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ABSTRACT 

iv 

The technique of low temperature nuclear orientation has been 

applied to two problems involving weak nuclear decays. Nuclei of 119Sb 

were polarized in an iron lattice and the angular distribution of inner 

bremsstrahlung photons emitted during the e'lectron capture decay was 

observed. The distribution fit the correlation function 

W(8) = 1 + A1G1P
1 

(cos 8) 

and the asynunetry coefficient had the theoretical value of +1. 0 near the 

spectrum endpoint. However, some energy dependence of A
1 

was observed, 

in contrast to theoretical expectations. Possible origins of the energy 

dependence are discussed. Nuclear orientation was also carried out with 

three isotopes which undergo 1~ forbidden beta decays: 186 Re 
' 

and 19 4I r. The source nuc 1 ei were polarized in iron lattices and the 
\ 

angular distributions of both beta parti~'les and gamma rays were observed. 

Lithium-drifted germanium counters were used to detect the beta particles. 

The beta particle angular distribution coefficients A1 and A2 are reported 

as functions of energy. The results are in general agreement with those 

of previous workers, although the experimental errors have been consid

erably reduced. The attenuation of the gamma ray anisotropies gives a 

measure of the relative size of the f B .. matrix element in the preceeding 
. - + lJ 
1 7 2 beta decays and values for this attenuation are reported. The 

fB . . matrix element was found to make a finite contribution in the decays 
lJ 

of the two Re isotopes, but to be zero in the 194 Ir decay. The combined 

data may be used to determine the nuclear matrix elements entering the 

decays and to test the Conserved Vector Current hypothesis of weak inter

actions. 
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INTRODUCTION 

Weak Interactions 

In the present view of physiscs, the interactions which determine 

;the transformations of matter and energy may be divided into four classes, 

. according to their relative strengths: 

1) Strong interactions, relative strength 10, which provide the 

nuclear binding force and cause certain elementary particle interactions. 

They are propagated by virtual pion exchange. 

-2 2) Electromagnetic interactions, relative strength 10 , which give 

rise to electric and magnetic forces, e.g. the binding of atomic elec-

trans. They are propagated by virtual photon exchange. 

-14 3) Weak interactions, of relative strength 10 , which bring 

+ 
about a great variety of decays' among them nuclear rr and electron 

capture decays. They are thought to be propagated by the exchange of 

a virtual intermediate vector boson, although this particle has never 

been observed. 

4) Gravitational interactions, which cause the gravitational. 

attraction of matter. Relative strength lo- 44 . 

' 
Unquestionably the best understood of tne four is the electromag-

netic interaction, which can be described rather completely by quantum 

electrodynamics. In contrast, the theoretical description of the gravi~ 

tational interaction has yet to be accomplished. The strong and weak 

interactions are intermediate cases in current theoretical understanding, 

although considerable progress has been made ih the general description 
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of the weak interaction in the past fifteen years, and the study 

of nuclear weak decays has contributed greatly to this advance. Some 

gaps in experimental confirmation have remained, however, and the follow

ing work is a contribution toward filling two of them~ relating to the 

inner bremsstrahlung (IB) and the conserved vector current (CVC) hypo

thesis. 

The IB is a weak continuous photon spectrum which accompanies beta 

and electron capture decays. (In general, bremsstrahlung accompanies 

any-process in which charges are accelerated.) It results from a pertur

bation on the usual beta-decay interaction by the electromagnetic inter

action. The IB was first described theoretically 30 years ago by Bloch 1, 

by Konopinski and Uhlenbeck 2 , and by Morrison and Schiff 3; several more 

recent papers have dealt with the subject in the light of parity non

conservation by weak interactions. Considerable work has been done on 

shapes and intensities of IB spectra, and some experiments on the.circu

lar polarization of IB accompanying beta decays have been performed 4 
, 

but the electron-capture IB has been neglected and no observations of 

IB from polarized nuclei have previously been reported. The first section 

of this thesis deals with an experiment on the IB accompanying the elec

tron capture decay of polarized 11 'lsb nuclei. 

The CVC hypothesis was put forth in 1958 by R.P. Feynman and M. 

Gell-Mann.5 It deals with the relation between the weak and electromag

netic interactions in the presence of strong interactions: since the 

nucleons involved in a nuclear weak decay are also subject to strong 

interactions, the properties of the weak decay might be expected to be 

. ., 
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affected by the strong forces~ According to the current-current formu-
' 

lation of weak interaction theory, theweak decay arises from the inter-

action of two currents,which in the case of nuclear weak decays are the 

lepton current due to the electron and neutrino, and the nucleon current. 

The lepton' current can be explicitly given, but the nucleon current (or 

any current involving hadrons, or strongly interacting particles or states) 
I 

contains undetermined form factors because the strong interaction is not 

well understood. In the weak interaction there are two types of current 

operators, which transform as vectors and as axial vectors. The corres-

ponding currents are called the vector and axial vector currents.The 

eve hypothesis states that the form factor for the vector current is un-

changed in magnitude (unrenormalized) by the strong interaction. The 

hypothesis is supported by the analogy with electromagnetic theory: the 

isovector part of the electromagnetic current is also unrenormalized by 

the strong interaction. (As a consequence, the electric charge is un-

changed in magnitude by strong interactions; e.g. the proton has the 

same magnitude charge as the electron.) Physically, CVC has several con-

sequences and thus may be tested experimentally. Perhaps the most ob-

vious test is to compare the interaction strength determined from a non-

hadronic decay (muon beta decay) with that obtained from a purely vector 

+ + 
hadronic decay (a 0 -+ 0 nuclear beta decay.) However, a number of cor-

rections (finite nuclear size and screening corrections; radiative cor-

rections; Coulomb distortion of nuclear wave functions) must be applied 

to the measured + + 0 -+ 0 transition rates before they can be compared with 

the muon decay rate and this reduces the accuracy of such a comparison. 
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A second experimental test of eve was suggested by Gell-Mann. eve 

implies that the isovector electromagnetic current between nucleon states, 

the vector weak current for neutron~ decay, and the vector current 

+ for protoni3 decay are the components of an "isobaric spin triplet" 

(they contain the three components of the isobaric spin operator T , T , z + 

. and T respectively); thus the form-factors in the weak currents are 

related to thos~ in the electromagnetic current. This can be tested in 

the decays of the isospin triplet12 B-1 2e * (15. 1 mev) - 12 N. The three iso-

- + 
topes decay by S , y, and 8 emission to the 12 C ground state. The S 

decays are axial-vector to the first order but the vector current enters 

in 2nd forbidden corrections which affect the S-spectrum shapes. The 

size of the correction is related to the radiation width of the y tran-

sition. Experimental results on the S spectra are in agreement with the 

CVC.predictions. A similar situation exists at mass 8, and experiments on 

s-a angular correlations following the decays of 8 Li and 8 B are also in 

agreement with eve. Also at mass 24 there is a usable isospin triplet 

in which s±- y correlations have been measured. 

A third physical consequence of eve is the existence of pion-pion 

weak decays. As mentioned previously, the strong interaction is believed 

to be mediated by virtual-pion exchange. A strongly-interacting particle 

such as a neutron is thus not a simple particle but consists of a core 

which at least some of the time is surrounded by a pion cloud. If the 

weak interaction strength for such a particle is the same as for a simple ·,,. 

particle with no pion cloud, it must be that the pions also have the 

same weak-interaction strength as the bare nucleons; therefore purely 
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pionic weak decay (as oposed to pion-muon and pion-electron decays) 

should occur. Measurements of the branching ratio for. pion-pion decay 

have yielded values within the range of the CVC prediction although the 

non-CVC theory is not excluded. 6 In general the experiments listed above 

have supported C~C but have not conclusively extablished it; they are 

I in most cases difficult to perform and subject to various corrections and 

theoretical assumptions. In particular the comparison between the muon 

decay amplitude and that for vector nuclear decays shows a small discre

pancy, which may, however, be due to the interference of the strangeness

changing current in the nuclear decays (Cabibbo hypothesis.) 

There is an additional experimental consequence of eve. This is 

that the relationships between certain nuclear matrix elements in for

bidden beta decays may be altered from their values in the conventional 

theory. 24
-

28 In particular, the ratio of matrix elements JR; and {:r, is 

predicted by eve. It is desirable to test this prediction not only as 

an additional check of eve (which is reasonably well established by the 

experiments mentioned above), but also to establish the validity of the 

relationships between matrix elements, which can then be used to evalu

ate the matrix elements in complex decays. Eventual understanding of the 

nuclear force will undoubtedly ·depend on detailed experimental informa

tion on various nuclear matrix elements, and nuclear beta decay has the 

potential of being a powerful tool for acquiring this information. 

In first forbidden beta decay, six matrix elements can in principle 

occur. (See Chap. II.) In decays of the type 2- +2+ all six are poten

tially allowed; however, matrix elements which are multiplied by the 
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. coefficient E;, (= a Z/2R, electron's Coulomb energy at the nuclear surface) 

dominate in these transitions, with the result that the relativistic and 

B.. (tensor rank two) terms are suppressed and observable quantities 
lJ 

have allowed behavior. Thus only the ratio of tensor rank zero and rank 

one terms can be determined. - + In 3 ~2 transitions only the rank one and 

two matrix elements are allowed, and often the B .. term seems to dominate 
lJ 

(because of nuclear-state selection rules), so again, measurement of the 

other matrix elements is precluded. 
- + In 1 ~ 2 transitions the same matrix 

elements are allowed and here no particular terms predominate in some cases. 

These transitions may be studied by 6 -Y angular correlations, S po1ari zation 

and spectrum shape measurements, or by S-'nuclear angular distribution 

measurements using polarized nuclei. 
- + 

The 1 ~o transitions are even 

simpler, lacking the B .. matrix elements. They carmot, however, be studied 
lJ 

by S-y 
+ correlation techniques when the 0 state is the ground state in 

the daughter nucleus, as is often the case. In the second part of this 

thesis, measurements of S- nuclear angular distributions using polarized 

nuclei are described for the d~cays of 186 Re, 188 Re,and 19 ~Ir. All these 

nuclei exhibit transitions of both the last two types mentioned above--

- + + 
1 ~ 2 and 1-~ 0 --and the first two have been studied previously by 

7,43-50 

several workers by all of the above methods. It is hoped that the present 

work will complement and perhaps improve upon the earlier results. As for 

51 19 4 Ir, its decay has been studied only by spectrum shape measurements and •· 

52 s -y angular correlations, and the present work will provide new infor-

mation on this decay. 

\ j 'II. 
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Nuclear Orientation 

As the name implies, nuclear orientation is a means of determining 

the direction of a nucleus or assembly of nuclei, as defined by the 

nuclear spin 1, relative to some axis fixed in space. (Equivalently, one 

may select nuclei having a particular value of the magnetic quantum num

ber MI.) An assembly of oriented nuclei may be used to measure the direc

tional correlation between the nucleus and an emitted radiation; or, con

versely, one may use the angular distribution of the radiation and know

ledge of the directional correlation to measure the degree of nuclear 

orientation and thereby gaiD information about the nuclear environment 

which produced orientation. The technique is.thus useful in solid state 

physics and chemistry as well as in nuclear physics, although in the 

present work only the latter application is employed. 

A number of techniques for achieving nuclear orientation have been 

developed in the past 20 years. In general these techniques fall into 

two classes: dynamic (steady-state) and static (equilibrium). In the 

former ·methods, energy is continuously fed into an assembly of atoms in 

order to maintain a non-equilibrium distribution of magnetic substate 

populations, as in optical and microwave pumping techniques, while the 

nuclei become orient~d via the hyperfine interaction. Static methods, 

which were employed in the work to be described below, make use of low 

temperatures to produce thermal equilibrium population differences among 

nuclear magnetic substates. 

Two types of nuclear orientation may be distinguished: alignment, 

in which the nuclei are arranged symmetrically with respect to a. quanti-
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zaticm axis (i.e. the substates denoted by +MI and -MI have equal popu-

lations); and polarization, in which an asymmetric distribution of popu-

lations is obtained. In order to produce energy splittings between the 

substates, a nuclear moment must interact with a field or charge distri-

bution. Since the nuclear moments are rather small in magnitude, the 

. -18 
energy splittings are typically of order 10 ergs, corresponding to 

. -2 
about 10 °K., and thus the temperatures required to produce substantial 

population differences between the substates are very low. In practice 
I 

only the magnetic dipole and electric quadrupole moments are large enough 

to be of use. (The electric monopole [charge Z] is symmetrical with 

-+ 
respect to I and is therefore unable to produce energy splittings between 

MI sub states. )Magnetic fields of sufficient strength may be applied di

rectly to the sample from an external magnet or may be hyperfine fields 

in paramagnetic or ferromagnetic crystals or in ferromagnetic host 

lattices or lattices in which a localized moment is present on the atoms 

of interest. For quadrupole alignment the electric field gradients in 

certain crystalline solids are employed. 

In addition to the static and dynamic methods for producing nuclear 

orientation, techniques for selecting nuclei in particular substates such 

as angular correlation ofsuccessive nuclear radiations and Mtlssbauer 

effect are available and may yield similar information. Nuclear orienta-

tion may also be obtained as a result of a n~clear reaction or scattering 

process. 

Production of low temperatures remains a major obstacle to the use 

of thermal equilibrium nuclear orientation. Recently several ingeneous 
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methods have been introduced, including 3He- 4 He dilution cooling, adia

batic compression of ~e (Pomeranchuk effect), and rotational cooling 

of anisotropic crystals. The oldest and probably still the mos.t generally 

applicable method, however, is adiabattc demagnetization of paramagnetic 

salts. Using this technique, one can cool a sample of ferromagnetic 

metal in contact with the paramagnetic salt to perhaps 4 mdeg. K. Since 

the nuclei of most atoms dissolved in a ferromagnetic lattice experience 

large hyperfine fields, nuclear orientation can be obtained with almost 

any nucleus having nonzero spin and moment. This is the so-called uni-

versal method of nuclear orientation and was first employed by Samoilov 

in 1959.8 

Basically, the work to be described below consists of the application 

of the universal method -- which yields nuclear polarization -- to ·the 

two aspects of weak interactions previously discussed. The first two 

chapters contain brief outlines of the theory of nuclear orientation 

and of weak interactions as applicable to the present experiments. Fol-

lowing this in chapters III and VI are descriptions of the apparatus 

used -- cryostats, radiation detectors, magnets, and so forth -- for the 

IB and CVC experiments, respectively. In chapters IV and VII are detailed 

descriptions of the two sets of experiments, respectively, including 

source preparations, assembly and cooling of the apparatus, thermometry, 

data collection·, and analysis of the data. Finally in chapters V and VIII 

are discussions of the conclusions drawn from the experiments and cri'"' 

tiques of the experimental methods. 
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CHAPTER I 

Nuclear Orientation Theory 

As mentioned in the Introduction, there are three requirements for \" 
nuclear orientation by the universal method: 

1) A nucleus with a sufficiently large_ magnetic dipole moment (ca. 

1 nm.). 

2) A reasonably large hyperfine field on the nucleus in the ferro-

magnetic host metal (ca. 100 koe.). 

3) Temperatures low enough that the thermal energy is the same or-

der as the magnetic interaction energy resulting from 1) and 2). 

The hyperfine field in ferromagnets is assumed to arise through a 
::·· 

hyperfine interaction of the form A( l~§ ) where I is the nuclear spin 

and § is an electronic spin vector. Since this is a contact interaction, 

the electrons producing.§ must have a finite probability density within 

the nucleus; i.e. they must be s (or possibly d) electrons. The spin 

polarization givimg rise to § may arise by direct interaction of s or d 

conduction electrons with the exchange field in the ferromagnetic host. 

(conduction electron polarization); or it may result from a secondary 

exchange between the core s electrons and polarized d electrons (cote 

polarization.) The former mechanism produces a hf field parallel to the 

exchange field, while the latter may give an antiparallel hf field. A 

recent tabulation9 shows hf fields of order 100 koe. for 45 elements in 

.common ferromagnetic metals and othersremain to be measured, so satis'-

fying condition 2) is not difficult .. 

Given conditions 1) and 2), a magnetic interaction energy of the 
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form E = - l!~f will· result. Spec:ifically, the nuclear level with 

spin I will split into 2I+l magnetic substates labeled by the magnetic· 

quantum number MI and having interaction energies EM = -JJnf3n~fMI/I 

where Jd is the magne_tic moment of the level in nuclear magnetons, and Sn 

is the nuclear magneton. We assume thermal equilibrium between the 

nuclei and the host lattice. (This requires that the nuclear spin-lattice 

relaxation rate a:l/T 
1 

is large compared to the rate cif change of the 

lattice temperature. Typical values 
1 ~f 1/T are of the order of 10-1 sec - 1 

. . 1 

while sample temperatures change at rates of - 1 mdeg. /hr., so equi1ibr1um 

is a good assumption.) In thermal equilibrium, the relative populations 

of the magnetic substates are given by a Boltzmann distribution: 

Eq. 1 a: exp [- EM/kT] 

I exp [ -EikT] 
M 

-I< M <I 

where aM is the population of state M and k is the Boltzmann constant. 

For nuclear orientation, ~ must be a strong function of M, so that 

(3 = EM/kT should be of order 1; This is condition 3); 

Assuming the above three conditions .are satisfied, one requires a 

description of the nuclear orientation in terms of a variable which can 

be observed in the laboratory. The observable usually employed is the 

angular distribution of a nuclear radiation relative to an axis fixed in 

the laboratory. (If ·a hamiltonian of the form A(l·~) is obeyed, the 

nuclear orfentation has axial symmetry around the direction defined by 

§, so a>.single quantization axis suffices to define the distribution.) 
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The problem may be divided into three parts: the description of the 

directional correlation between the nucleus l and the quantization axis 

.0 description of the correlation between the radiation propagation 

vector J and the nuclear axis I_; and geometrical considerations· relating ~-

the radiation detector placement to k. These correlations·,;have been 
I 
I 
worked out in detail by several authors11 ' 12 and the derivations wi 11 

not be repeated here. The resulting correlation function W ( 8), giving 

the relative radiation intensity to be observed by a detector at angle 

e to the z axis' has the following form: 

Eq. ·. 2. w c e) = 

2! 
Here the index k runs from 1 to min.{ 2Z0 } where 10 is the smallest 

nuclear spin preceeding the observed transition and L is the angular 

momentum of the radiation observed~ the Bk are spherical tensors of rank 

k (diagonal components only for axial symmetry) which describe the l - z 

correlation (they are functions of )ln' Hhf' and T); the Uk are reorien

tation parameters which modify the Bk to allow for reorientation effects 

during nuclear transitions preceeding the observed one; the bk and Fk 

are angular momentum coefficients giving the correlation between 1s and 1 

(the bk are all 1 for gamma radiation but usually differ from 1 for par

ticles.); and the Qk and Pk are geometrical factors, Qk giving the correc

tion for the fact that usable radiation detectors sub tend a finite solid 

angle around 8, and Pk being Legendre polynomials of rank k (spherical 

harmonics Y~ in the general case of non-axial symmetry.) If the observed 
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radiation arises from a parity conserving interaction (strong or EM inter-

action) only the even values of k appear in the sum. No correction for 

change in nuclear orientation duringthe lifetime of the intermediate 

state, if any, was included here, since the intermediate state lifetimes 

-3 . 
are usually less than 10 sec. and therefore much shorter than nuclear 

spin-lattice relaxation times in ferromagnetic metals. 

The functions Bk have been tabulated as functions of I and B = EM/kT~ 1 

The Uk's are just Racah coefficients with a special normalization. 11 The 

Fk's are tabulated functions of Ii,If, and L, and the bk's have been 

given by various authors for particular cases. 12 The Qk's are tabulated 

for on-axis scintillation counters 13 and may be calculated for.other cases~ 4 

Thus if the hf field, nuclear moment, temperature, decay scheme, and 

particle. parameters bk are fixed, the correlation function W(8) is com

ph1tely determined; measurement of W(8) allows investigation of one or 

more of these items if some of the others are known. 

'1. ,11 

'.(. 
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Weak Interaction Theory 

The h~iltonian ener.gy density for the electromagnetic interaction 

may be represented in four-vectornotation as 

h 
y 

= \'_ j ~A /c 
L a: a 
a 

a = 1,4 

where J. 
a 

is the charge-current density given by Wy ~. y being the four a a · 
* Dirac matrices; and A is the four-vector potential of the electromagnetic . a 

' 15 
field. The weak interaction can be analogously described by 

Eq. 3 t h = G I J ·J 
8 l2.a. a a 

a = 1,4 

where· G is the weak interaction constant and J is the weak four-vector a 
** current. The current J is the sum of terms a 

~0 ~ which are of four 
a 

types: the electron-neutrino current, the muon-neutrino current, the 

baryon-baryon strangeness conserving current, and the baryon-baryon 

strangeness changing current. Thus h~.has sixteen terms. The diagonal 

terms are self-current processes such as electron-neutrino scattering 

and th~ nucleon-nucleon weak inter.action which is presumed to give rise 

to parity impurities in nuclear states. The· twelve cross terms describe 

processes such as muon decay, nuclear beta decay, nuclear muon capture, 

and va:rious strangeness-changing processes including kaon and lambda decays. 

There are actually on.ly six unique cross terms, since the others describe 

inverse p!'ocesses (e.g.riegatron decay vs. positron: decay). 
I 

Only nuclear beta decay is of interest here, and it will be consid-

ered in more detail. Nuclear beta.decay arises from the interaction of 

the nucleon-nucleon.curreilt with the electron-neutrino current ("lepton 

* See- Appendix II for definitions of Dirac matrices. 

** The universal current-current interaction was suggested by Feynman and 
Gell-Mann, 5 although it is similar in form to the original interaction 
given by Fermi.16 · . 

j,·, 

'•'. .. ,, i: :: -~ '' . ,_1. ·'. 
~. ; 

r ' 
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field"). The completely general beta~decay interaction may be represented 

as follows: 

Eq. 4 

+ G I 
12 i,j 

C 0 (\¥ 0~ 'l' ) • { Clf [ 0 0 D (I +y ) I 2] 'l' ) 
~ pJo ~ n 0 e 1 5 v 1 

J ""-
+ (~ [00 D1(I-y )/2]'l' )}o + b.c. 

e ~ s v J 

C!(\f O~'l' )•{(If [00 D1(I+y )/2]'l'-
~ po ~no e 1 . 5 v 

J J . ' 
. + (\fl [Oo D(I-y5 )/2]'l'-)} 0 +h. c. 

e ~ v J 

The subscript j runs over all the relevant nucleons in the nucleus. The 

current operators 0 have five possible forms, 'classified according to 

their transformation properties: scalar, pseudoscalar, vector, axial vector, 

and tensor. The subscript i runs over the five, S,P,V,A,T; the corres-

ponding operators have the forms OS = I, Op =·'y 
5

, OV = Ya, 0 A = yay 
5 

, 

The Co IS afe the form faCtOrS mentioned 
1 

in the introduction, which in the case of beta decay (small momentum 

transfer) reduce to constants. 

Fermions such as the electron and neutrino are represented by four-

tomponent spinors in the Dirac theory; two components correspond to spin 

parallel to velocity (positive helici ty or right-handedness) and two 

correspond to spin and velocity ani tparallel (negative helici ty). The 

operator,s a= (I+y
5
)/2 and a= ·(I-y

5
)/2 project out the left-handed 

and right-handed parts of the wavefunction, respectively. If the inter-

action were strictly parity-conserving, it could not distinguish "handed-

ness" and the ·coefficients D and D 1 in Eq. 4 would be equal, so the 

projection operators a and a would cancel each other and leave only a 

constant. In this case, both helicity states of the neutrino would enter 

equally into the decay. On the other hand, if the interaction were to 

exhibit .maximal parity violation, one of the coefficients D or D' would 
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be zero, so· that only one helicity state of the neutrino would occur. 

This is called .the two-component theory of the neutrino·. For a zero mass 

particle like the neutrino, the Dirac equation can be decoupled into two 

equations, each satisfied by a two component spinor having opposite heli

ct·ties. In the two- component theory of the neutrino, the two spinors 

correspond to neutrinos (left-handed) and to antineutrinos (right-handed). 

Experiments have shown that only left handed neutrinos occur in nature, 

so the c~oefficients D' in Eq. 4 are zero (and the D's can be absorbed 

into the C. 's.) 
1 

Experiments have also indicated that only antineutrinos are emitted 

in negatron decay, so the C! are all zero and the second line of Eq. 4 
1 

may be dropped. This is referred to as lepton conservation. Also, it 

may be shown that invariance with respect to time reversal requires the 

constants C. to be real; thus out of the original forty constants implicit 
1 

in Eq. 4, only five remain. Finally, experimental evidence indicates that 

* only the V and A interactions actually occur, and the beta interaction 

assumes the form: 

Eq. 5 hB = /2G ~ [iff Ya(CV- CAys)Ti\l'i]• [ife Ya(I+ys) \l'v]j 
J 

Here the neutron and proton wavefunctions have been replaced by a gener-

alized nucleon wavefunction which is changed from neutron to proton by 

the isospin ladder operator T+' and the commutation relations of the y 

matrices have been used to simplify the lepton term. Using the fact that 

the Dirac conjugate \l' = \l'ty 4 and the definitions of the operators a, y
5

, 

and a, gives: 

*A universal v- A interaction was suggested by several theorists. 5
'

17
'

18 
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rs · = rz (; I. { ':1' tf r cv c-~ , 1) + c A c ~ ,y 5 ) ]T ~ ':1' ) • J ~ 
J . 

Eq. 6 

where a is the relativistic velocity operator, ::: is the spin operator, and 

y 
5 

is the helici ty operator { y 
5 

= -a. Pi). The lepton current term has 

been abbreviated as J 
eJ 

Using this expression for the interaction, it should be possible to 

calculate physical quantities which can be measured, for example the decay 

rate dW/dt. Using the Golden Rule, 

Eq. 7 dW/dt = c2rr /n) P P I Jh.sl 2 

e v 

where p and p are the densities of final states.for the electron and . .. e v . 

neutrino. To simplify the calculation, several assumptions are usually 

made, resulting in a series of approximations: 

1) Allowed Approximation 

The lepton functions are expanded in powers of the radial variable 

r. In the allowed approxmmation, two assumptions are made: · s:Lnce the 

beta interaction is short range and since the nuclear radius R is small 

compared to the lepton wavelengths, only the zero-order term in the 

expansion in r (r = 0) is kept; and since the nucleon masses are large 

compared to their energies in beta decay, the relativistic nuclear terms 

(of order v/c) are neglected. In Eq. 6, the operators y
5 
and~ are rel-

ativistic; thus in the allowed approximation, Eq. 6 reduces to: 

I 
j 

and the integrals in Eq. 7 become 

The lepton part is constant and was factored out of the integrals, while 

the Wigner-Eckart theorem may be applied to simplify the angular parts. 
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The remaining radial integrals (reduced matrix elements) are usually 

denoted by CV J 1 and CA J~ (although a more general tensor notation 

is also available 1 ~, and are called the· Fermi and Gamow-Teller matrix 

elements, r~spectively. Both matrix elements vanish if the parities of 

'¥ f and '¥ i are opposite. The operator a is a tensor. of rank one and 

connects states with ~I= 1 or 0 (except 0+0). Here I= nuclear spin. 

A simple physical expaanation for the foregoing is as follows: in the 

allowed approximation, (r = 0) the leptons have zero orbital angular 

momentum (L = r x p) and thus can carry off only spin angular momentum. 

The electron and neutrino each has spin 1/2 and can couple at most to 

total angu.lar momentum = 1. In the Fermi coupling, their spins are anti-

parallel so they carry off zero angular momentum; in the G-T coupling they 

are parallel and carry off one unit of angular momentum. Fig. 2a shows 

a "finger physics" diagram for the case of G-T decay with If= Ii - 1. In 

allowed decays the beta spectrum shape is determined by the phase-space 

factors pe and pv in Eq. 7 (statistical shape). Corrections for the Coulomb 

attraction or repulsion of the nuclear charge for the + s-particles are 

made by multiplying by the Fermi function F(Z,E). 

2) First Forbidden Approximation 

In this approximation, the terms of order r in the expansion of the 

lepton functions are kept, as are the nucleon relativistic terms. Six 

matrix elements are obtained: CV f:. cvf ~· cAfy 5 , cAf~·E· C~ ~x:, 

and cAJ (cr.r. + cr.r. - 2/3cr·r) 
.. l J J l 

= cAJ B ... The third and fourth matrix 
lJ 

elements contain tensor operators of rank zero and connect states of 

~I(~~) = 0-; the first, second, and fifth contain operators of rank one 

1: 



)' 
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and connect states with ~ I(MO= 1 or 0-(no 0-+0); and the sixth matrix 

element has> a tensor operator of rank two and connects states having 

~I(~'J)= 2: 1-(no 1+4l), and 0-(no 1/2+1/2 or 0+0). A decay of the type 

~I ~TI) = 2- .thus has only the f Bij term and is called unique forbidden. 

In general, nth ,forbidden decays contain matrix elements of the types 

f Y rn r{1 } and f Y 1rn-l {y s} where Y is a spherical harmon~c of rank n .2 0 
n a n- a n 

Inner Bremsstrahlung 

The IB is a second-order process whose decay rate is given by 

Eq. 8 dW/dt = (2n/n)p p p lfhsl 2 lfh 1
2 

e v y y 

where h · is the electromagnetic interaction mentioned earlier. A diagram 
y 

for the process is shown in Fig. 1. Since the EM interaction is of order 

a = 1/137, IB emission is a much weaker process than beta decay. Shortly 

after the publication of the Fermi theory, several authors1 • 2 calculated 

the IB intensity, spectrum shape, and electron-photon directional corre-

lation for IB accompanying negatron decay. Somewhat later a similar 

calculation was made forK-electron capture IB. 3 In the electron capture 

radiative decay, the decay energy is shared between only two particles, 

the neutrino and the photon; thus this case is equivalent to nonradiative 

positron emission (with the positrons replaced by photons and thus having 

zero mass). The IB spectrum then has the statistical shape (from allowed 

K captures) with no Fermi function correction necessary. In allowed 

particle emission decays:, the particles only have maximum polarization 

and directional asymmetry in the extreme relativistic limit (v/c ~ 1), 

i.e. at high energies. In IB accompanying K capture, however, the photons 

are totally relativistic at all energies and so their polarization and 

II :i 
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Z-1 

z 

e 

XBL 682-163 
Fig. 1 Diagram for radiative K capture. The s electron e emits a 
photon and enters an intermediate virtual state e', from which it 
is captured by the nucleus at the weak vertex. 
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asymmetry are, to first order, independent of photon energy. The angular 

distribution of IB photons is given by the usual correlation function 

W (9) = 1 + A
1 
G

1 
(T) P 1 (cos 9). The function G1 describes the degree of 

nuclear polarization and is related to the B1 of Chap. I by a normaliz

ation factor; the series is terminated at k = 1 because the IB asymmetry 

I 
is like that of a positron, which carr'ies 1/2 unit of angular momentum in 

an allowed decay and ·therefore has k = 1. The asymmetry parameter A1 max 

for the simple case of allowed G-T decay with If = Ii - 1 may be deter-

mined by momentum conservation considerations as shown in Fig. 2b. For 

other spin sequences or for mixed Fermi and Gamow-Teller transitions, A1 

is given by the usual forms for positrons: If= Ii + 1, A1 = -I/Cii+l); 

If = Ii, A]_ = 1/(I+l) (pure G-T) arid a more complex expression involving 

CA/CV for mixed transitions. 21
•

22 For pure Fermi decays, A1 ::: 0. 

The above remarks apply to K_capture IB; other orbital electrons may 

also be captured. Capture of 2s electrons leads to results similar to 

Is capture. Capture of p electrons, however, leads to isotropic and un

polarized IB.23 2p capture may be considered to be a two step process 

producing IB which is essentially virtual X-radiation. (See diagram in 

Fig. 3). The branching ratio for radiative decay (W ) has IB decay 

(Wtot. K capt.) 

the form 3
>

23 a/1T(mc 2 } 2f~o k(l-k/Eo) Rls dk ~a /12rr(Eo/mc2
)

2
• Rls is a 

relativistic correction which was neglected in the second expression; Eo 

is the endpoint energy. It can be seen that IB is strongly favored by 

large endpoint energies. However, if Eo.? 2mc 2
, positron emission is also 

allowed, and this interferes with the observation of IB by giving rise to 
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Fig. 2a. Allowed negatron decay for If= Ii -1. The spins of the e and 

the v mus.t be parallel to each other and to the nuclear spins to conserve 

angular momentum. The antineutrino is right handed and therefore emerges 

parallel to I; the negatron must emerge in the opposite direction since 

it is left handed. 

Fig. 2b. A similar case for radiative K capture. Capture of the inter

mediate virtual negatron is equivalent to emission of a positron ,so the 

negatronmust be in a positive helicity state (as is an emitted positron). 

Since its spin must be antiparallel to the initial nuclear spin, its 

momentum p must also be antiparallel and the photon must be emitted 

parallel to the nuclear spin to conserve linear momentum. Thus A1 = +1 

(maximum asymmetry, parallel emission). 

'I' I 

..,, 

·"· 
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(a) · f3 decay I~ I- 1 

Io 

( b} Radiative electron capture r-.. I -1 

Io lt 

XBL683 -2164 

Fig. 2 
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Fig. 3. Radiative 2p electron capture. 3a.: A p electron emits a photon 

and enters a virtual state, from which it is captured. 3b.: A ls 

electron is captured, leaving a ls hole, while a p electron emits a photon 

and enters a virtual state from which it occupies the hole. No condition 

on the helicity of the p electron exists, so the photon may be emitted in 

any direction. 

r 

~I 
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external bremsstrahlung (EB). Thus an ideal case from an observational 

point of view is a decay with Eo large but less than 1 Mev. 

Conserved Vector Current 

As explained in the introduction, CVC extends the analogy between the 

weak interaction and the electromagnetic interaction. The electromagnetic 

current has two parts, the isovector and the isoscalar parts. In the 

general case of arbitrary momentum transfer, the isovector nucleonic EM 

current is 

Eq. 9 
z - . . 

J = 'l''[(FV(q2 )y -iMV(q2 )o 0 q")T] 'l' a a · af.>"jj z 

where FV and MV are form factors which are functions of the momentum transfer 

q. Because of charge conservation, FV(O) = canst., i.e. FV ls unrenor

malized by the strong interaction. The second term on the right hand 

side of Eq. 9 produces the anomalous magnetic moments of the proton and 

the neutron. Similarly, the general weak vector nucleonic current may be 

written 

Eq. 10 

which is similar to J
2 except for the last term. This term corresponds a 

to one which would appear in J
2 except for conservation of the EM current a 

(div.J2 
= 0), which requires it to be identically zero. If we assume that 

the weak vector current is likewise conserved, fn (q ) = 0 and the v 
currents J 2 

a 
+ 

and J- have the same form and contain the three components a 

of the isospin operator T. Thus they form an isovector triplet and we 

The f'v(q ) term is called the 

Weak magnetism term. The weak form factors have now been related to the 

EM form factors, which are well known. We have f'v(O)/fv(O) = (Jlp-Jln)/2M 

,.., 
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where lp and f-ln are the proton and neutron magnetic moments and M is the 

nucleon mass. 

As pointed out by Fujita 24 and Eichlef 5
, 

+ 
div. Jl is not exactly 

zero, due to the fact that the nuclear force is not precisely charge-

independent: the weak current is a "charged" current, containing the 

charge-changing operator T±; it cannot be strictly independent of the 

nuclear force because of the neutron-proton mass difference and the 

Coulomb term in the nuclear energy. The above authorscalculated the 

residual divergence of J±. 

In EM theory, the Siegert theorem26 can be used to obtain relationships 

between certain EM matrix elements involving currents and matrix elements 

involving only charge densities. The expansion of the lepton functions 

in beta decay theory and the resulting series of approximations (allowed, 

1~ forbidden, etc.) may be likened to the mul tipole expansion of EM 

transition matrix elements (allowed beta decays correspond to EO and Ml 

transitions). By extending the analogy between EM interactions and 

.vector beta interactions, one could use the Siegert theorem to derive 

relationships between various vector ("electric") beta matrix elements, 

e.g. between J~ (the "El"matrix element) and fE· This would reduce the 

number of parameters to be measured in determining nuclear matrix elements 

from beta-decay measurements, as pointed out in the introduction. The 

Siegert theorem cannot be applied directly, however, because of the non-

vanishing divergence of the weak vector current mentioned above. Fujita 

and Eichler used the calculated residual divergence to correct the Siegert-

theorem relationships for application to beta decays, and derived the 

following relationship: 
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Eq. 11 fa/i fr = :-[2.4aZ/2R + (Eo ~ 2.5)m] 
- - e 

here aZ/2R = ~ is the electron 1 s Coulomb energy at the nuclear surface 

(a= fine structure constant) and Eo is the decay energy, in mc
2 

units. 

This formula assumed a uniform spherical nuclear charge distribution and 

the Ahrens-Feenberg approximation. 2 7 It was later suggested by Damgaard 

and Winther 2 8 that the latter approximation is not sufficiently good to 

apply to cases ofinterest indiscriminately. It has also been pointed out 

that even if Eq. 11 were exact, its being fulfilled in actual decays is 

a necessary, but not a sufficient condition for establishing CVC, since 

the non-CVC theory could give approximately the same ratio~ 5 

Beta-Nuclear Angular Distributions from 1st Forbidden Decays 

In decays of the type 1- .+ 0+ or ·1- + 2+, the angular distribution of 

the beta particles emitted by polarized initial nuclei is as follows: 29 

Eq. 12 

The sum on. k terminates at k = 2 when I.= 1. 
1 

L and L1 have maximum values 

of 2 in 1st forbidden beta decays and must couple to k. The b 1 s are tab

ulated 2 o, 29 functions of the nuclear matrix elements and the lepton func-

tions and are the parameters to be determined. In general, one measures 

the b's and then calculates the lepton functions and assumes a set of 

nuclear matrix elements; from these a set of trial calculated b 1 s can be 

obtained, and the trial matrix elements adjusted as necessary to improve 

the fit to.the measured b's. When convergence is obtained, the matrix 
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element trial values used are the correct ones. More elaborate analyses 

may also be performed, using al~ available data and attempting to minimize 

the x2 for a trial set of matrix elements in the fit to the data. 

