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ABSTRACT Co
The technique of low temperature nuclear orientation haé been
applied to two problems involving weak nuclear decays. Nuc1e1 of 119Sb

were polarlzed in an iron lattice and the angular dlstrlbutlon of inner

bremsstrahlung photons emitted during the»electron capture decay was

‘observed. The distribution fit the correlation function

W(e) = 1+ A G,

and the asymmetry coefflclent had the theoret1ca1 value of +1 0 near the

P (cos 0)

spectrum-endpoint. However, some energy dependence of A1 was observed,
in contrast to theoretical expectations. Possible origins of the eneérgy
dependence are discussed. Nuclear orientation was also carried out with

three isotopes wh1ch undergo 1st forbidden beta decays: 186Re, 188pe,

‘and 19%Ir. The source nuclei were polarized in iron lattices and the
T ,

angular distributions of both beta particies,and gamma fays 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 anlsotroples gives a

measure of the relative size of the IB ij ! matrix element in the preceedlng

’l > 27 beta decays and values for this attenuation are reported " The

IBij matrix element was found to make a finite contribution in the decays
of the two Re isotopes, but to be zero in the !°* Ir decay. The combined
data may be used to determine the nuclear matrix elements entering the

decays and to test the Conserved Vector Current hypothe51s of weak inter-

actlons
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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) Strdng interactioﬁs, relative streﬁgth.lo, which provide‘the'
nuclear>binding force and cause certain elementary bafticle interactions.
They are propagated by virtual pion exéhaﬁge.

2) Eléctromagnetic.interactions,rrelative strength 10—2; which give
ris§ to éle;tric and magnetic forces,-e.g.‘fhe binding of atomic elec-
trons. They are propagated By virtual photon exchange. B

14,7which bring

3):Weak inte;actions, of relative strength 10
vabout a great variety Qf deéays, among them nuclear Si andveléctron
capture decays. They are thought to’be propagated by the exchange of .
a virtﬁél_intermediate Qeétdr Eoson,valthough this particle has never
been obsefvéd.

4) Gravitational interactions, which cause the gravitational
attraction of matter. Relaiive streﬁgth 10_44.

Unqﬁesfionably‘the besf understood éf the four is the eiéttromag;
netic intergction,.which can be described rather completely by quéntum'
electrbdyngmics. In contrast, the theoretical description of thefgrévis
tational interaqtion has yet to be accomplished. Thelstrong and weak -

interactions are intermediate cases in current theorétical understanding,

althqugh-considerabie progress has been made in the generalydescription



of the weak 1nteract10n in the past flfteen years, and the study

of nuclear weak decays has contrlbuted greatly to thls advance Some

gaps 1n»experlmental-conflrmatlon have remalned, however, and the follow-

ing work is-a contribution toward filling th of them; relating to the
I'inner bremsétrahlungd(iB) and the censerved vector-current-(CVC) hypo-
' thesis.’ | |

The IB is a weak continuous nhoton spectrum which accompanies beta
and electfon capture decays. (In genefal,‘bremsstrahlung accompaniee.
any” process in.which charges are accelerated.) it resulté.from a pertur_
.batien'on tne‘nsual“beta—decay inferaction by -the electronagnetic infer—‘
__action The IB was first descrlbed theoretlcally 30 years ago by Bloch1
by Konopinski and Uhlenbeck2 and by Morrlson-and Sch1ff3; several more
recent papers 'have dealt with the shbject in the light ef,pafity non-
conservation'by Weak interactions.'Considefable work has been‘done.on
shapes and intensities of IB“spectra, and eeme experiments on the-cifcu-
lar polafization of IB accompanying beta decays;have been perfovzr*med‘l+ s
but the electron-capture IB has been neglected and no observations of
IB from polarized nuclei have previously been reported. The firSt secficn
~of this theSis deals»with an experiment.on the IB accompanying‘the elec-
~ tron capture decay of polarized !!°b nuclei.

The CVC hypothe51s was put forth in 1958 by R.P. Feynman and M.
Gell—Mannﬁ It deals with the relation between the weak and electromag-
netic interactions in the presence of strong interactions: since fhe;d
‘nucleons involved in a. nuclear weak decay are also subject tonstrong

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

-

N
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affected byfthe'strong forces. According to ' the current-current formu-
N ‘: : - ) R . X i

lation of weak interaction théory, the weak 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 nucléon current.

‘The 1epton”¢urrent can be explicitly given, but the nucleon current (or

any current involving hadrons, or strongly interacting particles or states)
contains undetermined form factors because the strong interaction is not

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

operators, which trénsform as vectors ‘and as axial Veétors, The cdrres—
ponding currents are called’the vector and axial vector currénts.The
CVCbhypothesis states that the form factor for thé vector gurrentﬂis un-
changed iﬁ magnitude (unrenormalized) byvthe strong interaction. The
hypothesis is éupported by the analogy with eleéfrémagnetic theory: tﬁe

isovector part of the electromagnetic current is also unrenormalized.by_

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

changed in magnitudé by strong interactions; e.g. the proton has the
same magnitﬁde 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 Vegtor

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

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

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

' +ot L .
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.



A second experimental test of CVC was suggested by Gell-Mann. CVC

implies that the isovector electromagnetic current between nucledn states,

the vector Weak‘current for neutronﬁl_ decay, and the vector current
for proton decay are the components of an ''isobaric spin triplet"

b4

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

cand 1 _ réspectivély); thus the formfféctors in the weak currents are
related to thosé in the'electromagnetic current. This can be tested.in
the decéys of the isospin tripletlzB—liC*(IS.l mev) -'2N. The three iso-
topes deéay by 8 , y, and g” emissidn to the !'2C ground’staﬁe; The 3
decays are axial—veétor to the first order ‘but the vector curfent'eﬁters
in°2£§ forbidden corrections which affect the B-spectrum shapeé. The

size of the cbrréption is related to fhevradiation width bf.the Y tfan—
sition. Expérimental results on the 6=spectra-are in agreement with the
Cvc_predictioné; A similar situation exists at mass 8, and ekpéfimenfs‘oﬁ
'B—a‘angﬁlar correlations foiloWing the deCaYs of 8Li and.eB are alséiin
agreemeﬁf with CVC. Aléo afvmass 24 there is a usabie isospin triplet.
.in which-ei—‘Ycorrelations ha?e'been measured.

