a path length s and net dis-

placement r. Suppose now that at r it interacts with the nuclear 

Coulomb field to produce "external bremsstrahlung" (EB). Averaging 

over the initial ~ direction and integrating over the volume of the 

material and the final direction ~·2k of the quantum, we obtain for the 

probability of producing a bremsstrahlung quantum with energy k to 

k + dk 

where n is the atomic density and 
d2o'BH 

dkd~ 

strahlung cross section. This reduces to 

00 

dNk,T' ~ dr dk = n 

0 

but since r is a measure of the electron 

is the Bethe-Reitler brems-

ddBH 
(B. 2) 

dk 

energy 
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dT 
dr = -~ = dT 

(B. 3) 

-dr 

therefore 

which agrees with eqn. (43) of Ref .• (49)for "fast" electrons, except for 

ds 
our refined factor dr" 

At this point we introduce the S spectrum 
<IN@ 

normalized such 
' dT 

that 

T 

~m 
0 

' dT dN@ = l 
' dT 

where T is the endpoint. Then the EB probability density is 
m 

dNEB 
--= dk 

~m 

do'BH 
Whereas ~ and 

0 

' dT 
dNS 

' dT 

dT 
ds are well known analytically, the 

(B .4) • 

1 d d f ds 
genera epen ence o dr on T and Z is unknown; EvansSO) indicates 

that it is generally in the range of 1.2 to 4.9. However we note that 

the variation of ~~ with T and Z is very gradual compared with that of 

dO'BH dT ds 
~ and ds • Therefore we remove dr from the integral in an aver-

age sense defined by 
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r' 

~r 
dT j 

0 

dO'BH 

d 
dk T----

1 dT (B.5) 
- - 8 n ds 

where we have introduced a "zigzag parameter" !; = < :: ) We have 

detennined experimentally (see Sec. III e 3 (b)) that s ~ 1. 5 for our 

cases. 

For the circular polarization P(k) we obtain similarly 

dNEB 
P(k) dk 

do' 

0 

dO' c 
dk dT---1 dT 

- ·~ ds 

(B.6) 

where dkc is the polarization dependent component of the brernsstrah-

lung cross section. 

The generalization of the integrands of equations (B.S), (B.6) 

to hornogenous material with several elements Zi with atomic weight Ai 

and (relative) masses M. is 
1. 

do-' ~ 
Mi [d1 
Ai dk Zi dk -7 i (B.7). 

1 dT 
Mi[!. - -- ~ dTJ n ds 

i Ai n ds Z 
i 

dc1BH 
Now,~ and 

def c 
dk are essentially proportional to Z2 except for a 

small screening correction and l dT is essentially proportional to 
n ds 

Z except for the logarithmic Z dependence through the excitation 

potential. Thus with fair accuracy (25%) we could evaluate the EB for 
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a uniform source with effective Z 

M. 
~ _.!:. z2 

Ai i 

M. 
~Ai z. 

i l. 

(B.8). 

Note moreover that the EB intensity is in our approximation directly 

proportional to Zeff. We have listed the values of Zeff for each 

source in Table 111.2. In actual computations we used the more accu-

rate formula (B.7). 

For the normalized ~-spectrum we have used the formula 

dNt3 _ 
' - 30 

dT 

(T - T
1 

)
2 

m 

T3 (T 2 + ST + 10) 
m m m 

(B.9) 

I I V r 
which assumes a Fermi function F(Z,W ) a W /p = 1/~ which is quite 

good for our ~-decays which are all allowed or first parity forbidden 

and have T < 1 MeV. m 

For the electron energy loss, neglecting bremsstrahlung, we have 

used 51 ) 

1 dT -= 
n ds 

27TZe 2 

t32 
t3 2 (T + 1) 

21 2 (1 - t3 2 ) 

- (2. (1 - t3 2 )
1/ 2 -1 + t3 2 ) ln 2 

+ 1 - ~2 + % (1- (1 - ~2 ) l/2
)2 J (B.10) 

I i 

where ~ is the electron velocity and I is the atomic excitation 

potential; used52) I = 9.3 z for Z > 15 (actually z ~ 44 in we 
106 

12.7 z ~511 x 
our cases) and I = 

x 106 for Z ~ 15, viz. C and o. 
.sn 
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For bremsstrahlung we used the involved formulas of Fronsdal and 
) dO"BH dO' 

Uberal153 for and c , including atomic 
dk d cos9 dk d cos9 . dtr' 

c screening effects. In the evaluation of ~ we took the electron 

' longitudinal polarization to be -(3 , thereby neglecting depolarizing 

effects of collisions. 