In the t; approximation, only the P0 and P1 terms remain in Eq. 12. 

· In the Bij approximation the P 3 term is large. 
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Inner Bremsstrahlung Experiments, Introduction 

Selection of an isotope suitable for measurements of the angular 

distribution of IB photons from, polarized nuclei poses several requirements: 

the parent state must be capable of being polarized to an appreciable 

de~gree by available methods; the half-life of the decay must be reason

ably long (>24 hrs.) to permit working with the source for the necessary 

time; and_ the IB spectrum must be observable without interference from 

other radiations. A number of isotopes meet these criteria. 

Some preliminary experiments were performed with 147 Pm, which can 

be polarized by inclusion in a paramagnetic crystal (e.g. cerium magnesium 

nitrate) by, the magnetic hf polarization method. This isotope decays by 

negatron emission, however, and the beta particles must be stopped in-an 

absorber, which then gives rise to EB which has about the same intensity 

as the IB. The IB spectrum was observed, and corrected for EB by using 

several absorbers of differing atomic number and extrapolating to zero · 

absorber Z, but it. was f~lt that this procedure was of uncertain value 

in the restricted geometry of a nuclear polarif:ation cryostat. 

The EB problem can be avoided by using nuclei which decay only by 

electron capture. Here the only possible interfering radiations are x-rays 

and gamma rays from the daughter nucleus. Considering only decay scheme, 

one finds a number of candidates, including 55 Fe, 71 Ge, 73 As, 119 Sb, 125 1, 

1 3 1 cs, 134 Ce, 166 Yb, and 179 Ta, all having pure allowed Gamow-Teller 

decays (57 Co should also be included in this group, although it has a 

~eak gamm9- ray just above the IB endpoint). There are two mixed F-G.T. 

decays, those of 37Ar and 49 V. Several forbidden decays also appear, 

notably those of 53Mn, 59 Ni, 91 Nb,and 93Mo. The last isotope decays by 

II· rll 
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a mixture of unique and second forbidden electron captures. In the fore-

going list, several isotopes are unsuitable for polarization by the 

"universal" method: Ar, Nb and I as well as the rare earths can be put 

into an iron lattice only by ion implantation or recoil techniques; ·and 

the magnetic dipole moment of 5 !Fe is probably too small. 

The first IB experiments with polarized nuclei were performed using 

a ~ 9 V:Fe source. No photon asymmetry was observed in these experiments. 

Since the ~ 9V decay is mixed F-G.T., it is quite possible that the asym-

metry is small or zero due to interference of the two multipolarities; 

in fact, a measurement of the asymmetry gives the mixing ratio. However, 

the ~ 9V results must be regarded as inconClusive and further work is 

necessary to establish its correct IB asymmetry. 

For an unambiguous test of the IB asymmetry theory, a pure G.-T. 

decay is desirable. Of those listed above, only the 119Sb was an isotope 

of an element which had previously been polarized by the universal method 

(exeept 57Co, which has interference from the gaiilma ray at 706.4 kev.). 

Since 119Sb has a reasonably large magnetic dipole moment and can be 

readilyplaced in an iron lattice by me.lting, and since its preparation 

is not too difficult, this isotope was chosen for further IB asymmetry 

experiments despite its relatively short half-life of 37 hrs. These 

experiments are·described in detail in the following pages. 

Nuclear Orientation Apparatus for 119Sb Experiments 

The cryostat used in the 119Sb polarization experiments (Fig. 4) 

30 was similar to the one described by Westenbarger. It employed two 

glass dewar vessels about four feet long, with constricted tails at the 

bottoms. During an experiment, the outer dewar was filled with liquid 
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Fig. 4. Schematic d,iagrarn of apparatus used to polarize 119 Sb nuclei. 
The dotted lines represent the magnet pole pieces. After demagneti~ation, 
the gamma counters occupied similar positions on the axis of the Nb ring. 
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nitrogen, while the inner dewar was filled with liquid helium pumped to 

a temperature of about 1° K. The dewar tails fitted into the pole gap 

of a 23 koe. iron yoke magnet, which could be rolled on rails up to the 

apparatus. The experimental chamber was a glass tube about 12" long and 

1-1/4" diameter, which was attached by means of a copper-glass housekeeper 

seal and a gutter seal to a stainless steel pumping tube; the latter was 

suspended in the center of the inner dewar from the top. Inside the 

experimental chamber was a brass support cage, from which the glass con

tainer holding the cooling salt slurry (potassium chromium sulfate or 

chrome alum= CA, in glycerin) was suspended by three .005" nylon mono

filaments. Above and below the cooling salt were pressed pills of 

manganous ammonium sulfate (MAS) which served as radiation guards and as 

cryopumps for residual exchange gas. Thermal contact to the sample was 

obtained with a set of twenty copper fins immersed in theCA slurry. At 

the top, the fins were soldered together and cut to form a horizontal arm 

to which the sample foils were soldered. Around this arm was a niobium 

flux-trapping ring which maintained a magnetic field of about 2 koe. on 

the sample foil after demagnetization. 30 Samples could be cooled to about 

14 mdeg. K. with this apparatus and warmup to 75 mdeg. required about an 

hour. Around the cooling salt and (empty) portion of the experimental 

chamber were two matched mutual inductance coils with primary and secon

dary windings, which were used in conjunction with a inutual inductance 

(ac) bridge to measure the magnetic susceptibility of the CA during a 

run. 
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Radiation Detectors 

the gamma radiation detectors used for the ·119 Sb experiments were 

3x3" Na(Tl)I crystals commercially mounted on photomultiplier tubes. 

The resolutions (FWHM at 662 kev.) were about 7% for each detector. 

Because of the need to reduce room background when counting the IB, the 

detectors were enclosed in 8" dia. lead shields; they were also magnetically 

'shielded with ~-metal and with soft iron tubes surrounding the entire 

photomultipliers artd the entire counter assemblies, respectively. Each 

counter and its attendant shielding (weighing 235 lbs.) was mounted on a 

small carriage which could be rolled along a track· attached to a counting 

table. the table ran on the same track as the magnet, and after a demag-

netization, the table was rolled up to a position below. the dewar tails 

and the two counters were brought together on each side of the dewar by 

means of a screw drive. The lead shields were notched to admit the dewar 

tails and when the counters were in the closed position the only opening 

in the shielding was the one through which the dewar tails emerged. 

The photomultiplier outputs were connected to charge-sensitive solid 

state preamplifiers, whose outputs were in turn fed to linear-amplifier 

pulse shapers and then to single-channel analyzers. The IB spectrum could 

be recorded directly on a multichannel analyzer while at the same time a 

gated portion of the spectrum was summed by a single-channel scalar through 

the SCA. In some of the experiments, an on-line PDP-7 computer equipped 

with analog-digital converters was used to analyze the spectra and store 

them on magnetic tape . 
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119 Sb Experimental Procedures 

A sample of 38 hr. 11 9sb was made by the sequence Sn(a.,3n) 119Te ~ 

119 Sb. 31 Natural tin foils of .005" thickness were irradiated with 55 Mev. 

alpha particles at the Berkeley 88" cyclotron, using integrated beam 

currents. of 75-100 11amp hrs.' A high degree of separation of the 119Sb from 

gamma-emitting impurities was necessary, because of the low intensity of 

the IB spectrum. The following scheme proved satisfactory: 

The target foil was dissolved in cone. HN03 + HF. The solution was 

evaporated and small amounts of Sb and Te (5-10 mg.) natural carriers 

were added. The residue was dissolved in HBr and evaporated two times to 

· vaporize Sb impurities resulting from a, d reactions and target impurities; 

it was then dissolved in HCl and made up to 50 ml. volume and 4 M. HCl. 

The solution was heated to near the boiling point and saturated with S02 

gas for five minutes, causing precipitation of metallic Te. The precipitate 

was centrifuged down, washed with hot water and re-centrifuged, and then 

dissolved in a minimum of cone. HN03 . This solution was diluted with HCl 

and boiled to remove nitrate, and the Te precipitation was repeated. In 

all, the precipitation was done five times; after the third time, a few 

mg. of Fe carrier were added to the HCl solution, and then precipitated 

by addition of NH 40H. The Fe(OH) 3 precipitate scavenges impurities while 

leaving the Te in solution. After the final Te precipitation the precip-

itate was dissolved in HNO 3 as before, diluted with HCl and concentrated, 

and then stored for 4-1/2 days to allow the 119 Sb daughter to grow. (The 

only potential contaminant is the 5 hr. 118Sb isomer; however, the 118Te 

decay feeds only the 3.5 min. ground state of 118Sb, which rapidly decays 
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away. The other Te isotopes produced in the reaction all give stable 

iodine isotopes or very short-lived antimony isotopes.) 

After the 11 ~b had reached its maximum concentration (about 20% of 

the original 119 Te), a second set of purifications had to be performed to 
I 

separate the Sb from its Te parent. To the solution resulting from the 

* initial separation was added a small amount (about 50 11 g. ) of Sb carrier. 

The solution was then heated and saturated with S~ as before to precipi-

tate Te. After removal of the precipitate the SO 2 was driven off by 

heating,. 5 more mg. of Te carrier were added, and the precipitation was 

repeated. After each precipitation the solution was filtered through a 

freshly cleaned fine sintered glass funnel to remove all traces of the 

precipitate. The procedure was repeated about six times, with checking 

for purity by gamma counting each time after the fourth precipitation. 

When the desired purity was reached, the solution was concentrated to a 

small volume and diluted with water to make it about 2 M. in HCl; a piece 

of .001" thick x 5 mm square 99.99% Fe foil was then stirred in the 

solution for about. 1/2 hr. Because of the difference in electrode paten-

tials between Fe and Sb~ the Sb is reduced at the surface of the iron and 

plates onto the foil. When the plating was complete, the foil was folded 

into a small square and wrapped in a second piece of iron foil, and then 

melted by being lowered in an Ar-filled quartz tube into a resistance 

furnace preheated to 1600° C. After about two minutes (long heating times 

resulted .in loss of Sb by vaporization) the sample was withdrawn, cooled, 

and pounded with an electromechanical hammer to a thickness of .002". 

* Carrier-free separations, including carrying the Sb on precipitated 
Sn and then separating the Sb and Sn by electrodeposition, and solvent 
extraction of SbBr 5 , were tried, but gave insufficient purification. 
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The sources were then annealed at 900° C. in quartz bulbs containing 1/4 

atm. of Ar for 2-3 hrs. and cooled slowly over a 3 hr. period. Counting 

of pieces of the foils showed no inhomogeneities in activity; Sb concent-

rations were about 0.5 at.% . 

Spectrum and Background Corrections 

The decay scheme of 119Sb is shown in Fig. 5. As can be seen, there 

are no interfering radiations in the IB spectrum except for the 23.8 kev. 

gamma ray and the Sn x-rays. 

The energy response of the gamma ray detectors was measured in the 

experimental geometry by using several monoenergetic gamma sources with 

energies from 60 kev. to 662 kev. The pulse height spectra obtained were 

approximated analytically by three gaussian and two fermi functionswhich 

represented the photopeak, iodine x-ray escape peak, backscatter peak, 

and Compton distributions. The spectrum data were then interpolated by 

a computer program to calculate the response matrix R (defined so that 

R .. is the probability that a gamma photon in energy interval j will pro
lJ 

duce a count in pulse-height channel i). If an arbitrary gamma-ray spec-

trum is then represented by a vector I. with components giving the intensity 
J 

in energy interval· j, the vector H. = I R .. • I. gives the pulse height 
l j lJ J 

spectrum in channel numbers i. The matrix R can be inverted to allow the 

computation of true gamma-ray spectra from observed pulse-height spectra. 

In the present case, R was used to convert the known IB spectrum of 119Sb 31 

to a pulse-height spectrum corresponding to the detectors and geometry 

used in these experiments; the resulting spectrum is compared with the 

observed one in Fig. 6. Since the agreement is reasonably good, no back-

ground corrections were initially made to the data. 
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Thermometry 

A comparison with theory requires that the IB asymmetry be measured 

as a function of the degree of nuclear polarization, whichin turn is a 

function of the temperature of the source. Two methods were employed for 

de;termining the source temperature: internal and external· radioactive 

thermometry. In the internal method, a small amount of 6 °Co was diffused 

into the 119Sb: Fe alloy during the annealing step. Since the hyperfine 

parameters and decay scheme of 6 °Co are well known, a measurement of the 

gamma ray anisotropy from a source of oriented 6 °Co nuclei allows deter

mination of the temperature to the statistical accuracy of the counting. 

Unfortunately, the Compton distribution from the high energy 6 °Co _gamma 

rays underlies the IB spectrum from 11 ~b, requiring a correction for a 

temperature-dependent background in the IB asymmetry data. This could be 

done precisely if the exact ratio of IB to background and the anisotropy 

of the background were known; the former can be obtained from the known 

response of the detectors and the latter can be measured in a separate 

experiment using a pure 6 °Co:Fe source. However, the accuracy of the IB 

asymmetry measurements suffers from the propagation of errors in such a 

procedure. Thus the relative intensity of the 6 °Co must be kept low, 

which makes the thermometry statistics poor. 

To circumvent this difficulty, the external thermometry method was 

used: a source of 6 °Co:Fe was soldered to the heat link and the apparatus 

cooled as usual. A correlation was measured between the actual sample 

temperature determined from the 6 °Co gamma ray anisotropy and the "magnetic 

temperature'_'_ of the CA slurry as determined from the susceptibility. 
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Subsequently the 11 !Sb: Fe alloy was soldered to the fin system, replacing 

the 6 °Co alloy, and the cooling was repeated. Measurement of the magnetic 

temperature then allowed determination of the true sample temperature. 

The consistency of the results and their agreement with the internal 

thermometry runs gives confidence in the usefulness of the method. (It 

should be noted that the temperatures reached in these experiments were 

not extremely low, so that small variations in the condition of the heat 

link, the solder joint to the source, radioactive heating, etc. should 

not have had too large an effect on the temperature. The initial temp

erature and warmup rates seemed to be determined by the external heat 

leaks, which presumably were constant throughout the experiments.) 

In all, four alloys were cooled and the IB asymmetry determined. 

Consistent results were obtained in all cases. The combine.d data ~n the 

energy range from 125-500 kev., fitted to the function W(9) = 1 +G 1Q1A1P1 

(See Chap. II) are shown in Fig. 7. 

Data Analysis and Scattering Corrections 

The theoretical value of the asymmetry parameter A1 was shown in 

Chap. II to be +1.0. The value of A1 obtained from the data in Fig. 7 

is +0. 506 :t 026. Several considerations may explain the discrepancy. 

First, no correction has been made t.o the data in Fig. 7 for the p~capture 

part of the IB spectrum, which underlies the s-capture part at low energies. 

(The Fig. 7 data were corrected only for decay·· during experiments, solid 

angle of the detectors, and background where applicable.) As pointed out 

in Chap. II, the p-capture IB is expected to be isotropic. The ratio of 

p- to s-capture IB measured in Ref. 31 (and in good agreement with the 
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calculation of Ref. 23) was used to correct the expected asymmetry at 

low energies. Some of the data plotted as asymmetry vs. energy at a 

constant temperature are shown in Fig. 8. The upper dashed curve shows 

the theoretical asymmetry corrected for the p-capture part of the spectrum. 

As can be seen, the experimental values still deviate from theory, 

especially at low energies. This suggests a second consideration., corrections 

for scattering. 

The lB photons emitted by the source were scattered by the source 

foil, the heat link, the flux-trapping ring, the apparatus walls and the 

detector shielding. However, the source foil was rather thin, the apparatus 

walls were glass and therefore did not contribute heavily to scattering, 

and the shielding was outside the detectors and thus contributed mostly 

backscatter, which falls at energies below 125 kev. for the most part .. 

This leaves the heat link and the flux-trapping ring. The heat link was 

asymmetric in shape and thus should give an asymmetric scattering pattern 

which would cause.the observed asymmetry of the IB to deviate in one 

direction in the e = 0 counter and in the other direction in :the e = 'IT 

counter. From Fig. 7 it may be seen that no such effect is present but

side statistics. Thus it may be concluded that the flux-trapping ring was 

the principal cause of any scattering which occurred. This is not sur

prising since it was fairly thick and subtended a large solid angle around 

the source. Accordingly, calculation of the amount of scattering to be 

expected from the flux-trapping ring and the consequent effect on the 

observed IB asymmetry was undertaken. 

The geometry of source, ring, and detectors was well known. The 
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calculation assumed Klein-Nishina scattering. 32 A computer program was 

written to calculate the probability that a photon emitted at energy E 

and angle 9 to the quantization axis, and thus having asymmetry prop

ortional to cos 9, would be scattered into a detector and be observed as 

a count in channel i. The scattering probability was multiplied by the 

spectrum shape S(E) from Ref. 31, corrected for, the response of the 

detectors used in these experiments. The result was an attenuation factor 

as a function of channel number i to be multiplied by the expected 

asymmetry parameter A1 . The middle dashed curve in Fig. 8 includes this 

attenuation as well as the p-capture attenuation. As expected, scattering 

is more important at low energies, . since the scattering cross section is 

larger at low energies and since radiation from higher energies is scat

tered to low energies. Final interpretation of the data shown in Fig. 8 

is discussed irt Chap. V. 
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Interpretation and Summary of 119 Sh IB Experiments 

After corrections for p-capture IB and for scattering have been 

applied, the asymmetry data still deviate from the theoretical curve, 

especially at intermediate and low energies. Several possible explan-

ations for this may be advanced: 

1] The thermometry might have'been inaccurate or the alloy prep-

aration might have given the wrong internal field. This would not explain 

the energy dependence of the asymmetry. Furthermore, the consistency of 

the results among four different alloys with Sb concentrations varying 

by a factor of five argues strongly against bad alloys (which would give 

incorrect and variable hyperfine fields). The hf field for Sb in Fe has 
3 3- 3 5 

been measured in several laboratories with consistent results. 'The 

nuClear dipole moment of 119Sb has also been measured with good accuracy. 36 

Finally, the fit of the data to a temperature-dependence curve of the 

correct form indicates that the temperature scale is accurate to within 

experimental statistics. (Fig. 7) 

2] Scattering corrections might have been greater than those 

allowed for. This is possible, since scattering in the heat link and 

apparatus walls was neglected. Most of the deviation from scattering 

would be expected to occur at rather low energies, however, as a comparison 

of the upper and middle dashed curves in Fig. 8 shows. As can be seen, 

the deviation of the asymmetry from theory is largest at intermediate 

energies where scattering should be small. However, if we assume that 

the attenuation due to scattering is about SO% greater than was calculated 

taking only the flux-trapping ring into consideration, we obtain the 

Jl 
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bottom dashed curve in Fig. 8, which is in good agreement with the three 

lowest-energy experimental points. 

3] Background corrections might have been significant. This 

hypothesis must invoke background radiation of intensity of the order of 

30% of the IB in the total range from 200~350 kev. Also the relatively 

good agreement of the observed spectrum shape with that obtained by 

pre~ious workers (Fig. 6) suggests that rio large background radiation is 

present within the source. There is some evidence of deviation near 

325 kev., which might explain the particularly low point at that energy 

in Fig. 8. If a sufficient isotropic background is subtracted from the 

intermediate energy region to give overall agree~ent with the bottom 

theoretical curve in Fig. 8 (triangular data points), the nevJ spectrum 

given by the triangular points in Fig. 6 results. This can be compared 

with the dashed spectrum in Fig. 6, which is the spectrum of Ref. 31 re

normalized to the new 150 and 175 kev. data points. The subtracted back

ground is shown below in Fig. 6. The agreement of the spectrum shapes in 

this case is not materially worse than in the uncorrected case; in fact, 

in the 300-400 kev. region it is improved. 1he subtracted background is 

about the right magnitude to be attributable to backscatter from the 1.4 

Mev. ~°K line which is always present in the room; the energy, however, 

seems too high since the 4 °K backscatter peak usually is centered around 

100 kev. (It might be pointed out that a temperature dependent background, 

i.e. a background gamma ray from an impurity source which was polarized 

along with the 119 Sb, could not be invoked to explain the deviation in 

Fig. 8, since such a gamma ray would show an anisotropy which was symmetric 
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backward and forward, due to parity conservation; this would enhance the 

IB asymmetry in one counter and attenuate it in the.other. The observed. 

deviation, in contrast, is an attenuation in both counters.) 

4] Gain shifts or other systematic effects might have been present 

in the counting system. This possibility can be ruled out on two grounds: 

first, such an effect should be largest at the high energy end of the 

spectrum whe~e the intensity is lowest--a slight shift there would make 

much more difference than in the 250 kev. region where the spectrum is 

flatter and gain shifts are relatively smaller. Second, the roles of the 

counters were reversed by magnetizing alternately in opposite directions. 

The data at 8 = 0 and 7T with the field in both directions agreed well, 

which implies that systematic counter effects were probably small, since 

they would not be expected to be identical in the two counters and thus 

would show up upon reversal of the roles of the counters. 

S] The actual energy dependence of the IB asymmetry might be larger 

than expected theoretically. Several authors 3 7
' 

3 e, 2 have pointed out 

that the K-capture I~ asymmetry should be energy independent. On the 

other hand, Martin and Glauber in Ref. 23 mention that the polarization 

(and hence the asymmetry). of K-capture IB is somewhat reduced by relativ

istic effects (the mixing of p(l/2) states into the s-state wavefunction) 

and that this effect is energy dependent. An evaluation of their formula 

for the case of 119 Sb shows that this reduction in polarization is of the 

order of 1% at energies above 75 kev. and becomes significant only at 

rather low energies (below 50 kev.). The present experiments do not 

include those energies (because of interference from the tail of the 
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24 kev. gamma ray of 119 Sn) and their sensitivity is not sufficient to 

detect the ca. 1% reduction of the asymmetry at higher energies. Thus it 

may be concluded that unless the theory is grossly in error (which seems 

unlikely ih view of its success in predicting: spectrum shapes and branching 

ratios), this explanation cannot account for theobserved deviations. 
;· 

In summary, it seems likely that a combination of 2] andl 3] is. resp-

onsible for the observed energy dependence ofA
1 

and for the reduction 

of the value of A1 ~elow the theoretical prediction in the int~gral-energy 

,measurements. If orily the four highest-energy points are used to calculate 

the value of A1, we obtain 39 

A
1 

+1.001±.093 

in agreement with the predicted value. 
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First Forbidden Beta Decay Experiments, Introduction 

In order to measure nuclear matrix elements in a first forbidden 

decay, one requires a nucleus for which neither the t;, approximation nor 

the B. . (unique) approximation holds. This may be determined by measure
lJ 

ment of the electron spectrum shape. - + - + In the 1 -+ 0 and 1 -+ 2 decays of 

170Tm, lBGRe,lBBRe, and 210 Bi, departures from the statistical shape 

(but not the unique shape) have been observed in the beta spectra. 40 - 44 

A number of experiments have been performed on the?e four isotopes with 

the intention of determining the nuclear matrix elements, both to test 

the eve theory and for the intrinsic interest of the matrix elements them-

selves. Experiments performed on the two Re nuclei include spectrum shape 

43 44b ' d"' . 1 1 . 45 46 b' measurements, ' eta-gamma 1rect1ona corre at1ons, ' eta-gamma 

circular polarization correlations, 47 and angular distributions from 

polarized initial nuclei. 4 8 
'
49 Electro~ polarization measurements have 

also been made. 50 

Another nucleus which exhibits decays of the 1- -+Q + and 1 
+ 

-+2 types 

and which has favorable properties for nuclear polarization is 19 4 Ir. 

These decays have not been as thoroughly studied as the Re decays, although 

spectrum shapes have been measured51 and beta-gamma angular correlations 

observed. 52 The statistical shape was found for both principal beta branches 

in Ref. 51, indicating that the E;, approximation holds for these decays. 

However, because of the well-known lack of sensitivity of shape measurements 

and the ~eneral lack of experimental work on this isotope, it seems that 

angular distribution measurements from polarized nuclei of 194Ir are 

justified. In the following chapters, experiments on the angular distri-



• 

51 

butions of beta particles from the decays of 18 ~e, 18 ~e and 19 ttrr 
' 

polarized in iron at low temperatures are described. 

Experimental Cryostat 

The cryostat used for the beta decay experiments was similar to one 

described by Barclay. 53 (See Fig. 9.) The outer liquid helium dewar was 

made from 10" dia. aluminum tubing, with a fibreglass inner wall and· 

mylar "superinsulation" between. No liquid nitrogen heat shield was used. 

The dewar held about 15 1. of liquid when filled and boiloff rates were 

approximately 1 1. /hr. A 46 koe. superconducting solenoid was suspended 

in the outer helium space. The 1° helium bath was made from thinwall 

stainless steel tubing, 4-1/2" O.D., and was insulated with a copper and 

stainless steel vacuum jacket. Using a 1200 1./min. Kinney booster pump, 

one could reduce the bath pressure to 50-60 microns Hg, or about 0.95° K. 

The experimental chamber was made from stainless steel tubing. A large 

(4" O.D.) section contained the cooling salt pills while the source and 

the beta particle detectors were in a 2" O.D. tail section. Around the 

source chamber was the polarizing magnet, a superconducting helmholtz pair 

with a coil constant of 200 oe./amp. and a maximum current of 25 amp. 

The polarizing magnet was in the 1° helium bath. The cooling salt pills 

consisted of two chrome alum slurries which cooled the heat shield, and 

a main ceriun1 magnesium nitrate(CMN) slurry for cooling the sample. (See 

Appendix III). A bundle of several .thousand #40 copper wires pott:d in 

epoxy formed the heat link from the source foil to the CMN slurry; at the 

upper end the wires were left free of epoxy and were mixed into the slurry, 

while at the lower end the bundle was soldered with Bi-Cd eutectic to a 
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small copper plate to which the wire source holder was attached. The 

volume of CMN slurry was 375 cc. with about 60% filling factor. The 

copper-to-slurry contact' area was approximately 1600 cm2 and the heat link 

was 9" long outside the slurry container. The entire assembly of heat 

link and CMN pi 11 was surrounded by a copper heat shield cooled by CA 

slurries, with only the source holder projecting out. The lowest temper~ 

atures obtained with this apparatus were about 4.2 mdeg. K., and typical 

warmup rates were - 1 mdeg./hr. 

Source Holder 

Since scattering of the beta particles in the source foil and source 

mount is a serious problem in these experiments, an effort was made to 

reduce the mass of both and to design them in such a way as to minimize. 

scattering of the particles into the detectors. The source foils were 

rolled to thicknesses of 2-3 microns, which was about -five times. thinner 

. 4 8 4 9 than those used by previous workers. • The sources were supported on 

two edges by #20 copper wires, which formed a support frame and thermal 

contact to the main heat link. In order to insure uniform heat distribution, 

the backs of the source foils were coated with 10 microns of copper by 

vapor deposition prior to attachment to the wire supports by Bi-Cd. solder. 

Finally, the activity was confined to a central rectangle of 3x3 mm (the 

source foils were 10x6 mm overall} so that the particles which were scat-
'· 

terea by the support system would have to be scattered at angles near 90° 

to reach the detectors, since backscatter cross sections are small at 

right angles to the incident electron's path. Fig. 10 shows a- full size 

view of the source and beta counters. 
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Radiation Detectors 

The gamma radiation detectors used in these experiments were similar 

to those described in Chap. III, except that the lead background shields 

were omitted. 

The beta particle detectors were believed to be of primary importance 

to the resul t.s of these experiments. Obtaining counters with ,good effic

iency, good energy resolution and linearity, and stabi 1i ty was thus to be 

desired not only for the immediate ends of the present work but also for 

general future use. Accordingly, considerable effort was expended in a 

counter development program, which was conducted with the cooperation and 

assistance ofthe LRL semiconductor development group. 

Particle detectors used in previous experiments on beta particles from 

polarized nuclei have been either scintillators (usually anthracene) 48 

or semiconductor surface barrier detectors. 7 
•
49 Anthracene scintillators 

have the disadvantage of requiring a light piper from the exterior of the · 

cryostat where the photomultiplier is located to the detector inside the 

experimental chamber. This introduces mechanical and vacuum problems, heat 

leaks, and poor resolution. ~ For these reasons anthracene scintillators 

were not considered for the present experiments. 

Surface barrier detectors have much better resolution and require 

only a single wire connection to the outside of the cryostat. They ar-e 

able to operate at temperatures down to 1° K., although their operation 

at such temperatures is not well understood and consequently unreliable. 

Basically, the detector consists of a block of silicon or germanium with 

electrodes (usually a deposited film of gold or aluminum) on the front and 
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back surfaces. A barrier layer exists between the front electrode.and 

the bulk material, either because of oxidation of the surface layers 

during construction of the detector, or because an impurity such as 

phosphorous was diffused into.the front of the block (diffused junction 

de,tector). The barrier has very high resistance (it may have the ·properties 

of a diode in which case it is reverse-biased) so that when a voltage is 

applied between the two electrodes, most of the voltage drop appears 

across the barrier layer, producing an intense electric field which sweeps 

charge carriers out of the region around the layer and creates a "depletion· 

zone". It is this zone which detects particles: when .. an ionizing, radia

tion enters the zone, it ioses energy by creating electron-hole pairs 

which are swept out rapidly by the field and produce pulses of current · 

at the electrodes. If the thickness of the depletion zone is equal to 

the average stopping range in the material for a particle of energy E, 

the detector is said to have a sensitive depth of E for particles of that 

type. The sensitive depth may be increased by increasing the applied 

bias voltage and thus the thickness of the depletion zone, until surface 

conduction or avalanche breakdown begins at some limiting bias vo1 tage. 

For heavy particles such as alpha particles or protons the stopping ranges 

are short and several-or-many-Mev. sensitive depths are obtainable, 

Electrons, ho\\1ever, have much longer stopping ranges (2.4 mm/Mev. in Si, 

1. 3 imn/M~v. in Ge) so that application of sufficiently high bias voltages 

to give even one Mev. sensitive depth is usually not possible. To be sure, 

particles of energies exceeding the sensitive depth are detected, 5 4
· but 

with reduced· efficiency and resolution and with a complex response function. 

.. 
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No experiments have been done at low temperatures with monoenergetic 

electron sources to determine the exact detection characteristics for 

particles exceeding the sensitive depth of the detector. 

. The effective thickness of the depletion zone can be increased by 

drifting lithium into the semiconducting material under the influence of 

an electric field. 55 The lithium ions move in such a way as to electrically 

compensate for the impurity charge carriers present in the material and 

allow the production of deep depletion zones by relatively small applied 

bias voltages. Trapping of the charge carriers produced by an ionizing 

radiation can occur, however, and when a thick depletion zone ,exists, it 

may become a serious problem. The trapping increases at low temperatures 

and causes a pratical low temperature limit to the operation of the 

detector; thus thick detectors and low temperature operation are in some 

measure incompatible goals. Furthermore, the drifted lithium in germanium 

is unstable at room temperature, and such detectors must be kept below 

-50° C. most of the time. Lithium drifted germanium detectors are also 

very sensitive to surface contamination and must be kept in high vacuum 

to avoid breakdown problems. Lithium drifted silicon detectors are not 

suitable for work of the present type for two reasons: because of the 

lower density of silicon, the detector would have to be much thicker to 

• have the same sensitive depth; and secondly, the practical low-temperature 

limit to Li-Si detector operation is rather high (~40° K.) compared to 

that for Li-Ge. ( <17° K.; see Ref. 57.) 

Numerous experiments were tried on both n- and p-type silicon and 
I 

germanium surface barrier detectors. In general, both types of silicon 
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gave usaqle detectors but only the n-type germanium could be used. All 

the detectors would detect particles at 1° K. and some had fairly good 

resolution for alpha particles. Germanium would in general support much 

smaller bias voltages (typically less than 10 v. compared to more than 

100 v. for silicon). However, none of the surface barrier detectors 

tested had very good resolution for 13 'ts conversion electrons (624 and 

656 kev.) and many detected only a broad hump for the 1 3 7Cs spectrum. 

Lithium drifted germanium detectors were also tried and found to give 

excellent resolution for all 207Bi conversion electrons, even out to 

1.68 Mev. The latter detectors would support over 600 v. bias if kept 

clean. However, they would not operate satisfactorily below about 16° K. 

Thus for operation in a cryostat they would require enclosure in a vacuum 

tight container in which they could be thermally isolated from the low-
1 

temperature components of the experiment. 

In spite of the niore difficult operation, it was felt that the 

advant<J.ges of-2.5 Mev. sensitive depth, 5 kev. resolution at 1 Mev., 

good energy linearity and long term stability were sufficient to justify 

the use of lithium drifted detectors .. A set of holders was constructed 

to meet the requirements outlined above . 

. Detector and Holder Construction 

The lithium drifted detectors used in these experiments (Fig. 11) 

+ 
were of the P I N type. A bloc:k of germanium cut from a single-crystal 

ingot with a diamond saw is polished and a lithium (N) electrode is 

diffused into one surface. Lithium is then drifted in an electric field 

to the opposite face of the block. .The lithium compensates the impurities 

j. 

• 
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in the germanium to give the equivalent of very pure semiconducting 

material (I). 
+ A gold (P ) electrode is vapor deposited on the front 

surface of the block. At this stage the detectors may be stored at dry 

ice temperature for months without apparent deterioration. The above 

steps were carried out by the LRL semiconductor development group. When 
I 

.the detectors are to be used, they are etched to remove surface impurities 

and dam~ged material as follows: a piece of plastic electrical tape is 

applied to the gold surface and pressed down carefully. The other end of 

the tape is attached to a plastic stirring rod which serves as a handle. 

The etch consists of 1 part . cone. HF, 1 part fuming HNO 3 , and 7 parts cone. 

HNO by weight and is used at room temperature. The detector is gently 
3 

agitated in the etch for 1-2 min. and then removed and quickly washed in 

high purity methanol. After several rinses in methanol, the detector is 

separated from the tape, given a final rinse, and dried in a stream of· 

N gas. It is then mounted immediately in the holder. After assembly 
2 

of the holder, detectors have been kept in an evacuated dessicator for 

up to one hour without requiring re-etching. 

The holder (Fig. 12) serves several purposes: as a support and elect-

rica! contact for the detector, as a vacuum chamber allowing the detector 

to be protected from surface contamination at all times, and as a thermal 

shield which allows the detector to be heated to its operating temperature 

without warming its surroundings. The outer housing was made of .025" 

sheet copper with silver soldered joints; over the detector it had a 6 mm i 
• i 

dia. hole which was covered with a 1 mg/cm2 thick sheet of altiminized 

mylar glued in place with Epon 826 epoxy. The removable end plate was of 

!!' 
! 

.. i 
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.065" thick brass and was silver soldered to the .020" stainless steel 

base sheet ... The end plate contained the kovar-ceramic feedthroughs which 

carried the electrical leads; these were soldered into the plate with 

Pb-Sn solder. The end plate was soldered into the housing with Wood's 

alloy for final closure of the assembly.· Attached to the base sheet were 

four .040" dia. stainless steel posts which served to anchor the .005" 

nylon monofilaments which supported the detector base itself. The base 

was of .040" copper and carried a heater (6' of #40 formvar insulated 

manganin wire wound in a coil and potted in epoxy, resistance 175 r2 ) and 

a copper sleeve into which the resistance thermometer was glued. The 

detector was held in place by a sheet of 1/64" thick fibreglass with a 

sheet of .002" gold foil on the underside, which made contact with the 

gold electrode on the detector surface. The cover sheet had a 6 mm dia. 

hole over the center of the detector and was held down by four 0-80 brass 

screws tapped into the base plate. Electrical leads to the detector, 

thermometer, heater, and ground were made of . 002" thick x . 020" wide 

niobium ribbon, spotwelded at the ends to short lengths of gold wire. 

The niobium was presumably superconducting during detector operation and 

thus minimized heat leaks from the detector base to the housing. The 

housing was evacuated through a 1/8" dia. thinwall stainless steel tube 

silver soldered into one end. Over the front of the holder was a 1.5 mm 

thick copper plate which had a 4 mm dia. circular collimator opening above 

the window in the holder. The collimator was soldered with low-melting 

In-Sn solder to the housing, and an extension made of .025" copper reached 

to the bottom of the experimental chamber where it was Ga-soldered to a 
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baseplate in contact with the 1° helium bath. Experiments with externally 

mounted resistance thermometers showed that the detector base could be 

heated to 20° without warming the housing to more than 1.2°. Heating 

rates were about 1.5 mw and thermal equilibrium was established in about 

5 min. The temperature of the detector base was then constant to ±0.2° 

over 12 hrs. or more as indicated by the detector thermometer, which was 

a 131 ~ 1/4 w. Allen-Bradley carbon res is tor. Power wa:s supplied to the 

detector heaters froml.35v. mercury batteries equipped with digital 

voltage dividers and standard resistors for monitoring the heater current. 

No increase in 1° helium bath operating pressure couldbe attributed to 

the detector he~ters. 

Particle Detector Leads and Electronics 

Since the system of detector and leads behaves towards the external 

circuit like a capacitor, the voltage of pulses produced by a particle 

of energy E is given by where cd is the 

detector capacitance, C is the stray capacitance in the leads and external 
X 

circuit, n is the charge collection efficiency for pairs of charge q, and 

E is the energy required to produce a charged pair in the material. 