A third physical conséquence of CVC is the existence of'pion—pidﬁ

‘ weak deqayﬁﬂ As mentioned previousiy, the strong interaction is belie&ed
to be mediated by'virtual;pipn exchange. A sfrongly-interacting pérticle
such as:a neutron is thus not a simple particle but consists of a core
which af least some of the time is surrouﬁded by a pion cloud. If the .
 weak interaction strength for such a particle is the same as for é simple
particlelwith no pion cloud, it must be that the pions aiso have the

same weak-interaction strength as the bare nucleons; therefore purely

¢



© pionic wsék decay (as opoéed fo pion-ﬁuonvand pioﬁéelectron decayé)
shoﬁid Qcéﬁr.-Méasﬁfementé of the branching.rgtio for-pion—pioh}décéyv
haye;yieldea values within the range of the CVCvprediction althoﬁgh,thé
non-CVC fhebry is not excluded.® In general the experimeﬁtgvliéted above
have supported Cyc_but have not-conciUsively extablished it;:théy:afe
jin most ‘cases difficult to perform and subjéct_to various correctioﬁs and

theoretical aséumptions. In particular the comparison between the muon
v , _ v

. 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.) o

There is an additional'experimental consequence of CVCi This’is:.
that the relatidqships'between certain nucleér matrix elements in foff
bidden beta decays may be alfered from their values in the cénVéntional

- theory.?*728 In particular, the ratio of matrix elements fg and fr is

: predicted by CVC. It is desirable to test this prediction not only'aé
-~ an additional check of CVC (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 detailedvexperimental;infofma—

" .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'bytthe



;cbéfficieﬁt' E(= aZ/2R, electrdn's Coulomb energy at_the nuclear surface) .
ddminate ih'the§e transitions;.with thé result that the relativisfié and
 Bij (ténsér,rank_two) terms are suppressed and 6b$ervable quéntities

have allowed behavidr; Thus only the ratio of tensor rank zero and rank
oﬁe termsvcan'be determinéd. In 32" transitions only the rahk one and
tWo mat;ix'eieménts”are alIowed, and often the B15 term‘seemé'fo dominate
(becausé of npcleér;state selection rules),.sb‘again; measuremeﬁt of the
“other matrix elements is.precluded. In ]€*2+Vfransitions the same matfix
elements are allowéd énd here no pafticular terms predominaté.in some cases.
'These"transitidns may be studiedvby BJYvangular correlations, B‘polarization
and speétfﬁm shape measurements, or by 8- nuclear ahgular aistribution
measqyements ﬁsing.polarizéd nuclei. The 17+O+vtransitions_afe évgn.
;impiei, iacking the Bij matrix elements. They cahnbt; hoWever, b?'studied
by 8-y COrrelation fechniques.when the O+ stéte is the groundvstété in
the daughter nucleus, as is often the case. In the.second p;rt of this
tﬁesis,»meésuremehts of .BF nuclear angular distributions using polarized
nuclei.are described for the decays éf 186Re,t88 Re,and 194 e ALl thgse
nuclei exhibit transitions of both the last two types mentioned“above——

17> 2% and 1™ 0"--and the first two have been studied previously by-
: - o 7,43-50 : e

- several workers by .all of the above methods. It is hoped that the present
work will complement and perhaps imprové upon the eariier re#ulfs; As for
9% 1y, its‘decay has been studied only by spectrum shape meaSureméntéiand_'
B—y angular corielationsfzand the present work will provideé new iﬁfor-

mation on this decay.




Nuclear Orientation

As tﬁe name implies, huclear orientatibn is a means of determining
the direction of a nucleus or assembly of nuciei, as definéd by the
nuclear spin'T, relative to some axis fixed in spacé. (EQuivalently, one
may seleéf’nuclei having a particular value of the ﬁagnetic QUantum num-
ber MI}) An assehbly of oriented nuclei may be usedvto meésure thé.difec—
tional correlation betweén the hﬁcleus and an emitted radiation; or, con-

versely,‘dne may use the angular distribution of the radiation and know-

~ ledge of the directional correlation to measure the degree of nuclear

orientation and thereby gain 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 -

presénf work only the latter application is employed.

A number of techniques for achieving nuclear orientation have been
developéd‘in the past 20 yearéQ In general these techniques fali into
two élasseS: dynamic (steady-state) and static (equilibrium). In the
ermer~méthods, energy is continuously fed into an assembly of'atoms in
order to maintain a hon-eQuilibrium distribution of magnetic substaté

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

nuclei become oriented via the hyperfine interaction. Static methods,

which were employed in the work to be described below, make usé 6f low
témperaturés to prbduce thermal equilibrium popﬁlation differéncéé among
ﬁuclear magnétic subsfates. |

Two types of nuclear orientation may be distinguished: aiignment;

in which the nuclei are arranged symmetrically with respect to a, quanti-



zation axis (i.e.'the substates denoted by +M and_—MI have-equaaloph—

I

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

1ations is obtained. In ordervto prbduce energy splittings between the
substafes,:a nuclear moment must interact with a field or charge distri-
butién._Siﬁce the nuclear moments are rather smali in magﬁitude; the |
énefgy'splittings>ére typically of order 10;18‘ergs, corresponding_to
about'ldf2:° ‘
' popﬁlation differences between the substates are very low. Iﬁ'practiée
.»Oﬂly fhe'magnetic dipole.and eleétric'quédrupoie.ﬁoments are 1éfge éhough
-té be of‘ﬁse. (The electric monopble [charge Z]'is symmetrical with

. respect to 1 énd is therefdre unable to»prdduce enérgy sﬁliffings:betWGGn
MI substates.)Magnetic fields'éf sufficient strepgth may be épplied di?
rectly to the.sample from an‘external magnet or may be hyperfiheyfieldé
in paramagnetic or ferromagnetic crystals or in fgrromagnetic_hést
“lattices or latticés in which a_lbcaliied moment is.present on the afoﬁs

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 nuélear‘

orientation, techniques for selecting nuclei in pafticular substatés.such
Cas angular correlation of»sucéesSive nuclear radiations ahd.Mbsébauer
effect aré available and may yield similarrinformation.-Nucledr orienta-
fion may alsd be obtained‘as a result of a nuclear reaction or Scéttering
_‘process; |

- Production of low temperatures remains a major obstacle to the usé

" of therm31 equi1ibrium nuclear orientation. Recently several ingeneous

K., and thus the temperatures required to produce substantial



]

9

methods héVé:been introduced, including *He-*He dilution cooling, adia-
batic compresSion of He (Pomeranchuk effect), and~rdtational cooling
of anisbtropic crysfals. The oldest and probably still the most generally

applicable method, however, is adiabatic demagnetization of pafamagnetic

" 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 huclear orientation and was first employed by'Samoilov
. 8 ‘ .
in 1959.

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 collectibn; and analysis of the data. Finally in chaptersrv and'VIII

- are discussions of the conclusions drawn from the experiments and cri=-

tiques of the experimental methods.
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R CHAPTER I-

Nuclear Orientation Theory

1

As mentioned in the Intrdductibn; theré ére fhree‘requirements for
nucleér'drientation-by the universal mefhod;
i 1) A nucleus with a sufficiently lérge_magnetic dipole moment (qa.
1 ﬁm.); |

bj2)"A'feasqnab1y large hyperfine field on the nucleus in the ferrb_
magneticthQt metél (ca. 100 koe.).