. . z .// approximation 137~ ,, 

The cross sections are calculated in the Born 

1, which, may lead to an underestimate 54) by a 

few percent in our energy range. This in turn would induce a corre-

sponding underestimate of <ddrs) when we determine ~ by comparing 

theory and experiment. In other words ~ is not solely a parameter for 

path lengths but also incorporates a correction (perhaps negligible) to 

the Born approximation. 

B.2 Internal Bremsstrahlung 

During (3-decay the electron interacts with the Coulomb field of 

the daughter nucleus producing "internal bremsstrahlung" (IB), which 

is circularly polarized. The spectrum of IB is given SS) approximately 

by 

~(W ,k) = 
e 

p 
13711' p k e 

l+k 

dNf3 

dW 
e 

~(W , k) e 

[
W! + w2 

• ln (W + p) w p 
e 

(B .11) 

(B .12) 

where W = (T + 1) and p are the total energy and momentum of the 
e e e 

(virtual) electron before emission of an IB quantum of energy k and 
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W = (T + 1) and p are the energy and momentum of the final state 

electron; thus W = W - k. 
e 

dN(3 dN(3 
For the normalized 13- spectrum dW (or dT ) we have used a 

e e 
form similar to (B.9), except that the Fermi function now applies to 

the final state electron viz F(Z,W)a W/p: 

dN(3 = 
dW 

e 

(T + 1) 2 (T - T ) 2 
e m e 30--------

T3 (T 2 + 5 T + 10) 
m m m 

(B.13) 

where the normalization is no longer exact; however since the IB peaks 

sharply at k = 0 (W = W, p = p), the normalization error is very e e 

minor. 

The polarization is given by 

P(k) (B .14) 

56) where the analytic functions J
1

(k) and J
2

(k) are given by Pytte • 

B.3 Results of Calculations 

In Fig.B. l(a) we show typical results for IB and EB polarization 

dN 
and energy spectra kdk for the 962 keV 13-decay of Au2o3 

diluted and 

undiluted and in Fig.:S.l(b') for the 497 keV 13-decay of Lu177 diluted 

only. Note that photon attenuation in the source material is not in-

eluded in these spectra (see Appendix A). The calculated EB spectra 

shown do not include the correction factor lls· 
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Fig. B.l Internal (IB) and external (EB) bremsstrahlung energy 

spectra and polarization. The correction factor l/s is not included 

in the EB spectra. (a) 
198

Au 962 keV (3 decay, (b) 177Lu 497 keV 

(3 decay. 
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APPENDIX C 

EFFECTS OF THE QUADRATIC TERM D
2 

(k) 

In Appendix A, we have shown that the detector current I has some 

non-linear dependence on f, the fraction of polarized electrons) arising 

from absorption and multiple scattering processes. In. a polynomial 

exp~nsion of I, the odd tenns (in particular the linear term) in f are 

proportional to the initial y circular polarization P, while the even 

terms (in particular the quadratic term) are independent of P. Thus if 

the magnetization is unequal in the two states we will observe an 

asynunetry even if P = O. This is both a disadvantage in that it re

quires precise synunetry in the magnet current IM in order to avoid 

"false" asynunetries and an advantage in that it offers an alternative 

technique for calibrating the system with an unpolarized beam of mono

chromatic Y-rays (as opposed to the continuous spectrum of polarized 

bremsstrahlung). For discussions of an analogous technique for cali

brating transmission polarimeters see references (57) and (58). 