Clearly in the interest of maximum pulse height one wishes to minimize 

C . In the present apparatus, the detector leads were .00211 dia. stain
x 

less steel wires st:reched down the central (1-1/2" dia.) pumping tube 

between two kovar-glass feedthroughs. Connections to the preamplifiers 

at the top were by means of BNC connectors. At the bottom, #50 copper 

wires sandwiched between two pieces of mylar tape were used to connect 

the detector holder leads to the lower ends of the stainless steel wires. 
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A transistor socket was used as a connector to allow disconnection of the 

leads from the detector holders. The total lead length was about 50" and 

the lead capacitance was 35 pf. 

The pulses from the detectors were preamplified by charge~sensitive 
, .. j 

FET preamplifiers operated at room temperature. Second stage amplification 

was by high-rate linear amplifiers. Output pulses from the gamma-detector 

preamplifiers were amplified by linear amplifier systems like the one 

described by Goulding and Landis; 56 Pulses from the two beta detectors 

and the two gamma detectors were fed into a four-input router which was 

connected to a Seipp 1600 channel analyzer. Each spectrum occupied 400 

channels. Counts were timed using the Seipp internal live timer,. and 

the data were recorded on magnetic·tape at the end of each count. The 

counts were 5 or 10 minutes long; 

Particle Det~ctor Response 

The response of the particle detectors to both beta particles and 

gamma rays was determined by using a 20 ~i calibration source. Since 

these detectors have a thick depletion zone, their efficiency for detecting 

gamma rays is relatively higher than that of surface barrier detectors, 

for example. The apparent efficiency for gamma rays is further increased 

by two factors: the collimators used for the beta particles are virtually 

transparent to gamma rays of > 500 kev. energy, so the effective counter 

area is larger for gamma rays; and also, a large fraction (ca. 30%) of the 

' incident beta particles is backscattered from the detector, which reduces 

the apparent efficiency for these particles. The net effect is that at 

1 Mev. energy, the apparent efficiency for gamma rays is about half that 
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for beta particles~ Most of the ga.IIlJ!la ray pulses occur in the Compton 

background, since the Compton cross section of germanium in the 1 Mev. 

region is much greater than the photoelectric and pair production cross 

sections. A typical 20~i spectrum is shown in Fig. 13. The expected 

and observed relative intensities of the conversion electron lines are 

shown in the table. The relatively high gamma ray detection efficiency 

is unimportant unless background gamma rays are present in the beta 

spectrum. This question is considered iri Chap. VII under Background 

Corrections. 

The pulse height and resolution of the detectors were measured as 

functions of applied bias voltage and temperature (See Fig. 14). At low 

temperatures the trapping of charged pairs by impurities (probably the 

Li and Ga dopants added to the germanium in the detector) becomes signifi

cant and the pulses produced become very long and low as a consequence. 

When' this occurs, the pulse height and resolution of the detector deterio

rate rapidly. Four of these detectors were tested, and all had critical 

temperatures near 16° K. with bias voltage in the range of 75-300 v. 

(corresponding to fields of 300-1200 v/cm). Above this temperature the 

pulse height and resolution were constant within a few percent (resolution 

of the whole system was 5 kev. at 1 Mev., corrected for scattering in the 

source foil and detector windows.). Below the critical temperature the 

pulse height and resolution became rather poor in spite of increased bias 

voltages up to 600 v. In general, the detector characteristics were 

approximately constant above about 75 v. bias, so they were usually oper

ated at 100-150 v. to minimize the possibility of breakdown, although they 
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Fig . .13. Spectrum of 207 Bi taken with axial beta counter at 16.5° K. 
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would actually support more than 600 v. 

Recent work at Chalk River57 has shown similar behavior for Li-Ge 

detectors counting gamma rays. Two diffe~ences exist between the present 

findings and those of Ref. 57: in Ref. 57, the detectors tested had much 

thicker P layers than those used in this work; and in Ref. 57, a consid

erable depender1ce of detector characteristics on bias voltage, up to fields 

of 3000 v/cm (corresponding to 750 v. applied bias for the detectors used 

in this work) was found. In fact; by applying voltages giving fields of 

this magnitude, the authors of Ref. 57.were able to operate their detectors 

successfully at temperatures down to 8° K. and suggest that even lower-

temperature operation may be possible. No such large dependence of charac-

teristics on bias voltage was found for the present detectors, although 

the experiments were not exhaustive. Clearly, operation at lower temper-

atures is desirable if possible for this type of work. 

r 
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CHAPTER VII 

Beta Decay: Experimental Procedures and Data Analysis 

Source Preparation 

69 

Fig. 15 shows the decay schemes of the three isotopes used in these 

, experiments. All three parent states may be prepared by neutron capture 

from the corresponding stable nuclei. Enriched samples of 1 8~ 5 Re, 
1

1 8 7 Re, 

and 193Ir were obtained as powdered metal from Oak Ridge. Their purities 

were as follows: 185 Re, 96.66% (+3.34% 187 Re); 187 Re, 99.22% (+0.78% 185 Re); 

193 Ir, 97.29% (+2.71% 191Ir). In each case a weighed amount of the 

isotope was placed in a small iron crucible which was then melted in H 2 

atmosphere in a quartz tube. The cooled ingots were hammered to· about 

30 microns thickness and annealed for two hours at 900° C. in ~, then 

rol~ed to a final thickness of about 2.5 microns (2 mg/c~) .. Two alloys 

of each of the Re isotopes were prepared, one each using 99.9% Armco iron 

(spectrographic analysis showed the principal impurities to be nickel and 

copper), and one each using 99.99% iron having as principal impurities 

Co, Si, Ni, and Sn. One alloy of the 19 3 Ir was prepared using the Armco 

iron. Pieces of each foil 10 x 6 mm were cut and sandwiched between 

pieces of .005" Cd foil having 3 x 3 mm square holes in the centers. The 

sandwiches were sealed in quartz bulbs with a partial atmosphere of H2 and 

were irradiated 1 hr. each in a flux of 2.5 x 10 14 thermal neutrons/sec-cm 2
• 

Because of the relatively small cross sections for neutron capture by iron 

isotopes and because 55 Fe decays by electron capture and thus has only 

low energy x-rays and weak IB, no problem of interference from activation 

of the iron arises. The major iron radiations are from 59 Fe, which emits 

gamma rays at 1.1 and 1.3 Mev. and beta particles below 500 kev. (except 
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for a very weak beta branch with 1.57 Mev. endpoint). This activity 

. 1 . f . h h 1 8 8R d 19 4 I h. h. presents no potent~a ~nter erence w~t t e e an r ~g energy 

beta branches which were observed in this work. TI1e iron gamma rays might 

give some background under the 1 86Re beta spectrum, but it would be very 

weak since the decay rate ratio ( 186Re/ 59Fe) was greater than 500:1 in 

all cases .. · This question is discus·sed later under Background Corrections. 

The purpose of the Cd foil sandwich during irradiation was to permit 

neutrons to enter the alloy foil only in the central 3 x 3 rnm spot. Thus 

no activity would be generated near the source foil mounting wires which 

were soldered to the edges of the foils. Because of neutron diffusion, 

a certain amount of activation occurred outside the central spot. After 

the foils were used for the nuclear polarization experiments, autoradio

graphs were made using x-ray film. These showed a well defined square of 

high intensity in the center of each foil, surrounded by an area of less 

activity, as·expected. Fig. 16 shows a profile of one of the autoradio-

graphs made with a microdensitometer (transverse and longitudinal sections). 

The relative activity of the central spot and the surrounding area can 

be determined from such a profile; this information was needed to calculate 

the solid angle corrections. 

After irradiation, the foils were removed from the quartz bulbs and 

the Cd foil sandwiches and were washed several times in dilute HF to 

remove surface oxidation and activity. They were then annealed at 900° C. 

for six-ten hours and cooled slowly over an eight hour period. Before 

mounting in the nuclear polarization apparatus, each foil was coated on 

one side with about 10 microns of copper by vapor deposition. The copper 
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layer was soldered at the edges to the support wires and helped to main

tain a uniform temperature over the source foil. (See Thermometry section.) 

Table I gives a summary of the details of source preparation. 

Table I: Source Preparation 

Solute Concentration Host Sources Produced 

1ssRe 0.165 at. % 99.9% Fe #1,2,3 

1s7Re 0.325 at. % 99.9% Fe #4,5 

193Ir 0.192 at. % 99.9% Fe #8 

1ssRe 0.50 at. % 99.99% Fe #6 

1s7Re 0. 77 at. % 99.99% Fe #7 

Treatment of Data and Corrections Applied 

A number of corrections may be applied to the raw electron angular 

distribution data before the desired angular distribution coefficients 

-are obtained. In this section, the analysis of the corrected data for 

these coefficients will be described. In the sections which follow, 

certain of the corrections will be discussed in more detail. 

The angular distribution of the electrons from a first forbidden 

beta decay is given by Eq. 12, Chapter II. The anisotropy, or relative 

counting rate as a function of angle theta between the detector and the 

Z-axis, is given as a series in Legendre polynomials of argument cos 8 
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and having coefficients given by the orientation parameters Bk and by sums 

of Racah coefficiynts and particle parameters b{~~,. It is the particle 

parameters which one desires to determine. Eq. 12 may be rewritten for 

.,. + . - + 
th'e cases of 1 + 0 and 1 + 2 decays which are of interest here: 

Eq. 13a 

Eq. 13b - W(l +2 ,9) = 1 + B P (cos9) { b(l) - 3/vS b(l) + lfrS b(l)} 
1 1 . 1,1 . 1,2 . 2,2 

2 [b (O) - /3/5 b(O)] 
1,1 . 2,2 

.+ B
2

P
2
(cos9) {b( 2)- 3b(2)+ 12T.b( 2)} 

1,1 1,2 2)2 

1 0 [b ( 0 ) - 1375 b ( 0) ] . 
1,1 2,2 

In the actual experiments the two transitions are mixed and cannot 

be separated except at energies higher than the 1-+2+ transition endpoints. 

Thus the measured correlation function will be a combination of Eqs. 13a 

- + and 13b and will contain the ratio r of the 1 + 2 branch intensity to the, 

- + 1+0 branch intensity.at a given energy. Then we have 

Eq. 14 

where ~(r) = ~(0) + r•Ak(2). 

[ 1 + r] 

= W(170,~) + r•W(l-+2,9) 

[1 + r] 

From Eq. 14 it can be seen that the angular distribution contains two terms 

which differ in angular dependence (Pk) and in temperature dependence (Bk). 

ii' 
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These terms can be separated so that a -measurement of W(8) at two angles 

or at several temperatures allows the determination of the two coefficients 

A1(r) and A
2

(r). Since r is a known function of energy the remaining 

problem-is that of extracting the particle parameters. A
1

(0) and A
2

(0) 

are functions of the same three particle parameters and therefore two 
I 

ratios can be determined by measuring these coefficients. A1(2) and A2(2) 

are functions of eight particle parameters. This is the case because the 

f - + matrix element B .. is allowed in the 1 '+2 transition and thus particle 
lJ 

parameters having a subindex 2 enter the expression; these particle para-

meters are all' functions of f B. . . As in Ref. 7, one may assume .that the 
lJ 

first-rank particle parameters hiki (k = 0,1,2) are identical for the 
' 

two decay branches: this is equivalent to assuming that the 2+ and 0+ 

levels in 186 0s, 1880s, and 19 '+Pt are similar in character for the purpose 

of determining nuclear matrix elements. 58 If this assumption is made, 

the total number of particle parameters is eight for both decay branches. 

Five of these involve L = 2, i.e. ,the JB . . term. 
lJ 

Clearly some additional 

information about the relative size of this matrix element is needed for 

a complete analysis of the angular distribution data. Fortunately the 

- + 
1 +2 transition is followed by a gamma ray in each case. One can deter-

mine the gamma ray anisotropy of these transitions concurrently with the 

beta particle measurements~ 9 The gamma ray correlation function is 

given by Eq. 2, Chap. I, which may be simplified to: 

Eq. 15 

where the s
2 

and P 
2 

are the same as in Eq. 14, F 
2 

is a known function of 

the decay scheme, and u
2 

is a function of spins and multipolarities of 
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levels and transitions preceeding the observed gamma ray in the decay 

scheme. In the present case only two multipolarities are possible in 

the preceeding beta decay: L = 1 and 2. One finds that u
2 

has the same 

magnitude but opposite signs for the two possibilities. Therefore a 

measurement of W(9) for the gamma transition should give an averageValue 

of u2 which in turn gives a measure of the rel~tive amounts of L = 2 CfB .. ) 
I 1] 

- + 
to L = 1 intensities in the 1 -+2 beta decay. Combining this knowledge 

with A1 (r) and ~2 (r) from· the beta angular distribution measurements makes 

it possible to determine ratios of the particle parameters (or, more 

precisely, ratios of the nuclear matrix elements f:, J~, Jc:.x:, and fsij"). 

Specifically, let us denote by I (1) the part of the 1--+2 + beta decay 

intensity which is due to L = 1 matrix elements. For this part of the 

decay, u2 has a positive sign (U
2 

= 0.5916). The L= 2 part of the 

transition is then I (2) and for this part of the decay u
2 

= - 0. 5916. In 

the actual decay both parts may occur: the total intensity for a 1+ 2+ 

transition is given by 

I = I(l) + I(2) =-S(E) •{(l//3)bi~i - (l/l5)b~~1! 

where S(E) is the statistical spectrum shape factor~ 9 

average value of u
2 

observed in measuring W(9)_we have 

Eq. 16 u = 
2 

with R = I(2)/I(l) = 

I(l)(0.59J6) + 1(2)(-0.5916) 
I(l) + I(2) 

-NS{ b(O) /b(O)} 
2,2 1,1 

Thus for the 

(1 R] 
[1 + R] 

Eq. 16 assumes that the 2+ state is populated only by the 1--+2+ beta decay. 

This is a good approximation in the decay of 186 Re (99.7% of .the 2+ pop

ulation is via ~he beta decay directly to that level) but not in the 
188

Re 
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or 19 i:r decays, where beta-gamma cascades through higher excited states 

·+ 
feed the 2 levels significantly. In these cases, allowance must be made 

for attenuation of the gamma anisotropy by preceeding transitions other 

than the beta decay of interest. This was done using the decay scheme 

from Ref. 61 for the 18 8Re decay, and the simplified decay scheme used by 
I I 

Reid et al (Ref. 59) for the 194Ir decay. The results are include~ in 

Table IIlB. 

Since the b (k) a_re all functions of the same four rna. trix elements, L,L' 

measurement of the three quanti ties R, A
1 
(r), and A

2
(r) in principle 

determines the ratios J~ J:_, J~x:/f:_, and fBi/ f:· .The analysis for the 

nuclear matrix element ratios will be mentioned further in Chap. VIII. 

The two coefficients A1 and A2 must be separated in the analysis of 

the beta angular distribution. As mentioned previously, they differ both 

in temperature dependence and in angular dependence of their coeffieients . 

in the correlation function. To separate them on the basis of temperature 

dependence requires not only fitting of temperature dependence curves, but 

also accurate determination· of the sample temperature over a. wiae range. __ 

The difficulties associated with this method are described in the section 

entitled Thermometry. The angular dependence appears in the·Legendre poly-

nomials. In these experiments, two beta detectors were used, in axial and 

equatorial positions relativeto the quantization axis (magnetic field Ho). 

The role of the axial countercan be changed from "0° 11 to '-'180°" by rev-

ersing i1o. By combining data· from positive and negative field directions 

one can separate the A
1 

and A
2 

'iterms. A second method of' separation is 

the combination of data with a given field direction from the axial and 

the equatorial counters. The two methods can be compared to give a check 
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on the internal consistency of the data. Explicit formulas for A
1 

and 

A2 may ):>e derived using Eq. 14. Noting that Ak always occurs in combi-

nation with Pk we cari define Ck = Ak(r) • Pk(cose). It is also notable 

that in deriving Eq. 14, the implicit assumption was made that the inten-

si ty at angle e is normalized by the intensity from unpolarized nuclei
1 

("warm" counting rate) at. the same angLe. In the actual experiments the 
'I 
I 

normalization counts were recorded at the temperature of the pumped 1° 

helium bath. At this temperature a finite nuclear polarization remains 

for the nuclei studied in these experiments, and this must be taken into 

account in the data analysis. The B
2 

term at the bath temperature is 

about 0.0006 and may be neglected, but the B1 term is of order 0.04 for 

theRe nuclei·and 0.017 for 19 lt_rr and it should be retained. Eq. 14 

suitably modified becomes: 

Eq. 17 

Here Bl is the orientation parameter at the bath temperature. At a second 

angle 9 1 we have 

Inserting the latter defi-

nition of Ck and combining the two anisotropy equations and rearranging, 

we get expressions for c
1 

and c
2 

in terms of the anisotropies measured at 

e and e I: 

Eq. 18a c1 - [1 + G2(W-l) - W1 ]/D 

Eq. 18b 

The angles 9 and 9 1 may 

represent a given counter with + and- field directions, or the axial and 

11 1 

.. 



•. 

79 

the equatorial counters at a given field direction. In the former case, 

Gk has the simple form Gk (-l)k assuming the counter positions to be 

unchanged during the field reversal. Thus four types of anisotropies are 

measured: from the axial counter with + field direction (9 = n) one gets 

W+(Ax.); from the axial counter with- field (9 = 0), W_(Ax.); from the 

equatorial counter with+ or- fields (9 = TI/2), W±(Eq.). These anisot-

ropies can be combined in various combinations in Eqs. 18 to give values 

of c1 and c2. Four such combinations were used and will be distinguished 

as follows: 

Case I, W = W (Ax.), W' = w (Ax.), Gl = -1, G = 1 + - 2 

Case II, W = W (Eq.), W' = w (Eq.), Gl = -1' G2 1 + . -
Case W+(Ax.), W' W+(Eq.), 

+ + 
II I, w = = Gk = Pk(E)/Pk(A) 

Case IV, w = w (Ax.), W' = w (Eq.), Gk = P~(E)/P~(A) - -

A sample calculation showing the details of the actual data analysis pro-

cedure is given in the next chapter. 

Thermometry 

The orientation parameters Bk are strong functions of S (= ]J nHh/Ik8 T) 

in some region of values of S • For S-+ 0, the Bk are vanishingly small, 

while for values of S above some limit, the Bk be.come virtually constant 

(saturated). The value of S at which saturation occurs depends on I and 

k. Of course, the Bk 's are never really constant at a finite temperature, 

since complete nuclear orientation is obtained only at absolute zero. 

However, for I = 1, and values of S above 7, B1 differs from its -zero

temperature value by less than 0.1%, while B2 is saturated to similar 
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accuracy when S is greater than 8. To an accuracy of a few percent, B1 

and B2 are saturated above S = 4 and 5, respectively. 

In the cases of 186 Re and 188 Re }1 is about , . n 1.75nm, and Hhf in 

iron is 760 koe'l.• 6 0
; thus S ~ 48 mdeg. /T. In the case of 19 4 Ir, ).1 n is 

0.:37 nm and Hbf in iron is 1520 koe.5
,
9 giving 8 ~ 20 mdeg./T. 

I I 

Most low-temperature nuclear orienta·bon experiments are performed 

in the region of temperatures in which the Bk are varying rapidly with 

temperature; therefore it is important to have an accurate measure of the 

sample temperature throughout the experiment. The usual method of temp-

erature measurement is to monitor the anisotropy of some radiation from 

the nuclei under study or from other s:olute nuclei whose hyperfine para-

meters and decay scheme are well known. This type of thermometry has 

several limitations: the accuracy is limited by the stati-sticaLaccuracy 

of the counting, which is in turn limited by radioactive heating and 

interference with other radiations of interest; the temperature is known 

only as accurat~ly as the .product ]JnHhf; and since the quantity measured 

is an ensemble average over a large assembly of nuclei, it is subject to 

inaccuracies from local variations in temperature or fbf which might give 

erroneous results for the true sample temperature. For these reasons it 

would be prefera~le to perform the experiment entirely in the temperature 

region where 8 is above the s.aturation value so that the observed nuclear 

orientation is independent of the exact sample temperature. 

The warming curve of the sample in the cryostat used in this work was 

measured prior to the beta decay experiments by using foils of 6 °Co in Fe 

prepared in a manner similar to the beta decay foils. These experiments 

···I 

.. 
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were done.to determine the effects of using thin foils attached only at 

the edges to the thermal link, and of heating the detectors in proximity 

to the sourc~ foils. It was found that the sources could be cooled to 

about S mdeg.K. and would warm to 10 mdeg. in about S hrs. under these 

.conditions. The samples remained below SO mdeg. for about 12 hrs. at 

which time the CA guard salts and heat shield· had warmed sufificiently to 

start releasing adsorbed residual exchange gas in quantity. Warmup then 

proceeded rapidly and in a few minutes the sample was at the temperature 

of the liquid helium pumped bath. Referring to the values for (3 given 

above, one can see that for the first 4 or S hours of an experiment the 

nuclear orientation of the two Re isotopes would be saturated. Thus no' 

thermometry was required and all of the first few hours of counts could 

be averaged together to produce a measured anisotropy with good statistical 

accuracy. 

The case of 194 Ir is somewhat different. Because of the smaller 

values of (3 at a given temperature, the 194 Ir nuclear orientation was 

.·saturated only at the beginning of an experiment, perhaps for about an 

hour. Again no additional thermometry was required, however, since the 

data could be analyzed in such a way as not to require knowledge of the 

foil temperature. Using Eqs. 18, the measured anisotropies from the 

-
beginning.of each experimental run could be combined to determine the 

product A1 (r) B1 . Inserting B1 (sat.) for B1 then gives "A1 . The only 

assumption made is that B
1 

was saturated during the counts analyzed.in 

this way, and this can be assured by using only those counts for which 

the observed anisotropies were constant within statistical errors. Later 
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counts can then be analyzed for A1B1, and, using the previously determined 

value of A
1

, the ratio B/8
1 

(sat.) can be found. for all later counts. 

This ratio uniquely determines S, from which B2 can be calculated. Using 

B
2 

one can then analyze for A
2
(r), and, using the gamma ray anisotropies, 

for u2. This method clearly is not as accurate as that used for the Re 

isotopes, since the results depend on the analysis of only the first 

hour or so of counts'; but the method is probably still superior to using 

a separate gamma ray thermometer. 

Some mention should be made of the separation of A1 and A2 using 

temperature dependence. For this method one needs to fit the anisotropy 

to temperature dependence curves to determine the relative sizes of.the 

coefficients of B1 and 82. The different temperature dependences of B
1 

and B2 are most obvious at high temperatures, where s2 approaches zero 

much faster than B1, and in the near-saturation .region, where B1 becomes 

constant faster _than 82. The high temperature region is least accurate 

because there the anisotropies are small. Thus to use this method one 

requires an accurate knowledge of the sample temperature in the range 

where the anisotropy is changing rapidly with temperature. Clearly this 

knowledge is limited by the effects mentioned above, besides which the 

statistical accuracy of the data taken in the temperature dependent region 

is poorbecause the sample temperature is not in this region for long and 

because the temperature is changing fairly rapidly in this region. (To 

be sure, these points apply only to the characteristics of the apparatus 

used in these particular experiments and to the particular isotopes studied. 

In many cases, use of temperature dependence curves is desirable or 
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necessary .. Isotopes for which the nuclear orientation is saturated at 

temperatures conveniently available are exceptional.) Furthermore, 

measurements made in the saturation region are insensitive to temperature 

and lbf inhomogeneities in the sample as long as they are not rather large. 

Thus no attempt was made to separate A1 and A2 using temperalure dependence. 
I I 
/As pointed out in the previous Section, the use of two parti~le detectors 

at different angles and of two field directions gives an internal cross-

check on the geometrical separation of the anisotropy coefficients. 

Decay Corrections 

All of the isotopes used in this work have fairly short half-lives 

and so corrections must be applied to the data for decay of the sources 

during the experiments. The values of the half-lives used were: 18 6 Re, 

90.0 hrs; 188 Re, 16.7 hrs; 19 ~+ Ir, 17.4 hrs. 61 The corrections were made 

by multiplying the data from each count by a factor exp[0.693 t/t
112

] 

where t is the elapsed time from the beginning of the experiment to the 

middle of the count in question. This was done by the computer program 

which interpreted the magnetic tapes containing the experimental data. 

In the course of a long experiment the change in counting rate. due 

to dec~y.was greater than that due to the anisotropy being measured, 

especially in the cases of 188 Re and 19 ~+Ir and for the gamma ray measurements. 

For this reason several short experiments were performed, in which counting 

was continued for only about an hour after demagnetization and the sample 

was then warmed by admitting exchange gas. In these experiments the decay 

corrections were small and errors due to variation of efficiency of the 

counting systems with counting rate were minimized. (Such variations of 
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counter efficiency with count rate, if present, would manifest themselves 

in exactly the same way as a systematic error in the decay correction and 

could be detected by observing the decay of the source for several half

lives and plotting the log of the .count rate vs. time to check for linearity. 

This was done in some cases; see below. Because of the ciose connection 

between decay corrections and possible counter efficiency variations, the 

two topics are discussed together henceforth.) To check for counter 

efficiency effects, decay curves were constructed using the warm counts 

from several consecutive experiments .. The beta counters were found to 

give .linear plots and values of the half-life in good agreement with the 

known values, while the gamma counters gave somewhat high values· (e.g. 

20 hrs. instead of 16.7 hrs. for 188Re). For this reason the gamma anisot

ropy data from some of the long runs with the shorter-lived isotopes were 

not used. 

Background Corrections 

Several potential sources of background radiations exist. The most 

constant one is the natural background in the laboratory, which is mostly 

due to 4 '1<:. This isotope emits both electrons and positrons, which do not, 

of course, penetrate the cryostat.or the gamma counter shields and are thus 

not themselves a problem. It also emits a gamma ray at 1.46 Mev. which 

gives rise to a backscatter peak near 150 kev. (See Chap. V, p. 4 7). In 

the analysis of the gamma ray anisotropy data, a trapezoidal background 

is subtracted from under the photopeaks to correct. for this and other·· 

background radiations. (See Fig. 20.) The room background is isotropic 

and usually less than 10% of the photopeak area so the correction is not 

II 
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a major source of error. 

A second source of background radiation is the activation of the 

iron host foils and their impurities. The principal impurity in the 

foils used was copper, which gives 12.8 hr. 64 Cu on activation. This 

+ i isotope emits ~r ;particles at energies below 640 kev., and gamma rays at 

l1. 34 and 0.511 Mev. The electron and positron endpoints are lbelow most 

of the particle ,energies for which data were anlayzed in these experiments 

and thus these activities present no background problem. The 1. 34 Mev. 

gamma ray might give a background under the 186 Re beta spectrum due·to 

Compton events in the beta detectors but its intensity is estimated to be 

at most only 0.01% of the 186 Re beta spectrum intensity so no correction 

was made. The 511 kev. annihilation radiation from this isotope could be 

seen in the gamma ray spectrum of freshly irradiated sources but had dis-

appeared by the time the samples had been worked up and mounted in the 

apparatus. As mentioned earlier, the only observable activity from the 

iron itself was 45 day 59 Fe. This isotope is produced by neutron capture 

from 58 Fe, which is only 0.3% abundant in natural ivon and has a neutron 

capture cross section of 1.2 barns (compared to about 100 barns for the 

Re and Ir solutes). The decay rate ratio of the isotopes studied to 59 Fe 

was at least 500:1 immediately after irradiation (gamma counting showed 

700:1 in the case of source #4, for example). In any case, the highest 

energy radiation of any intensity from 59 Fe is the 1. 29 Mev. gamma ray 

and so no background problem occurs with 188 Re or 194 Ir. Some background 

from Compton electrons from the 59 Fe 1.09 and 1.29 Mev. gamma rays might 

be present under the 186 Re beta spectrum and the maximum size of such a 
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background is shown in Fig. 18. Sources #3 and #6 differed by a factor 

of two in 18 5 Re concentration (and p.ence in relative 59 Fe background size) 

and a comparison of the data from these two sources gives an indication 

of the importance of the background for the 186 Re data. In fact, the 

values of A1 and A2 derived from Run 5 (source #3) do seem to be system

atically lower at high energies than those derived from runs with source 

#6; however, the statistics are poor at the high energy end of the beta 

spectrum, so the effect may not be significant. An estimate of the prob-

able attenuation of the measured A1 from source #3 due to this background 

indicates ·about 10% in the highest-energy interval, 5% in the nex:t interval, 

and decreasing amounts in lower intervals. The attenuation would be 

approximately half as great in source #6, which was weighted more heavily 

in determining the final average values of the A's. 

A third source of background radiation is the additional activity 

resulting from the lack of 100% enrichment of the separated isotopes used 

in source preparation. In the case of the 188 Re and 194 Ir ~ources, the 

impurity activities were 18 6 Re and 19 2 Ir, respectively. The former offers 

no interference with 188 Re since all of its radiations are below the lowest 

energies used in the data analysis for that isotope. The highest energy 

of intense radiations from 192 Ir is 1.06 Mev.; all gamma and beta transi

tions above this energy are less than 0.1% of the total decay strength. 

Thus there is no background problem for the 194 Ir measurements from this 

source. In the ~ase of the 186 Re sources, a few percent of 188 Re was 

produced because of incomplete enrichment of the 185 Re used. None of the 

sources was actually used untll at least 36 hrs. after irradiation, so 

111 
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that the 188Re strength was down to less than 1% of the 186 Re strength. 

Also, the 1 88 Re beta angular distribution is similar in shape and sign 

to that of 186 Re and the energy dependence of the anisotropies is not too 

great, so the size of the background -~or-I"eG-tion to the 1 86 Re ,angular dis-

1 

! 

deJay scheme of 

tribution is small. 

I. 

Finally, there are interfering radiations within the 

a given source isotope. In the case of 186 Re this is no problem, since 

the only radiations other than the beta transitions of interest are the 

137 kev. gamma ray, a weak (1. 5% of total decay) gamma ray at 123 kev. from 

the electron capture decay to 18 SW, and weak gamma and beta transitions 

(0.1%) associated with the 767 kev. level in 186 0s. The 123 kev. gamma 

ray is unresolved from the 137 kev. line, but it has only l/14 of the 

intensity and about the same anisotropy as the latter line, and therefore 

does not give rise to a large error. (If the electron capture decay were 

pure L = 1, the anisotropy of the two lines together would be about two 

percent greater than for the 137 kev. line alone, assuming the mixing 

ratio found for the beta decay to the 137 kev level. In fact, because of 

the method of analysis, the 123 kev. line was probably mostly excluded 

from the data.) 

In the case of 188 Re, there are numerous beta branches below 1.5 Mev. 

and gamma rays from 0.297 to 2.03 Mev. but the beta branches total only 

2% of the decay and the gamma rays above 1 Mev. total about 0. 6% so again, 

no serious background problem arises. 

The 19 4 Ir decay has beta branches from 1.6 Mev. down which total 6% 

of the decay (1.2% at 1.62 Mev., the rest below 1.3 Mev.) which cause 
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no interference. ·The gamma spectrum is complex: most of the gamma ray 

intensity .is below 1.49 Mev. (0. 4% above this level) and causes no 

significant background correction.to the angular distribution data from 

the 2.24 and 1.91 Mev. beta branches. However, the complex of gamma rays 

riear 300 kev. (293 kev., I%; 301 kev., 0 .IS%; 328 kev., 5%) is unres.olved 

by the Nai gamma counters used to measure the 328 kev. gamma ray anisotropy, 

and thus the anisotropy data mus.t be corrected for the other two lines. 

Assuming the 301 kev. line to be E2 + I7%MI 6 2 and taking the 293 kev. 

line to be E2 + I%M1~ 2 and correcting for differences in absorption in 

the cryostat walls and in detection efficiencies, one finds the anisotropy 

of the 328 kev. line to be attenuated by a factor of 0. 83±.13. The errors 

allow for the uncertainties in the 293 and 301 kev. mixing ratios and 

intensities. The Li-Ge detectors used by Reid et al59 were able to --
resolve the three lines in the 300 kev. group and thus their value for 

the 328 kev. anisotropy lacks·the large uncertainties caused by the 

background correction in the present case. 

Magnetic Deflection of the Beta Particles 

The effect of the polarizing field Ho should be considered. Electrons 

moving in a plane perpendicular to a magnetic field move in circular orbits 

whose radius is given by: 63 

Eq. 19 P = 1.708/E2 + 2E 

H 

where pis in em., E is the electron's kinetic energy in mc 2 units, and 

H is in koe. The curvature of the electron paths has two effects in 

the present experiments: first, due to the use of collimators and to 
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the geometry of . the detectors, and the effect of Ho on the effective 

solid angle, the intensities of the electron spectra depend on the applied 

field. In· particular, the intensity in the axial counter is reduced 

slightly for both signs of the field, while in the equatorial counter it 

is· incre.ased somewhat for positive fields and reduced for negative fields 

!because the source is 1 slightly off-center wi,th respect to thel counter, 

(See Fig. 10.) This effect is unimportant for the measurement of anisot-

ropies, however, which involves taking only ratios of cold/warm counting 

rates at constant Ho. 

The second effect of the magnetic field is to bend the electrons 

emitted in the direction of a counter away, and to bend others into the 

counter. This angular effect is potentially serious since it creates an 

error in the measured detector angles. It will be considered in more 

detail for each detector. 

The electrons emitted towards the equatorial counter are primarily 

in a plane perpendicular to Ho. Simple geometrical considerations shbw 

that while the electrons move through a distance Z they are deflected by 

the field through an angle a whose cosine is given by 

~ k 
cos (a) = [1/2 + (1 - Z2 /p 2

}
2

] 
2

• 

2 

For small deflections, i.e. p>> Z, this formula is given to a good appro xi-

mation by 

Eq. 20 

In the case of the equatorial counter, the deflection is in the plane 

perpendicular to the quantization axis and is thus a variation in the 

angle ¢ ; but the angular distribution is invariant with respect to rotations 
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about <P (axial symmetry) and therefore the magnetic deflection produces 

no error in the measured anisotropy in the equatorial counter. 

In the axial counter the situation is more complex. If the counter 

were exactly at zero degrees there would be no deflection since the elec-

trons emitted to the counter would have no component of velocity perpen

dicular to the magnetic field. In practice the counter. is offset from 

zero degrees to avoid scattering in the source foil and in any case it 

subtends a finite solid angle so there is some deflection of the electrons 

emitted in its direction. The distance Z traveled by the electrons is 

proportional to the component of velocity parallel to the magnetic field 

while the deflection is proportional to the perpendicular component Of 

velocity. The resulting deflection is given by a for.mula similar to 

Eq. 20 (in the approximation p2 » Z2 sin'+(9o)): 

Eq•. 21 

where go is the apparent emission ahgle for the electrons. (The geometry 

is shown in Fig. 17 .) As expected, this formula reduces to Eq. 20 for 

9o = n/2, and give~ a= 0 for 9o = 0. Substituting Eq. 19 for P into 

Eq. 21 gives 

Eq. 22 
2 2 . '+ 2 cos(a) = 1-HZ s1n (9o)/23.4(E + 2E). 

In the present experiments, the maximum deflection occurs in the case of 

the low energy electrons from 186 Re. The minimum energy used in the 

analysis of the anisotropy was about 500 kev. (E; 1). The maximum value 

of Ho used in this case was 1. 6 koe., and the maximum value of Z (source-

detector distance) was 1. 5 em. The maximum v.alue of 9o was about 30° (at 

the bottom of the axial counter collimator). Inserting these values in 

'·, 

·o;:. 
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XBL 6912-6722 

Fig. 17. Sketches of source and beta detector geometry. 17a): Geo
metry used in magnetic deflection calculation. Line p is an electron's 
path in zero field; p' is its path with the field on as shown, with def
lection through angle a. Angle 9 is the true emission angle, and 9o is 
the apparent emission angle with Ho on. Angles a, 9, and 9o form a right 
spherical triangle for which cos 9 = cos a• cos 9o. 17b): Geometrical 
quantities ~sed in the solid angle and scattering ~alculations. 



92 

Eq. 22 gives cos(a) = 0.996. From Fig. 17 using the law of cosines for 

a spherical triangle, one gets cos (8) = cos (a) • .cos (8o) where 8 is the 

true emission angle, 8o is the apparent emission angle, and a is the 

deflection angle. Thus the maximum error in the observed angle of emission 
--. 

is about 0. 4%. The average errors are at least 
1

twice this small, even 

for. 186Re. This is considerably less than the estimated errors in measure-

ment of the geometry of the counters; hence errors due to the field Ho 

will not be considered in the treatment of data from either the axial or 

the equatorial beta counter. 

Solid Angle Corrections 

Because the radiation detectors subtend finite solid angles rather 

than being geometrical points, a correction·must be applied to the angular 

distribution for the range of angles 8 seen byeach detector. If the 

center of the detecto~ is at an angle fio to the quantization axis, thEm 

the detector will see an average value of the kth Legendre polynomial: 

I\= Pk(cos 8o)fjt Pk(cos 8) d8sin8 d<jl 

rfe sin 8 d8 d¢ 
1 

where 8
1 

and 8
2 

are the limits of 8 subtended by the detector, referred 

to the center of the detector. If the source is not a point, further 

averaging over the ·source area must be carried out. In the case of cylin-

di'ical Nai counters, the solid angle correction coefficients Qk defined 

so that Pk = QkPk (cos 8o) are tabulated. 13 In the case of the beta 

particle detectors the tabulated coefficients are not sufficient since the 

I 
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source is of large size compared to the counter area and source-counter 

distance, and since it is off-axis with respect to the ''axial" counter. 

A computer program was used to calculate values of Pk for k = 1 and 2 

and for the geometry measured in each experimental setup. The program 

used numerical integration to calculate Pk from each point on a grid of 

100 points on the source area (the source was assumed to be planar), and 

then averaged over the entire source with proper weighting for the activity 

of each point as determined from autoradiographs. (See Source Preparation, 

page 71, and Fig. 16.) An allowance was also made for scattering of the 

beta particles as described in the next section. The second half of 

Table II gives the calculated values of P1 and P2 for each detector and 

each experimental setup. Note that the calculation of Pk assumes that 

the beta detector efficiency is independent of entrance angle of the 

particles. The geometry of the source and counters is shown in Figs. 10 

and 17. 