3)’Temperéturés low enough that the_théfmal energy is the same‘or~

def as'thé magnetic interaction enefgy_resulting from 1) and 2}. |

Tﬁévhypgffine field in ferromagnets ié-assumed to_ariée thrdﬁgh a
: hyperfine.inleractioﬁ of the form A( IS ) where I is fhe nuciear spiﬁ
and S is an électronic spin vector. Singe this is a contact‘iﬁteraétion,
the eieétrohs producing §:must have a finife probability density within
the nucleus;ﬂi.e. they must be s (or possibly d) electrons. The spin
polarization giving rise to § may arise by direct interaction Qf s of d
conduction electrons with the exéhange field in the ferromagnetic ﬁogt
(conducfibn-électron polarization); or it may result from a secondary.
éxchangevbetweeﬁ the core s electrons and polarized d electrons (corev
polarizdtion.) Thé_former ﬁechanism produces a hf field'parallel té.the
exchégge field, while the latter may give an antiparallel hf field. A
recent tab_ulation9 shbws hf_fields of order 100 koe. for 45 elementé in
common feérromagnetic 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



x

«

*

: : : ‘ 10 ‘ ! -
‘lattice temperature. " Typical values of 1/Tl are of the order of 10 'sec

11

form E'ﬁ.;.lgﬂhf will result. Specifically, the nuolearrlevél with

spin T will split into 2I+1 magnetic substates 1abe1ed'by_the magnetic
quantum number Mi and hav;ng interaction energies EM = 7uanthMI/I

where p is the mégnetic moment of the level in nuclear magnetons, and Bn

is the nuclear magneton. We assume thermal equilibrium between the

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

relaxation rate or:l/T1 is large comparéd to the rate of change of the

-1

~while sample temperatures change at rates of ~ 1 mdeg./hr., so equilibrium

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

of the magnetic substates are given by a Boltzmann distribution:

Bl ey e DR
| ;4 exp [-Ey/KT] -

where a, is ‘the pqpulation of state M and k is the Boltzmann constant.

M

For nuclear orientation, ay must be a Strong function of M, so that

B = 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 teérms of a variable which can

be obseived in the ‘laboratory. Theé observable usually employed is the

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

the laboratory. ’(Iffa hamiltonian‘of‘the form A(l-g).is obeyed, the
nuclear orientation has -axial symmetry around the direction defined'by

S, so a:single quantization axis suffices to define the distribution.)
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‘The problem may be divided into three parts: thebdescription of the
directional correlation bethen the nucleus I and the quantization axis
z; description of the ceorrelation between the radiation propagation
vector k and the nuclear:axis L} and‘geometrical considerationS»relating

the radiation'detector placemeht.tb‘y. These correlations:have been
] . . . .

!

worked out in detail by several authors'!’!?

and the dérivations will
not be fepeatedbhere. The fesultiﬁg correlation function W ( 9), giVing
the felative radiatibniihteﬁsify'to be observéd by a deteétorvét angie,
9 to the z axis, has the.foilowing fOrmf

Eq;.;21‘: W (e) = 1+ Z'BkUkbkaQkPk (cos 8).

21

Here the index kK runs from 1 to min.{ ZEQ.}‘ where I. is the smallest

0

nuclear spin preceeding the obserVed'transition and L is the angulat

~momentum of the radiation observed; the B,

k (diagonal components only for axial symmetry) which describevthé g'¥ z

are spherical tensors of rank

correlation (they are functions of un; £ and T); the U, are feorien--

Hy K

tation parameters which modify the B, to allow for reorientation effects

k .

during nuclear transitions preceeding the observed one; the b, and F

k

are angular momentum coefficients giving the correlation between k and I

k .

(the b, are all 1 for gamma radiation but usually differ from 1 for par-

k

ticleé); and the Qk and P, are geometrical factors, Qk-giving‘the correc-

k

tion for the fact that usable radiation detectors subtend a finite sdlid

angle around 9{'and'Pk being Legendre pquhomials of rank k (spherical

 harmonicé YE_in the genera1 case of non-axial symmetry.) If the observed
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radiation arises from a parity conserving interaction (strong -or EM inter-

actioh) only the even values of k appéar in the sum. - No correction for
change in nuclear orientation during the“1ifetime 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 B, have been tabulated as functions of I and @ ivEM/kT}?

The Uk's are- just Racah coefficients with a special normalization.!l The

F, 's are tabulated functions of I.,If, and L, and the_bk's have been

Tk i

given by various authors for particular cases.l2 The Qk's are tabulated .

for on-axis scintillation counters!3®and may be calculated for other cases!®

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

‘particle. parameters b, are fixed, the correlation function W(8) is .com-

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

more of these items: if some of the othérs are known.



CHAPTER II - 14

Weak Interaction Theory “

~The hamiltonian energy density for the electromagnetic interaction
may be represented in four-vector notation as

h, Z Jgib /e o= L4

where ja is the charge current den51ty glven by WY Y, Yy being the four

t

Dirac matrices; and A is the four-vector potent1a1 of the electromagnetlc
; is ’

field. The weak interaction can be analogously described by

Eq. 3 "vh =G JJ, gt o =1,4

o

where G is the weak - 1ntei;c%10n constant and Iy is the ﬁeak foarevecfor
currentf* The current Ja ié the sum of terms | Wbaw which are cf four
types&i'the electron-neutrino current, the muon-neutrino current, the
baryon baryon strangeness conserv1ng current, and the baryon—baryon
strangeness changlng current. Thus hB has 51xteen terms. The diagonai
terms aré'self—current-nrccesses such as electron-neutrino scaftering.
and the nuclebn—nucleOn Weak‘interactidn wniCh is presuned to-gire rise

to parlty 1mpur1t1es in nuclear states. The'twelve'cross terms describe

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

and_various strangeness—changing processes including kaon and lambda decays.

There are actually only six unique cross terms, since the others describe
inverse processes (e.g. negatron decay vs. positron'decay).
0
Only nuclear beta decay is of interest here, and 1t w111 be con51d—

ered 1n more detail. Nuclear beta decay arises from the interaction of

the nucleon-nucleon,current with the electron-neutrino current {(""lepton

* See Appendix II for definitions of Dirac matrices.