For simplicity then consider a source of monochromatic photons of 

energy k with zero net circular polarization. Then from Appendix A we 

have 

I (t) = r0 + I 2 (t) (C.l) 

with 

(C.2) 

(C.3) 

where C is a constant. As discussed in Sec. A.l, we neglect terms O(f3 ). 
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Let 

Q(k) = D2(k)/D0 (k) (C.4) 

and 

* Q (k) = £0 Q(k) (C.5). 

Then 

I = 10 (1 + Q(k)f2 ) (C.6) 

or 

If f (t) is a perfect square wave then f(t) 2 is essentially a 

constant and the only effect is a negligible renormalization to r 0 . 

More generally consider a function f(t) (Fig. C.l) which is a 

trapezoidal distortion of a square wave (linear reversal in time inter
f l - £2 

val T ) with an amplitude asynunetry o = , with a timing 
s tl - t2 fl + f 2 

asynnnetry E = and with a phase shift a~ with respect to the 
tl + t2 

LIA mixer (synchronous rectifier) waveform r(t), which itself has a 

timing asynnnetry y; in addition allow an asymm.etry p in the areas of 

the resultant quadratic pulses of f(t), due for example to unequal 

reversal times. If all these distortions are small then the resultant 

asymmetry will be linear in each. If a, E, y and p are all zero, then 

for small o we obtain 

* 2Q 0 (C.8). 

The maximal effect occurring with £1 = £0, £2 = 0 is 
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Fig. C.l Waveform distortions leading to asymmetries via the term in I(t) which is quadratic in 
f(t). See text. 

-...J 
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* AON-OFF = Q 12 {C.9) 

The quadratic pulses that appear in I{t) ideally contribute only 

to even harmonics of w0 and are thereby rejected. However in the 

presence of the timing distortions, we find {in the case 6 = 0) after 

a lengthy Fourier analysis the approximate result 

(C.10) 

* 103 We have measured Q for the 497 keV Y-ray of Ru using (C.9) and 

M 
(C.10). In the former case we fixed 1

1 
at its normal saturation value 

. M 
so that £

1 
= £0 ; then the value of 1

2 
yielding £

2 
= 0 was detennined 

M implicitly by scanning 12 through small negative values seeking the 

maximum AON-OFF~ This gave 

* -4 Q = (1.24 ± 0.02) x 10 • 

In the latter case we measured ArIME vs E and deduced 

* -4 Q = (0.9 ± 0.2) x 10 . 

The Monte Carlo evaluation of Q at this energy (Fig. A.2(c)) is 

Q = 0.023 ± 0.002. 

With our value £0 = .067 we would estimate 

* Q = 1.03 ± 0.10 

in reasonable agreement with the experimental values above. 

as a function of small current amplitude asyrmnetry 

-6 we have measured AAMPL/~ = (1.8 ± 1.6) x 10 and 
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* determined using Eqn. (A3-8) and our measured Q that at saturation on 

dB/B 
our dynamic hysteresis loop, dH/H = 

0 
r; = .075 ± .007. 

If we had not known £0 for our material we could in fact have 

deduced it by comparing the Monte Carlo calculation of Q with measure

* ments of Q . An alternative way is comparing bremsstrahlung polari-

zation calculations with experimental asymmetries but this requires 

complicated and somewhat uncertain calculations of bremsstrahlung 

spectra and polarization. Thus we offer these techniques with the qua-

dratic term as a simple but valuable tool in studying the properties of 

forward scattering polarimeters. 

Now we turn to the problem of suppressing these quadratic terms in 

-1< 
parity measurements. For this purpose it is important to know Q and Q . 

On our "magnet control" circuits (Fig. II. 3), we included adjustments 

for o and E; the lock-in amplifier has adjustments for a and y; the 

zener diodes in the power amplifier feedback determine P· Measurements 

gave the following limits: for timing I e 1<0.001,1a\<0.02,\'YI<0.02, 

I p I< 0.005, and for amplitude j 11 I< 0.001 and so \ o \ < 7 .s x 10-4 . 

-8 -8 
Thus in parity experiments \ ArIME \ < 3 x 10 and \ AAMPL \ < 2 x 10 • 

Such residual asymmetries are corrected for by means of control experi-

ments. 
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