Scattering 

In any measurement involving beta-particle spectroscopy, scattering 

is a potential source of error. In a low temperature nuclear orientation 

experiment it is particularly difficult to use a "mass free" source and 

source mounting or to have a large experimental chamber made of light 

materials to minimize scattering. Thus some consideration needs to be 

given to possible errors introduced by scattering of the electrons before 

they are detected. Three types of scattering may be distinguished and 

will be considered separately. 

First, there is energy loss due to penetration of the source foil and 
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the detector windows. The sources were all 2. 5 mg/ cm 2 or thinner, a~d 

the windows were 1 mg/cm 2
• The maximum projected thickness traversed by 

the electrons. was. 10 and 1.1 mg/ cm2
, respectively. These thicknesses 

correspond to-energy losses of 13 kev. and 2.1 kev. 64 Most of the electrons 

(especially those detected by the equatorial counter) traverse much smaller 
. ·-. . - .. ' 

foil thicknesses and the,average energy loss in the foil is about 4 kev . 
. c·: 

for the equatorial counter and 7 kev. for the axial counter. An average 

adjustment of 7.5 kev. was made in the quoted energies to compensate for 

this error. 

It should be noted that the difference in energy loss by electrons 

detected by the two-counters is a potential source of systematic errors: 

when data from the two counters (and nominally the same energy) are com-

bined, the difference in actual energies produces a shift in the resulting 

values of A1 and A2. No correction was made for this effect for two reasons: 

1) the maximum energy difference is about 5 kev. which is the same order 

of magnitude as the. energy discrimination in the spectra (5 kev. /channel); 

and 2) the maximum slope of a plot of anisotropy W ~· energy (Fig; 21, 

Chap. VIII)· is. about W005/kev., leading to a maximum error in W due to 

the energ)' shift of about 0.0025 or about 0.3%. (This will be a decrease 

in the axial anisotropy with respect to the equatorial anisotropy.) Refer-

ring to Table IV in Chapter: VIII, one can see that such an error in W will 

give a ma~imum error in the calculated A1 of about 0.3% and that the error 

in A will tend to cancel among the four calculation cases. The errors 2 ' - ' 

are for -the mos·t part smaller, especially at low energies where the statis-

tical errors are also smaller. Thus it was felt that in view of the large 

· .. : .. <. · ... · 
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uncertainties from other sources (e.g. the measurement of the experimental 

geometry) and ·Of the somewhat larger statistical errors, no correction 

was justified. 

The second type of scattering is angular scattering ~y the source 

foil and the detector windows. A beam of electrons passing through a 
i 

foil is broadened' into an angular distribution whose width depends on 

the electron energy and the nature of the scattering foil. Angular scat-

tering in the detector windows is not a serious effect for two reasons: 

1) The windows are thin and made of light material so the scattering 

angles are small; and 2) the windows are behind the collimators, so that 

any electrons which reach them are already selected for detection. Since 

the windows are also rather close to the detectors, small angle scattering 

will not prevent transmitted electrons from being detected and this effect 

thus produces no experimental errors. 

Angular scattering in the source foil is more serious. Electrons 

initially emitted towards the detector may be scattered away from it, 

while those emitted outside the solid angle of a detector (especially near 

the plane of the source foil where the projected £oil thickness [and thus 

the scattering angles] is large) may be scattered into the detector and 

be detected spuriously. Thus the effect of angular scattering is to smear 

out the observed angular distribution by mixing in electrons emitted at 

the wrong angles; this effect is similar to the smearing of the distribution 

by the finite solid angles of the counters. Consequently, a calculation 

of the angular scattering effect was combined with the solid angle calcu

lation. Williams 6 5 has given expressions for the angular scattering of 

!:' II Ill 

.I 
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electrons by thin foils normal to the direction of the electron beam, 

and his theory has been experimentally verified. 66 According to this 

treatment, the scattered electron beam is described by a gaussian function 

with "wings" added at large scattering angles. The width of the gaussian 

h 
is related to [ln M] 2 where M is proportional to the thickness of material 

traversed. For electrons emitted to the equatorial counter this expression 

should be directly applicable. In the case of the axial counter, the 

electrons are not emitted normal to the plane of the foil and thus pass 

through an asymmetric arrangement of scattering material; therefore one 

would expect the resulting angular distribution to be asymmetric. Accor-

dingly, provision was made in the calculation to skew the gaussian as the 

angle of emission approached the plane of the foil. The widths of the 

distributions anq the scattered intensities on each side of the emission 

direction could be independently skewed. 

The quadrant containing the detector (angles 9) was divided into 

90 subintervals of one degree each, and the distribution of electrons 

produced by scattering at each angle was calculated according to Williams' 

formula with skewing. The fraction of the electron intensity scattered 

into the detector (or the fraction scattered out if the subinterval in 

question was within the solid angle of the detector) was then determined 

and used as a weighting factor for the Legendre polynomials P1 and P2 

calculated at the center of the subinterval. The weighted Pk's were then 

averaged over the entire quadrant to give an average Pk seen by the 

detector allowing for scattering and geometry effects. (The Pk's were also 

averaged over the area of the source foil and the detector solid angle as 
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described in the previous section.) The resulting values are summarized 

in Table II for several sets of assUmptions concerning the scattered dis

tribution. 

Explanation of Table II 

The first part of Table II shows the calculated average geometry 

coefficients I\ for an idealized geometty but including angular scatter-

ing in the source foil. (A) means axial detector and (E) means equatoriq.l; 

the signs shown correspond to the - fie:ld direction. The geometry (Fig. 17) 

used was: A,B, and Cas shown in mm; D = 11.5 mm; E = 11.2 mm; and Z = 

Y = 3.0 mm. The last column gives the electron energy in Mev, The Roman 

numerals in coL 2 denote various assumptions about scattering, as follows: 

I = no scattering. II = Williams' theoTy with no skewing. III = Williams' 

theory with the width of the scattered :iistribution broadened 10% on the 

side away from the foil and narrowed correspondingly on the foil side. 

IV = same as III but the scattered intensity as well as the width was 

skewed. V = same as IV but the skewing. was increased to 50% (i.e. the 

width at angle-9-emission corresponded to the calculated width at 0.5 g 

on the side of the scattered beam away from the foil and to the width 

af 1. 5 9 on the foil side of the scattered beam.) These calculations of 

the effect of scattering on Pk, along with estimates of attenuation due 

to backscattering, were used to estimate the scattering corrections in 

Fig. 19. 

The second part of the table shows calculated i\' s for the actual 

measured geometries, without scattering. Column 1 contains the source 

numbers, which correspond to those in Table I. In these cases, D = 10.0, 
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E = 11.0, Z = 6.0, Y = 10.0, and R = 2.0. The last three lines show the 

effects of errors in the measurement of A, B, and Con the calculated Pk's. 

The sources were assumed to contain a central active spot 3x3mmsquare with 

3.5 times the activity of the surrounding foil. The maximum estimated 

errors are ±3% inP1 (A)~ ±10% in P 2(A), ±.06 ini·P1(E), and ±2.2% in P2 (E). 

These assume 0;5 mm errors in measurement of all geometrical quantities 

and that all errors were cumulative, which is unlikely; thus they are prob
! 

ably overestimated. (See Error ,Analysis, Chap. VIII.) The Pk's from this 

section of the table were modified by the scattering corrections shown in 

Fig. 19 and used to derive A1 (r) and A2 (r) from the anisotropy measurements. 

Table II: Solid Angle and Scattering Calculations 

' 

Source Case A B c P
1

(A) P2(A) pl (E) P2 (E) w 

I 15.2 11.2 2.0 .9446 .8394 0.0 -.4899 
II II II II .9447 .8412 0.0 -.4838 0.5 

. III II II II .9455 . 8436 0.0 -.4838 II 

IV II II II .9474 .8488 -.0002 -.4834 II 

v II II II .9565 .8745 -.0022 -.4810 II 

v II II II .9560 .8724 -.0009 -.4863 1.0 
v II II II .9540 . 8666 -.0005 -.4878 1.5 
v II II II .9523 .86i6 -.0004 -.4886 2.0 

#1 15.2 11.2 2.0 .9361 .8171 .0271 -.4666 
#2 15.0 ll. 5 1.5 .9435 .8376 .0464 -.4638 
#3 15.3 10.0 2.0 . 8686 .6370 -.0626 -.4682 
#4 15.5 ll.S 2.0 . 8924 .6976 .0312 -.4 789 
#5 15.2 11.5 2.0 .9030 . 7257 .0319 -.4815 
#6 14.7 9.5 2.0 . 8897 .6920 -. 0976 -.4666 
#7 14.5 11.0 2.0 .9163 .7623 0.0 -. 4798 
#8 15.0 10.5 2.2 .8888 .6885 -.0321 -. 4 795 

Errors ±0.3 ;0. 8% +2.5% 0.0 :;:0.1% 
±0.5 ±. 45% ±1.4% +.032 ±0 .5% 

±0.5 :f,34% +1.1% o.o +.04% 
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The third type of scattering which must be considered is backscattering 

of the electrons from the experimental chamber walls and the detectors. 

Electron backscattering has been studied in detail by Bothe6 7 and by Frairk6
•
8 

The relevant portions of their results may be summarized as follows: 

1) The backscatte'ring coefficient p (= the fraction of incident electrons 

backscattered at all angles and energies) increases with increasing scat

terer Z and decreases with increasing electron primary energy. For Z = 30 

(Zn) and 500 kev. it has a value near 0.30. 

2) The backscattering cross section is greatest at the angle of· spec

ular reflection. For grazing angles of incidence, the angular distribu

tion of the scattered electrons is sharply peaked, while for 180° back

scatter it is broad. 

3) The energy distribution of the scattered electrons is peaked at 

some fraction of the primary energy. The fractional energy loss at the 

peak is greatest for low Z materials, being about SO% for 1.75 Mev. elec

trons backscattered from copper. The energy distribution is more sharply 

peaked for small scattering angles where the energy loss on the average 

is smalle~. 

An exact calculation of the distribution of backscattered electrons 

inside the experimental chamber would be a formidable task, since the 

scattering cross section is a function (j)f incident angle, scattering 

angle, primary energy, scattered energy, and scatterer Z and thickness, 

and since the geometry of the problem is very complicated. However, some 
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qualitative considerations may give an idea of the effects of backscatt- · 

ering on the observed angular distributions. 

First one needs to consider backscattering from the detectors. Since 

the detectors themselves are saturation backscatterers, about 20 to 30% 

of the incident electrons will be scattered out without depositing their 
I 

full energy in the detector. This produces a slight energy dependence in 

the detectors' apparent efficiency (which is unimportant for anisotropy 

measurements in which all counts are normalized by the warm counting rate) 

and gives rise to a sharply increased spectrum intensity at low energies 

where pulses from the backscattered electrons appear. This effect can be 

seen in the spectra of Fig. 18. It obviously precludes accurate spectrum 

shape measurements but this is not a problem for the present work. In 

general, the data were not analyzed much below the point at which departures 

from the expected spectrum shape began to appear, thus avoiding errors 

from backscatter counts due to higher-energy electrons. 

Besides scattering by the detectors, there is backscatter from the 

experimental chamber walls and interior parts. Consider a source· emitting 

at a rate N. The rate of detection of direct electrons is then Nd2 where 

t: is the detector efficiency and n is its solid angle as seen from the 

source. Some fraction F of the electrons emitted by the source will strike 

potential backscattering surfaces (the rest will strike surfaces from which-

backscatter into the detector is unfavorable or impossible due to geometry). 

Of these electrons a fraction p will actually be backscattered at all angles 

and energies. They will be detected at a rate proportional to t:D' where 

n' is the solid angle of the detector as seen from the point of backseat-
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Fig. 18. Measured beta spectra for the three isotopes used in this 

work. The small crosses are the experimental points; the large circles 

are calculated from the reported spectrum shapes and intensities (Refs. 42-

44, 51). The allowed shape is assumed for 194 Ir. Only the ground state 

and first excited state transitions are included. The das·hed curves are 

fit to the calculated points and represent the true spectrum shapes. The 

deviations at low energies are due to backscattering. The small arrows 
- + show the spectrum endpoints for the 1 +0 transitions as determined from 

the 207Bi energy calibration. The small trapezoidal area labeled 59 Fe 

under the 18 6Re spectrum shows the maximum size of the Compton background 

from 59Fe activity in the sources. 

arbitrary. 

The vertical scales are linear and 
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Fig. 18. 
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tering. Finally, the backscattered electrons which are detected will have 

been shifted downward in energy from their initial energy E to an energy E'. 

They will appear as bac~ground under the direct beta spectrum at energy 

E'; but in the upper half of the beta spectrum, the intensity at E' is 

greater than at any higher energy E so the backscattered electrons will 

be further reduced in relative intensity. It can be reasonably assumed 
I 

I 

that E' ~· 0. 9 E and the intensity ratio I (E) /I (E ') is then :50. 1 at the 
. I 

high energy end of the spectrum and :50.9 near the spectrum midpoint. 

Combining all these factors gives for the detection rate of the backseat-

tered electrons: N ~'£F p; and for the relative intensity of backscattered 

electrons to that of the directly detected electrons: F p ~' I(E) 
f2 I (E I) 

This quantity may be estimated for the two detectors used in the present 

experiments. 

The principal backscattering surfaces for the axial counter are the 

opposite experimental chamber wall and the top of the equatorial counter 

collimator. Referring to Fig. 10 one can estimate F for the wall to be 

about 0.25; pat high energies is about 0.2 and is about 0.3 at low energies. 

The solid angle ratio~~~~ is about 0.15. For the overall intensity ratio I' 

we thus get a minimum of 0.002 at high energies and a maximum of 0.025 

near the sp~ctrum midpoint. The scattered electrons are emitted at angles 

near 180° from those of the direct electrons; this means that the P2 part 

of their angular distribution will be about the same as that of the direct 

electrons, while the P1 part will be opposite in sign. Then for the 

observed geometry coefficients with scattering we have 

P' = P (1 - I')/(1 + I') 
1 1 

and P' :: p 
2 2 

where I' :ls the intensity ratio of backscattered to direct electrons 

estimated above. Thus from scattering into the axial counter by the 



104 

opposite wall we g.et an attenuation of P1 of from 0.4% near the endpoint 

of the spectrum to 5% at the midpoint; and to first order no attenuation 

of P
2

. Similar estimates may be made for other sources of scattering and 

the combined results for the two counters are: 

Pl (A) = 0.99 P
1 

--+ 0.90 P
1 

Pl{E) = :!: 0.002 --+ 0.0:27 

P2(A) 0.99 p2 ---+ 0.92 p2 

P2(E) = 0.99 P
2 

---+ 0.89 P
2 

In each case the unprimed Pk is the value of the geometry coefficient for 

the given detector without scattering, and the Pk are the corresponding 

values taking backscatter into account. The range of values corresponds 

to a minimum attenuation near the endpoint ranging to rather large attenu

ations at the spectrum midpoint. The absolute values of Pi (E) are given 

because P1(E) is nominally zero in the absence of scattering and for a 

correctly placed equatorial counter. The above estimates are probably 

pessimistic: the energies of the backscattered electrons are on the average 

much more than 10% below the primary energies, making the ratio I (E) /I (E ') 

smaller than was estimated above; and also, the idealized geometry assumed 

in the above estimate maximize.s the apparent attenuation. Nevertheless, 

it is clear that backscattering will produce attenuations of - 1% in the 

upper third of the spectra and will make reductions of- 5--10% in the 

observed anisotropies near the midpoints of the spectra. It should be 

noted that backscatter, unlike angular scattering in the source foil, 

will tend t.o attenuate the observed anisotropy in all cases rather than 

increasing it at some angles. Fig. 19 shows corrections which were app

lied to the calculated ·1\ 's from Table II to allow for both angular scat

tering and backscattering. 

.l 



105 

1.04 .04 

1.03 .03 

.96 

0 0.5 1.0 1.5 2.0 2.5 
E, Mev. 

XBL 6912-6724 

Fig. 19. Scattering correction factors for the calculated geometry 
coefficients for 186 Re and 194 Ir. (A) and (E) refer to axial and equator
i~l detectors. The value~ for ~ 1 (E). are absolute and ar~ giv~n by the 
ngh t-hand scale (for - fleld dJ.rectlon). These correctwns J.nclude 
angular scattering in the source foil (Case V; errors include Case IV. 
See Table II.~ and estimated backscatter corrections. The correction 
factors for 18 Re are similar to those for 19 4 Ir but shifted down in 
energy by 80-125 kev. Backscatter predominates at low energies and 
angular scattering is dominant at high energies. 
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Discussion of Results and Conclusions 

Experimental Data 

Appendix I. contains a list of all runs performed in the first forbidden 

l:ieta decay experiments, as well as tabulations of the average anisotropies 

from each run and of the values of A1(r) and A2(r) calculated from various 

' 
combinations of the anisotropies. In order to clarify the process by 

which the anisotropies and the Ak's wJre obtained, a sample calculation 

and description of the data analysis will be given. 

Sample calculation: Runs 13 and 14 ( 186Re, alloy #6, Ho = ; 1 koe.) 

were chosen as a typical example. The data were recorded during the runs 

as 1600 channel spectra, with the axial and equatorial gamma spectra in 

the first two quadrants and the axial and equatorial beta spectra in the 
' . 

last two quadrants. A typical long run produced a tape containing about 

66 spectra in all, the last 6 being warm counts. The first step in data 

analysis was to examine the tapes using a PDP-7 comfuter which could dis-

' play selected spectra on a cathode ray screen. The total number of spectra 

was checked and any effects such as errors in recording or counter gain 

shifts of large magnitude were detected. ·The tapes were then sent to the 

CDC 6600 computer for detailed analysis. Each spectrum was read into the 

computer memory and smoothed two times by averaging,adjacent points, to 

reduce statistical fluctuations. (This was done for the benefit of the 

gamma peak locating routine.) The location of the gamma peak in each of 

the first two quadrants was then determined and the peaks were integrated 

according to the method shown in Fig. 20. The integration was performed 
I 

over three different widths to check for systematic errors from scattering. 

·• ~ 
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After initial analysis of the gamma ray data using the three integration 

widths (Method I), some concern over the failure of the axial and equat

orial anisotropies to give the same value for u2 arose. (See Eq. 23, Error 

Analysis section.) The possibility of attenuation due to scattering of 

the gamma rays(Haag effect) was considered to be serious, so the gamma 

ray data were re-analyzed, using a different set of peak integration 

limits (Method II). In Method II, each photopeak was divided into ten 

intervals, and the anisotropies were calculated for each interval. Then 

any energy dependence of the anisotropy due to scattering could be clearly 

seen in the data. The results of the Method I analysis are tabulated in 

Appendix IB, while the results from the Method II analysis are given in 

Appendix ID. It may be seen that the narrowest width used in Method I 

( c.tenoted A3 in Fig. 20.) ':gives values for the anisotropies which agree 

well with the values found in the intervals near the peak maximum using 

Method II. Thus it is clear that although scattering is present and does 

produce some attenuation in the anisotropy calculated for the whole photo

peak, it is avoided by using a narrow integration width (A3) which excludes 

the low energy scattered tail of the peak. 

After the peak integration had been completed, the areas obtained were 

multiplied by the appropriate decay correction factor. (See Decay Correc~ 

tions, Chap. VII.) Next the channel corresponding to the spectrum endpoint 

in each of the beta spectra was located using gain calibration data which 

were input parameters. Each beta spectrum was divided into twenty intervals 

from the endpoint down and the counts in each of the ten highest-energy 

intervals were summed and multiplied by the decay correction factor. 



(/) 

1-
z 
::> 

··o 
(,) 

_, 

108 

J i 
+~ + 
I + 

+ 
I 4 
I + 
I t 
I ~ 
I + 
I + 

: \ 
_,/ \ 

CHANNEL NO. 

XBL 6912-6725 

Fig. 20. Gamma-ray spectrum from 188Re (155 kev. transition). The 
lower energy scale is about 40 kev./large division. The zero of energy 
is off scale. The straight lin~ below the peak is the background which 
was subtracted in the analysis. Low energy tailing is due to scattering 
in the apparatus walls. The horizontal lines labeled Al, A2, and A3 show 
three different sets.of limits of peak integration used in the data analy
sis to avoid errors from the scattering (Method I). 
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The twenty beta spectrum areas (from axial and equatorial counters) and 

the six gamma areas (or ·twenty areas in the case of Method II) were stored 

and the next spectrum on the tape was analyzed in a similar manner. 

When all spectra on the tape had been so treated, the areas from counts 

designated as "warm" were averaged together. Then each "cold" area was 

divided by the corresponding averaged "warm" area to give the anisotropy. 

In the example of Run 13, the first five .axial gamma areas (corrected 

for decay, Method I, width Al) had the values 309028, 306166, 304691, 

305861, and 305447. The corresponding average warm area was 378009. The 

calculated ariisotropies were .8175, .8099, .8060, .8091, and .8080. The 

program also calculated an accumulative average of each anisotropy which 

in the above example at the end of count five had the value .8101. Fig. 21 

is a plot of the beta anisotropies at 724 kev. calculated at five-count 

intervals for the axial and equatorial beta counters throughout Runs 13 

and 14. It is clear from Fig. 21 that the anisotropies are essentially 

constant for the first five hours of counting, because of the saturation 

of the nuclear orientation, in spite of the fact that the apparatus is 

continuously warming up after demagnetization. The average anisotropies 

of all counts up to the dotted line in Fig. 21 were accordingly used.for 

subsequent calculations. It is these averages which are tabulated in 

Appendices IB and ID for all runs. Fig. 22 shows the average beta anisot

ropies from all runs plotted against particle energy for the three isotopes 

studied. 

The second stage in the data analysis was the calculation of A1 (r) and 

A
2

(r) from the beta anisotropy data. For this purpose the average anisot-
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Fig. 21. Beta particle anisotropies from two 186 Re runs at 724 kev. 
as functions of count number (time). Only the anisotropies from every 
fifth count are shown. The anisotropies were constant for the first 
S--6 hrs. of the runs because of saturation of the nuclear orientation. 
All anisotropies preceeding the vertical dotted line were averaged 
together to give final values for the two runs. The statistical errors 
were smaller than the plotted points. 
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Fig. 22. Averaged beta particle anisotropy data (axial} from the 
three isotopes studied. The data were all taken below the saturation 
temperature. The lower energy scale applies to' the 188 Re and l94Ir 
data, while the upper scale refers to 186Re. Jhe statistical errors 
are in general smaller than the size of the plotted points . 
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ropies from a pair of runs which were comparable in all respects except 

for having opposite signs of the polarizing fieldHo were combined and 

inserted into Eq. 18 in four different ways.(Cases I-IV; see first section 

of ChapterVII.) Runs 13 and 14 form such a pair. Consider the 724 kev. 

data from these runs, which were p 1 otted in Fig. 21. The average values 

for all counts up to count 29 were computed and the results were: 

W (Ax.) = . 3653; 
+ 

W_(Ax.) = 1.6380; W (Eq.) = 1. 040; and W (Eq.) = • 9432. 
+ -

From Table II, and applying the corrections shown in Fig. 19, we get 

signs refer to the field direction. The saturation values of B1 and B2 

are 1.2247 and 0.7071, respectively, while at the warm count (LHe bath) 

temperature, 8
1 

has the value Bi = 0.0408. Inserting these quantities 

into Eq. 18a gives (Case I): 

~ 
A1 (r) P l (A) = c1 = (1 + 1 (. 3653 - 1) - 1.6380] 

[.0408 (-1.6380-.3653) + 1.2247(2)] 

= [-1.2727]/[-.0816 + 2.4494] = -.5375 

Inserting the·value of 1\CA) gives A1(r) = .6060. Using other combinations 

of W' s (Cases II-- IV) one can check this value of A
1 

(r). The results 

are: 
Case II A1 (r) = .6057 

Case III A1 (r) = .6078 

Case IV A1(r) = .6041 

Average Cases I--IV A
1 

(r) = .6059 

By using Eq. 18b one can also calculate A2(r). In Appendix IC, the Ak's 

calculated with each case from various combinations of runs are listed, 

along with the average values from the four cases. 

Finally, in order to get the final values of A1 (r) and A2(r), weighted 



,,, 

113 

averages of the Ak's listed in·Appendix IC were calculated, with weighting 

according to the statistical errors in the input values of the anisot-

ropies. The gamma anisotropies were also averaged and corrected to fit 

Eq. 23 where necessary (See Error Analysis section.), and were put into 

Eq. 16 using the' calculated anisotrbpies for pure L=l beta decays to 

give final values for R. The beta parficle results are shown in Table IliA 

and the gainma results are discussed further in a later section. 

[Some note should be made of the fact that the calculated values of 

i\ (E) f~om Table II and Fig. 19 were not generally used in Eqs. 18, to 

derive the Ak's; this was because they were small and the errors in measure

ment and.scattering corrections made them rather inaccurate. Instead, 

working values were obtained from the data and from the calculated P1(A)'s 

by using the relation 

[W_(Eq.) - W+(Eq.)] Pl(A). 

[W_(Ax.) - W+(Ax.)] 
(- field ) . 

This tends to reduce the errors in the calculated Ak's as evidenced by 

a reduction in scatter among the four cases compared to the results using 

the calculated P
1 

(E)'s. 'In the above example of Runs 13 and 14, the 

PI (E) obtained as above was -. 0659 (~ field) compared to the value from 

Table II and Fig. 19 of <0956.] 

Systematic Effects 

Several types of systematic errors whose potential existence was 

mentioned in Chapter VII may now be discussed, making use of the listing 

of Ak's in Appendix IC. The first of these is a systematic shift with 

changing magnitude of Ho which might be caused by magnetic deflection of 
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Table IliA: A1 (r) and A2 (r) 

lSGRe lBSRe l9~+Ir 

Energy A1{r) A2(r) I Energy . A1 (r) A
2

(r) I· Energy A
1 

(r) A
2

(r) 

567 .5318 . 0115 1199 .6318 .0518 1235 .6958 .105_8 
±5 ±.0033 ±.0016 ±10 ±.0049 ±.0070 ±10 ±. 0111 ±.0223 

619 .5544 .0122 1295 .6498 .0436 1340 .7142 .1229 
±5 ±.0034 ±. 0020 . ±10 ±.0050 !±.0115 ±10 ±.0114 ±.0283 

672 .5805 . 0187 . 1391 .6658 .0559 1446 .7369 .1257 
±5 ±.0035 ±.0022 ±10 ±.0052 ±.0120 ±10 ±. 0118 ±.0295 

724 .6074 .0227 1487 .6807 .0700 1551 . 7516 .1082 
±5 ±.0036 ±.0027 ±10 ±.0055 ±. 0070 ±10 ±.0120 ±.0265 

777 .6437 .0362 1583 • 7028 .0730 1656 . 7749 .1168 
±5 ±.0040 ±.0030 ±10 ±.0056 ±. 0088 ±10 ±.0124 ±.0292 

830 ;6809 .0371 1679 .7180 .0722 1761 .7964. .1076 
±5 ±.0042 ±.0035 ±10 ±.0058 ±.0145 ±10 ±.0128 ±.0377 

882 . 7228 .0284 1775 .7525 .1008 1867 . 8518 .1570 
±5 ±.0046 ±. 0080 ±10 ±. 0058 ±.0130 ±IC) ±. 0136 ±. 0565 

935 .1804 .0364 1871 . 7906 .0738 1972 .9015 .1433 
±5 ±. 0048 ±. 0130 ±10 ±.0065 ±. 0280 ±10 ±. 0162 ±. 0745 

987 . 8351 -.0075 1967 . 8376 .0570 2077 .9505 . 1971 
±5 ±.0053 ±.0175 ±10 ±. 0075 ±.0400 ±10 ±. 0210 ±.1200 

.1040 .9473 -. 0714 2063 .9237 -.0350 2182 1.1419 .1952 
±5 ±.0064 ±.0200 ±10 ±. 0097 ±.0250 ±10 ±. 0330 ±.1500 

Beta angular distribution coefficients A1(r) and A2(r), defined in Eqs. 13 
and 14, Chapter VII. Particle energies are in kev. 

,i; 
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the beta particles or by incomplete magnetization of the source foiJs. 

Runs were done at fields ranging from 1 koe. to 2 koe. in 18 ~e and in 

194 Ir, and to 1.5 koe. in the case of 186Re. No systematic variation in 

the Ak's is attributable to the variation of Ho except the low values in 

Runs 9--12. The latter runs were made with ·a weak source and their stat-

istics were poor, in any case. Both these pairs of runs were discarded 

in the calculation of the final Ak 's given in Table IIIA. Since no com

parable effects were found in the gamma anisotropies, it seems unlikely 

that incomplete magnetization was the cause; more likely the difficulty 

lay with the beta counters. 

A second systematic effect is a shift ~n the values of the Ak's from 

different sources of the same isotope due to errors in measurement of the 

geometry or differences among the alloys used. The scatter observed was 

in fact considerably less than the estimated geometry errors on p. 98 

for the case of A1 (r). This was taken into consideration in obtaining 

·the errors shown in Table IIIA. The scatter among A
2

(r) values from 

different sources was about the same as that expected from the estimated 

geometry errors in P2 (A,E). Thus it seems iikely that any such scatter 

is attributable to geometry and that no systematic shifts were due to 

alloy preparation. 

Finally, there are variations between the long and the short runs. 

Such shifts were expected in the gamma ray anisotropies because of the 

difficulties with the gamma-ray decay corrections mentioned earlier. 

Surprisingly, no significant differences were found except in the case 

of 194 Ir. Here the long runs 23 and 24 gave inconsistent gamma ray 

II \ 
II 
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anisotropies and these data were discarded. The only systematic discre

pancy between long and short runs in the beta particle data was in Run 25, 

which gave unusually large values of the anisotropies which were constant 

with energy, unlike those from other runs. The energy effect suggests 

that the beta counter may have been at fault (the discrepancy occurs pri-

marily in the axial anisotropies) and this is not surprising .since there 

was difficulty with the axial counter heater at the end of the run and 

only four warm counts were taken. Consequently this run was not included 

in the averaging for the final Ak's. 

Comparison with Previous Results 

Both 186 Re and 188 Re have been investigated previously by nuclear 

orientation and other techniques. Fig. 23 shows a comparison of the 

188 Re beta particle anisotropies from .this work with those of Ref. 7, 

adjusted to saturation values. It can be seen that the two sets of data 

agree well for n~gative fieid directions (W_(Ax.) ~ W{O)) but the Ref. 7 

data are higher for positive field directions W(rr) except at the lowest 

energies. The data from the present work are rather symmetric about the 

isotropy line, indicating a small A2 term, while those of Ref. 7 are 

skewed upward, indication a large A2 term. If one takes the reported 

values of the particle par~meter ratios [b i~i/bi~i] and [b~~i/b~~i] from 

Ref. 7, along with the reported values of r, and calculates A1 (r) and A2(r), 

the following results are obtained: 

E, Mev. A1 (r) A2(r) 

This Work Ref. 7 This Work Ref.7 

1. 30 . 650±. 005 . 64±. 03 . 044±. 012 .12±.07 

1.65 . 718±.006 .76±.04 .072±.014 . 27±. 12 

.. 
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Fig. 23. Comparison of 188 Re beta particle anisotropies from 
this work with those observed in Ref. 7. The latter have been ad
usted to the saturation values. Errors on Ref. 7 points are stat
istical; statistical errors on points from this work are smaller 
than the plotted points. 
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As expected, the values of A
1 

are in reasonable agreement, but the A
2

's 

of Ref. 7 are larger, especially at high energies. 

The 18 6 Re may be compared to 'resuJ:ts. of Kogan !!_ ~ (Ref. 48). Their • 

results were presented in the forni of measurements of the asymmetry a 

.defined by 

W(O) - W(n) 
a = W(O) + W(n) 

which were made using alloys of 186 Re in iron in the high temperature 

region above 65 mdeg. K. (1/T = 15); In this region the B
2 

term in the 

nuclear orientation formula is negligible within a percent or so and the 

B1 term is proportional to 1/T. Ref. 48 contains a plot of a vs. 1/T for 

900 kev. particle energy. Inserting the known value of B
1 

gives A
1 

from 

the above definition of a. In the second p~per of Ref. 48 (Sott and 

Vinduska) the values of a at several other energies, 700 kev., 550 kev., 

and 450 kev., are also given. The comparison with the present work is as 

follows: 

E, Mev. ! A
1 

(r) 

This Work ·Ref. 48 

.900 . 738±. 005 . 78± .11 

.700 . 594±. 004 .60 

.550 .525±. 003 .47 

The errors for the lower energy points from Ref. 48 were not given but 

presumably they are comparable to those at 900 kev. Thus the two sets of 

data agree well. 

No previous measurements of beta angular distributions from polarized 

I, 
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194 Ir exist. Both the A
1 

and the A
2 

found in this work for 194 Ir are 

larger than the comparable values for the Re isotopes. The fact that 

A
2 

has a nonzero value indicates that 194Ir does not obey the s approxi-

mation in its decay, .which contradicts the early spectrum shape measurements 

(Ref. 51) which gave the allowed shape fQr the 194Ir decays. It should 

- + 
b.e ~oted that in both the Re decays, A

2 
changes sign above the 1-+ 2 

transition endpoint, implying that A
2 

for this transition is large and 

- + positive, while it is small and negative for the l-+ 0 transition. This 

could happen as a result of the fB .. term in the 1--+2+ branch. 20 However, 
1] 

in the case of 194 Ir, A
2 

increases monotonically with increasing energy. 

Gamma Results 

Table II I B shows the gamma ray anisotropy results. The 18 6 Re ani sot-

ropy may be compared to that observed by Kogan ~ ~· 59 They plot the 

square root of E [E = (W(n/2) - W(O))/(n/2)] against 1/T. From their 

plot one can derive the value of ul
2 

for _the 137 kev. gamma ray in the 

186 Re decay, and finds u
2

F
2

= -0.27±.02. The value derived from Table IIIB 

is u
2

F
2

= -0.258 ±007, in good agreement. Table IIIB also shOi.;s that a 

small but finite mixture of fB .. is present in the 1--+2+ beta decay in 
- 1] 

186 Re, since the reported R is nonzero. This is in agreement with beta-

gamma correlation and spectrum shape measurements. 71 

an analysis for the matrix elements whi:h assumes no 

inadequate. 

It also implies that 

f B . . term w i 11 b e 
1] 

In the case of 18 8 Re, a somewhat larger value for R was found.. Ref. 71 

indicates that the relative sizes of the JB .. matrix elements in the two 
1] 

decays is about the same, and thus the larger R for 188 Re is sm·prising. 

Ill 

ld 
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Table IIIB: Gamma Ray Angular Distribution Results 

Case Quantity 'ltJbRe Tl>BRe -nrriir 

I W(Ax.) .813±;017 . 880±. 016 -------
R .ll7± .073 .292±.062 

II W(Ax.) .829±.010 . 893±. 015 .816±.050 
R .161±.042 .342±.063 <.044 

I 

III W(Ax.) .810±.024 ' . 877±. 020 -------
R .109±.063 . 280±. 077 

IV W(Ax.) .828±.005 .902±.016 .822±.040 
R .158±.015 . 380±. 071 <.040 

\ 

Values for the aXial· anisotropi·es and the '[L = 2]/ [L = 1] intensity 
ratio R are shown for the three decays using four different data analysis 
procedures. The cases listed in the first column are as follows: 

Case I: Anisotropies determined using Method I as described in the 
text, and uncorrected to Eq. 23. In Method I, the anisotropy is calculated 
for the whole photopeak using the peak integration width A3 shown in Fig. 20~ 
This method is potentially susceptible to errors from scattering (the Haag 
Effect; See Error Analysis.) and from faulty background corrections. 

Case II: ·similar to Case I but the anisotropies were corrected to 
fit Eq. 23, thus combining axial and equatorial data. This correction 
reduces the scatter among various runs and removes the effect of any in
correct dec~y correction or count-rate sensitivity in the counting systems. 

Case III: Anisotropies calculated using Method II and uncorrected 
to Eq. 23. In Method II the photopeaks were divided into ten intervals 
and the anisotropies from each of the four intervals nearest the center 
of the peak were averaged. This method avoids errors from scattering and 
background corrections in the wings of the peak. 

Case IV: Similar to Case III but with corrections to Eq. 23. 

The errors shown were estimated from the scatter in the values from 
different runs; statistical errors were 5--10 times smaller. ~e v~lues 
of the saturation anisotropies to be expected from pure L = 1 1 -+ 2 beta 
decays, used in calculating R, are as follows: 

186Re, W(Sat.,L=l) = 1. - (.3963±.0005) U2 
lBBRe, W(Sat.,L=l) = 1.0011- (.3725±.0015) U2 

-.0103} -194 Lr, W(Sat.,L=l) = 1. {+. 0285 - -.2282 U2. 

The large uncertainty in W(Sat.,L=l) for 194Ir results from the aforemen
tioned uncertainties in the mixing ratios and intensities of the unresolved 
gamma rays in the 300 kev. group. Because of these uncertainties and the 
rather large errors in W(Ax.) for this case, only upper limits for Rare 
given in the table. 
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However, R is also dependent ori the leptonfunctions as well as the matrix 

element ratios, so is is likely that the reported value does not contradict 

Ref. 64. 

In the case of 194 Ir, R was found to be essentially zero. This is 

consistent with the fact that the A2 term in the beta angular distribution 

from this isotope increased monotonically with energy, instead of decreasing 

- + sharply above the 1 + 2 transition endpoint as did the A
2

' s found for the 

Re decays. It is also consistent with the results of Reid et al, 59 who 

assumed pure L 1 for their calcuiation of u2 and obtained the magnetic 

moment of 194Ir. The 328 kev. anisotropy from their work, adjusted to 

the low temperature saturation value, is 0.132±.019. The value from 

Table IIIB (Case IV) corrected for attenuation by the unresolved 293 kev. 

and 301 kev. gamma rays, is 0.21±.09, in agreement within the quoted 

errors al thou·gh the latter are rather large. 