** TheiunivgrSal current-current interaction was suggested by Feynman and
Gell-Mann, ~although it is similar in form to the original interaction
glven by Fermi.'®
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field”),‘vThe”mepletely’general beta-decay interaction'may be represented

as follows:
» | Eq. 4 - h, =G
| L |

Z.‘Ci(wpﬁoi'wnj) {(Weioi D(I+Y5)/2]wv)
| v L0 DTy )/20¥ )}y + hec

I, 03‘%.)"{(\? [0; D! (T4, )/2]\1/-
) ! J;‘ + (\P [O. D(I-—Ys)/Z]\P—)}. + h.Cf‘
The subscrlpt j runs over all the relevant nucleons in the nucleus. vTﬁe
_ current operators O have’flvezpossible forms,:classified accqrding to
_their’transformation'properties: scalar, bseudosealar vectof, axial vector,
and tenser The subscrlpt 1 runs over the flve, S,P, V A,T; the corfee-
pondlng operators have the forms OS = I, 0p y s O =Yy 0, '= Y Y* .
'and 0 % i/2 (Y YB - YBY ) dé; The C 's are the form factors menfaoned
in the introductlon Wthh in the case of beta decay (small momentum
_transfer)areduce to constants.
Fermibﬁs euch as the electron and ﬁeutfiﬁo are fepresenfed by(four-
~ component spinors in the Dirac theory;' two cdmpdﬁents correspond to spin
uparallel to ve1001ty (p051t1ve helicity or rlght handedness) and two |
.correspond to sp1n and veloc1ty anitparallel. (negatlve helicity). The
operators_- = (I+y )/2 and a = (I—y )/2 prOJect out the left—handed

and right- handed parts of the wavefunctlon respectlvely If the inter-

action were strlctly parity- conserv1ng, it could not distinguish "handed—'

*

ness' and the ‘coefficients D and D' in Eq. 4ﬂwou1d be equal,vso the
.& - »projection'operators a and a would cancel eaeh othef and leave only a
constant. In‘this case, both helicity stafeévof the neutfino:would enter
‘equally-infoAfhe 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
.equation$; ach satlsfled by a two component splnor hav1ng opp051te heli-

cities. In the two component theory of the neutrlno, the two splnors

correspond-to neutrinos (left—handed) and to antineutrinos (right—handed).
Experiments hare shown'that'only left handed nentrinos occur in nature,
‘SO the<coefficrents D' in Eq. 4 are zero (and the D's can be absorbed
Ainto theici’s.) |

Exnerimente have also'indicated that oniy antineutrinos are emitted
in negatron decay, SO the C' are all zero and the second 11ne of Eq 4
may be droppedf _Thls is referred to as 1epton conservatlon., AlSO,’lt

 may be shown that invariancekwith‘resnect to time reversal requires the

constants Ci to be real; thus out of the original forty constants implicit

in Eq. 4,lon1f'five remain. Finally, experimental evidence indicates that
only»the'v and A interactions,actually occurf and the beta_interaction
assumes the form:
B s hg = /28 ] TGy - Gy, YT T, v, (T9v,) ¥l

Here the neutron and proton wavefunctlons have been replaced by a gener—

alized_nucleon wavefunction which is changed from neutron. to proton by
the isospinvladder operator T,» and the commutation relations ofvthe:Y_
matrices have been used .to simplify the lepton term. Using the fact that
the Dirac conJugate ¥ = W+Yd and the def1n1t10ns of the operators a, Ys’

and g, gives:

* A universal V - A interaction was suggested by several theorists.®’!7°1°

’
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“Eq. 6 }B =J§sz-{’w*f[cvcl-igc,1) + CA(i’Z,YS)]Ti‘Pi}Y-Ji\)
Wheregyis the relativistic Velécity operator, 0 1is the spin operator, and
Y, is thé;helicity operator (‘Y5= «xfri). The lepton current term has -
' vbeen_abbfeviated as Ja)

Using this expression for the intéraction, it should be possiblé to
‘calculate physical quéntities which can be measured, for example thé decay
rate dW/dt. Using the Golden Rule, |

Eq. 7 dW/dt = (2n/R) p p\,'UhB'lz | |
where pe'and p, are the densities of final States_fOr the electron and
neutrino.»;To‘siﬁpiify'the Célculation, several-assumptions ére usually
made, resulting in'a ééries of approxihatioﬁs:v |
1) Allowed Appfoximation

| ‘The lepton fﬁncfions are expanded in pbWefs éf the-radiél variable
?.- In the allowed approxiémation, two assumptions are made: since the.
Eeta interaction is short range and since the nﬁclear radiuS-R.is small
.comparéd to the.lepton wavelengths, only the zero-order term in the
'expanéion in T (rv= 0) is kept; and since the ﬁucleon masses are large
compared to their energies invbéta decay, the relativistic nuclear terms
(of order v/c) are neglected. In Eq. 6, the operators Y, and & are rel-
ativistié; thus in the alloﬁed a?proximatioﬁ, Eq. 6 reduces to;
by - /% ] ¥, fitéA(ig)]Ti ¥, +J_(0)
' J . i v
and the integrals in Eq. 7ﬂb¢come Cvf W; T, ¥; AV o+ CAif W+ oT, Widvn.
The 1epton part is constanf and was factored out of the'integrals, while

the Wigner-Eckart theorem may be applied to simplify the anguigr parts.
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,The rémainihg iaaiéivintegréis (reduced matrix elemeﬁts) are usually -
denoted-ﬁy Cv.fl. .énd CA’fg_(althquéh'a more general ténsor notation 
is also aVaiIablé '3, and aré'calied tHe'Fermi-énd Gamow-Teller matrix

_ elément;,ﬁrgépectively.v.Both matrix eleﬁénté vanish if the parities of

¥ and @ikarg épﬁosite. Thé'operator‘g is a tensor of rénk one and
connects states with Al = lvqf'O (excépt Q+O).  Here I = nuclear spin.

A simpié physicél expianaﬁién for.thé foregoingvis'as foliows: in the
ailowed abpquimation; (r.= d) fhe ieptohsuhave zero orbital angular
momentum‘(L =1 x pj'and‘tﬁus.dén éarrylaff only;spin angular mpmentum.
The electfdh:and>neu£rin6 e?ch'Has spin 1/2 and can couple at'mosf tb,
total ahgdlaf momenfuﬁ = 1. Iﬁ the'Ferﬁircoupling; fhéir spins‘are»anfi—

parallel so théy‘cérry of f zefo>anghlér moméﬁtuﬁ;-in tﬁe G-T couplinguthey
éré pafaiiei'éﬁd cafry’off one unit of angular momentum. ?ig;vZQ shows

é ”fiﬁgef'physiés" diagram for the éase of G-T decay with If= Iib; 1. In
ailoWéd deCays'the betavspéctrum shape is determine&‘by the ﬁhase-space
factors pe‘and N in‘Eq. 7 (statistical shape).. Correctiéns fof the Coulomb
aftractioﬁ'or repulsion of the nuclear charge for the Bipartiéles,are
made by multiplying by the Fermi function F(Z,E).