Error Analysis 

Errors in Anisotropies 

The errors listed in Appendix I in connection with the measured 

beta and gamma anisotropies are statistical and were calculated by a 

computer program using the usual formula: 

t,W = (1/NW)• (!1NC + !1NW•W) 

where NC is the cold counting rate, NW is the warm counting rate, and 

W is the anisotropy (W = NC/NW). The errors in NC and NW were one stan-

dard deviation, i.e. t,NC = /NC. Allowance was also made for statistical 

errors in the background correction in the case of the' gamma ray data. 

The quoted errors in W do not contain any error due to the decay 

i 

/ 
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correction. It is believed that such errors in the beta anisotropies are 

small, for the following reasons: 1) The values of the anisotropies from 

short runs, in which the decay correction was small (less than 5%) were 

in good agreement in general with the anisotropies from the long runs in 

~hich the decay corrections were much larger (up to 50%); 2} Decay curves 
I 

niade with the beta counting systems gave linear first-order plots out to 

four half-lives and gave values of the half-lives which were in good agree-

ment with those listed in the Table of Isotopes (6th Ed.) and used to 

calculate the decay corrections; and 3) The anisotropies during the first 

5 or 6 hours of the long runs, during which the nuclear orientation was 

constant (saturated), were constant within statistical error. (Se.e Fig. 21.) 

If the decay corrections had been incorrect, the observed anisotropies would 

have changed with time even though the true anisotropy was constant. It 

is to be noted, however, that any error in the decay corrections would 

produce an effect similar to a B2 term, i.e. it would shift the center of 

gravity of an anisotropy plot like that in Fig. 22 up or down from symmetry 

around the isotropy line, and thus the reported value of A2 is particularly 

sensitive to such errors. 

In the case of the gamma ray anisotropies, the decay correction is 

less reliable. As noted earlier, decay plots made with the gamma counting 

systems gave values of the half-lives which were about. 20% high in the 

case of the shorter-lived isotopes. Thus the decay correction which was 

used in the data analysis was effectively too large, resulting in an arti-

ficial increase in the warm counting rate and a consequent enhancement of 

the observed axial anisotropy (where the cold count rate is less than the 
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warm rate) and an attenuation of the observed equatorial anisotropy . . .. 

(where the cold count rate is greater than the warm rate). Fortunately, 

there is only one temperature-dependent term in the gamma-ray anisotropy 

correlation function (Eq. 15) and thus a unique relation exists between 

W(Ax.) and W(Eq.), independently of any knowledge of the magnitudes of 

the individual anisotropies. This relation is the following: 

Eq. 23 1 - W(Ax.) = 2[W(Eq.) - 1] 

It may be seen from Appendix I that the gamma anisotropies observed in 

this work do not in general follow Eq. 23; W(Ax.) tends to be enhanced 

relative to W(Eq.), as expected from the above considerations of decay 

corrections. (Other possible causes of this effect are discussed at the 

end of this section.) Therefore, before the gamma anisotropy data were 

averaged together, they were corrected to obey Eq. 23, weighting the axial 

and the equatorial anisotropies equally, (See Table IIIB, notes). The 

correction was typically of the order of 4% and is included in the error 

limits on the quoted values of R. 

Errors in Anisotropy Coefficients 

The errors in the final values of the beta particle angular distrib

ution coefficients A
1 

(r) and A2(r) were estimated by using a set of trial 

input data in the computer program which calculated the coefficients from 

the anisotropies. Errors were introduced into the trial input values 

(which included four anisotropies from two counters and two field directions; 

three geometry coefficients P 
1 

(A), P 
2 

(A), and P 2 (E); and the orientation 

parame.ters B
1

(sat.}, B
2
(sat.), and Bi(warm).) The resulting errors in 
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the calculated average values of A1 and A
2 

were then obtained. Table IV 

summarizes these errors in three different energy regions. 

The final errors listed in Table III contain both the statictical 

errors from the anisotropy measurements and also estimates of errors due 

to uncertainties in the orientation parameters and in the geometry coef-

ficients. An examination of the scatter in A1 and A2 derived from measure-

' ments on different sources gives a check on the estimated errors. In the 

case of A
1

, the statistical errors are typically in the range of 0.1--1.0%, 

the larger errors occurring at the higher energies. The scatter in A1 

from different sources is about 4--5 times smaller than the errors derived 

from the estimated 3% uncertainty in P1 (A); thus it is clear that the 

geometry errors were probably overestimated in this case, so the final 

errors indude only a 1% uncertainty in P
1 

(A). In the case of A
2

, the 

statistical errors contribute uncertainties in the range from 1%--30%, 

the latter value applying only to the highest-energy interval. The scatter 

is typically somewhat larger than indicated by the estimated geometry 

errors (10% in P 
2 

(A), 2. 2% in P 2 (E)) so it appears that these estimates 

were too small and the final errors in Table III were accordingly adjusted 

upward about 20%. The errors in gamma ray anisotropies in Table IIIB were 

arrived at by considering the scatter among various runs. The statistical 

errors of the uncorrected axial anisotropies (Cases I and II I, Table II IB) 

were only about 5% of the observed scatter. The scatter is decreased 

considerably when the anisotropies are adjusted to obey Eq. 23, which sup-

ports the validity of the adjustment. Probably the source of the scatter 

and of the deviations from Eq. 23 is a combination of decay correction 

' ·, 
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Table IV: Error Analysis for A1 (r), A2 (r} 

Input Error Low Energy Middle Energy High Energy 

6A1 (r) J liA2 (r) liA 1 ( r) IliA 2 ( r) liA1 (r)' I 6A2 (r) 

1.0% incr. in [1 - w (Ax)] +0.5% -2.3% +0.4% -1.9% +0.4% -4.3% + 

1.0% incr. in [W (Ax) - 1] +o.5% +2.3% +0.5% +2.0% +0.6% +8.9% 

. 001--.01 incr . in W (Eq.) + -2.0% -1.5% -25% 

.001-"-.002 incr. in w (Eq) +2.2% +2.2% +5.5% 

3.0% incr. in I\ (A) -2.7% -2. 79ii -2.7% 

10 9< 0. in cr. in P2(A) -0.7% -0.5% -38% 

2.2% incr. in P2 (E) -2.2% -2.2% -6.5% 

10 % incr. in Bl I +0.4% +1.0% +0.4% +1.0% +0.5% +4.0% 

2 % deer. in B1 (sat.) +2.0% +0.2% +2.0% +0.1% +2.0% +0. 8% 

6 % deer. in B2(sat.) +5.8% +5.8% +5.9% 

(----) indicates that the error is less than 0.05% 

.. 
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(counter efficiency variatim;) and gain shift effects. 

Some mention should be made of possible causes of the failure to 

obey Eq. 23 other than those mentioned above. These fall into four classes: 

first, there is the possibility that the source foils were incompletely 
I 

magnetized, so that the axial symmetry of the nuclear orientation was not 

established and the angular distribution consequently had the wrong shape. 

This hasbeen discussed earlier under Systematic Effects and can be ruled 

out. The second possibility is that the counters were not correctly loca-

ted. The location of the source and the orientation of the polarizing 

field were checked several times, both by direct measurement when the 

cryostat was disassembled, and by measurement of the polarizing field out-

side the apparatus after assembly, using a rotating coi 1 gaussmeter. 

Furthermore, the location of the gamma counters was unchanged from the Re 

experiments through the runs with 194Ir; in which the maximum expected 

anisotropy was observed; thus no serious placement error could have been 

present. 

A third possible explanation is scattering. The gamma rays were con-

siderably scattered in emerging through the apparatus walls; this was 

especially true for the low energy gamma rays in the Re decays, as can be 

seen from the low energy tail on the peak in Fig. 20. Scattering mixes 

in photons emitted at the wrong angles a!ld thus attenuates the anisotropy 

in both counters. 69 This effect was previously investigated by J.N.Haag. 

Furthermore, the photons entering the equatorial counter are more seriously 

scattered, since they have to pass through the polarizing magnet frame. 

In·fact, the photopeak intensity in the equatorial gamma counter was usually 
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about 60% of that in the axial counter even though the two were at the 

same distance from the .source. To check for this error, the data were 

analyzed by ~wo methods, as explained previously. The data from Method I 

(A3) and from Method II agreed reasonably well, indicating that area A3 

was sufficiently narrow to avoid scattering errors. The Haag Effect can 

be seen in the data from Method II in Appendix ID. 

A fourth possibility to explain the discrepancy is gain shift, as 

mentioned above. Nai counters show considerable instability in the 

presence of magnetic fields and over long counting periods. Systematic 

gain shifts would cause errors in the calculation of the anisotropies 

(even though the peak maximum was re-located in the analysis of each 

spectrum, which to first order corrects .for gain shifts). A more elab

orate analysis of the data might reduce errors of this type, although it 

is probably not justified. 

In view of the above considerations, it seems that the original 

explanation of decay correction--counter efficiency was the correct one, 

and that the adjustment of the anisotropies to fit Eq. 23 was valid. 

Critique of Experiments 

In the previous section, the derivation of the quoted error limits 

was discussed quantitatively~ In this section, possible systematic errors 

in the measured quantities other than those already mentioned will be 

explored, along with potential improvements for future experiments of 

this type. 

The quantities actually measured were the anisotropies W(8}. Using 

these quantities along with the orientation parameters Bk and the geometry 
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coefficients Pk' one can derive the desired quantities Ak and u2. The 

possible sources of error in the measurements of W are concerned with 

the counters: systematic changes in pulse height, resolution, or efficiency 

produced by changing count rates, magnetic fields, exchange gas addition 

oir simply the passage of time, would produce corresponding errors in the 

measured W's. The beta counters used in these experiments were chosen for 

their stability, as well as for their large sensitive depths and good 

resolution. Since they were enclosed in vacuum tight holders, they were 

not sensitive to exchange gas. Most of the runs were done with constant 

magnetic .fields throughout the run, and when the field was periodically 

reversed, care was taken to reproduce its magnitude exactly after each 

reversal. All runs were examined for changes in pulse-height and no 

systematic effects were found. One possible source of long-term changes 

in the beta detectors is radiation damage. A considerable literature 

on this subject exists and the evidence seems to indicate that lithium 

d:dfted counters are somewhat more sensitive to radiation damage than 

surface barrier detectors. 70 During these experiments, the most active 

sources used had decay rates of about 106 /sec. and each counter subtehded 

about 1% of the total solid angle around the source. Even assuming that 

a full strength source was in the cryostat at all times during the three 

months of the experiments, the integrated flux of electrons is less than 

10 1 Vcm2 (and the actual value was probably a factor of 10 smaller than 

this number). This is about the threshold level at which damage might 

begin to appear. However, the pulse height and resolution were checked 

using 207 Bi before, during, and after the beta-decay experiments, and no 

II 
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degradation was found. The detectors were periodically warmed to room 

temperature for a few minutes during the installation of each new source, 

which may have contributed to healing of radiation damage. 

The gamma counters used were much more susceptible to drifts in pulse 

height with time and magnetic fields, as has been pointed out in the pre

vious section. One improvement which could be made would be the use of 

Li-Ge gamma detectors. Not only are such detectors much more stable, they 

also have much better resolution, thereby simplifying background corrections 

and reducing the possibility of including scattered photons in the analysis. 

This type of detector is particularly important for the 194Ir experiment, 

as has been discussed, and was used by other workers to investigate that 

decay? 9 The principal disadvantage of Li-Ge detectors is their relatively 

low efficiency, which makes the acquisition of sufficient counts to give 

good statistics more difficult. With an apparatus like the one used in 

these experiments, however, in which long runs of up to 12 hrs. are poss

ible, this is not a serious difficulty. 

Errors may also appear in the assumed values of the Bk's. This is 

not very important for the Re experiments, since there the Bk s were assumed 

to have their saturation values and the only relevant criterion was. the 

constancy of the anisotropies, which was easily met .. In the case of 194 Ir, 

owing to the analysis method used in which values of the ratio B1 (S)/B1(sat.) 

were used to determine S, only knowledge of the functional form of B1 

was required and again, the results were independent of precise knowledge 

of ].1, ~f' or T. Working in the extreme low-temperature region is a 

great advantage since it not only eliminates the need for thermometry, 
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but also reduces the possibility of errors from thermal or.magnetic in-

homogeneities in the source foil. This in turn allows the use of thinner 

foils and backing materials, with a resulting reduction of scattering. 

A third major source of errors is the calculation of the geometry 

coefficients I\. 'Errors in the measured geometry and errors due to 

scattering have already been discussed in Chapter VII. Every effort was 

made to reduce angular scattering in the present experiments, with some 

success, it is felt. Not much can be done to reduce backscatter--the 

only possibility seems to be the use of a rather large experimental 

"' · chamber made of a light material, e.g.beryllium. Magnetic focussing 

might be useful in this connection but would make the interpretation of 

the data more difficult. Aside from measurement er:rors and scattering, 

the errors in the Pk's could arise from motion of the source after the 

measurement was made due to thermal contraction and expansion or to the 

field applied'to cool the paramagnetic salt. A calculation of thermal 

expansion indicates that errors from this source are 0.1 mm or less, which 

is considerably less than the probable errors in measurement. The present 

apparatus was constructed with the source-heat link-salt pill assembly 

mounted on a tripod of graphite legs, so that if the source moved at all 

dur_ing installation of the cryostat into the dewar system, or during 

magnetization of the cooling salt, it should return to its original posit~on 

after the distrubance ceased. It is apparent that the geometry measurement 

errors are predominant in experiments of this type, but since it is rather 

difficult to meet requirements for thermal isolation of the source and 

minimization of electron scattering and at the same time have the source 

.J 
:I! 

.,;. 
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and the detectors mounted rigidly and reproducibly in a frame1vork, it 

seems unlikely that major improvements can be made in this area. The 

use of a larger experimental chamber and larger detectors at greater dis-

tances from the source would of course reduce tlte precision of measurement 

required to give relative errors of a certain size and thus make it pass-

ible to in\prove the accuracy with which the geometry coefficients were 

known. 

One can see by referring to the errors quoted in Table III that the 

coefficients A
1

(r) are by far the most accurately determined quantities 

from these experiments, and in fact their accuracy is a considerable 

improvement over earlier results. This is attributable to the usc of 

two beta counters, to the use of very thin source foils and light source 

mounts to reduce scattering errors, and to the accumulation of a rather 

large quantity of data so that statistical errors were small. TI1e coef-

ficients A2(r) were not so a~curately determined, although they are still 

an improvement over earlier results. Their relatively large errors are 

attributable to the aforementioned difficulties in the determination of 

the experimental geometry. Finally, the gamma ray anisotropies were the 

least accurately determined, due to the systematic effects discussed 

above. It is clear that the values of R labeled Case IV in Table IIIB 

are upper limits to the range in which the true value probably lies. 

Although the exact magnitudes of the values of R are not well determined, 

the trends are evident and the reported values can serve as a check on 

any future matrix element analysis for these decays. In particular, the 

reported values of R for 188 Re and 19 "'Ir are sensitive tb details of the 

respective·decay schemes. 

-·.) -. •_: 
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Nuclear Matrix Element Analysis 

The ultimate goal of this work is the determination of the nuclear 

matrix elements involved in the decays, or ratios of the matrix elements. 

For this purpose, the experimentally determined quantities A1 (~) ,. A
2
(r), 

and R must be subjected to an analysis procedure in combination with cal-

culated lepton functions. Such analyses have been carried out in recent 

years for several first-forb,i:dden decays. 7 
•
48 

'
71 

'
72 The matrix element 

analysis is itself a project of considerable magnitude, usually requiring 

elaborate computer programs to calculate the lepton functions and determine 

the optimum values of the matrix elements to fit a given set of data; and 

always requiring a considerable knowledge of the current state of beta-

decay theory. A natural division falls between the experimental determin-

ation of the observable quantities related to a decay, and the theoretical 

treatment of the observables to obtain the matrix elements. (Of course, 

it is advantageous for the analysis to be carried out by the same workers 

or at least in the same laboratory as the experiments.) For these reasons 

the present work does not extend to the analysis for the matrix elements, 

althcugh it is hoped that the analysis can be performed in the future. 
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Appendix I A.: 

Run # 

la 

2a 
. a 
3 
4b 

5 
6c 

7 

8 
9d 

lOd 

lld 

12d 

13 

14 

15 

16 

17 

18 

19 

20 

21 
:-

22 

23 

24 

25e 

APPENDIX I 

Tabulations of Experimental Results from 

First Forbidden Beta Decay Experiments 

List of Experiments 

Source Polarizing Length 
Field Run 

186Re alloy #1 + 1500 oe. 8 hrs. 

" " " " 8 hrs. 
18 6 Re alloy #2 " 6 hrs. 
186 Re alloy #3 " 8 hrs. 

·II " " " 12 hrs. 

" " " " 10 hrs. 
18 8 Re alloy #4 + 2000 oe. 14 hrs. 

" " " 2000 oe. 14 hrs. 
II " " 1500 oe. 12 hrs. 

" " " + 1500 oe. ll hrs. 
188 Re alloy #5 + 1000 oe. 12 hrs. 

" " " 1000 oe. 12 hrs. 
186 Re alloy #6 - 1000 oe. 14 hrs. 

" " .If + 1000 oe. 13 hrs. 

" " " + 1500 oe. 2 hrs. 

" " " + 1500 oe. 12 hrs. 

" " " 1500 oe. 13 hrs. 
188 Re alloy #7 - 1500 oe. 2 hrs. 

" " " + l,SOO oe. 14 hrs. 

" " " 1000 oe. 13 hrs. 

" " " + 1000 oe. 14 hre. 
19 4 Ir alloy #8 + 1500 oe. 2 hrs. 

" " " 1500 oe. 14 hrs. 

" " " + 1500 oe. 15 hrs. 

" " " 1500 oe. 2 hrs. 
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Footnotes to Appendix I A.: 

a) Not used because of difficulties with apparatus and/or electronics. 
b) Calibration run .with additional 6 °Co:Fe source. . 
c) First half of run lost because of faulty tape recording. 
d) Beta angular distribution data not included in final averages. 
e) Beta angular distribution data not used because of faulty axial 

c.:ounter. 

Appendix I B.: Tabulation of Anisotropy Data(Gamma Analysis Method I) 

The beta-particle and gamma-ray anisotropies for two counters are 

tabulated for each run (grouped by isotope studied) alorig with their 

statistical errors. The values listed are averages of the anisotropies 

recorded in all counts up to the point where temperature dependence 

began to appear (usually this included about 30 ten-minute counts for 

the beta anisotropies and 20--25 counts for the gamma anisotropies.). 

The anisotropies are defined by 

W(Ax.) = 
Cold Ct. Rate in Axial Counter 
Warm Ct. Rate in Axial Counter 

W(Eq.) = as above for equatorial counter. 

[corrected 
for decay] 

The beta anisotropies are listed first, along with the corresponding 

particle energies. The second table on each page contains the gamma 

anisotropies for each of the three peak integration limits Al, A2, and 

A3, used in Method I. (See Chap. VI I.) 

..-

. .. 
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RUN NUI'-H~ f R 5 HG - 1600 OE. 

ENERGY WCAX.) ERR .. W(EQ.) f::P R. 

566.775 .46040 .,00106 .99740 .0020R 

619.32'5 .43160 .00111 1.00250 .00233 

671.875 .40300 .00119 .99<HO .00264 

724.425 .36830 .00127 .99450 .00307 

776.975 .329AO .00140 1.00080 .00375 

829.525 .28976 .• 00157 .99950 .• 00480 

882.075 .25050 .• 00.186 1.00060 .00643 

934.625 .20840 .00229 .99150 .00936 

987.175 .20630 .00356 .9<Jl90 • 015 55 

103<). 725 .22080 .00737 .87900 • 03033 

GAMMA ANISOTROPIES 

A<I) ~HAX.) ERR .. vHEO.) ERR • 

A ( 1 ) .82440 • 00 208 1.06640 .00507 

Af2l • 81840 .00204 1.06110 .00496 

ti (3) .. Sl<HO •00212 1.06070 .00540 
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~' 

RUN NU!V!BER 5 HC = -1600 nE. 

EJ\!ERGY W(AX.) ERR. ~I(EQ.) EPR. ,..,_ 

5o6.775 1. 52540 .00190 .97030 .00506 

619.325 le55220 • 00211 .96620 .001516 

671.875 1.58170 • 00? 38 .. 97530 .00571 

724.425 1. 612 50 .00275 .96740 .00646 

776.975 1.65390 .00329 .95510 • 00733 

829.525 1.69700 .00408 .97130 .. 00934 

882.075 1. 72390 .00525 .97330 .01.233 

934.625 1.82310 .00763 1.01270 .01865 

987.175 1.80810 .o 11 51 .A3870 .02440 

l039. 725 1. 84170 .02223 .79720 .05453 

GAMMA ANISOTROPIES 
... " 

A (!) t,.J(AX.) I:RR. W(EO.) ERR • 

A f-1) • 81800 .00203 1.05700 .00466 

A(2) .81040 .00181 1.05300 • 00434 

A ( 3) • 80760 .00197 1.06400 .00483 
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·'! 

RUN NUMBER 13 HO = -1000 OE. 

ENF.RGY WCAX.) ERP. W(EQ.) ERR. 

5(,6.775 1.53400 .00059 • 94940 .00102 

619.325 1.56500 _.,00065 .94850 .00112 

671 .. 875 1.60100 .00074 • 94 320 • 00124 

7_24. 425 1 .. 63800 .00085 .94140 .00143 

776.975 1 .. 68500 .. 00101 .93590 .00169 

829.525 . 1. 74300 .• 00126 .93700 .00210 

882 .. 075 1.82400 .00164 .93830 .00~75 

93(t.625 1.91500 .00221 • 93940 • 003 85 

987.175 2.05600 .00339 1.0180() .00651 

1039.725 2.31200 .00539 1.14700 .01143 

GAM~~ A ANISOTROPIES 

A (!) W{AX.) ERR. W(EQ.) ERQ .. 

A ( 1 ) .81130 .00054 1.02300 .00086 

A(2) .80030 .. 00055 1 .. 03500 .00089 

A<3L • 79t9o .00059 .. '1.05600 .0010~ 
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I I 

. 
RUN NUMf\.EP. 14. HO = 1000 OE. 

ENERGY W(AX.) ERR. W(EQ.) ERR. 
,. 

566.775 .44290 .00028 1.03900 .00070 
I 

619.325 • 411330 .00030 1.04~00 • 00078 

671.87'5 .39230 • 00032 1.04000 .00088 

724.425 .36530 .00035 lo 03600 .00102 

776.975 .33290 .00039 1.04100 .00124 

829.525 .29730 .00045 1.04000 .00155 

·s82. 075 • 263 70 .00054 1 .. 05000 .00208 

934.625 .24050 .00069 1.04900 .00294 

9137.175 .24000 .00100 1.06700 .00461 

1039.72.5 .24890 .00160 1.09600 .00752 

GAMMA ANISOTROPIES 

A(J) W(AX.) ERR .. W ( EQ.) ERR. 

A ( 1) .84900 .00059 1.06600 .00092 

A ( 2) .83960 • 00060 1.07'~00 .00096 

A(3) ~ • 8365 0 .00065 1.08400 • 0010 7 

i' ' ~-·· 
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.. 
RUN NUMP.FR 15 HO = 1500 OF. 

.. ENERGY W(AX.l ERR. vHEQ •• F.RR • 

566.775 • 43 810 .00070 1 .. 04100 .00167 

619.325 .. 41110 .. 00074 L. 04400 .,00186 

671.875 .. 37980 .o 00 79 1 .. 04600 .. 00211 

724 .. 425 0 34 86 0 .00086 1.04600 .00?.45 

776.975 .31580 .000 93 1 .. 04400 • 00294 

829.525 .27860 .00109 1 .. 04600 .. 00371 

882.075 .23960 .. 00128 1.05100 .. 0049'5 

934 .. 625 .. 21370 • 00164 1.04700 .. 00705 

987.175 .20860 • 002 40 1.05000 • 01130 

1039.725 .20970 .. 003 83 1 .. 05500 .,018<}1 

GI\MMA ANISOTROPIES 
.. - . 

A (I) W(AX.) ERR. W(EQ.) ERR .. 

A ( l) .. 85080 .00144 1. 07300 .00223 

A(2) .. 84030 .00147 1.08500 .00232 

A(3) .83090 .00158 1.10200 .00262 

< : ~ •• ',. •• 



. 144 

-~' 

RUN NUMBER 16 HC :::: 1500 OE. 

ENERGY W(AX.) ERR .. ~.J(fQ.) FRR. 

566 .. 77'5 .43350 .ooo 33 i 1.03500 .ooo~n 
I 
I 

619.325 • 405.f+0 .00035 1.03600 • 00090 

671.875 .37730. ..00038 1.03500 .00102 

724.425 .34560· .00041 1.03800 .00120 

776.975 .31120 .00045 ·1 .. 03300 .00143 

8 29 .• 52 5 • 27360 .00051 l. 03400 .00180 

882 .. 075 .23460 .00060 1.04000 .00241 

934o625 .21040 .000 77 1.04800 .00348 

987.175 .20720 .00115 1.05700 .00')66 

1039.725 .. 21140 .0()191 1.09600 .01011 

GAMMA ANI SOTROP IES 

.~( n W(AX.) ERR. W(EQ.) EPR. 

A ( 1) .81370 • 00067 1.04900 .00107 

A(2) .80180 .00068 1.05600 .00111 

A(3) .. 79640 .00073 1.06700 .00125 
) 
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.. RUN NUMBER 17 HO -1500 OE. = 

,, .. , ENERGY ~H AX.) FRR. \>ICEQ.) EP R .• 

566.775 1.53600 .00067 .96880 .00150 

619.325 1.56300 .00073 .95680 .00160 

671.875 1.59400 .ooo 82 .95040 • 00176 

724.425 1.62400 .00095 .. 94680 .• 00199 

776.975 1 .. 66600 .00113 .93920 .00232 

829 .. 525 1.71400 .. 00141 .9?710 .. 00283 

882.075 1.76200 .00184 .93700 .00377 

934.625 1.81700 .00258 • 92750 .00535 

987.175 1 .. 90500 .. 00407 .96000 .00938 

1039.725 '2. 20500 .00791 1.08600 .02327 

GAMMA ANISOTROPIES 

A f I.) W ( Ai.) FPR. WfEQ.) F.RR. 

A( U 0 796 70 .. 00057 1.01400 .00094 

A ( 2) .78440 .00058 1.01800 .00097 

A{3) .. 77870 ... 00062 . 1.02300 .00109 

I 

I 
I 
I 

I 
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•. 
RUN NUMBER 1 HO - 2000 OE. 

ENERGY W(AX.) EPR. W(fQ.) ERR. 
_ .. , 

1199.475 '1.637(10 .00158 .93830 .00139 

1295.42') 1. 66300 .00175' .93850 .001'54 

1391.375 1.69600 .00197 .Q2780 .00173 

1487.325 1. 71400 .00226 .93620 · .OC19C) 

1583.275 1.73900 .. 002 68 .92850 .00235 

1679.225 1.75300 .0033J .. 91510 • .002 8C) 

1775.175 l. 83200 .00446 .91390 • 00377 

1871 .. 125 1 • .84800 .00628 .,91290 .005:?8 

1967.075 !.96900 .o 10 63 .90780 .00840 

2063.025 2.15200 • 02177 • 934'50 .01614 

GAMM.A AN I S 0 T R OP I E S 

' 
A ( I ) W(AX.) ERR. W(EQ.) ERR. 

A(l) .87180 o0010c7 1.02200 .00185 

A(2) .86840 .00105 1.02000 .00187 

A(3) • 87150 • 00111 1.02000 .00204 

' 

-' ~ . '. :... ·'· . . "-~ ' .. 
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t 

RUN NUMBEP R HQ = -2000 rJE. 

ENERGY WCAX.) E RP.. WCEQ.) EP P. 

1199.475 • 333 70 .. 00063 1.,01300 .002<)8 

I 

1295.425 .31330 .00067 1. 01200 .00~15 

1391.375 .29590 .00074 1.01500 .00346 

1487 .. 325 .27760 .00081 1.00600 .. 00383 

1583 .. 275 .25980 .. OOO<.l3 1.fll200 • 00450 

l679.225 .?.4170 .00109 1.01800 .00514 

1775.175 • 215 70 .00139 1.01700 .00706 

1871 e 12 5 .18840 .00187 1.;01800 .009R9 

1967.075 .17130 .00306 1.05000 .01610 

2063.025 .?0040 • 007 08 1.10300 .. 03319 

GAMMA ANISQTROPIES 

A ( J ) WCAX.) ERR. W(EO.) ERP.. 

A ( l) .89550 .00128 1.01500 .0022<) 

A ( 2.) .. 89210 .00124 1. 02000 .00231 

A(3) .89410 .00133 1.o2qoo .. 00252 

I 
I • 
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~. 

RUN NUMBER 9 HO = -1500 m=. 

ENEPGY W(AX.) EPR. ~!( E Q.) ERR • 
,, 

1199.475 1.62400 • 0027_6 .93940 .00433 

1295.425 ' 1.65300 .00307 .93160 • Q04 79 

1391.375 1.66800 .00345 • 91700 .00528 

1487.325 1.71700 .00405 .92720 .00609 

1583.275 1.69300 • 00466 ' .91660 .00735 

1679 •. 225 1.72800· .00581 .90550 .00901 

.... 1775.175 1.77600 .00,!75 .87550 .· .01203 

1871.125 1.81200 .011.20 .88140 .. 01658 

1967.075 1.73600 .o 17 62 .83880 .02528 

2063.025 1.69000 .03648 1. 0 I 700 .05616 

G~MMA ANJSOTROPIES 

A (I} W(t..X.) EPR. W(EO.) FRR • 

A ( ll • 88500 .00226 1.01900 .00439 

A(2J .88460 .00221 1. 03600 .00435 

:\ ( 3) .89610 .00236 1. 06900 .00488 

'.. -I ' .•. ~ 
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RUN NUMBER 10 HO = 1500 OE. 

ENERGY . W(A.X. t ERR. \-.l(fQ.) ERR. 
I 

! 

1174.775 .36080 .00173 
I 

1. 00800 • 00411 

1273.325 .34210 .00183 1.01100 .00456 

1371.875 • 31500 .00193 1.03100 .00523 

1470.425 .?9550 .00209 1.00900 .00586 

1568 .. 975 • 27 810 .. 00233 1.02600 .00702 

1667.525 .26040 .00271 1. 0.?400 .00848 

1766.075 .23250 .00316 .,99570 .01051 

1864.625 .. 20730 .00394 .99220 • 01434 

1963.175 .18020 .00551 1.06100 .02332 

2061.725 .15310 .00848 • 97780 .03619 

GAMMA ANI SOTR.OP IES 

A (I) W(AX.) FRR. WCEQ .. ) ERR. 

A ( l ) • 849 70 .00393 1.26300 .01300 

A(2) .83110 .00369 1.10000 • 00980 

td 3, .82530 .00397 1.04900 • 00986 .. 

. .. ' 1- .. 



. 150 

RUN 1\JUMREP 11 HC = 1000 OE. 

ENERGY W(AX .. ) ERR • ~JfEQ.) ERR. 

1174.775 • 35970 .00172 .97770 .00416 

1 27.3 .• 325. .34550 .o 0183 .96030 .00452 

1371.875 .32140 .. 00187 .97010 .00515 

1470. 4?.5. .30050 .00207 .96330 .00586 

15.68.975 .28370 .00231 • 97020 .00699 

L66.7. 52 5 • 27090 .00269 .98350 •. Q0866 

1766 .. 075 .24120 • 003 08 • 9::\2 30 .01043 

1864.625 .224BO .. 003 98 .94420 .01468 

1963 .. 175 .18970 .00528 1.00400 .02383 

2061..725 .18180 .. 008 54 1.02800 .• 04328 

GAMMA ANISOTROPIES 

A( U W(AX.) ERR. W ( EQ.) ERP. 

A( 1) .90450 .. 00496 1.16900 .01336 

A ( 2) .89410 .00470 1.10900 • 01115 

A ( 3} • 88630 .00490 1.09700 .01141 

'- •. ·»: \ -; .. ~: ' . 
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.. 
RUN NUMBER 12 HO = -1000 OF. 

ENERGY W ( AX. ) ERR .. W(EQ.) E!H'. 

1199.475 1.62AOO .OQ63l .97150 .00800 

1295.'t25 1.62600 .00687 .95970 .00875 

1391 .. 375 1 .. 67500 • 007 92 .96500 .00989 

1487.325 1.65400 e 0 08 83 .95910 .• 011 ?.7 

1583 .. 275 1.67600 .. 010 S4 • 97740. .01361 

1679.225 1 .. 74300 .01342 .96120 .01643 

1775.175 1. 80000 .01795 .93050 • 02091 

1871.125 1.87400 .. 02640 .89730 .. 028't2 

1967 .. 075 1 .. 73400 .. 03978 .. 92880 • 04595 

2063.025 1.32700 .06220 1.37600 .12663 

GAMMA ANISOTROPIES 

A(!) W(AX.) EPR. W(EQ.) ERR. 

A ( 1) 1.00700 • Ol't51 1.28000 • 03 865 

A ( 2.) • 91170 .01079 1.11000 .02633 

A(3) .8<t190 .o 106 7 1. 06 200 .02507 
,;~ 

II 
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RUN NUMRER 18 HO = -1l500 OF. 

ENERGY H(AX.) ERR. W(EO.) ERR. 

1199.47'> 1.68200 .. 002.79 .9<ll30 • 00412 

1295.425 1.70900 • 00307 .99840 .00456 

1391.37'> 1.73300 .00346 • 99·440 .00508 

1487.325 1. 75 700 ' .003 97 .,98R60 .00581 

1583.275 1.78000 • 0 04 72 .98650 .• 00687 

1679!225 1. 80600 .00586 .98550 • 008 51 

1775 .. 175 :t.e6ooo .007 86 .<J79l0 .01110 

18"71 .. 125 1 •. 92300 .011.57 .99270 .01631 

1967.075 2.;04700 .01980 1.00100 • 02779 

2063.025 2.52100 .04323 .93630 .o5sqs 
~:::.. -

GAMMA ANISOTROPIES 

A ( l) W (AX.) f:RR. WCEQ.) J:::RR. 

A ( l) .90060 .00240 1.02600 .00356 

A(2) .aq110 .002l9 1.02800 .00365 

Af3) .. 89410 .00252 l. 02900 .00401 

.• 
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RUN N.UM~,ER 19 HO = 1500 OE. 

ENE R.GY W( AX.) ERR .. 1-J(EQ.) t=RR. 

1199.475 .29260 • 00056 .96660 .00165 

1295.425 .27520 .. 00059 .96290 .00183 

1391.375 .• 25770 • 00064 • 96100 • 002 08 

1487.325 .21850 .0006<} .95590 • 00240 

1583.275 .22370 .00079 .96360 .00289 

1679.225 .19940 .00091 .95870 .00160 

1775.175 .17500 .00112 • 94480 .00470 

1871.125 .. 14360 .00147 .. 97060 • 00711 

1967.075 .12540 .00236 .95600 • 01196 

2063 .. 025 .15730 .00612 1.0?720 .. 02847 

GAMMA ANlSOTROPIES 

A( n W(AX.) FRR. W(EQ.) ERR. 

A ( U .. 9012{) .00152 1.03400 .00217 

A(2) .89670 .00151 1.02500 .00220 

A(3) .. 89400 .00159 1.0·1700 .00239 
•· 

,. 
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.. 
RUN NUMBER 20 HO = -1000 OE. 

ENERGY W{AX.) ERR. W(EQ.l EPR. 

1199.475 1.66500 .• 00194 .C}9390 .002'56 

12C}5.425 1 .. 69400 ~00214 .99860 .00284 

1391.37'5 1.70800 •00?.40 • 9856 0 .00315 

1487.325 .. J. :nooo .()0276 .98610 .00363 

1583.275 l. 76 700 .00331 .97700 .00428 

1679.225 1.78400 .()0410 .98800 .00537 

17]5.175 t .. 815 00 • 00,5,.45 .. 97900 .0(.)708 

1871.125 1.89600 • oo8 Z6 1.00100 .01055 

1967.075 1 .. 93900 .01436 1.01900 .01865 

~063.025 2.13800 .o 3613 1 .. 10800 • 048 22 

GAMMA ANI SOTROP IES 

A (I> W(AX.) EPR. W(EQ.) ERR. 

A ( 1) .88480 .001C}0 1.02300 .00289 

A ( 2) •· 88320 • 00191 1.02400 • 00294 

A(3) .88870 .00203 1.03700 .00328 

'!' 

,,I 
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RUN NUMBER. 21 HO = 1000 OE. 

·• ENERGY· W (AX. l ERR. W .C f 0. l ERR • 

1174.77'5 .31650 .OOl 20 .,96730 .00348 

1273.325 .?9870 .00126 .99960 .00401 

1371.875 .. 27820 .00132 .98860 • 004~'t5 

1470.425. .2So90 .00141 .96000 .00497 

1568.975 .24480 .00160 .,96590 .00589 

1667.'525 • 22 650 .00183 .. 97850 .00731 

1766.075 .20'340 .00216 .93790 .00904 

1864.625 .17790 .002 72 .97150 .01300 

1963.175 .14010 .. 00362 1.00800 .02184 

2061.725 • 14050 .00711 1.08400 • 04844. 

GAMMA ANI SOTROP IES 

A ( I ) ~·HAX.) ERR. tH EO.) '=RP • 

A( U .84200 .00382 1.00900 .00622 

.A ( 2) .83510 .003 77 .98510 .00606 

A(3) • 84060 .. 00409 .98420 .00665 

ll,i 
·•'1,1'. 
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RUN NUMBER 22 HO - 1500 Of. , 

ENERGY W(AX.) ERR. W(fQ.) ERR. 