2) First ForbiddenrApproximation

In this approximatiqh, the termé of.order T in the.éxpansion_of the
'iepton fuﬁctiOnS are kept, asvare fhe nucleon reiativistic terms..~Six
matrix elements arg.ébtaiﬁed: Cy ff: .Cvf a, CAst, CAfg;f»' CA].QXE’
‘and CAI“(Oi?j + gjrir-'Z/Sg-f) = CAf Bij' Theithird and foﬁrth matfi*
elements contain tensor operators of rank zero and connect states of

AI(Aﬂ) = 0 ; the fifst, second, and fifth contain operators of rank one
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and~Connectvstates.with A I(Aﬂz 1Aor 0;(no(r+0); ahd the sixth matrir
element_hasja rensor operator of rank two'and-connects'stares having
218872 27 1T (mo 1<), ‘and 07 (no 1/2-1/2 or 0+0). A decay of thevtype
wAi(A“);ZZ—,thus has only the fBij_term and is called unique forbidden.

Ih éeneral, nEh_forbiddenvdecays contain matrir elements of the types

~

n L . - n-1.ry oo . .
fan r{c}.and Jﬂ¥n_1r '5{u5} where Y is a spherical harmonrc of rank n.20

Inner Bremsstrahlung

'The IB is a seeond;order process whese decay rate is given-hy

Eq. 8 dw/dt = (2ﬂ/h)pepva |fh |2 |[h |2
where h,Yls the electromagnetlc 1nteract10n mentloned earller iA diagram
‘for'therprocess is shown.ln Flg. 1. Slnce‘the EM 1nteract10n 1s'of,order
'd = 1/137,:IB:emiSSion'is armueh‘weaker process than beta decay. Shertly
yafter the'pﬁhlieation bf the Fermi theory; several authorsl’zéaicuiared
the‘IB intensity, spectrum ehape, and electron—photoh directional corre-
lation for IB accompanylng negatron decay .SomeWhat.later adaimilar
calculatlon ‘was made for K-electron capture 1B. 3 In the eleefron,eaptdre
radiative_decay, the decay-energy is shared between only twodparticles,
- the neutrino and the photon; thus this case ie equivaientvto nonradiative
~positron emission (with the positrens replaced by photohs and thus having
zero mass). The iB’speetrum then has the sfatistical shape (from allowed
K captures) with no_Ferﬁi_function correction necessary. Iﬁ'aiiowed
particle emission_decays, the particles only have maximum‘polarization
and direCtional asymmetry in<the extreme reiativistic limit (v/c = 1),
i.e. at hlgh energies. - In IB‘accompanying K capture, however, the photons

‘are totally relativistic at all energies and so their polarlzatlon and
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B

o 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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asymmetrybaré, to first'drder, independent onphoton energy. The angular
distributidn of Ivahofons is‘given by the usual-correlation function
We) = 1“+_A1G1(T):Pi(cos 8). The function G, describes the degree of
ngciéar Rolarizatioh aﬁd is relaﬁedvto fhé Bl,of Chap. I by a norﬁaliz—

I ationvfactof; the‘series iS"terminatéd at k = 1 because the IB asymmetry
is like that of a poSitron, which'éarries:1/2 unit Qf éﬁguia} momentﬁm in
an.allqwed decay ahdAthefeforevhas kmax = 1; vThe asymmetry parémeter A1

~ for the simple case of allowed G—T‘decévaifh If = Ii'— i may.be deter_
minedyby m§menthm conservation considerations as sﬁOwn in Fig. éb; 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 = -Ii/(1i+1);
If = fi,,Ai'z 1/(I+1) (pure G-T) and a‘mofe_complex éxpresSibn involving
CA/CV for mixed transitions.?'s>22 For pure Fermi decays, A1 = 0.

Tﬁe”abdve.remérks apply té K.capture IB; other orbital’electrons.may
also‘be éaptﬁred. Capfﬁrevof 2s electrons leads to results similar toi
“1s capture;v Capture of P électrons,‘however, ieads to isotropic-aﬁd uh-
"polarizeavIB.zs 2p capture may be considered to'be a two step‘process‘
producing IB which is essentially virtual X-radiation. (See diagraﬁ'in

Fig. 3). The branching ratio for radlatlye d;;ay’ (WIB decay) has

(wtot. K capt.j

the form ¥s2? oc/ﬂ(mcz.)vzfg° K(1-k/Eo) Ry, dk = @ /121 (Ee/mc?)?. Ry is a
relativistic correction which was neglected in the second expression; E,
is the endpoint energy. It can be seen that IB is strongly favored by

large endpoint energies. However, if E,> 2me?, positron emission is also

allowed, and this interferes with the observation of IB by giving rise to
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I
Fig. 2a. Allowed_negatron}decay_foruif= Ii_lf The spins of the ¢_ and
the v must be parallel to each other and to the nuclear spins to conserve
Iangular1momentum. The antineutrino is right handed and thérefore emerges
parallel to I; the negatron must emerge in the opposite directiqn'since

" it is left handed.

Fig. 2b. A similar case for radiative K capture. -Capturé of the intef—
mediate virtual negatron is equivalent to emission of a”positron\softhe
‘negatron-must be in a positive helicity state (as is an emitted'positron){
Since its spin must be antiparallel to the initial ﬁuclear 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).

3!‘\.» . _ v . : . o ) ‘: Y I
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(o) B decoy I=I-1

A o 38'l} Se” |

. XBL683-2164

Fig. 2
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L1

(4]
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 s -
electronlis'captured, 1eaving a 1s hole, while a p electron emits a photon
and enters a virtual state from which it occupies the hole. No éondition ‘
on the helicity of the p electron exists, so the photon may be emitted ‘in
any direction. ‘

7
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external:brémsstrahlung (EB). Thus an ideal case from an observational
péint‘of view is a decay with Eo large but less than 1 Mev.