1235.125 .28910 .oo 134 .98570 • oo3 75 I 

. 1340.375 ·?6940 .Q014l .98700 .00423 

1445 .. 6~5 .24930 .00151 .97370 • oo4at 

1550 .. 875 ..... - ._22630 _..g_0165 ... 98890 .00576 

1.656.125 .20090 .00182 .98030 .00698 

1761.375 .17510 .00208 .99660 .00905 

1866.625 .14180 .00.240 1.00100 .01232 

1971.875 .13900 .00335 1.00100 .01872 

2077.12'5 .13980 .00555 .97770 .03375 

2182.175 .13530 .. 01151 .97430 .07471 

GAMMA AN I S 0 T R OP I E S 

A( I) W(AX .. ) ERR. W(EQ.) ERR. 

A{ 1) .. 85400 e00l44 1. 05900 • 00193 

l\(2) .85240 .00153 1.06300 .00212 
•· 

A ( 3) .84010 .00174 1.06600 .00242 

.•. 
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RUN NUMAEK 23 HO = -1500 OE. 

ENERGY W(AX .. l ERR. W(fQ.) FRP. 

1215.125 1.70500 .00184 .93070 .00251 
! I 

1340.375 1 .. 73<100 • 002 06 .911AO .0027'3 

14'~t).625 1.78000. .002 36 • 91680 .. 00313 

1550.875 1.82100 .002 76 .91890 .00368 

1656.125 1.84500 .0032<) .Q0480 .00437 

1761.375 1.88700 .. 00410 .. 92210 .00568 

1866.625 1 .. 9~ 100 .00552 .90320 .00756 

1971.875 2. 06 700 .00821 .90660• .01150 

2077 .. 125 2.17700 .01421 .83160 • 01974 

2182.375 2.56700 .03552 ~ 92 770 .05271 

GAMMA ANI SOTPOP IF.S 

A ( I ) w.f tJ.X. > ERP. W (EO.} ERR. 

A ( U .74550 .. 00130 • 913~0 .00176 

A(2) • 748 00 .00141 .92680 .00194 

A(3l .T?-100. 
. . 

• 93550 .00162 .00195 
,:;, 
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RUN NmH~fP 24 Hf1 = 1500 OE. 
.<;: 

ENERGY W(AX.) ERR .. W(fQ.) EPR. 

1235.125 • 27 260 .00097 .9'3930 • 002 80 

1340 .. 375 .25790 .00103 .,92100 .oo·310 

1445.625 .23610 .• 00110 • 94 290 • 00367 

1550.875 .21050 .00118 • 93 230 .00428 

1656.125 .18330 .. 00129 .93390 • 005 24 

1761 .. 375 .. 15910 .00147 .93000 .00663 

1866.625 .1.3490 .0()174 .96130 .00941 

1971.875 .12740 • 002 43 .. 8H850 .01310 

2077.125 .132 60 .00429 .90530 .. 02537 

2182.375 .12460 .ooqo2 1 .. 05000 .. 07463 

GAMMA ANI.SOTROPIES 

A{ J) W(AX.) ERR. vHEQ.) ERR. 

A ( l ) .61070 .00149 .84330 .00228 

A(2) .61550 .00161 .84410 .00249 
·~ 

A{3) .60000 .00180 • 83 760 • 00 28 2 

·• 
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. --·-
RUN NU~tER 25 HO = -1500 OE. 

········ ....... 

ENERGY W(AX.) ERR. WCEO.) ERR. 
- ..•.. ----- - --~---

1235.125 2.10600 ... .00891 .9(t730 .00953 

1340.375 2.17700 .01016 .93730 .01049 

1445.6~5 2.20400 .01151 • 9lt6 70 .01200 

1550.875 2.24800 • 013 49 .94910 .01418 

1656. 1?5 2.35300 • 016 72 .95580 .0171? 

1761.375 2.38500 .02079 .CJ4180 • 02159 

1866.625 2.46200 .0?.790 • R7'•80 .0270b 

1971.875 2. 51t6 00 .04136 • 9 1tl50 .04460 

.2077.125 2.48000 .0676C) .98290 .08613 

2182.375 2.44900 .15662 .86600 .18542 
, .. -- ... ·--- . 

GM-1MA .6 N I S n T R QP I E S 

A ( I ) ¥1 ( /1 X. ) ERR. \-1 (EO.) U'R • 

A ( 1) • 75330 .001R2 1.04800 .00285 

A ( 2 l • 76090 • 00 zoo l.05A00 .00317 

. ··-· .... ·----
.75950 1.07200 ,,,. , . A(3) .0023"5 .00374 

. . 

- r··. 
·r 
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Appendix I C.:· Beta Particle Angular Distribution Coefficients 

The angular distribution coefficients derived from pairs of runs 

with opposite signs of the polarizing field Hoare listed as·functions 

of particle energy. The anisotropies from the two runs are combined in 

four different ways denoted as Cases I--IV (See Chap. VII.) to give four 
I 

values for A1 and A
2

. The averages of the four values are als~ given in 

the tables. The averages were combined with weighting from appropriate 

runs to give the final averages shown in Table II IA, p. 114. The coef-

ficients are defined as functions of particle parameters and the ratio 

' - + - + 
r of intensities of the two beta branches [ r = I(l + 2 )/I (1 + 0 )] : 

= -

= { be 2) /b co) } 
1,1 1,1 

+ 

[1 + r] 

r 
..,...,.-,..,.--..,.. 
10[1 + r] 

x{b( 2) 
1,1 

[b (O) - /3/Sb(O)] 
1,1 2,2 

For completeness we also give the definition of the parameter R, from the 

gamma ray attenuation data, whose values are listed in Table IIIB, p.l20.: 

.\ 
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RUN NUMBERS 5 AND 5 

Al CALCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGE.S 

566.8 .52692 e52676 .54701 • 50606 .. 52669 

619.3 .. 55121 .55107 0 57082 .. 53081 .,55098 

671.9 • .57 700 .. 57690 .. 59063 .56279 .57683 

724.4 .60658 .60638 • 62 946 .. 58267 .60627 

111 .. 0 .64363 • 64332 .66780 • 6182 9 • 64326 

829.5 .68260 e68242 .69255 .. 67216 .6 82.43 

882.1 • 71323 .. 713.2 3 .72533 •. 70049 .71307 

934 .. 6 .78131 .. 78094 .. 74321 .82154 • 78175 

987 .. 2 .. 77407 .. 77163 e87102 .671.43 .77204 

1039 .. 7 .. 78348 .. 77830 o95825 .59864 • 77967 

A2 CALCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 

566 .. 8 .. 00601 .. 05095 - • 05 260 .05264 .. 04055 

619.,3 .. 00602 ~04902 .05105 .05111 .03930 

67le9 .0094"9 ·03986 o04075 .04077 .03272 

724 .. 4 .00816 • 0590 l .. 06061 .06065 .04711 

777.0 .01516 .. 06794 .07062 .07069 .05610 

829 .. 5 e02265 .04484 ·04548 o045.49 .03962 

·•· 882 .. 1 e01281 e03995 ·04066 • 04070 ·03353 

934.,6 .08302 -.00643 - .. 00486 -.00474 .01675 
,, 

987 .. 2 .06365 • 25 750 .28749 .. 28789 .22413 

1039 .. 7 .11713 o49220 .. 52092 .. 52096 .. 41260 
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RUN NUMAERS 13 AND 14 

Al CALCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 

566.8 • 52 695 • 52706 .53780 ·51559 .52685 

619 .. 3 • 55067 .55074 .55520 .54591 .55063 • 

671.9 .57774 I .57764 .58160 .·• 57372 • 5 7767 

724· 4 . .60599 •. 60572 .60784 .60413 .60592 
I 

;' 

·117.0 .64203 e64157 .63468 .64990 .64205 

829.5 .68523 • 68448 • 66398 .70790 .68540 

882 .. 1 .73883 .73756 .. 68111 • 80050 .73950 

934e6 .79273 .79044 .69789 .89443 .79387 

987.2 .86095 • 85781 .62969 lel08l9 .86416 

1039 • .7 .98202 • 97662 .53601 1.45961 e98856 

A2 CALCULATION 

ENERGY CASE I CASE II CASE III CASE IV AVERAGES 
. -

566o8 -.00269 • 01815 • 02104 .02124 • 01443 

6l9e3 e00607 e01470 ·01589 .01599 .01317 

671.9 • 01870 .02601 .02704 .02704 • 02470 

724 .• 4 .03142 .03490 .03541 • 0352 8 .03425 

111.0 .04959 e03545 ·03370 ·03333 .03802 

829o5 .07644 .03518 e03043 ·02973 .04294 

882.1 .12976 .. 0176 5 .. 00454 .00297 .03873 

934.6 .. 20387 .. 01746 - .. 00217 -.00468 e05362 • 

987 •. 2 .35292 -013002 - .. 14993 -.15191 - .. 01973 

1039.7 .63498 -. 3708 5 - .. 33571 -.33240 - .. 10099 



163 

RUN NUMBERS 15 ANO 15 

Al CALCULATION 

ENERGY CASE I CASE [ I CAS,E III CASE IV AVERAGES 

566.8 o. o. • 5396C o .. .53960 

• 619.3 c. o .. .55950 ~o. ' ... 55950 

671.9 o. o. .58480 o. .58480 

724.4 (}. o. .60870 o .. .60870 

777. (i o. o. .64740 " ..•. .,64740 

829 .. 5 0., o. .67330 o. .67330 

882 .. 1 o .. o. .7037G o. • 7.0370 

934.6 o. o. .12560 0 •. .72560 

987 .. 2 o .. l"' V• .68400 o. .68400 

1039 .. 7 c. o .. .62540 o .. .62540 

A2 CALCULATiON 

ENERGY CASE I CASE It CA.SE I I I CASE IV AVERAGES 

566 .. 8 o. c .. .dl520 o .. .01520 

619.3 o .. o. .. otoeo o .. ..01080 

671 .. 9 o. 0~ ,00920 (). .00920 / 

724.4 o .. o. .00440 o. .00440 

777 .. 0 J., o. .C2770 (). .02770 

829.,5 o. o. .01400 Vo .01400 

882 .. 1 o .. o. ..00660 o. • 00660 

.•. 934.6 o .. o. .01010 o .. ..01010 

987 .. 2 o. o. - .. 09310 o .. ·-.09310 

1C39e7 i-
,;..j 0 o .. -.2177C o. -.21770 

:I 

. " . i, .... ,. "·,: .............. .. 
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RUN NUMBERS 16 AND 17 

Al CALCULATION 

ENERGY CASE I CASE II CASE III CASE IV AVERAGES 

566.8 .53239 .53270 • 53426. o53038 .53243 

619.3 .55576 • 55600 .56595 • 54505 .55569 • 

6171.9 .58134 • 58148 -. 59469 .56731 .58121 
I 

724·4 .60835. ·60851 . ~62164 • 59434 ·60821 

777.0 .64286 .64280 ·66037 ·62442 ·64261 

829.5 .68210 .68179 .70099 .. 662.20 .68177 

882.1 • 72211 .72187 .72125 • 72309 .722.08 

934.6 .75890 .75822 .74102 .77813 .75907 

987o2 .. 80236 .80104 ·70804 .. 90322 ·80367 

1039.7 • 946-56 . .94272 .59378 1~~2489 .95199 

A2 CALCULATION 

ENERGY CASE I CASE I I CASE til CASE IV AVERAGES 

566.8 -.00992 -·00614 -·00583 -.00568 -.00689 .,. 

619.3 -·00870 • 01115 ·01338 • 01361 • 00736 

671.9 -.00324 • 02263 .02563 .02586 .• 0177 2 

724.4 -.00227 • 02341 .02646 .02671 .01858 

777e0 .oo88.5 e04278 .04674 ·04693 .03632 

829.5 .02337 • 0596 7 •06430 ·06441 ·05294 
:} . 

882.1 • 03681 • 03506 .03493 .03479 .03540 

934.6 .07187 • 03716 .03298 .03230 .04358 .. 

987.2 ·16188 -·02624 -·04343 -.04519 ·01175 .. 

1039.7 .48540 -.21170 -·28335 -.28389 - .. 08989 

:1 
I . 
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RUN NUMBERS 7 AND 8 

Al CALCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 

'• 1199.5 .62746 .62725 • 66513 • 58793 • 62694 

1295.4 .64429 .64400 .67831 .60855 .64379 

1391.4 .. 66471 .66414 .69532 ·63253 I .. 66417 

1487 .. 3 .67969 • 67911 0 70912 .64872 .67916 

1.5 83.3 .69849 • 69779 • 72470 .67090 .69797 

1679.2 e71246 o71170 • 74586 ·67722 .71181 

1775 e 2 ·16189 0 76036 .76700 .75679 ·16151 

18'71. 1 .78153 • 78011 .. 79099 .77176 .. 78110 

1967.1 .. 84775 • 84508 .77891 0 92239 .,84853 

2063 .. 0 o9237i • 91869 • 67629 lel9288 • 92789 

A2 CALCUlATION 

ENERGY CASE I CASE II CASE III CASE IV AVERAGES 

1199.5 -.00005 .07410 .08097 .08125 .05907 

1295 .. 4 .00771 "07501 .08095 • 0811 7 .. 06121 

l39lo4 .. 02568 ·08559 ·09172 .. 09183 • 07370 

1487 .. 3 .02711 • 08617 •09077 e09084 o07372 

1583 .. 3 .. 03640 • 0883 8 .09317 .09318 .. o111a 

1679.2 .03395 .. 09911 .10643' .10653 • 08650 

1775.2 ·09245 • 1022 2 .10355 .. 10294 .10029 

l87lol e08363 .. 10205 .. 10422 .10372 .. 09841 
,~; 

1967.1 .19557 .. 06192 .04549 • 04263~ .08640 

2063 .. 0 .. 41746 - .. 05617 -.12171 .... 13073'" .02721 
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RUN NUMBERS 9 AND 10 

Al CALCULATION 
I 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 

1199.'5 .60830 • 60791 .64254 .57247 .60781 

1295.4 • 62 597 .62541 865777 .59266 ·62545 
.. :;:, 

1391.4 .64225 o64186 .67569 .60706 .641.71 
I 

1487.3 .67288 .67199 .69711 .64748 .67236 

1583.3 .. 66781 • 66748 .70927 • 62406 .66715 

1679.2 .69178 .. 69108 .73311 .64818 .69104 

1775.2 .72709 • 72537 .80062 .64941 .72562 

1871.1 .75545 .. 75356 • 81866 .68865 .75408 

1967.1 • 73084 • 73064 .84007 .61381 • 72 884 

2063·0 .72106 .72294 • 775 78 .66361 .72085 

A2 CALClJLATION 

ENERGY CASE I CASE I I CASE I I I CASE tv AVERAGES 

1199.5 .01245 • 08007 • 08602 .08617 .06618 

1295.4 .02482 • OS699 .09322 .09331 .07458 

l39le4 .01454 • 0776 5 .QB665 .08694 e06644 
.. 

l487o3 .. 04726 .09508 ·09964 • 09954 ·08538 

1583 .. 3 .00556 .. 08513 .09531 .09574 .07044 

1679.2 .02 543 .; 1043 7 .11505 • 11532 .09004 

1775.2 .04939 ·19067 ·20913 • 20938 ·16464 

1871ol .06349 ·18688 ·20103 ~· .20105 ·16311 

1967.1 - .. 04203 • .14699 .19604 .19976 .12519 

2063.0 -.11604 • 00765 .00341 .00290 -.02552 
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RUN NUMBERS 11 AND 12 

Al CALCULATION 

ENERGY CASE I CASE TI CASE III CASE IV AVERAGES 

1174 .. 8 .. 60 362 .60322 .63352 .57239 .. 60319 

1273.3 .,60403 - .. 00000 .. 66194 .. 54351 • 4523 7 

• 
137le9 .63514 o63447 .66868 o59999 .63457 

1470 .. 4 .. 63254 .63219 .69402 .. 56811 e63171 

1569.,0 .64930 .. 64916 .. 68899 .. 60767 .. 64878 

1667 .. 5 .. 68606 .. 68524 .70189 .66942 .. 68565 

1766ol .72608 .. 72386 e78432 o66463 .. 72472 

1864 .. 6 ·16834 o76495 • 814 78 .. 71937 .76686 

1963.2 .11702 0 71713 .. 78445 • 6455 7 • 71604 . 
--

2061.,7 "52795 .. 53615 .48261 • 57993 .. .53166 

A2 CALCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 

1174 .. 8 ~-:, o0l501 .. 07703 ·07750 0 07751 .06176 

1273 .. 3 -. 00025 .. 12081 .12090 .12090 .. 09059 

1371.9 .02689 .. 09681 .. 09722 e 09722 • 07954 

1470o4 -.01340 ·11.523 • 115 84 oll586 .. 08338 

1569 .. 0 -·00663 0 07757 .07692 o07689 .. 05619 

1667 .. 5 .. 04911 .08169 .,08249 .. 08245 .07394 

~ 1766.1 .07962 .20240 .20262 .. 20261 .17181 

1864 .. 6 .. 13967 .. 23341 o23791 • 2375 3 ·21213 
.~: 

1963 0 2 - .. 03380 e09874 el0912 .. 10980 e07096 

2061 .. 7 - .. 44959 - .. 59716 - .. 54575 -.55562 -.53703 

.. ,.·· 
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RUN NUMBERS 18 AND 18 

.Al CALCULATION 

ENERGY CASE I CASE I I CASE Ill CASE l\1 AVERAGES 

1199.5 o .. (). c. .62'080 .62C80 .. 
i 

1295.4 o. o. o. .64610 .64610 
I 
I 

1.391.4 o. o. I .. .66930 .. 66930 o. 
! 

. 1487.3 o .. o. o. .67590 .. 67590 

1583.3 o. o. o. .70620 .70620 

l67G.2 o. o .. o .• .71690 ..71690 

1775,.2 o .. o. o. ..75470 .75470 

1871.1 o. o. o. .83830 .. 83830 

1<167 .. 1 G. o .. . o .. .94.200 • 9420(). 

2063 .. 0 f' ...... f! o. o .. 1.33580 1.33580 .. 

A2 CALCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 

1199 .. 5 Q,. o. o. .06650 .06650 

1295 .. 4 o. o .. o. .0'5770 .C5770 

1391.4 o. o .. o. .05050 .oscso 

1487.3 o. o. o. .{)7840 .r.784Q 

1583.3 a. o. o. .06000 ..06COO 

1679.2 o .. o .. o. .,08580 ..08580 

1775 .. 2 o. o. o. .11270 .11270 
~~. 

1871.1 o. o. o. .u6ssc .06850 

1967 .. 1 o. o. o. .10240 .10240 

2C63 .. 0 o .. o .. o .. .25490 .25490 
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RUN NUMBERS 19 AND 20 

Al CALCULATION 

ENERGY CASE I CASE II CASE I I I CASE IV AVERAGES 
.. 

1199.,5 .64335 .64338 .67655 .60860 .64297 

1295.4 ~65953 .65944 .68551 .63230 .. 65919 

139le4 .67028 .. 67008 .. 70641 .. 63233 e66977 

l487o3 o68708 o68676 • 12 524 .. 64694 .68651 

1583.3 .. 70965 .. 70904 .73834 .67940 .70911 

1679.2 .. 12 739 .72693 .75340 .69993 .72691 

1775.2 o75215 o75130 .. 78983 ·71231 • 75140 

l87lel .80375 .. 80281 • 78355 ·82512 o8038l 

1967.1 .. 83185 .83057 .. 79771 .86793 .83201 

2063.0 .,91212 • 91039 .. 62408 1.22003 .91666 

A2 CAlCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES .. 
" 

1199 .. 5 -.00924 .06009 o05795 .. 05784 .04166 

1295 .. 4 <>00356 • 05831 e05617 o05609 o04353 

1391.4 .,00176 .07693 .. 07510 .07503 • 0572 0 

1487.3 .,00622 .08641 .08388 .08380 • 06508 

1583o3 .. 02896 .. 08824 ·08742 ·08741 .07301 

1679·2 ·02432 0 07900 o07742 ·07739 o06453 

~ 1775. 2· .. 03314 .. 11278 .11018 .11015 .. 09156 

1871.1 .08443 .:·.! ....... .04196 .04304 • 04321 .05316 
'rl_'";/ 

1967el ell055,'", .. 03682 .. 04050 e04100 .0.5722 

2063 .. 0 e33164 .. - .. 27332 -·25902 - .. 25787 -" 11464 
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RUN NUMBERS 20 AND 21 

Al CALCULATION 

ENERGY CASE I CASE Il CASE I I I CASE IV AVERAGES ... 

1187·1 e63241 .. 63219 ~65499 .60877 .63209 

1284.4 • 64 887 .64893 e63829 .. 65997 .64901 
.. , 

138h6 .66104 • 66090 .67044 .. 65115 .66088 

1478 .. 9 .67882 .67834 • 70659 .64960 .6 7834 

1576·1 • 70020 .69937 .71845 • 68096 .69975 

1673e4 .71528 .. 71474 e7l622 ·1142 8 e71513 

1770·. 6 .. 73949 0 73820 .77019 .70100 .· .73872 

1867.,9 .78849 .78711 ~ 75360 .82536 .78864 

l965el • 82 531 .. 8245.7 e74658 .90903 0 8263 7 

2062.4 ·91959 • 9182 2 . ~63220 1·22712 e92428 

A2 CALCULATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 

1187.1 .01189 • 05902 .. 05 756 • 05752 .04650 

1284o4 ·02412' .00273 o00270 ·00270 .00806 

1381 .. 6 ·01960 .. 0~862 • 03869 .. 03869 e03390 

1478.9 .02219 • 08030 .07868 .. 07866 .06496 

1576•1 .04721 • 08483 .08438 .08439 .07520 

1673.4 .04772 e04967 e04964 .04966 e049l7 
.. 

1770e6 ·05762 ·12298 ·12034 ·12041 ·10534 

1867.,9 .. 11388 .. 04063 .04249 .04275 • 05993 
.. 

1965.1 .12314 .... 03987 -.03834 -.03821 .00168 

2062 .. 4 .31734 -·28335 - .. 27231 -. 27144 -·12744 
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RUN NUMBERS 22 ANO 25 

Al CALCULATION 

ENEPGY CASE I CASE I I CASE Ill CASE IV AVERAGES 
..,. 

2185.1 .86376 • 8608 5 .. 70879 lo02322 .86416 

2190.4 .90181 .89839 .. 726 78 1· 0822 8 .90231 
0 

2195.,6 .91929 .91573 • 74712 1.0<}670 .91971 

2200.,9 .,94780 .. 94410 • 75148 1.15041 .,94845 

2206.1 lo 00700 1.00247 • 77570 1o24597 le00779 

22l1o4 1.03244 1·02777 .79152 1 .. 28194 1·03342 

2216.6 1. 08'334 1.07761 .. 85381 1 .. 32255 1..08433 

2221.9 1 .. 12387 1 .. 11779 • 81796 1 .. 44164 1 .. 12 531 

2227ol 1 .. 09172 1 .. 08648 .. 81632 t. 37664 1· 09279 

2232.4 1.07886 
.. 

1.01'303 ·· . .-88719. t.:n852 10 07940 

A2 CALCULATION 

ENERGY CASE I CASE I I CASE I I I CASE IV AVERAGES 

2185.1 .43202 .10216 .09182 • 09111 .1792.8 

2190o4 o48252 . ·11380 .09953 .09850 ·19859 

2195.6 e48859 • 11901 olll58 ·11103 • 2075 5 

2200 .. 9 .51063 .09232 .08023 .. 07936 .19063 

2206.1 .59471 "09491 .08668 • 08607 .21559 

2211.4 .60273 -o09l28 e07262 e07119 ·20945 

~ 2216 .. 6 .. 650.65 01836 5 ·14489 ·14115 • 2 8009 

·2221 .. 9 .. 73593 .. 08497 .06138 .05947 .23544 
.t' 

2227.1 .66713 • 05 82 0 .06011 .06025 "21157 

2232.4 .. 63113 ·23562 • 20795 .. 20498 e3l992 
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RUN NUMBERS 23 AND 24 

Al CAlCUlATION 

ENERGY CASE I CASE II CASE III CASE IV . AVERAGES 

2185 .. 1 .67897 .. 67844 .. 77360 • 582-34 o67834 

2190.4 .69790 • 69706 • 80779 • 58560 .,69709 c-. 

2195.6 .72378 .72296 ·80610 ·63959 .72311 

2200.9 .. 75259 .75161 .83134 e67197 • 7518 8 

2206. 1_ .. 77456 .,77349 .86361 0 6833 3 .77375 

2211.4 .80423 .. 80310 .87313 • 7335 8 .80351 

2216.6 • 84948 .84806 • 88709 .81095 ·84890 

2221 .. 9 e90239 .89977 .93747 .86624 .. 90147 

2227.1 .95157 • 94761 ~-97303 .92987 .95052 

2232.4 1.13977-·- 1.13385 .79296 1.50121 1 .. 14195" 

A2 CALCUlATION 

ENERGY CASE I CASE I I CASE III CASE IV AVERAGES 
·-

2185el -.00770 el982 5 .20009 ·20011 ol4 769 

2190.4 .. 01312 .25142 .. 25362 .25363 .19295 

2195 •. 6 .. 03396 .20977 • 21425 • 2142 7 .16806 

2200.9 .. 05103 ·22160 ·22372 ·22372 ol8002 

2206.1 .04897 .23958 ·24462 ·24462 ·19445 

2211.4 .06863 • 2192 5 .22027 .22026 .18210 

2216.6 .12159 • 20051 .20446 • 20427 .18271 

2221.9 ·22443 .30292 ·30180 • 30192 ·28277 
~ 

2227.1 .34415 • 3885 9 ·39151 • 39063 ·37872 

2232.4 .74432 .03276 -.02147 -.02579 .18245 
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Appendix I. D. : Tabulation of Anisotropy Data (Gamma Analysis Method II) 

In this tabulation the beta particle anisotropies are identical to 

those listed in Appendix I. B., but the gamma ray data have been re-analyzed 

as desribed 1n the text. AXial and equatorial anisotropies are listed 
I 

for each of ten intervals across the photopeak in the gamma ray spectrum. 

The quoted errors are statistical, including statistical errors in the 

background correction. The interval labeled 1 is at the high-energy side 

of the peak. The Haag Effect can be clearly seen: the anisotropy decreases 

from the leading edge of the peak (intervals 3--5) out through the low 

energy tail, and even reverses in some cases. The first two intervals 

(1 and 2} have very bad statistics and the background correction is a 

'large fraction of the total counts for these intervals (in f~ft it exceeds 

the total in one or two cases, giving negative anisotropies) so these 

anisotropies are practically meaningless and no significance should be 

attached to their wide and random variations. 

In order to obtain final values for each run, the anisotropies from 

intervals near the center of the peak (usually areas 4~-7) were averaged. 

No large systematic differences are apparent between the anisotropies thus 

obtained and those from Method I using width A3 (Appendix I.B.). Thus it 

may be concluded that integration over width A3 successfully avoids the 

-· Haag Effect. 

··.{· 
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- --- - ·-·· ---- --.·--·- ----~-- -----------.. - --· ----------------------···-- ·- ______________ ,.. __ .,..._ ____________ ---·-- ---·--·· ··----··- -· ___ ,.. ___ ··-···-------------------~-------·------------;., 

GAMMA ANtSOTROPt!S ---·-·-- -~---------~-------------... ·----~------ ....... ·----------------- ·------ ... ·---.. ---~..-.--------· -·b·----------·-· ... ~----.. --·· --~ .. --~--
AREA 

. 1 

2 

3 

-------------------·---

W(AX•). 

.ai 748, 

.~Z012.-

.80886. 

,16219 

.02231 

,00688 

.00356 

,00215 

ERR• 

e02487 •• 17356 

.1.062~3 .i3817 

1.12549 .ozoo6 

1.07160 .o0957 

1•06519 .o0670 ---·-··--... ---·--. ___________ ... ______ , .................. _. _., .. ___ , ______ .. _____ ,_ ... ...::.o~.:..:.....~-

6 ,ao3B6 .oo29o 1.06529 .o0714 
. -- -·- ---- ----- ---- ----··- ---------------- --------· ------;- ----·----------------- ---------- ------- _,_ ---· -- --·· ----····- -------~-- -------------- --- ____ :......,.._ 

.., .~058$ .00445 1.03644 .o0993 
·------------- -·-·· ---- --------·-.·-- .. ---.--- ..... ---------------- .. ·~---

8 .~3973 .... _, ___________ ~---· .. ···- ··-------- . .00757 . 1~02194 ,b1Si6 . -----------------·· __ .., _____ ---... .. _, ____ .. ____ -.... -.. ~~---.. ~-.. ··-

. _. _____________ _ ___ _ _________ J ___________ ~-~-!!!P _________ • ~J ~~o. ______ 1!..Q .. ~ .. !~~----- ___ _._o_~~_6_s _________________________ ---· ... ____________ _ 
lo ,99853 .01724 

-------------------···-------··-------· _________ ....._ _____ , _______ ---· ------. ------- ······--···-+----------· ····- ---·· --- -~---------------·<'·---------·- -- ··-- - --· ·- ----.-- ... ----- --·-····- ---· ~-
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RUN NUMPER 13 HO = -1000 Of. 

BFTA ANISOTRDPTES 
• -·· ... ,.---~ .......... 'o ~- ••• .. •<" -~·M· , ... , p -

ENERGY W(AX.) ERR. H(EQ.) ERR. 
- .. '- ···---·· --- -· .... . - ·-· . 

566.775 1.53400 .,00059 .94940 .00102 
.. .. .. 

619.325 L. 56500 .00065 .94R50 .00112 
.... 

671.875 1.60100 .00074 • 94320 .00124 
. .. _______ ,.. 

7?4.4?5 1.63800 .00085 .94140 .00143 
.. .... 

776.975 1.68~00 .00101 ,.93590 .00169 

829.525 l. 74 300 .00126 .00210 
--·. -

882.075 1.82400 .00164 .9"3830 • 00275 
······-····- ... ·--·- -~~---- -·~· ·--·- -- - .... 

934.625 1.91500 .00227 .00385 

• 003 39 1.01800 • 00651 

1.14700 .01143 

GAMMA AN I SOTP.OP IE S 

AREA W(AX.) ERR • EPR. 

l • 91263 .03856 1.15909 .10664 
·----.--.. --•#-· --.,..-~-----·----~-.--- ... --··--- .... ,..-_ .. "''' ___ ....,__ .,. ··- ....... ··-···· -------------- ··-·----- .. -··· 

2 •. 80445 .00656 1.18781 .01638 

3 .78212 .00203 1.14562 .00453 
0 0 /' - .. -.--~- ·-- 0. o''' o, ·-----~ .. ~ ''""'"' •• -~-·--····-····•A• 0 

4 .78030 .00115 1.11'519 .00212 

,. 5 .78495 .00088 1.06740 .00148 
---- ·-------

6 .79617 .00092 1.02189 .00143 

7 .• 81621 .0017.2 .00177 

.00178 .95237 .00222 . '·" ... ~ .. -- ~ .....,._,,.. ~- __ ., ..... ....., ..... , .. _ ...... ~~" .......... -~ "· '·""'' ....... "-~--.. .,~ ' ' .... ·""'' --~·,.·~--~-<· .,_.,. ··--· ...... ' . . --~" . -' '. .,.,., . ' .,, .... ·"· ... . . ........ . 

9 .. 89230 .00235 .93335 .00280 

10 .95705 .. 00297 .91,(:)88 .00363 

............... ~·~-.e·,··~~~"- .... ,_,_,, ____ ~ ,.,., ............ ,._.;~- ...... ·~--····· .............. ~.~--- b· .. •·•"''~·····~··""'"'"'•""'" .......... , -~-. " •••••• ,,..,.,. ..... ~.-- .... ~·~ ............ -·---~ "'- .... ...,~·-··· ,,,.,.,, ····--" ., 

' . ' '· .. -
........ -- ... ---;-,.. .... ~.--~-- --··· .. . .,..:.""_' -'·---"'T'~·-•·? .. '!;-, ... ;... 
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RUN NUMAER 14 HO = 1000 OF • 
. - --- .... ----· ·---· . -

BET Jl ANT SOTROP I ES 
·- ...... ._. ..... "-"' ....... ~.-- ........ ~ ·- .. ~-~- ......... ,,, - ····· 

P.lFRGV W:(AX.) ERR. w ( fQ.) fRR. 

-
566.775 .44290 .000213 1. 03900 • 00070 

t119.325 .41830 .00030 1.04200 .00078 

671.875 .39230 .00032 1..04000 .00088 

7 24.425 .36530 .00035 1.03600 .00102 

-- .. -·---~------' ·-······· ~---------- -- --- -
776.975 .33?90 .00039 1.04100 • 00124 

... - o ~ "''' ,,...,.,._.,,. ... ,_, • ...,,, ,_ •• 'M' •'-'><"~-·.W•O'""' ........ ~• O'H' ..... ,_ •- ''" 0 .-•'' ... ,_...__, -··--'' 

829.525 .29730 .00045 1.04000 .00155 

. ---- ·----- ·- - . - -·-. 

882 .. 075 .26370 .00054 1.05000 .00208 

934.6?5 e 2Lt05Q .00069 1.04900 .. 00294 

987.175 • 24000 .00100 1. 06700 .00461 
.. ..... . . - ... --- ·- .. ··- --- ~- -- , ... - ·-- .... ______ ,... 

1039.725 .001 60 1.09600 .00752 

·- - ··- ·- ··~ .. t - ____ J__~Jt1Qif3. -· ____ ._Q.§J!}~~-·-···1·! J7!t_9__f::, ___ ····- --· 1_4_?_3_0. ... ···----·· ·-· -------·-··-··--· 

_ .? ... --,··~-~!Jt~~;~L .. ····--,-~ .. Q()]_~..?----~ J~J.:t?.~P._ -·-··--!.9.!?JL1 ___ " .. _ .·-~-----·· ------.. --~· 

3 .85426 .00244 1.09803 .00421 .. - -·--···----· .. -- ........... --.-~- ....... - -·- ·-··--·-~·----····· ...... ~·-·--·~ •'"'·-~-----~-~---k·-···--···---······--·~··- --·-·------·· -··--·- ... ·--····-- .... --··· ···-- ··---~-·--··-----·----"":'" 

5 · .• 83423 .00097 1.09184 .00155 . . . . _,_,..._~ .. ---~- .... -..... ---.. -~-~- •.. - ..... .,.,.. .... ...,.. ..,...._....,., .... ·--:·,...,-,.. ............. --. ......... .,...,.,.. ___ "_,._ ··--· •'- .......... ""'"''"·' _ ..... --~ ........ ,. ..... ,. .. ,_.,. ___ .,.,,.~ ----~···· --~~-· ....... ~ .. ----~· ....... ,_ ......... _. ________ , __ _ 

6 .·8:2921 .00098 1.0766_6. ···'- ___ !.O_QJ ?9 ... ··-··---·--·-··----·---··-·---··--··· ________ .., _____ --·- ---. -..--········----.---~- ···---------·-··· -···--·· __ .. _____________ .. ___ .•.. ·-~·- .. 

·- . .. ---- - .9. ---···· -·- !..~t~Q?_ 

10 .97625 • 09:3.?.3. -· -····· 1. 00~4-~ ....... 99.~99.- "" .... . 

' ........... ···-····· -.-... ~.·-~·· ~ -·· ....... ._..., •... ,. . ..,_."'''"'"'....... ...... ........ . .......... , ..... ., ... ; .... ,..... ............. ~ ~-._-~- ... ~./ .. ·~· ' ' ' o ,,, ,...,., ......... ~ 'o •.•e'~···o• ' 0 ~· , ... ,,' ,,,..._ ''""'"~" !''""''">' .... •'> '' '"''" '" '''··'"' ·~·~A·•>"•'~""' •·~ ,.- 0 , ... , .. ,,.,. '" 0 ' ' "' ' ""' ''' '•"' """"'-"''"'' '"" -:--~ 

. \. 

h-·-·····~-··-----··----·- -···-- '··- ,; .................. ...,._.~·:-···-· .. ·-·· , .. .,--~---···~-· .... ··~-- .... - ..... - ··-··· --:· ""'"':"'~' :' ..... .. . . . '. .. . ... ·• ... ~- "~···-· ...... .....:.- .... ------· .............. ____ , .. 



RUN NUMBER 15 HO = 1500 OE • 
. ...... -- .. -··-

BETA ANISOTROPIES 
. --- --- -~ _ ........ _... - -- -·~- ~ --..- -

ENERGY W(AX.) ERR. W(EQ.t ERR. 

566.775 

619.325 

671.875 

724.425 

776.975 

882 .• 075 

934.625 

987.175 

1039.725 

.43810 

.41110 

.34860 

~31.580 

· -~23'.i6o 

---.213'7(' 

.2b9'to · 

.0()070 
~ •• • r' ' 

.00074 

.00086 

· .ooo93 

l.C41CIJ 

1.04400 

1.04600 

1.04600 

1~04401' 

.ooT28 · 1. c51co 

:6of64 i.047oo 

1.05500 

GAMMA ANJSOTROPIES 

.00167 

.00186 

.00211 

.00245 

.0-0294 

.00371 

.• 00705 

.01891 

AREA W(AX.) ERR. W(EQ.) ERR. 

1 .84103 .12273 1.10892 .47032 

2 .79020 .01758 1.25725 .04427 ... ....... --~- - --
3 .80130 .00535 1.1855() .01149 

.. 

4 • 80781 • 00306 1.14252 .00?31 

5 .82509 • 00238 1.10565 .00379 
-- ~ - ~--~ - - _..._ ____ 

6 • 84360 .00249 1.06972 .00374 
. - ·- -- -- -· 

7 .86902 .0{'~'31 1.03956 .0!'472 
--

8 .89695 .0!)482 1.01742 .CC5q6 
~ ..... . ------ - -

9 .93273 .006'38 .9943C .00747 

lf.l .98687 • 00801 .97066 .Of:!960 
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. ---- --......,- ----------· ______________ ;_ __ ._. ~------------·-----------------· .. -------------~------····-- ..... 
RUN NUMBER 16 HO = 1500 pE. 

------- ---- .. '- -~ - --·· .... - - --- -------
·' 

------·------------------------~--------. -----8 ETA .... -Ar·n:sa· T RffPTi~-s- -··- - - .... .. .... ------ .... 

ENeRGY 
.------- _........,.,...._ 

'6?1. 8 75 

·-------·· -~- . ------·---------- ··----· ..... ------·-----·----------------------------- ... -- .... .., .... ,. -·--------- ----------·;· 

.. GAMMA .ANISOTROPIES 
--·-----·~---.. -· "';-----~----------...___'---~---~--·----- ·--··--·------~----~----

' AREA W1AX.) ERR~ WtEQ.J EPR. 
~-----------··--- .. ·-------- -------·-------------------------···----------------------·--- --··------· -----·····-- ..................................... .. 

l • 8817.5· . .;.067 06 1.66100 .3879<; ' -·· -------------------- _____________ ........_....:.._ ___ . -·......:..._ -----:------ -· ----------· ------·-·---·-··--·-----------------·----·-.. ·---· -- ·-·------··-·----- -' .. ·--··--·-- .... -·---·-··· --- ........ _ .. _. __ _ 

. 2 ... 85:30 l . .0·0951 .·: 1.20992 .0228? . 
----· -----L.. ... ----------------·-·-·----.. ---~~ ----~.-~ ----------·-- #...,,,, _____ M_ -~-- .------.,-;:. 

3 .83242 .00272 l. 14725 .CC552 
·-:------~-----·-----··-c'-·--------------· -------·---·------------------ ........... ------ ··-·-----· -----·-· ·-·-. 

4 .€1448 .00149 . 1.10376 .00251 
--------··-~---------------·-----------------·--~,..-.--------·------.... - --~-----·-··-:--------------·-------------------------. -- .. -- --- -----··---· ,... ____________________ __._,__ 

-----.,--..-5-:.·--- • 7913 0 . ___ .<_} 0! _ _!_~ . ...;..--~1-. 0611 ~-------~t29_!-_?_~----· -·--····--··· --·-·----····---~---

----------~-
6 .78328 . • 0 0 112 . 1 • c 4 04 8 • 0 0 1 7 .a ' 

-~-------~--- ...... ------------------::--------·-----------·--·--------~----- ·----. ·---- .. ·--------;-

.'18882· .o 0146 1 .. 02854 .0022 8 
-~--· __________ ...:._ _____ -~-----------------------__:____ __________ ~--- -·----- ----- - ------- -·- .. -_.___ ... 

8 .83!t43 .. 00217 1 .. 01029 • 0 C2S 1 ·--- -----------·---------··---~-------·····-- ........ ····----··--- ...................................... ----·-·· 
9 -e €9 7.48 .00293 • S993 8 .00370 

10 · .. 97522 .~00380 .SH900 .00482 ---------------------·--·--. -·-·-·-------------------- ---··-----·-··'·----- ............................... --·-· ........ ..... .. ... --·· ......... --- ............................. , ... .. 

-~------~-. '"'~···~---.. ----··~""'-.. ----·-._~_. .. _...., _____ ,._:_,_,"'~"-••·--''""'"--~·-·-• ... •••""'~---"·'--'c•"'"''-''' ~-- • ........ , ,,_,...,._.,.,_.,.,_.,,._.,_.__ 

···--~-----.-------·""-.--------·-·-·-----.,..---. -~' '~-~---..!.--------:---------__:_.·_~-~-•--- ---······----., .. ·-----~·1 ·~~-·~:---__:, ___ ,,_,,_. __ ., ....... --·-·----:-·~·"·-•o-- -···-··'·- ·· ·--···-·· ~ ·-.. ,-- .......... ···• ·· ·-•.1• ........ • ···•-



.. "'179 .. 

__ -~ ~--~-~~f __ ~:~M~_;·~. 1_! ___ t!Q: .. Ill ~_150 0 OE, 

BETAANISOTROPIC:S 
"-·-~--A ... -··-·-··''" ... •••••..;. .. ~ ... 0 '' ,,,,"':, . ... -0 "'•••• ·~---$'\.~··-·· ' 

ENERGY _ ··---~ (-~~-~ ». .... ERR, 

566,775 leS3600 

1.56300 

.ooo67 

.ooo7l 
..... -·-- .. -~ ... _r, ............ 

671.875 1.59400 • ooosz 

.00095 

776,975 le66600 ·001 .. 11 .... 
&29,525 ie7140Q •00141 

.... ----~---~--~-- ···---·. ····- .. ··-- . ··- ·--- ···- ·----•:-.. ~ 
' 

882,075 1.76200 

1.817oo .oozse 
. ~ . . _., '.. --~ ' ~·-·=-.-:-~-~ ... -~ ... -.a..--- ...... _..... .... ' ...... .. ;:p·._ 

987•175 le90SOo .00407 
-h•. - ••• 

. --··---~GAMMA-~ANlSOfiHfPI;s·· -

W <EQ, > 

,96880 

.95680 

.95040 

.94680 

.93920 

.92710 

,93700 

.92750 

.96000 

1.08600 

ERR, 

,00150 

,00160 

,00176 

,00199 

,00232 

.00283 

,00377 

.00535 

,00938 

.02327 

. 'A'REIC . \fe Ax·;T:·· ........... t~R~ .. . ·- .... ~HEQ~). . .. Er.ur; 

'""'''2"'"'. 

......... 3" 

... . ... 4 

··s 

• s·?--oTtr-· ...... o(H~+:r·" ··-r; 13eo4· · 

·~a-4S06 .. , .... -... -.. ~ o"0253. · ·· ···1.~ o63cfl 

; atoa-r-··-.. ·· ·• ooll:f ·· --~·; ol+466 

·· ~·o2 1 r·r--··- _ ..... 
.oo49s··-·-··-· ·- · 

• 00225 . 

.. ~ .. 00191" 

• 00.251" 

9 .. ,892-33·-· .... , O<f2$9 ~98027: --~00328 

10 · ·· 4.96245 · · ,003~4 . -~98144 o0044l 

. . . 

---~._ ... ,,.~·.-.~ ... !···.~_.: ...... , •.. ~ •• ~· ___ : ·--~-.-,--....... -•. • •. -~ .. --.~ ••. ·.·'··.-.·-~ . ..,.. •.·.··.-·---~--.-_.:_ .• , .. :. ···-··-'·-----.- ............. ·-----~-...:...:.. ·-·.- ···-----· . . . .... .-:.: ....... -.... ' ... ' ~· '·"' ···- ---- .. , . 
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--~~.§A .......... J~.I~~:.~.r..,~"-~:~';---~~~-! ..... L. __ .;· .. ,J_:_~:·_;~(~q_~_, ______________ ~-~~-! ... ___ .............................. . 

?-, ·,.·, -·'. :.:: •· 

· :l .··l3t>''tl:·:< ··-~~ ~5~6 9 . : · . ·2 .-()o 83 6 .• 9766 3 
~-- ---- .. --~---------------..;....- -·------.- . - ... ---· --.----.-:- ---~- ----------:: ......... -:--·---·-:~·"'-----:--................. _ .. __ -··-;-·-._:-:·.---:::--:-~-------~···--· .. ----.------·------~-----~----- ·--·----~-···-------·---·-----·· .. . ,, 

---- ------·------------·-· .......... - -........... ~:_..;.;3 __ ... . ...... • ~:?.§.§~.>2.~-~-9.9-.~-~-~~~-~:~ .. i-'.:. •. ~!.c~ ~7-~-~ .. -- ......... •.9..Q,2.~J:. ......... . 
. . 4 . • 868'1.7~,<:·· ; .oo 231 · · ; • 96 337 . .00373 · · · · . 

-.• ....... -;---- :· --·--· .. ;-:---·--r· ;--··..---··- .. -~-------· ..,~·-:,7't~-7~~:-'"'--;·~---· ::i·.~ ··~---- . ·--~~-:.~·_;---:--::---::--··-····•··:"'----'-•·· ~------··~·--·· ..... -··--~- --------~--.. ·_-~-----··.---~·eo--..-...... .-- .. ., ........ .,.~-- .. 

--------------~----~-----~-----··:··-·-:·-~2 ................. :~!. .. ~~-~~:~;·.:?·;.;~~-~~g_~_Jit.?~f~7"7!.-~I!1.~ ... - ... : .... :~_QJ>.?...~~~----- ............ _ ............. ~--· .................... :~.;\.,~ 
... . . .. 6 ..• 8408•8 ·:,'; ·;.001'48 ·:.9q378 .00271 . . 

-~-----~---~-----,----- ........ ----·- .. _. _ ..... , .. ,,._ ---··--·-(--:r·-· .. ~··-···-- _ ---~ ...... ,F .... ~·::--··---·--·;;--_- ... ,~··,:t·J. ..... ,-·~· .... --.... , ..... ___ .... · ·~r·•---:-;·~;---•"·r·---~~ .. ..,.,..- .... _._ •...• _______ _. .......... ~-···-'" .... ~--- ...... _._. ......... _..--·····----- .. -: .............. · .. ~ ...... -- .. -~ · 

. ..~:. . ';. .) . :. . :· ·.· . ,.; ' . ·.- ... } ' . ,' -. ·, ' . :-.~:'~ ... : . . ·. . - . ·. 

. . .. .. ·1. ' .. 84.05() ',·:;-:,, ~00218 .'~:~'1.01393 .00383 
----------- "··-·--------· .. -·--·~.---· ·-·- • ~-:~ -.-- ···--·:-· .... --~~·--··'·""r----·--- ·-···;.-">-··-···-:_·-. ..-:···~~-:-"""':"':..._. . ....,... .... _ i~~:· -;-"·--... -... ~-~ ..... ··~·-;.-;.:';":) . .,., ______ ~·--..... ·-- ... - ........ _,_._ ___ .._,.,_ ... 1---~-·-·---- ..... .,--··-·---.... ~···-· · ... -··-:·· 

. ..~ •" :_ ... , i ~· :· ; 

8 . .84913 : .00403: .. 1~02397 .00548 . 
'"'-·--··--------... :-- ~-----~~"'0 0' '"'M'"~' ••·-.. ~·--· .. •"· .. --~,,..,_,,,,.,, .... ; .. , .• --·~·-:•._,,,,,_,, .. ~o••---r-··-.. ,oo- ,._.,-~, ...... ~ .. ---·'-'-~ ... "':"""~•··-"-"""'"'-··-'- ~·--, •. ~ ... ·-·'')"•"'' ...... ..-.--o-~o•'•"l•'' '·''!'•~•, .. ,_,_.._.~ ............ , ,._.,,_y "'•'~·--~-~·'"''._, .. ,_._...._.... '.';,.*""'"~ 

. ' '. ·~. ' ,' . 

--·------ ·---~------·--··------· ..... .. .. ----- ..... , .... : -~'- -'-·-· .. ·: . -• ~-~_?-~,~-- :.~~ .. :,~ _ _:• ()~·g,_6 5-c---.': ~l_!_Q_?_~-~-~----- ...... ~ .. QJE!! ~ ....... -...... -.. ,. .... ... . . .. - ... , ... ,;~ 

........ : ... ______ !9 ...... c .. : .... :.~ .9.?.l~~:.~--~,-.... • . .QQ.~:~.?. ...... ~.:, .. J:,~_Q.?J9.~, .. _ ............ !?J.J~J .... ,. ................ •c .... ,.... ...•.• • ... . 

' !,•' l· ( 

. . .. .. . . ' 
-·----·-..:.-·----· .... ··-"'' --~· .. , .... - .... · ................... -·~-- .... -:.;. .................... - ...... _"'!"""';.~~ .. -. ··-~~_····;:·.:.;·-.· .~~,.~;-... -...-.... ....,_ ........ ,~._ ... :.,. ............... ,.:."~ .............. :~~.i"·······-·~ ......... _ ... _ ........ ...:.-.......... ~ ·~'""' .-.-.... ~ ............. '"'' ..... J ......... --~.,~ ........... ~· ; .... : •• ~- !'' .: •. 1 ......... ,.-~.~----: .... ~~ 

~ . ·r. ~-

. : ': ::~,..,.~~ .. ~-:~ .... ~ .... ~ __ ;.....J ... ~:~~::..,.:L,;.c..::~ .L • ......... ~,- ., .. ,_ .. _,_l_ ·:--:··· . .; ,,, .:~ ---~~·- -;~-~ : __ , ...... ., ...... :: .......... ; :;~ 
··~~;~_;, .·.·_'\ ,,/:·.\_,._;_.; I•· -~~---~~·.;,;,.:.'.,., 



~--- --·-~---··~------------..---··------------------··-·- .......:----·~-- ·--~-------··---------· ·-·~--------·-·--· ~-·--···· ---- ---·-. ·- . ·- -·~-- ·-·- ... -

181 
'u .. ----·~ -••-'•'""~··-------.. ,.· .. --~,,..,_..._,..._ _____ .._,_. _________ , ....... - ... ~.....:. • ·----•· .. -------~~ .. •·•--- ·~••••·--•~ .,,,_,_,. ___ ...,.__,..,___..~--~--..-< ......,. ~- • ._.,_,_..~-·-.,,·,.~~---•• 

RUN NUMBER 8 HO = -2000 OF. 

BETA ANISOTROPIES 

ENE=RGY WfAX.) EHR. W(EQ.) ER.R • 

.. .. - - ·-· . .. ·-· .. -- ---~---. ···-·-·--- ··- ·····-------------··~--· .. ·---
1199.475 1.63700 .00165 .93830 .00284 

. ·-· .. . -·--· - ----···· .... ----- ··- -------·· 
1295e425 1.66300 • 00183 .93850 .. 00301 

1391.37'5 l. 69600 • 002 10 .92780 .00328 

1487 .. 325 1. 71400 .00241 .93620 .00367 

1583.275 1.73900 .00290 .92850 .00427 
' ..- ........ ._ ....... ·-------..... - .. ---------·- _____ , ____ ,_,,.._ _______ ... _ . ..,...-..,.,-.... - .... ________ ... _. __ .......... ..._ ___ ~~-··. -~ .. - h-··k·--- .. -· ... -·--·~- - -----·--· ·---· -·· .. -~-- .. ··-·· -~-·· .... 

1679.225 1.75300 .00357 .91510 .00500 

177C:,.l75 1.83200 .00498 o9}390 .00662 

1871.125 1.84800 .00726 .00926 

-~-~··•• ·-A••·-------~-·-·--·----------·------·------~--*-·-------.... , .. ---------~ ---~-.--.----~·-·-· ........... --. --·-··~···· _., --~ .... -- -·----.. -----~-----·-·-· 
1967.075 1.96900 .01301 .90780 .01473 

2063.025 2.15200 .02924 .93450 .02999 

GAMMA ANISOTROPIES 
·---·----------·----------·-·------··-··----·-····--···---·--~-·· ··-···-····-"'---·--··~····· 

········------·------····-·----·AP.~~----.!L~~------_f~R. -·------·-\1~ .. ~0-~J.- .. -... _____ I~~-·.-· .... -·· __ ~ ·---·-·--- " 

----------·--··-·-·--. -··-·--~--.! _______ ~!.29_~53 ---~.!-~L~-~~--~--·-·-·.1.1?~?- .. --.--:!9.9.4?.~--··- -----··· ____ -·-------

2 -------··--·--·---------· 

---··-----·--··-· _ --·-··----------?--·-·--~-96 3 _76 _______ !.9_()7 .!_~ ___ ._!_96.'+-~2 _________ •. o_~Q.!_? ..... : ... --··-· -··-----·--·---- --· _ 

4 .00285 .99316 .00450 
-·-·-··-·-··--~-----· '"- -·----------.......---------------.-~~·-·---·-----·-··-----------·------------·-·-- -----·----·----·---·--· -~---------··-- ···--·---·-·---··--·-· ... 

:-- - . - . ··---·--··-·----······-····-----·· ?.__·--·--·-· 9 ..2..! 8 3 ··-·- ._!_Q 0 1 ~-~----~--!..Q_<;>_?_!_~-----·--..! .. 9_9 .. ~ .. ? .. ?.. ···-·· -. -·-·- ·-· ...................... . 

···-··---·--·--·-- -- -~ ---··----·-!-~.?_29_~---· .......• _Q_Ql.?_~ ____ !_!._QQ_fl_?2 __ .,_. --! Q.Q?3.~ .. - .... - -

7 .84449 .00243 .. 00460 
. ··"'"---·-·¥··- ---·- ... ~¥-·----------·--·-·-·-·------- .. ---~-· ·------·-·-·--·-·---~----------· ---------·--· ---------------------- -· ··--·----·· .... - .. -.. - -- ·---- ___________ : ___ . ----·-.. 

8 .82655 .00409 .95365 .00621 -·- ~·- .. - ~-. -------·-·---------- ----·-·-----------¥~·- :"'"'··-·----·------·----. -·- --------------------···-·--·-·-·--~·~·· ·--·- ··---. ~~---- ~--·---~- ,. "---~--~ ·----·-··---·ft~ -·· 
q .85621 .. 00674 .94651 .. 00853 

10 1.01197 .. 01146 .91580 .01274 

t- -· --



182 
,., ·-. '". . .. ·'".- '" 

RUN NUMRER 9 HO = -1~00 OE • 
.. .. 

BETA ANISOTROPIFS 

~NER.GY H(AX.) EP,P. \·.r c::: o. > F:RR • 
_.,. 

1 .. 199.475 7
··-

.... -. 

1.6?.400 .00276 • 93 940 .00433 

1295.425 1.65300 .00107 • 9316 0 .00479 

1391.375 1.66800 .00345 .91700 o00528 
.... ~, .. , __ . .. 

1487.32'1 1.71700 .00405 • 92 72 () .Q0609 

1583.275 1.69300 .00466 .91660 • 0073 5 
. . . .. ~-· .... 

1679.225 1·72800 ·00581 • 90 55 0 o0090l 

·'·••'· ...... 

1775.175 1-77600 ·00775 .87550 o0l203 
.. . ---·· -· 

1871.125 1.81200 .01120 • 8al40 .01658 
- .. 

196 7. 07.5 1.7'3600 .01762 .83880 .02528 

2 06 3. 025 1.69000 .03648 1·01700 .05616 

.. __ GAM~p. A.!\1 I ?QJ~OPIES 

FR_P ...... W<EQ.J 

l .. ":' 1, .7_63}0 .~87ff5 -.13131 .18405 

2. .. 95~9() ...... 073~l. ..... • 59849 .06033 

3 . .. ~ .. .<1.~2,2.} ....... •,:0.1.2,Q?. ..'!'. 88.879 .. 

4 _ . ':~_9?.·9~89. .. _ __ ._OQ':t7'.0 ... 

5 --~-8 .. 2 _ _5_3_3 ____ .oo3~t,_._ 1~01096 .00594 

•. 096.1? 

7 .. !.~_5JI4.: ...... ! OO':t:Io .• 97823 • 0_08 36 

8 _ -~ OOJ'_i?..~---- ... .91879 .01146 
--~. ·- . . . 

9 . -......... ·~ ~-.. ' . .. .. . ..• J!.S .. ~~§- ·-----~-0 ~.192 ...... ., . -· .! 941_4 7 

i.O .05971 



· ······-·rs3··· 
. . 

·-~-·-·• ,.,_., .. ~, ••~•~--......._.~~------··~-·-•·-••w•~---- ·--~-··•._,_,,.~-'----"--~----~--·"''"-'"'"-·'- , ... ,_, _____ , ____ ..,. __ .._.,,,..._ __ ,,,, ---r·.~-..-..,._,,_,_,, .. ,---.. •·~""' .,.,,.,.. -~~ '~- ,..,_. __ .,..........._ .. ,...,_,,._,, __ -~·~--•• ._,,,_ '''"~"'.._ "' ,., 

RUN NUMBER 10 hO = 1500 OE. 

' ... ------ ---- --. 

BETA ANlSOTkOPIES 
·-::1·--. --·•-·•~·-----~-•>.<'•·----·-~-··--------,_,;.._ __ ,. _________ • --~ .. - _,_, ___ .._,_ .. , _______ ,_. ____ ..,.,,,r._,__,_ -•••• .. •""-~"'""'•"'···••·• '""---·~•-• '·'"' "'''~- a·•·"~-,__.~,,..._.,._.,.....,~, ,_. . ., .. ~,.-. ,...._., _..,.. .. ,,, "'"'''" 

. · ENERGY W(AX .. ) ERR~ W(f(J.l ERR • 

1174 .. 775 • 36080 ... 00173 l.CCSOO .,00411 

'" 
1273 .. 325 .34210 .. 00183 1 .. 01100 o004 56 

l. C0900 .cos 86 

.. 00702 

-···I'7&6 .. 6'1"~ ..... ······· --··~·i-:3250 • 00316 .9~570 .. 01051 

---- . - ----· .. •. . --~-~-····--~··· ~ ., .. 
1864.625 .20730 .00394 .99220 .Ol 1t34 

GAM~A ANISOTROPIES 
·~~-.--·-~ .. ·· •· .,, -~~ ··- -.... -·"·--~·•-···~-··· ··--.... --···:-~---.-..- ............. -~ ~-P··-····-. __ .....,....._·~1"'-;"""'":._,. •.. ,.... __ .. ...,. ·~-..-........ ,~------~.----~-........... --....... ~ ... •·~·-......-··-·· ·----·- -·· ~ ... --.w· .. ~-..--~ ...... ,... ........ _,.._..,,_ . .__ .. _,~ ............ ,_ ... ____ ,._ ~. 

A~ •. ~~--- --~.~-.A~~.J ..... :c,:.. ... , .... ....... E. ... ~~~ .......... ,_,:_; __ .· .. ..!! L~9~. L .. -............... , .. S.~ .. I:<.. ~ ..... -......... " .............. _ .... -·-·· .......... - ..... . •• • .. •· •••••···•·-..,.-· ·-··-,••• , .. -,.•••••Po~ ~·"''''"'"•·•-~•·•""'7"''' """' ~ 

1 *64.006 

. ' . 2 .. 67940 .• 0531.4 · .. 2 .. 19994 • 76237 .. 
---····- o T ··-··~-----··-·· ... -; .. ------·-••MO ____ . -. -~-·-~---·-···-···~-------.. -'---... , "--··---·ooooo~--·----.0--•000 ... ____ .. ___________ ,~-. ..,. .... -..-?~;~·<0,0~"·~0.0-":--'-"''~o ...... ooO•o---·~0""-·"";-·~'" .. ',_.,_,., ......... 

, . ,_ ......... -- .. : .......... _ ...................... ---·· -- ----- ----< .... :--~ ---··-----·"-~:§_?__!.~_o:·:-~ ·---~-~.!. ~go __ ~}-~J.Q.Q.~ __ 1 _________ ., __ Q_'f. ~~?.i.. --·····-·-·- ------- ............... -.... . 
·. 

, ;~ ...................... ___ _: ________ _. ................ - ......... __ : -. _':_~_c_ __ : ...... ~_!_'!? 1 ~..,--··~- .. :"...9 0~_?_~-'-~c.----..!~~ 5 ~-~2 ....... ~----~9..!~~-~--------··c----··-----·~-............. . 
5 .82660 .• 00530 ,_L.Cl925 .01233 

:---------~---------·-·-·-~------.. -. ---· ..,... . .,....-.... .., _......;.._.;... -·-----------~--~-·---.. ·-""'·"··-- .. -···--· . -··-----·-.. -·--·-·-·-· 
; ·~· . 6 .. 9.0394 . .00600 ·. L.04376 .0134.3 

~-~ -- ··--·~·-~----~------:··--···· .. ··----------------:.:...--:---~-:··-··-····· ··-- --------· -- ______ ...__. -. ·. -+.-.:...._ ___ .. -:-········----,-.---:----· - .. - .. ---------····-----·--··-·---.-----·-.. ·-- ... .•.. ______ ., .......... _, ______ ---.. --·-·--·~----·-------- ---·- ... 

1 .. 89.246 ;,0 081.3 1 ... C!:!667 .01981 
~·-••••••·-•••·-·-••.,••·--·----·-·"·-----·--·•-•'-'-'·---'--:-----••......;..:._;..._,-;--:-~--~·-··~·-· --·-----·----·--••·------·•-----•·""-·-·•-••--•-·•--·•···••-••••·-·~•·-·-·•·-·-·•-••.,•-•••••·"""_",_,"w•• 

~ 

8 .. 845'3'1: .,01129 ·1~45&74 .. 04652 ---·--·---·--·----·--·---------,----'- '-·---·---------,-.-. -----------:-::-·-"""-------··-·---·--·-·····---··· .. - ................ - ....... --.. -··----·-· -··---_ .......... _ .. 

9 . l ... o 140 2 .. 0:23 41 ·- 1 .. It 3 92 4 - • 04 7 8 9 
-••• o•oo~.-~o.,,-.. ,,_,_._, __ .,,_ ~~-.,---·-·- o ----.... ·p,._.,-,,-~~----~ .. --~---·-"-•_;_ .. _,._--:;-- •- ,_;......,_,_~, ,,,~..,.-----,_._,_---:...::,..,_~------· •-----------,.--.-·.--•o••----·-···-·-•-••-•o••••••-••• ... '"•"·•·•-••• "• ·-·-•-H•,Oo• •••·---·Y ,,,,. __ .~'' 

10 2 .. 31192 .. 2981.2 -~02018 
••-.-·-- ··--. ···-······---··:-··-·-·-·· - '···-·-····- ····-"·~----...... -·---:--·--·-·.;···------·---------- .. -·- ... - ---·--· .. ·-··--···----·-·-··---·····--------·-··--····-.. ·--·- ------.---·--- ______ ., ____ .. ,_ ... ______ ._ ____ ..... -·-···-- ·----··-------·--· ... - -· .. -· 

< I . • ' ' ' 
~-·--· __ ..._,,~,.~.-·--~-• •-H--·-·~~---, •-·-----:--·---.. ---. -. · -··----'"''""'•-••.,-•,.---·-:-------...,-:-"""''_......_ __ ,.,., •• ,...,-...~-•....,., ...... .,. __ ,..,,,..,.,.,.,,,,.,,,_,_ ....... ,.. ,,,., ... .,_.._,v•••~ .. -~~~• ._,.,.,._, . .,_,,._, .• ._,.~,.,.,,._,d,~ u•~--•"• 

....... ~-· ··-· -~~-. ··- ;,.. ___ ~- ·-·. ·-~--- ----· ·--... ...: ..... ,,. ____ ;_..; ··~---~----'·-.. ·-· --·- . .:.. ........ _:. ... :---" ~-:~~-..-.._-,-. ..:.;'" .. ~ .. ·----· ----..----~-- ____ .....;,... ______ ~_..:._ ___ ~ ·-·----~·-·-··:'!-- ··--~-----~: -~·:--:----;·:---·---- -···~ ... ~- ·'-':' ~--·-··-~ ·- -~:.... .. ·-:·:·- --.. -.... ~· _..:. .... -
·. :i. ··! 



\---- ----- --------------- ------ ------- -------- -·-·-:· ·- ------- --r8'4 ------- ····----· ------

------------------------------ -------------------- ----··------------------~----------···--

. RUN NU-MBER -11-"""HQ::-·--i 0 0 0---0E~----- ..... ------· ----- ----- ----------~ 

-~------ BETA ANISO'I'ROPIES ·------ ---------------------------------- _________ i __ _ 

ENER'GY _ W <AX it) ---~RR• 

.. --------. -----------m~+-:-~-.,.-.,-s-~--;l"s97 o·---;-·oof12-----;97"77 o -- -----·-;oif4T6·----------------·------~---

... ------------...,--- t213~"l"2s-· -------;lffs·o·---· --- ~oof8r·----·;96o3o _____ · ·--;-oo4s·e -- _, _________________________ ; 

;----- ----------- ·-----.....-..-------------·-----·----
.0054~ ' 

r 

·---- -· -- ··- ·-------------- -------------·-Ts6a:,-q•;-s----~-;'28Jfo·-----~-o02!r-------~(f7-o2o·--- ·----~-(H)699 ____________ -----· ------- · ----~ 

·------- ... -------- ·------- ----·-···-----------~6"r:'S2"5----~--;Tr~·o· -·-----;-6 o 2 69 · -- ;9a~ir··-·--·--; o·oao6 ______ ·- · ··-··· ·· ··---- ·------

--------- ------ ----- ------i166-~-tf75 _____ --.. --;a41'2'o·-------;o o3o·lr"'-------;-93231r--··-- ·· ---·-;cn·o,-:r-···---·- ···-·-----·--- --------
---- · -- · ------------------------ --------TB64-;--oz-s- ---·--;znar;-------~-o o 398---------;944'20 ____ --- -·;oT4oa· -----·--- · -----~-------------

--------- ---·- -----------·----:-11 9"""6 .... 3..-.-,.l~ 

. ·---- ----~---·-·----·----------·-··-------------· -----------------·--·-----~---- .. ·----···-------------. 
' ' 

_ -·----------·-·-----------------jAM'1LA.Iil_$_0lB.O.P~--- --------··-----·--· ------------·-----------
- ---- ... ---- _ _ _ ___ __2\_Fi_E:_~--- ---~_(-~~_tj ___________ ERR__L _____ W_(~_g-~J_ ____________ _!~~-- ·-·----·----- ____ ---·---------------

-- ---·------- --- ___________ t _________ ~_Q_7486 

2 .• 66031 05557' ~6.31427 2.68571 . -·---. -----·-· -------· -·-·-----------------·-·-----'------··-·-·------------------·------· --·-·· ---··---- -------- -------------·--·--·- --·--- ---------···-· ... ·-
. _ _ ----· _ --··-·---·-·--J.. .. _____ .8_~-~~_; _______ ._0J_8_9_3 _______ l_--_Q_!!58? -------·· .~9-~0_f! _____ .. _________ --··-·--·- ... ______ _ 

------·- .---- .. _______ -------~-------·· _____ ._~_7_7.~~-~---'--9 .. 9.~_7 __ ~------·-~-~806 ______ _J __ o_!_~~-?....- ......... _______________________ _ 

s .89068 .oo637 .98927 .ol243 . "-·-·--- ---·--~---- _ ........... -~-~-----~ .. ·----------- -.. --· . -· .. ' .. ..:. ..... '----~-~--·,_,_...,...... -----·-··-- ~-~-----·--··-·--·-···- ---·~-~ ,.. ___ -··-'"--··' ....... ---~--- .. " .. "' ~---~·---- .. -· ... __... ...... ----~~ .. -~. --··-"-

----------·------~---··· .88676 .00652 lel8056 .o1632 
..... --~ -·-··-----,------------- ·-··-----.. --... -:----··--------.. ·-----' ......... - ·-----. ---····---- ·- ·--···----- .. . 

_______ ------·-- ........ ------------·---~---·---- __ ---~~-?~_'!_ _____ ._.QJ_~~L. __ _!_!.~263_~-------... !..Q~-~~!. .... ___ ........... ___ ·-·--··-- -----·--------·--·--

---·----~---- __ --·~?.9.?.1. .......... • o~~_sa _____ --~~---~~JJS ......... ~~_433.. ______ ........... ___ _ 

·- ~ ·~~- ·~ --·-·· ~--~-----~- -~ ... --· ~ ..... ________ , .. ., --4-~ ................ ____ .,... ---··~ .. ·---- .. -- .... · .... ~.-- ..... , ·•· .. ···- .".. .,.. ... ...--. ...... -.---.......... ~----........ _. ___ ~ ... -....... -...... ~·-·~-...... -·~·-·--·· .. ---~--..--·-~---· --··-~-~-·· ~-·~ ·-~ ... c ....... __ ... ..... 



. . . . 
,, 

.. 

---,•·-:··-:-·-'-· '····· ~- ... _- ---·· 
185 

. . . ' 

..... ..,-:- ....... ~,;~,.,;,.,~ .... ,..~ ..... ,,..r--- ;, __ ... <"., ..... ~.-~ ..... (- -···--~···-··-· ~ ..._ 

RUN NUMAER 1~ HO = -1000 OE. 

. . . . . 
. . -· .... --·. -~- ... . :.) ..... : __ ......... , .•. ~ - .... : :~-·~· • . '. . -·· ... ' - ·- -···· d· 

·-ENFRGY , vflAX. > ERR. 

...... ___ . ···----- .... 

1295 .• 425.' 1~62600 .. 00687 

1391 .. 375 
·-. : ~-·•" .-- ,.... ,.,,-., ·- .. -
1~67500 .00792 

o00833 

.01054 

1679o225 1 .. 74300 o0l342 

. ,,., ... --.. --·~·or··· , .. 

1871.125 1.87400 ,.02640 
-·· . ·--· .......... , .... ~------~--~----- ___ ;, .~: ... --:-· .... --·~-------······ 

1967.075 '1.,73400 ~b3978 

2 o~ 3 ~·o25 __ .,. __ ., __ ·1:: 32 7aci· ~,. ·· :crt.;iio· ··· 

.;i. 

1.-J{fQ.) 

.. . ..... 
• 97150 

.95970 

.. 96500 

• 95 910 

• 97740 

• 96120 

• 93 050 

• 89730 

• 92 880 

1.37600 

ERR. 

• .•• - " "' ,, .... '" ~ . ,.l ............ - ..... .. -

.00800 

.oos75 

.009B9 

e0ll27 

.01361 

. '·" ·-···· . 

• 02091 

.bza42' 

.04595 

.12663 

ERR. 

o45002 e69305 .7957,2 . - ---~ .. -- ·:-- :--

... • 2 L. 4J:J .. q._ lo 04910 

3 

1·12495 

.26092 

'. 1._9550 .. , 

.. 04769 

? _ -----~~2Q:l9..:!~ -T··. ·Qt~.Qs ____ .. J.·934it9 -·-· .o_3~()J 

........ ~--~-·-- .. .? ......... :.~:?..~.!fS..?,. ··~··--· •;9J::tt.~J .... ~ ..... _ . .t•9 cp 14. ........ . ~.9} ~ ~? .. ···--··- ... . 

. 3 ... ,.;.•.9].~?~~:-· . ·~oi.i$,: ... ~-· _. 1 ... 07798 ..•• 0569~! ... 

8 ...... l.• ... Q!?.}.I .. .o5977 · 1 .. 74764 
" ._ .... • "0 ·~·woP.-~ -··~t~_,•-w " 

- :.: .. 
·19691 

__ .. q ·-···-·· ...... 12.~.?-t?. _ .. ~ .. o? .. ~JLL .. :.: ........ ~.l !868 

1Q • 5:3.? 6Q · - .• o 2lO:t: .. _ .56013 -.03821 . ... " 

. ,,, ~····· ,; ...... "" ·- . 

< ... 
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1199.47'5 

1295.4?5 

1391.3715 

14~7.325 

l'1H3.275 

1679.225 

1775.175 

1871·125 

2063.025 

RUN NU~~EP 18 HO = -1500 OE. 

BETA ANISOTR0°IES 

W(AX.) 

lo6A200 

le7D900 

1.73300 

1. 75700 

le78000 

1.80600 

1.86000 

ERR. 

.002 79 

o00307 

.00346 

.00397 

.00472 

.00586 

.00786 

-··.-o 11 ?i --

2.52100 .04323 

• 99130 

• 99840 

.(}8860 

.98650 

.97910 

• 99270 

• 93630 

186 

fRR. 

.00412 

.00456 

.0050J:3 

• 00581 

.00687 

.0085f 

.01110 

.05595 

AREA W(AX.) EPR. W(EQ.L __ ERR. 
~ ... . . 

1 • ~60_3_1_ .. . •.? 1_?!9______ 1· 428 28 • 3 8208 

3 • 88346 .00871 1.01866 .01336 ·- ... . -----·--~· 

4 _. 89J83 .00462 1.02534 .00757 

.oos 75 

6 .89723 .003?3 .00598 

7 .90_7~6- .00558 1.03360 .00777 

8 .01065 

9 • 01 ?_9_3_ ·- 1· 00307 .01338 

10 • 95961 o0l631 lo0l292 ·01793 
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RUN NUMBER 19 HO = 15J0 OF. 

BEiA. ANISOTRO~IES 
·.~ 

ENERGY \-i(Ak~) ERR. W( EQ. ) ERR .. 

.29260 • :JOG5c 
.. 

.96660 

. 1295.~25 .2752C .(H)059 .9629r .. Oill83 

1391.375 .25770 .(l(W64 .9630'} .01')208 

.2385('; • ::H)n69 .9'5'=)()1) 

158 3 0 275 .22370 • r,io(79 .9636~ .00289 

1679.225 .199~-0 .{lOC9f. .9~;a7C .GD36f) 

1775.175 .1750G .00112 .94480 

1871.125 .1436{~ .oo l't7 .·9?~~~0 .ern 11 

1967.075 .125AU .01) 23 6 .956\"Jt~ .011.96 

• 1.5730 .C0612 1 .. C772C: .02847 

GAMMA ANISOTROPIES 

AREA W ( AX .. ) EHR .. W(EQ .. ) ERR. 

1 1.~2496 • 37 280 1.83565 .38319 

2 1.01627 .\)2539 lo ll::'::3.6 .,317CJ 

3 .93126 .0(634 l.C0208 • ~)0326 

4 .88323 .0()296 .98963 .. 00456 

5 .88119 .!);:')2.18 .99836 .OD343 

6 .89132 .,iJQ227 1..02787 .00360 

7 .91382 • 0{~34~ 1. D4 86 2 • GC 1~ 74 

8 .91126 .(C5'59 1.06450 .00675 

9 .93594 • no a2 7 l.D7975 .00879 

Hi o9886'5 .Cll~,3 1.1691.3 .. 01336 
" 
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.. 
RUN NUf'IBER 20 HO ·- -1000 OE. 