Conserved Vecfor Cﬁrrent

As explained in tﬁe.introduétioﬁ,'CVC.extendS'the analogy between.the
weak inféracfion‘and-the elecfromagnetic interaction.‘ The'electrQhagnefic
cur?ent has.two parts, the iéoveﬁtbr and the isoscalar parts. In the
‘ geherai.éa§é of arbitréry momentum:transfér, the isdveétof nucleonic EM

current is

e Z e 20 - s 2 ' .
Eq. 9 J, = V' IE @)y, 1Mv(q )OOLBqB)TZ] ¥
where FV and M, are form factors which are functions of the momentum transfer
q; Because:of charge conSerVation, FV(O) = cdnst., i.e. FV'Fs'unreﬁor—

malized By'theiéfrqng interaction. The secéﬁd‘term on the right haﬁd .
side of Eq. 9 produceékthe anbméloué mégnétic.moments of the proton and
the neufronu .Similarly, the genefal weak véctér hucledniéréurrenttmay be
written | '_ B | _b : -

Ba. 10 5 = TLCE @Y, iE (@00 + £y (a7 a)T,] ¥
,which.is“éimiiar to J; ‘except for.thé last term. .This.term correspondé

to one which would appearlin J; except for conservation of the EM current

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

the weak,yector current is likéwise conserved, f"v(q ) = 0 and the
currenfs_J; and Jé have the same form and contain the three components
- of the isospin operator T. Thus they form an isovector triplet and we

1 . = . . LI i
have f v(q )/fv(q ) MV(q )/Fv(q ). 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) = (up-un)/ZM

©
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where qb and pn are the proton‘and neutron magnetic moments and M is the
nucleon‘mass.

As pointed out by Fujita?* and Eichlef®, div. Ji.is not exactly
zero, due to the fact that the nuclear force is not precisely oharge-
independent;-.the weak current is a ”charged“ current, containing the
charge—ohanging operator T, it cannotkbe strictly independent of the
nuclear force because.ofdthe-neutron—proton mass difference and the
»Coulomb term in the noolear energy;' The above aothorscalculatedithe
residual diyergence‘of Ji. |

In EM tbeory; the Siegert theorem?G can bebnsed to obtaindrelationships
between.éertain EM matrix elements involving currents and matrix elements
'involvingionly charge'densities. The expansion of the lepton funotions
in beta decay theory and the resultlng series of approx1mat1ons (allowed,
lst forbldden etc.) may be llkened to the mu1t1pole expan51on of EM
Vtrans1t10n matrix elements (allowed beta decays correspond to EO and M1
_transitions).‘ By extendlng the analogy betweenAEM 1nteract10ns and
_‘vector beta 1nteractlons, one could use the Siegert theorem to derive
relationships between Various vector ("electric') beta matrix elements;
e.g. between fg (the "El'"matrix element) and fr. "This would reducebthe
number.of parameters to be measured in determining nuclear matrix-elements
from beta—decay measurenents, as pointed out in the introduction.  The
Slegert theorem cannot be applled directly, however, because of the non-
vanlshlng dlvergence of the weak vector current mentioned above. Fujlta
band Elchler used the calculated residual divergence. to correct the Siegert-
theorem relationships for application to beta decays, and derived the -

following relationship:



28

Eq. 11° fg/ifz;= ‘f_[2.40(Z‘/2R + (o - 2.5)me]'

here "aZ/ZR =.E is the(electron'§ CoulomB»energy at the nuclear surféce

(o =vfine:structUre consfant)vand Eo, is the decay energy, in mc? units.
This formﬁla assumed a-uniformvspheriéal‘nuclear charge diStribution and
the Ahfensteenberg’apﬁroximation.27 It was later suggested by Damgaard
and Wintﬁér2§ ‘that the latter approximation is not sufficienfly good to
’apply to cases of interest indiscriminately; It has also been pointed out
‘that even if Eq. 11 were.exact, itsbbeihg fulfilled in actual decays is

a necessary, but not a suffiéiént COnditién for establishing CVC, since

the non-CVC theory could give approximately the same ratio?®

Beta-Nuclear Aﬁguiar‘Distributiéns from 1st Forbidden Deéays
In decays of‘the.t’ypevl—é-o+ or 17+ 2", the angular distribution of

the beta particles emitted by polarized initial nuclei is as follows: 2°

Eq. 12 W(8) =1+ TBP (cos8)y b wer.1.1L0k1) (-nlth*k
L X | 3 sl i1 f :

, CL,L

(0) 'v m"Hym. y
b P WOST LT 0L

”The sum on. k terminafes at k = 2 when Ii= 1. L and L' have maximum vaiues
of 2 in 1st forbidden beta decays and must couple to k. The b's are tab-
ulated 2% 2° functions of the nuclear matrix elements and the lepton fuan
tions énd‘are the parameters to be determined. In géneral, one meaéﬁres
the b's and then calculates thezlepton functions and assumes a set of
nuciear matrix elements; from these a set df‘tfial calculatéd b's- can Be
thainéd, andAthe trial matri* elements adjusted a5'necessary'to‘impfove

the fit to the measured b's. When convergence is obtained, the matrix

"
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élement trial values used are thevcorrecfﬁohes.‘ More elaborate analyses
may also bé performed, using all available data and éttempting to_ﬁinimize
the ¥? for a.triél'set of matrix elements in the fif‘to the data.

In the £ approkimatién, only the Pouand Pl.te?ms remaiﬁ in Eq. 12.

. In the Bij approximation the P, term is large.

3
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‘Inner Bremsstrahlung Experiments, Introduction

Selection of an isotope suitable for measurements of the éngular

dilstribution of IB photons from polarized nuclei poses several requifeménts:

the pareht state must be éapable of being polarized to an appreciable

ddgree by.ayaiiablé metho&s;"the half-life of the decay muStvbé reaéon_

ably long (;24 hrs.) tb permit‘working wifh.the source for thévnecessary_
‘timé; and;the.IB spectium mﬁstﬁbe observable wifhout ihterfefence from
other radiatioﬁs.' A number of isotoéeérméét these criteria.-v |

Some preliminary experiments wefé_pérformed with.lu?Pm,‘which can
.be.pélarized by'ihclﬁsiénvin a paraﬁégnetic cryéfal ée.g; cérigm magnésium
ﬁitrate) by;thé mégnefic hf polarization‘method...This:isotope decays by
—'negatron'émiSSion, however, and the betabparficles must be Stoppedtiﬁuan '
absorber;'which then éives riseito EB whicﬁ(has about the séme.intehsity |
,és the IB; 'fhe 1B épecfrum waévobééfﬁéd, énd Cérrécted for EB‘by usiﬁg
, sevefaifabgorbefs of differing atomic numbér and ethapolatihg‘fo Z2ero -
-_abSQrber Z; but if,was>f¢if that this brocédure wésvof uncerféiﬁ.value
in the resfricted geéﬁetry'of a nuclear pélarigation,cryoétatw_ ‘

Thé EB problem can be avoided by usiﬁg nuclei which decay only by
‘électron\capture.v Here.the only possibie interfering ra&iations_are;x—rays
ahd gammévrays from the daughter nucleus. Considering only decay scheme,

119

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

I,
131cg, 1g“Ce, iaGYb, and '7°Ta, all having pure allowed Gamow-Teller
Q§céys (S;Cb should_élso be included in this group,'although it has_a
'W;ak gamma ray just abdve'the IB endpoint).v There are two mixedvF—G.T.

decays, those of 3*7Ar and *°V. Several forbidden decays also appear,

notably those of 53Mn, 5°Ni, °!Nb,and ?®Mo. The last isotope decays by

*
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a mixture'of~unique>and.secend forbiddeh_electrOnbeaptures. In the fore-
_going'list,ISeveral isotopes arelunsuitaele for polarization by the
"universal' method' Ar, Nb and f as.well as the rare earths ean be put
‘into an iron lattrce only by ion 1mp1antat10n or recoil techniques; and
the magnetlc dipole moment of S5¥e is probably too small.