BETA ANISOTROPIES 

ENERGY w·( A X. l ERR. WCEQ.J ERR • 
.. 

1199 .. 475 1.6t5C'O .00194 .99390 .Ot)256 

1295 .. 425 1.694{)0 • on 214 
I 
.99860 .0{)284 

1391 .. 375 1 ~ 70 801'} • 00240 ... .98560 .00315 

1487.325 ·· i~·73oco .00276- .• 98610 .00363 

1583 .. 275 1."76700 .0033f .. .97700 .00428 

1679 .. 225 !'. 7 8400 .o641?F .• 988\'lD .0;)5 3 7 

1775 .. 175 i.815().(} .. on545 .97.90(1 .OD708 
I 

1871 .. 125 ·. t .. s9e:6e • COB26 
.. 

1.00100 .01055 

1967.075 1.939{)0 .01436 1.019(1(; .01865 

2•i63 ·')25 ·2 .13800 • 03613 1~1:18C0 .. 04822 

GAMMA ANISOTROPIES 

AREA W (AX. t ERR. rHEQ.) ERR. 

l .. 78393 .24570 1.21790 .32355 .... 

2 .92667 .02418 1. 29603 .05487 .. 

3 .88854 • 00686 l.l923t .,Dl388 

4 .90000 .00359 1.09428 .{~0674 

5 .88620 .00271 1.03189 .00457 

6 .. 88891 .00291 .98969 .l:)r:"444 

7 • 86818 .0().415 .. 96556 .0(}555 

8 .85039 .00622 .9l:757 .00771 

9 .85868 o0C898 .97723 .{)11:}26 

10 .~8186 .01417 1. 0433(: .01631 
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RUN NUMBER 21 HO = lOCO OE. 

Bf.TA ANISOTROPIES 

ENERGY W(AX.) ERR., W(EQ.) ERR~ 

. 1174.775 ;3H~5(i •• 1);) 12f· .9673;'.> .00348 
!,.; 

.. 2987\'l .\:,0126 • 9996f:; 

1371..87:3 .21 82D .G0132 

.. 256Sf; .. 00141 .. 96000 

• 2.l~48C .C0160 .965 9(\ 

1667 .. 525 .2265~: .. C0183 .97BSC .0')731 

1766.1)75 .2034('! .C!i216 .93790 

1864.,625 .1779{) oGiJ272 .97115{} 

1963.175 
.. 

.. l~·OlD .oo 362 .02184 

2G61 .. 72'5 .. 14C5f' . orn n • 0484-4-

GAMMA ANISOTROPIES 

' 
AREA W(AX .. ) ERR .. W(EQ. ) ERR. .. 

1 2 .. 13940 • A8tJ93 1 .. 95980 1. 33616 

2 1.05460 .05739 1.23405 010714 

3 .. 88506 .. ()1457 1. 15 eoc .. C·2792 

't .8416.2 .. CIJ782 1.0212() .1)1308 

-~. • 8146 8 .OQ563 .95997 .OG9Gt) 

\~ 6 .. 82277 • 0058\i .. 93412 .. G09G 7 

7 .. 84!~75 .OC799 .. 94524 .01212 
" 

8 .79659 .01136 l.'J0263 .. 01826 

q e845;54 ~01757 1.,11)801 .. '72 994 

lJ l.CISL~OC .. C3798 2 .. 1Al60 .. 14357 
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... ··-. ··--··-
RUN NUMBER 22 HO = 

. BETA AN fSOTROP IES 

ENERGY EP.R. --wfA·x.) e·R·R: ·- wt EQ. ) 

1235.125 .00375 -~ 28936 .001'34 
.. 

.9.8:570 

~26940 .60 14f. :9a7r·o .00423 

.24930 .oo l5t • 97370 

1550.875 • 2 26 3() .00165 .98890 

1656.125 .2009(: • tJOiB2 .9B030 .00698 

1761.375 .1 7510 .db2o8 .99660 .. 00905 

l866o625 .14180 .00240 1 e 01 i.f•C 

1<;171.875 .l390(l .. 00335 1. o:~' 1110 .01872 

2077.125 .1398.0 .. ('!0555 .97770 .03375 

2182.375 .,13530 .cnisi· .97430 .07471 

GAMMA ANISOTROPIES 
. . ~-- . .. . ~ . ··--· ·- "' .. ·~ 

AREA W(AX.) ERR.. W(EQ.) ERR • 

1 e44656 .11645 1.1C889 .13967 

2 .67140 • 04609 .98996 .02768 - ----· ' ·-·----·· ....... ·---

3 .8321t .{01j8!) 1.02064 .00937 

4 .83822 .. 00392 1.05 245 .00454 

5 • 83 891 .. 00250 1.07221 .no362 
_._ "' -·· . 

6 • 83995 .()0248 1.07853 .00368 

-· 7 • 87159 • 00307 1.07439 .00431 

8 .89856 .00383 1 .. 05£)03 .00483 -· ... ~ . . . - .. ----. -·- . 

9 • 87644 .00455 ·1.04101 .00551 

Hi .. 86445· .. 00503 loC4134 .. 00585 
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- .. - - ---
RU~ ~UMBER 25 HC = -15CO OE. 

BETA ANISUTROPIES 

ENERGY W{A)(.) ERR. \' ( t:Q .. ) fqR. 

U3').125 2.1C6CC .0(891 .g4730 .009 53 

-· 

2.17700 .. 01016 .,g3730 .0104<; 

...... ' . -- .... 
2.20400 .01151 • S.t.670 .01200 

1?50 .. 87? .0134g .,tj4910 .01418 

2.3~30C .. Cl672 • 955 80 .CH712 

. ~ '9 4 i '£ 6 ,, .. ·02 i 59 

. - .-·-- .... 

l6ob.625 2. 462 00 .02790 .87480 .02706 

2.54600 .04136 .<;4150 .. 04460 

.s-8z<:~o--- • CS613' 

.. -----2 iT2:315 .. 2 .. 44900 .1 5662 • H6rJ a·o .lt3542 

GAMMA ANISOTROPIES 

AREA W ( AX • ) ERR. ERK. ---- ---- ·--·- .. 

l .46040 .• 065 84 1. C6000 .11188 

2 .59210 .031S5 1.13400 

j • 7445 c .. 01142 1 •. l 2 -~0 0 .01742 

.77720 .c 0549 L. 10000 .00701 

5 • 76 73 G .o 03 58 1.C6900 .00579 
. ·······-··--····-··--.--·-·· 

6 .. 76020 .o 03 3 3 1.04900 .00524 

7 .. 78140 .o 03 79 l. c 2 800 .. 00553 

• 
d .. 7607 0 .00442 1. c 0 50 0 .. CC603 

-~-- __ ,_ ____ '-. 

• 7220 c .. 00498 1. co 60 0 

10 "711 00 .o 05 16 1.,00400 .. u 06 7 2 

. "'', --';''" ~- ...... , -- .. "--~-. - -·-- .. ---- ·.--- ······--~~ . ·- .. 
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APPENDIX II 

Dirac Matrices 

The Dirac matrices are four-by-four matrices which are the operators 

in the Dirac hamiltonian: 

.£!. = velocity operator (Cartesian 3-vector) B = fourth component 
of velocity four
vector 

2 a.. 
J 

Q = spin operator =~ x ~/2i 

An alternative representation of the Dirac matrices is the set of y matrices: 

i.e. y = B It and y = -iBg. 

Thus y = ,.. i Bg -+ y y 
It-

= -i a. (This is the opposite sign convention for a 
from the one originally used by Dirac,) 

The y 's obey the commutation relations 

i,j = 1,5 

Using the above definitions, we have: 

Q = -i/2[iy y X iy y] 
It- It-

= -i/2[y X y] 

-i [y 2 y 31 
A 

yly2"K] = + Y3YlJ + 

or 0 = -iy yy = -g:y5 or y 
5 = -a.a. 

It 5 l l 

Also, ( -ig, 1) 

Y 4 Yfl Y s = (i£ 'Y·s ) 

and y ~y )+ y y ~y5)= Y /2 + yrvy
5
/2 + YrvY 5 /2 + Ya/2 = Ya[l + Y5 ] 

a.. 2 .~ a s 2 a y ~ 

This last-relationship was used to simplify the expressions in Eq. 4, 
Chap. II. 

.I 
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APPENDIX III 

Notes on Apparatus Construction 

In the course of the time during which the foregoing work was carried 

out, the demagnetization cryostats in use in this laboratory evolved from 

the small, simple chrome-alum apparatus described in Chap. III to the 

large and rather complex CMN cryostat described in Chap. VI. During this 

development several false starts were made and variations of the apparatus 

designs were tried. Since the process of development will doubtless 

continue in the coming years, it seems only reasonable to pass on as much 

as possible of the rationale behind the current apparatus design as a start

ing point for those who will carry on the work. Accordingly in this 

appendix I have compiled some notes based on the experience of myself and 

my contemporaries in attempting to improve or adapt cryostat designs. Of 

course, much of this information is available in the published literature; 

the following has to recommend it only the fact that it is based upon 

experience in this laboratory with materials and apparatus available here 

and thus is particularly applicable as a basis for continued work at LRL. 

The notes are for the most part of a general nature and should serve as 

a complement to the more specific apparatus descriptions in Chap. VI and 

in the PhD thesis of J. A. Barclay. 

It often seems to be the case that information of this sort is passed 

on within a laboratory by word of mouth and becomes a kind of folklore, 

which, like other sorts of folklore, suffers not only from inaccuracies 

and incompleteness, but also from a gradual distortion withrrepetition 

and the passage of time. While I make no claims for the accuracy, and 

certainly not for the completeness, of the following notes, I can at least 

be certain that being in semipermanent form they will not alter in content 

with each new generation of students . 

III.l Salt Pill and Sample Assembly 

Slurries 

The usual recipe for chrome alum(CA) slurry is one part glycerin to 

one part saturated CA solution mixed with powdered CA to the desired con-

i! 
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sistency. The same recipe works for CMN with the omission of the satur

ated solution. Attempts to use Octoil-S as the suspension medium were 

generally unsuccessful. Ethanol works but not as well as glycerin. Finer 

powdering of the salt seems to improve cooling down to about 50 mesh; 

further grinding seems to do no more good. It seems likely that very fine 

powdering hastens deterioration of the slurry. Powdering of the C~~ is 

greatly facilitated by drying the powder on a piece of filter paper for 

about 20 min. before each stage of seiving after grinding in the ball mill; 

this prevents clumping of wet particles. Drying is unnecessary with CA. 

Definite deterioration of the slurries occurs with time. The chief 

contributing factors seem to be allowing the slurry to stand for long times 

(more than 12 hrs.) at room temperature and pumping on an imperfectly 

cooled slurry. The slurry temperature must be below -90° C. to prevent 

sublimation of water and this may require more than two hrs. of cooling 

in LN in the case of pills of 200 cc. or more volume when they are mounted 

in the cryostat. 

Slurry Containers 

These have been made either of glass or of copper sheet bonded with 

a mylar or fibreglass joint. The chief problem is preventing leakage. 

The obvious solution is to "can" the slurry, e. g. in stainless steel cans 

with soldered tops; such a can would allow pumping even at room temperature 

and would facilitate leak testing, as well as preventing leakage. This 

was tried by J.A.Barclay but failed due to overfilling of the can and the 

use of Bi-Cd solder in the top seal, which broke under pressure from the 

slurry. Such a can should of course be equipped with a break seal to 

prevent an explosion in the event of leakage and condensation of liquified 

air or helium inside the can. Another problem is sealing the heat link 

where it emerges from the can. 

The copper sheet containers have generally been fitted with fibreglass 

bottoms attached with screws and/or epoxy. After extended use the epoxy 

cracks, allowing leakage. (While fibreglass is easily machineable and 

does not seriously adsorb exchange gas, it probably has a fairly large 

heat capacity in the LN-LHe temperature range and thus slows cooling of 

the pill during LHe transfer, so it should ont be overused.) In general 

~I 

• 
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the best rule for avoiding slurry leakage is not to overfill the containers; 

80% full seems about right. Also, attempts to squeeze in more slurry by 

making dimensional tolerances tight are likely to result in much frustration 

with little gain in cooling capacity. 

Support Systems 

Ideally, a support system should be simple, easily assembled, vibration

free, strong, and have very low heat conductivity. The material that 

seems to fit these requirements best is pitch-bonded graphite. Union 

Carbide grade ATJ is a stock i tern at LRL and is easily machined. (Most 

published references seem to be to grade AGOT but the differences are 

apparently minor.) Pieces 1/ 4" in diameter and as short as 1/2" have 

been used as support legs successfully; no difficulty with adsorption of 

exchange gas seemsto occur. Graphite is, however, brittle and breaks 

easily, especially under shear stress. Attachment of the legs has usually 

been by means of sockets made of stainless steel, nylon, or fibreglass. 

These should be at least 1/2" deep to insure lateral stability. Metal 

clamps have been used elsewhere and epoxy works well at first but eventually 

breaks. Our attempts to use threaded graphite rods or screws into the 

graphite were not encouraging. 

A second type of support is the telescoped stainless steel tube. 

These are made from .005" thick sheet or tubing and may be slitted 

longitudinally to avoid eddy current heating during demagnetization although 

this is probably not necessary and reduces strength. The telescoped 

sections may be hard-soldered together at the ends but this is a weak point, 

since the joint usually corrodes in two in a year or so. These legs are 

less rigid than the graphite supports and therefore more subject to vib

ration. They are, however, less susceptible to breakage, especially 

when used in tension rather than compression. 

Nylon or stainless steel filaments may be used·for light supports. 

they are subject to vibrations, especially the nylon. Their principal 

application in large cryostats is in tying down long heat shields and 

heat links to maintain rigidity and position; in this case tying them 

tightly is clearly of great importance. Threads are 'definitely inferior 
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to rigid mountings for supporting salt pills of greater than SO cc. volume 

and also require more time in assembly. 

Heat Links 

We have used two types of heat links: fins and wires. Wires are in 

theory superior since the surface-to-volume ratio may be made much greater 

than with fins; however, a practical difficulty arises in getting all the 

wires separated and in contact with the slurry. Attachment of the s'ample 

at the other end_ of the heat link is also more difficult with wires. The 

usual procedure for making a wire heat link is to make a mandrel of cir

cumference equal to the final desired length of the link, mount it in a 

lathe or crank-frame, and wind the desired number of wires onto it. Bare 

copper of #40 or finer diameter is used. After winding, the wires are 

cut to make a bundle which is then stuffed into a thin-walled stainless 

or glass mold tube. If the bundle is made double-length with half the 

desired number of wires, it may be doubled over and pulled into the mold 

tube by means of a loop of heavier wire inserted at the bend in the middle. 

More wires can be packed into the mold in this way. Maximum filling factors 

seem to be about 70%. Epoxy (Shell Epon 826 or equivalent) can then be 

sucked into the mold by vacuum to pot that part of the heat link which 

will be outside the slurry container. The epoxy may be warmed gently to 

reduce its viscosity. After curing, the tube can be broken or peeled off. 

A "mold release" compound is available to permit sliding off of the mold 

tube if desired. Care must be taken to avoid tangling the free ends of 

the wires which make contact with the slurry. 

Fins are usually made from .005" OFHC copper and annealed as late as 

possible before installation. The rigid section may be soldered into a 

bundle or folded to form a circular stalk. If solder is used, it should· 

not be Pb-Sn or other superconducting solder and should be in a_few spots 

rather than all along the length of the fins. Other things being equal, 

fins seem to give lower sample temperatures than wires.· This is probably 

related to the formation of a warmed layer of slurry at the slurry-heat 

link boundary: fins are more uniform and make better use of the slurry 

volume even though wires may have more surface. This warmed layer seems 

\_; 
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to be the limiting factor in transport of heat from the sample to the 

cooling salt; calculations indicate that the conductivity of the slurry

metal boundary is at least lOx worse than even a superconducting solder 

joint. Perhaps finer powdering of the salt would be of more use in the 

case of a wire heat link--the experiments with slurry powdering were done 

using fins. 

Thermal Contact 

The only really effective means of thermal contact below 10 mdeg. K. 

seems to be metallic contact, although J.C.Wheatley has used cells contain

ing liquid He mixtures sucessfully. We have used pressure (copper fins 

0.5 cm2 in area pressed together with a stainless steel screw) with success 

down to about 15 mdeg. Greases and varnishes seem to be of little help 

at very low temperatures but In-Ga eutectic or pure Ga, both of which are 

liquids near room temperature, make good solders for usually-solderable 

materials. The former can even be used on aluminum. Electroplating of 

copper over a joint for thermal contact does not seem to be significantly 

better than soldering, although it is difficult to get an unstrained plate 

and this may reduce the conductivity of such a joint below what it might 

ideally be. Such plated joints are necessary when magnetic fields are to 

be avoided in the apparatus. Conductive epoxies give thermal contact 

similar to copper plate or solder down to 9 mdeg. For cooling metallic 

samples by this method, the limiting factor is the heat link-slurry contact, 

as mentioned above, so the temperatures obtained are fairly insensitive 

to the method of attachment of the sample to the heat link as long as large 

heat inputs to the sample are not present. For nonmetallic samples, 

probably liquid He cells or conductive epoxies are the only workable methods, 

and these have been given only a cursory exploration here. In the case 

of the He cell, a major problem is the heat capacity of the He itself, which 

may limit the final temperature in a one-shot cooling device. 

Salt Pill Configuration 

The question of whether the sample should be above or below the salt 

pill is fairly complex. If a simple solenoid is used to polarize the 

sample, the latter must be below the salt pill since there is no place to 
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put an axial gamma counter if the sample is above the pill. The pill

above mode makes it easier to mount the sample and rf coils or particle 

detectors in a fixed framework since they can all be attached to the same 

support cage with only a can covering the tip of the experimental cham

ber. Conversely, in the pill-below mode, coils and detectors are usually 

attached to the upper part of the appara~us -by their leads, wh~le th.e 

sample is necessarily attached to the lower part by the heat link, and 

this makes knowledge of the relative positions of sample and d~tectors 

or coils more difficult to obtain after assembly of the apparatus. If a 

flux trapping ring or Helmholtz pair is used to apply the polarizing field, 

either configuration may in principle be used since the quantization axis 

is then horizontal and an axial counter may be placed with no difficulty 

in either mode. In general, the pill-above mode seems superior except 

for one limitation: whenever the pill is warmed to room temperature (as 

it must be for mounting a sample from which particles are to be detected; 

otherwise ice will form on the cold sample during assembly of the apparatus 

and subsequently cause scattering of the particles),- if any leakage of 

slurry occurs, the leakage will come down the heat link and onto the 

sample, which of course it will not do in the pill-below mode of mounting. 

Also, of course, it is more difficult to get detector leads, etc., past 

the pill in the pill-above mode but this can be accomplished by mounting 

the pill off-center in the experimental chamber to leave room at one side 

or by using separate lead tubes outside the pill container. 

III.2 Experimental Chamber Construction 

Seals 

Gutter seals are compact and reliable. They have two main disadvan

tages: 1) they are not self-aligning and one can easily make the seal 

with a dog-leg, requiring resoldering; and 2) they require heating ofa 

large section of the apparatus to melt the solder. The latter objection 

can be alleviated by using low melting solders such as Wood's alloy and 

by using heat sinks made of wet asbestos cloth tape above and below the 

seal. Varian Conflat flanges, by contrast, are self-aligning and require 

no heating, but they are bulky; also, bare copper gaskets are 1 iab le to 

u 



]) 

199 

leak in superfluid helium and must be coated on both sides with In in a 

smooth layer. Acid paste-type flux works well for this job. There is 

some controversy over the thickness of In required to prevent leakage 

but a layer 0.5 mm or thicker will never leak unless the two flanges 

were not at the same temperature during assembly. The flanges do not 

require tightening until they are in contact as is the case with a bare 

copper gasket; a firm, even contact is sufficient. They are difficult to 

disassemble when cold. 

Flanges using knife-edges and aluminum gaskets are usable at LN temp

erature but probably not at LHe temperature, especially in superfluid. 

Gaskets made of In may be used in 0-ring type flanges and are reportedly 

superfluid-tight although not permanent. The type of gasket which uses 

a smooth, rounded pressure flange and aluminum foil gaskets is reported 

to be unreliable even at room temperature. 

Copper-glass housekeeper seals are superfluid leak tight but eventually 

the copper work-hardens and the seal breaks. The Kovar-glass type are more 

permanent but they are magnetic. 

Kovar-ceramic electrical feedthroughs are often tight to superfluid. 

The type with two solid leads and green ceramic is especially relaible. 

They are somewhat fragile and sensitive to thermal shock, however, particu

larly through the leads, and care must be taken in soldering them. 

Mylar or fibreglass to metal joints can be operated sucessfully at 

low temperatures but the epoxy layer which cements the plastic to the 

metal must be as thin as possible; large contact areas are also desirable. 

Mylar is permeable to He gas at room temperature but not below LN temper

ature. 

Epoxies 

Adiprene L-100: the MOCA catalyst must be melted at 150° C. and mixed 

about 1:10 by weight with the resin which is preheated to 100° C. The 

pot life is about 10 minutes. The resin deteriorates on prolonged storage .. 

Curing requires 4 hrs. or more at 75° C. or at least 24 hrs. at room 

temperature. The cured epoxy is rubber~ and not too strong, but thick 

layers will not crack on immersion in LHe, unlike most hard epoxies. It 

may peel away from a metal surface to which it was .bonded, especially if 
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the surface was not sanded before application of the epoxy. This epoxy 

is mo$t useful for sealing applications. 

Epon 826: This resin should be mixed about 1:1 by volume with the 

Versamid hardener. It may be warmed to about 100° C. to decrease viscosity 

with some reduction in pot life, which is at least 1/2 hr. at room temp

erature. Curing takes at least 2 hrs. at 75 ° C. This is a hard epoxy 

which is useful structurally in thin layers for applications such as join-

ing plastics to metal. Layers more than about . 005" thick will crack on 

being cooled to LHe temperature. 

Fast setting epoxies, Minitgrip and Epoweld: These are generally 

not good for cryogenic structural applications since they crack on being 

cooled; they are useful for temporary setups and for potting coils, etc. 

Minitgrip actually takes some time to set and is best cured at elevated 

temperature (?5° C.), while Epoweld really does set in 3--4 minutes and 

speed is necessary in applying it. 

Conductive epoxies, Dynaloy and Tra-Con: These both cure best over

night at 60° C. or higher. Dynaloy will often be slightly tacky after 

removal from the curing oven until it cools. It is mixed 1:1 with the 

hardener; both components contain silver powder. Tra-Con is a stock item 

and contains silver· in the resin only. Both give joints with less than 

a few ohms resistance although they are no-good for low-noise connections. 

Both will stand cryogenic temperatures although Tra-Con is more reliable. 

Epibond and Stycast: These are used by J.C.Wheatley for sealing 

and structural purposes. Epibond lOOA can be cast and machined and is 

apparently stable and leak-tight at LHe temperature. Epibond 121 and 

Stycast are used for sealing leads, etc. Apparently some experience is 

necessary to get good results. 

Radiation Baffles 

The baffle designed by G.A. Westenbarger which has several overlapping 

fins and fits in the central pumping tube is in general use in the current 

apparatus. It seems to work well: a sample directly exposed to a baffle 

of this type could be cooled to 5 mdeg. Such a baffle must be thermally 

anchored to be effective, however, and if a large heat load is placed on 

it, it may prove necessary to use a copper braid in contact with the LHe 

. "'' 

v 
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to carry the heat away from the baffle. It is quite possible for parts 

inside a cryostat to be at 40° K. even when the chamber is surrounded by 

1° LHe and care must be taken to anchor everything that is expected to 

remain cold in the absence of exchange gas. For small lead tubes, copper 

streamline tees make good radiation traps: the lead tube is soldered into 

one arm of the tee, the leads enter the main experimental chamber through 

the sidearm, and the remaining arm is plugged and the interior blackened 

with aquadag to absorb radiation. For greater efficiency, two tees may 

be soldered together to make an H-shaped trap with the leads entering 

in one arm of the Hand leaving through the other. Needless to say, such 

traps should be directly in the LHe bath for good thermal anchoring, 

especially if the leads are anchored to a binding post on the inside. 

Attachment of several side tubes with such traps to the main experimental 

chamber, and sharing its vacuum, is quite feasible, but will increase 

the pumpout time for exchange gas. 

Materials and Solders 

A few random notes on cryostat construction: 

Brass is often porous, especially large diameter rods which are strain

ed during extrusion. Parts should be made from plate to avoid superfluid 

leaks. 

Thinwall stainless tube is stronger than the engineering tables seem 

to indicate. We have found that a sleeve 4-1/2" in diameter and .020" thk. 

will support one atmosphere from outside if it is supported at 8" intervals. 

On the other hand, .010" tube of the same diameter buckles even if suppor

ted at 4" intervals. 

One important materials consideration which is sometimes neglected 

is differential expansion. Cryostat parts are subjected to large temper

ature differences and mutual length changes over a 4 foot length from top 

to bottom may be rather large if materials are mismatched. Welded and 

hard soldered joints are liable to crack if subjected to this sort of 

strain over long periods. 

Needless to say, parts emerging from liquid helium and going to room 

temperature must be made of low-conductivity materials and must be as thin 
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as possible. Frequent thermal anchoring is desirable. Pumping tubes 

may decrease in size at low temperatures without decreasing throughput. 1 

Styrofoam is a good gas trap and radiation shield but bores made through 

a layer of styrofoam should be lined with stainless steel or fibreglass 

tubing to prevent crumbling. 

The soft solders which we have used include various lead-tin alloys, 
I 

Wood's alloy, Bi-Cd eutectic, indium and indalloy solders, gallium, and 

indium-gallium eutectic. Lead-tin is a good general purpose solder and 

tins most common metals but it melts at fairly high temperatures, (M.P. 

of 50-50 is 220° C.).and its critical field is probably as large as 800 

oe. Stainless steel parts should be pretinned using phosphoric acid flux 

and then washed carefully. 

Wood's alloy has a much lower melting point (70° C.) but tinning must 

be carried out well above the melting point. Its critical field is prob

ably lower than that of Pb-Sn solder.. Wood's alloy is fairly brittle and 

not too strong but will work in most gutter seals. Both Wood's alloy and 

Pb-Sn make reliable leak tight joints if carefully done. 

This is in contrast to Bi-Cd eutectic, which often contains super

leaks, no matter how carefully the joint is made. This solder seems to 

be extremely sensitive to composition and it is probably best to purchase 

it if a supplier can be found. It tends to corrode on standing and pockets 

of corrosion are trapped in the metal when it is melted. Sometimes rapid 

cooling of the joint with water improves the chances for a leak-tight 

result. Tinning with Bi-Cd is difficult, especially on stainless steel. 

Bi-Cd gutter seal joints will often crack under thermal shock, e.g. when 

liquid helium is transferred onto them. The principal advantage of this 

solder is its low critical field (ca. 35 oe.) which makes it usef~l where '-" 

magnetic fields are to be avoided; this seldom seems to outweigh its draw-

backs, especially for making vacuum seals. Its melting point is about 

150° c. 
Indium solder is useful for making superconducting leads and for 

coating copper gaskets as mentioned above. It is poisonous and care 

sould be taken not to breathe the yellow fumes of InC1 2 which vaporize 



j) 

. ., 

203 

from the work when acid fluxes are used. A more generally useful set of 

solders is contained in the Indalloy solder kit available from the Indium 

Corp. of America. The kit contains solders and fluxes for special appli

cations such as soldering aluminum (which it does quite well, at least 

for electrical leads). It has some low melting (35° C.) solders which 

may be used on Kovar seals 

for attaching samples 

especially useful for 

of Ga is about 50 oe. 

Magnetic Shields 

has 

thin 

to avoid breakage. The use of Ga and In-Ga 

already been mentioned. These solders are 

or heat-sensitive foils. The critical field 

Superconducting magnets can seldom be reduced to zero field, because 

of flux trapping in the wire. We have found 1/16" thick mu-metal around 

ths salt pill container to be effective in reducing the trapped field to 

a tolerable level. A large mu-metal cylinder around the outer dewar may 

also be used to decrease fringing fields on field-sensitive photomu1 tipliers 

in Nai counters. These shields were cut and cold-rolled without welding 

the seam and withoutannealing. 

III. 3.: Leads 

Magnet Leads 

Superconducting magnet leads should be carefully designed to minimize 

heat leaks into the helium bath. For large magnets, leads made of copper 
) 

refrigeration tubing, with the bath boiloff vented through the tube, and 

with superconducting copper coated wire soldered to the lower half, seem 

to work reasonp.bly well. For 100 amp. or less, 1/4" dia. will do, while 

for much larger currents 3/811 dia. is required. These leads represent a 

brute force approach to the problem, however, and considerable improvement 

should be possible. The use of large horizontal copper fins soldered to 

alternate leads and interleaved with styrofoam blocks offers some hope of 

more efficient gas cooling of the leads. Stainless steel copper plated 

leads also may be an improvement. We have used 1/4" dia. x .020" wall 

stainless tubing with a .005" copper plate to carry 30 amps. with some 

improvement over 1/8" dia. refrigeration tubing; in that case the leads 
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were in a pumped helium bath so gas cooling was small. The presence of 

the leads raised the bath pressure from 60 microns to s·oo microns' and 

little change was noticed with current flowing, so the copper layer was 
I 

undoubtedly still too thick. 

For 15 amp. or less (in a 1° He bath) we have used the following 

leads: top of cryostat to top of styrofoam shielding, two strands #20 

copper wire; thermal anchor; one strand #20 w1ire to maximum liquid helium 
, I 

level; thermal anchor; one foot of double str'ands of #28 copper wire; 

thermal anchor; and one strand #28 copper plus two strands Nb-Ti wire to 
' 

the magnet. The thermal anchors were brass spools coated with GE #7031 

varnish and wrapped with the wire to be anchored, which was then potted 

in epoxy or varnish. If Formvar insulated wire is used, care must be 

taken not to disturb the wire while the varnish is setting, since the 

solvent of the varnish dissolves Formvar. The brass spools were soldered 

to horizontal copper fins attached to the central pumping tube of the 

apparatus .. These leads showed thermal runaway at 15 amps. but at 12 amps. 

they permitted the bath to be pumped as low as 70 microns. 

RF Leads 

The primary consideration in constructing rf leads is impedance match

ing. The major impedance is usually capacitive and can be controlled by 

varying the ratio of inner and outer lead size, assuming coaxial construct

ion. Leads made from 3/8" dia. x ;012" wall outer tube and 1/8" dia. x 

. 010" wall inner tube (stainless steel), spaced with nylon triangles, 

have about 50 ohms impedance near 100 MHz per four feet of length. Smaller 

combinations of diameters can also. be used. The leads may go down the 

central pumping tube although ours were outside with their own radiation 

traps. Ideally one would have a tank circuit for tuning the leads to the 

· frequency range in use, although power input is not usually a> prob 1 em in 
. I 

NMR/ON experiments, since only small heating rates can be tolerated. us·e. 

of a pickup coil and moni taring of the power in the input coils is essen

tial to detect coil resonances and power losses in the leads. 
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Detector Leads 

In designing detector leads one wishes to minimize stray capacitance 

which attenuates the pulses produced by the detector. Hence the leads 

should be as thin as possible and far away from grounded metal parts. 

Since thermal anchoring is inconsistent hith these requirements, they 

should also be made of a poorly thermal-conducting material. Constantin 

or Manganin may be used, but I have found .002" dia: stainless steel to 

be quite workable. The leads are streched tightly down the center of the 

lead tube (the central pumping tube is best) and anchored at the radiation 

baffle in Kovar-glass feedthroughs. Th~ leads themselves will have about 

5 pf. capacitance and the seal (1. em. di a.) another S pf. The top vacuum 

seal adds about S pf. more and if a BNC ·connector is used to attach the 

pre-amp it will add 3--4 pf. so the tot::~l will be about 18 pf. not counting 

the connection from the radiation baffle to the detector. In this part 

of the apparatus #SO copper wire enclosed in mylar tape works well. 

Thermometer, Heater, Misc. Leads 

For leads in which low resjstance is desirable but current capacity, 

and reactance are unimportant, fine ForriJVar insulated copper is useful. 

1he leads can be brought d01-rn a small stainless steel side tube and ther

mally anchored by wrapping on a spool with GE varnish or Apiczon grease 

as contact agent. It is helpful to mak~ the vacuum feedthroughs at the 

top removable by means of a Rad Lab or similar fitting for easy replacement 

of seals or wires. If good electrical isolation is important, GE varnish 

should not be used because of its effect on Forrnvar insulation; much time 

can be wasted with high-resistance short circuits. For a constant but 

somewhat larger resistance, Manganin wire can be used, in sizes in the #30-

#40 range. 

III.4.: Cooling the Apparatus 

Liquid Helium Transfer 

Transfer of liquid helium is sometning of an art which has no doubt 

reached its peak at laboratories where helium is a scarcer commodity than 

it is at Berkeley. Nevertheless, transferring has posed one of the major 

problems in the operation of the large OW cryostats and so I believe a 
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few words on the subject are in order here. Several features of cryostat 

design are responsible for this situation: the use of metal dewars, the 

use of superconducting magnets, the volume of the salt pills, and simply 

the size of the whole system. These cryostats hold about 25 1. of liquid 

when filled and a large percentage of the liquid consumption on initial 

cooldown goes to cool the apparatus from 77° to 4.2° K. 

Two considerations seem predominant in helium transfer to these 

cryostats: re,moval of liquid nitrogen and gas cooling. The liquid nitrogen 

used for precooling the dewars is usually removed by blowing out through 

a tube extending to the bottom of the dewar. The heat of fusion is larger 

than the heat of vaporization of liquid helium so it is of prime impor

tance to remove all the LN before starting helium transfer. Secondarily, 

LN frozen into the coils of superconducting magnets may interfere with 

their operation. Three steps will insure removal of LN: 1) After liquid 

blowout appears to cease, shut off the blowout pressur~ and wait 5 minutes. 

This will allow LN in the magnet coils and upper parts, of the dewar to run 

to the bottom. 2) When no more liquid comes out on reapplication of 

pressure, blow helium gas down the LN blowout tube for a few minutes. 

This will evaporate remaining liquid without seriously warming the dewar. 

3) Connect the·dewar to the helium bath pumpline and evacuate it. If 

the LN is really gone, the pressure will fall rapidly to about 100 microns. 

Otherwise the pressure will fall to 500--1000 microns and stop. In the 

latter event the LN will have frozen and helium can be transferred if 

not too much frozen nitrogen is in the dewar bottom. 

As for gas cooling, the necessity of using the large heat capacity 

of the cold helium gas rather than the rather small latent heat gf the 

liquid to cool the dewar into which helium is being transferred is well 

known. To do this, it is necessary to force the liquid to come out as 

near as possible to the bottom of the dewar by using a transfer tube 

extension. 

Observing these precautions and not allowing any part of the apparatus 

to get too far out of thermal equilibrium during transfer should allow 

filling of both dewars from LN temperature in as little as 1-1/2 hrs. with 

w 
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as little as 55 1. of liquid helium. After 24 hrs., refilling takes 

about 30 1. and 1/2 hr. 

Ex'change Gas 
3 4 

We have used both He and He for exchange gas. The former seems to 

pump out more readily, but it is of course more expensive. A pressure of 

30 microns seems to be a sufficient amount. We have had no difficulty 

with Forrnvar insulat·ion, spaghetti tubing or other plastics in the experi

mental chamber causing difficult pumpout of the exchange gas; however, 

long lead tubes with a common vacuum do seem to cause such difficulties. 

In any case, in a large apparatus with a 10 mdeg. heat shield, most of the 

final pumping is cryopumping by the shield on demagnetization. There is 

no doubt that when exchange gas is used, residual gas conduction is a 

major heat leak and so it is imperative to have a complete, well isolated 

heat shield around the main cooling salt pi 11, the heat link, and the 

sample itself if feasible. 

Exchange gas may be eliminated by using a mechanical or superconduct

ing heat switch or a liquid helium column to precool the salt and remove 

the heat of magnetization. Experiments in this laboratory by J.A.Barclay 

and J.E.Templeton have indicated that these techniques are difficult and 
. ' 

require considerable effort in time, equipment, and expertise to apply 

sucessfully. 

Magnetic Cooling 

The following schedule has proven to be efficient for carrying out 

the cooling cycle, starting with equilibrium at 4.2° K.: Start bath 

pumpdown, keeping pumpline pressure about 1000 microns. Start magnetization. 

The magnet should charge in 25--35 min.; pumpdown of the 1° bath seems to 
~ require about 45 min. Exchange gas pressure may need adjustment during 

pumpdown. When the bath is at minimum pressure, leave the magne.t on an~ 

exchange gas in for 1/2--1 hr. Exchange gas pumpout to gauge pressure of 

5 x 10-6 torr. takes about 45 min. ifthe pump is in good order. Experi

ments have shown that as the time taken for the demagnetization process 

is increased from 15 min. to 45 min., the temperature reached decreases; 

but beyond 45 min. no further improvement is seen. An improvement in the 
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temperature reached was obtained by turning the polarizing field on before 

demagnetizing. Warmup rates are typically of order 1 mdeg./hr. in the 
I~ 

absence of extra heating., with final warmup occurring when the 10 mdeg. 

heat shield warms and releases cryopumped exchange gas. Two useful improve

ments to the existing apparatus might be suggested: addition of resistance ~ 

thermometers to the salt pill, allowing its temperature to be monitored 

during transfer of liquid helium and magnetization; and a permanent'LHe 

level detector in the 1° bath. The above remarks apply specifically to 

the apparatus described in Chap. VI, but are generally applicable to any 

large magnetic cooling apparatus of similar design. 
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