The first IB eXperiments with polarized nuclei were perfermed using‘
a 59 V;Fe source; ‘No photon asymmetry.was'obseryed‘in_these erperiments.
Since the 3y decay is mixed F—C.T., it is quite possible that the asym-
_metry is small or zero due to interference of the two'maltipolaritiesj
in fact, a measurement of the asymmetry glves the m1x1ng ratio. However,
the “9V results must be regarded as' inconclusive and further work is
necessary tO'establish its correct 1B asymmetry.

For an unamblguous test of the IB asymmetry theory, a pure G. f

~ decay 1s‘de51rab1e. Of those listed above, only the 119,

Sb was an 1sotope
of an eiememtbwhicﬁ had previoasly been polarized'by the universal'method
‘(exeept 57Co, which has interference from the'gamma ray at 706.4 kev{).
Since 11.’,.“"Sb‘has:a reasemably_iarge magnetic dipole_moment amdvcan bed
»readily;placed in an iron lattice by melting, and sinee its preparatiom'
is not too difficult; this isotope was chesen for further IB-asymmetry
experiments despite its relatively short half-life of 37 hrs. These
experimehts are'described-in'detaii ih the following pages.

Nuclear Orientatioﬁ”Apparatus for !!'%b Experiments

The cryostat used in the 119Sbvpolarization experiments (Fig. 4)
was similar to the one described by_Westenbarger.30 It employed two
~glass dewar vessels about four feet_long,ywith constricted tails at the

bottoms. During an experiment, the outer dewar was filled with liquid
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Fig. 4. Schematic diagram of apparatus used to polarize 1198h nuclei.
The dotted lines represent the magnet pole pieces. After demagnetization,
the gamma counters occupied similar positions on the axis of the Nb ring.
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nitrogen, ﬁhile the inner dewar was filledeithzliquid heliﬁm pumped to

a temperature of aboﬁt 1° K. The dewar téils fittgd into thebpble gap

of a 23 koe: iron yoke hagnet; which ébuld be rolled oh rails up to the
apparatus. The eXperimental éhamber was,a glass tube about 12" long énd
.1—1/4“'diamefer, which was attachéd by means of a copper—gléss housékéeper
seal and.a gutfér seal to a $tain1ess steel pumping tubef the}latter'was‘
Suépended in the centef 6f the inner dewar from the top.. Inside the
éxperiméntai chamber was.é.brass support éage, ffom which -the giass COD:
’tainer'holding the cooling salt Slﬁrfy:(potaséium chromiﬁm_éﬁlfate or
chrome alum = CA, iﬁ glyterin)lwag suspended by thrée .005" nylon mono-
filaments. ;Abo&é and bélow the cooling salt were presséd pills of |
mangénous’ammbhiﬁmisqlfate (MAS) which served as rédiation'guards and as
c}yopumps fbr‘résidual exchangé gas. Thermal contact té the samp1é waS
‘QBtéined with'a‘Set of twenty_coppef fins immersed in the CA 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
vflux-trappiné ring which maintained a’magnetic fieid of about 2 koe; on

30 Samples could be cooled to about

the sample foil after demagnétizafion.
14 mdeg. k.'wifh'this apparatus and warmup to 75 mdeg. required about an
hour. AfOund the céoiing salt and (empty) portionvof the expériméntél

chamber were two matchedvmutual ihductaﬁce coils wifh primary and'sécon_
dary windings, which were used in coﬁjﬁnction with a mutual iﬁductancé-

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

run.
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Radiatioh'Detectors

the_gamma radiation deﬁectoré ﬁséd'for the -112Sb expériments wgfe

3x3" Na(Ti)I'cfystals commerCiélly moﬁntéd on photomultiplier fubes.
The resolutions (FWHM at 662 kev.) were about 7%,for'eéch detector.
Bégaﬁse §f the need to redﬁce'foom baékgrouhd’when cbunfing the IB,. the
détéctors wefe_eﬁcloséd in 8”bdia. leadnshi¢1d§; théy were also.magﬁetically
'shielded with u—ﬁefal and with ééft irbnvtubeé sﬁrrounding the entire
.photomﬁltiﬁliéfs'aﬁ& the entireiéountéf éssemblies; résfeétively;‘ Each
) counter and its atténdaﬁt:ghielding (Qéighing.235:lbs.) wasvmounted‘ohia
small carriage which could be rbiledjalqngwa'track'attached-td‘a counting
,table. ’Thé table ran bnvthébéamé track as- the magnet, and aftervéydemag—
netization, the tablé_wéé roiled up. to a position below:thé.agwaf‘tails
and thé.two.counters wére brouéht f&gether 6n‘éa¢h Side of the‘dewér‘by
meaﬁs of a éérew drive. [Thé.lead shields weré notched to adﬁit-the dewar
tails ahdlwhen the counters Qefe in fhe élosed position the only'openiﬂg
”in the:shielding,was the one through which the dewar tails emerged;

The phqtpmultipiier ouiputs were connected to charge—sensifive solid
étate prgamplifiefé, Whoée outputs were in turn fed to 1in¢af—amp1ifier
pulée shépérs and then to single—channel‘analyzers. The IB spectrum'éould
be recordéd directly on akmultichannei analyzer while at the same time a.
gated poftiqn of thé spectfum was summed by avsingle—channel scalar through
the SCA.‘.In some of.the experiments, an on-line PDP-7 computer equipped
with analbg-digital converters was used to anaiyze the spectré and store

‘them on magnetic tape.

b
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119 Sh Experimental Procedures

A sample-of 38‘hr. ?gﬁblwas‘made by the seqﬁence Sn(d;éhjllgTeag
-119gp 3! Natural tin foiis of .OOS” thickness were irfadiated with 55 Mev.
alpha péfticles af the Berkeley 88" cyciotron, ﬁsing'integrated beém
_»Currenté-of 75-100 pamp hrs.' A high degree 6f separétion of the !!°Sb from
gamma—émitting impurities was necessary, because 6f fhé lowbintensity of
‘the IB ;peétium. Thevfollowiﬁg scheme proved sétisfactory: | |
The target foil was dissolved in conc.>HN03 ? HF. The solution was

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

;were addéd. The reéidue Qés dissélved in'HBf and evépo?ated-two times to
';aporiie Sb iﬁburitiés resﬁlfingvfrom a,d reéctioné and target*imﬁurities;
it Qasvthen.diSSOIVed in HCl‘and made ﬁp.tovSO ml. volume and 4 M.»ﬁCl. |
The sblutioﬁIWaSIheated'ta néér the boiiing poinf.and-satﬁrafed with SO0
‘gas for fife.minufes,.céusihg precibitafidﬁ of metaliic Te. The precipitate
was centrifuged déwﬁ; washed with hot water and re—centrifuged,>aﬁd then
diséolvéd in avminimum of conc..HNoa. This sblution was diluted with HCi
and boiled to remove nitrate, and the Te precibitation was repeated. In
.all; the précipitation was - done fivé times; after the_third time, a few

mg. of Fe'carrier were added to the HC1 solution, and then precipitafed
by addition of.NHlpH. “The Fe (OH) ; précipitate scavenges impurities while
. | ' leéving the Te in solution.  After thé final Te‘precipitation'the precip- -
litate was dissolved'in HNO3 as before, diluted with HCi and concentrated,
and then stored for 4—1/2:&&&5 to allow fhe 1195b daughter to grow. (The

118 18

only potential contaminant is -the 5 hr. ~Sb isomer; however, the-l, Te

deca& feeds only the 3.5 min. ground stéte of 118

Sb, which rapidly decays
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away. "The other Te isotopesvproduced inbthe reaction all give'stable
iodine isotopes or very short—llved antimony iSotopes.)

After‘the ll%h had reached its maximumvconcentration (about 20% of
the originalII}?Te); a second set of purificatlons had to:be performed to

I - . ‘ S . . . E
separate'the Sb from its Te parent. To the solution resulting from the

1n1t1al separatron was added a small amount (about 5011g ) of Sb carrler*
The solutlon was then heated and saturated with SOz as before to precipi-
tate.Te. After removal of the'precipitate the 80'2 was‘driven-off by
heating; 5 more mg of Te carrier were added, and the prec1p1tat10n was
repeated. After each prec1p1tat10n the solution was flltered through a
freshly cleaned fine sintered_glass funnel to remove all traces of the_h
precipitatet_ The procedure was-repeated.about six times with checking
for purlty by gamma countlng each t1me after the fourth prec1p1tat10n
When the desired purlty was reached the solutlon was concentrated to a
‘small volume and dlluted w1th water to make 1t about 2 M. in HCl; a piece
of 001” th1ck X 5 mm square 99. 99° Fe f01l was then stlrred in the
solutlon for about. 1/2 hr. Because of‘the difference in electrode potene

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 SbBrg, 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. Coﬁnting
of pieces of the foils. showed no inhomogeneities in activity; Sb concent-

rations were about 0.5 at.%.

Spectrum and Backgrouhdeorrectidns

o The.deéay scheme of !1°b is shown in Fig. 5. As can be seéh,’there
_are n§ iﬁterfering radiations in the IB spectrum except for the 23;8'ker.
‘:gémma ray‘aﬁd tﬁe Snvx4ray5. o |

| ‘The engrgy response of thé gaﬁma ray detectors was measured in the |
eXperimentai geométry'by using several monoenergetic gamma sources with
eﬁergieé,frdm_60 kev. to 662 kev. The,pulse'heightISpéctra obtéined.were'
.apﬁrOXimated ahalytically by three gaussian aﬁd tworfermi fﬁnétionsJWhiéh-
:représénred the photppeak;.iodine rmray:escape peak, backscatter peék?
and Coﬁpton distributions. The speérruﬁ data’wére then intérpoiétea By
_avcomputérvprogram to calculate fhe‘response matrix R (definéd.sb that
Rij'is rhe probability tha§ a gahma'phofon rn energy inferval j.will pro-
duce a'count in pulse-height channel i). If an arbitrary gammaAréy spec-
trum is rhen represented by a vector Ij with components giving the intenéity
in énergy iﬁterval'j,-the vector Hi = Z Rij. Ij gives -the pulse height
spectrum in channel‘numbérs i. The matrix R can be inverted to allow the
computatidn of true gamma-ray spectré frém'observed pulse-height spectra.
in the present case, R Wa§ used to conyert the known IB spectrum of l_198b31
to a pulse-height épectrum corresponding tovfhe detectors and geometry
used in these eXperiments; thevreSulting Spectrum is cpmpared with the
Qbserved-one in Fig. 6. Since the‘agreement is reasonébly good, no back-

ground cbrrections were initially made to the data.
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Fig. 6. Comparison of IB speétrum measured in this work with that of
Ref. 31. The solid line has been corrected to the response of the present
counting system. The errors on the experimental points are statistical

only; Ref. 31 errors include uncertainties in the response functions. The

triangular points have had the background shown below subtracted, and the
dashed curve is the Ref. .31 spectrum renormallzed to match ‘the triangular

points. (See Chap. V.)
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Thermometry

A comparison with theory‘requires-thaf‘the IBbasymmetry be‘meésured
as a fuhcfion of the degfee,éf ﬁuclear,pélafizatioﬁ; Whiéh*in furn is a
funétioﬁ qf‘thé tempérafufe‘of,the sourcé._ Two methods Qere employed for
_déterminihg the source témperatﬁre; internal and ektefnal'radioactivé
thérmometr;}_ in'the iﬂférnal ﬁethod, a small_amdunt‘ovaOCo‘was diffused
into fhev'l?gsE:Fe ailoy duringrfhe éﬁnéaiing.steé.v Since the hYpeffine
parameters and decay scheme of %o are welllkhown; a measurement of'thé
, gammé fayIAﬁisotropy frdm a séﬁfcevof 0rientédv6°Co nuclei allows deter-
mihétibn df_the-tempéfature to thé‘StétisfiCAI’;céurééy ofithe éounting.
Unfoftuﬁétéi},‘the>Compt6h diStfiButibn:from fhé high energy 6%kxgaﬁmaA
rays.undeflies the IB>§pe;trum from ill%b; requiring a correctioh fér'a.
témperatﬁreQGependeﬁt background in the 1B asymmetry data. This-couid be
done_precisely if the exéctvratiO'éf IB to background and the aﬁisotrbpy
of thé-ﬁackgfoﬁnd were known; fhe.férmer.cén be obtained from.the.kann
féspbhsélbf the detectors and the latter can be measured in a seﬁarate
experimenf-using a pure 5°C0:Fe:$ource.r However, the accuracy of the IB
'asymmetry measﬁrements suffers from the propagation of errors in_such a
procedure. Thus the relative intensity of the *°Co must be kept 1ow,:
: which makes,fhe_thermometry stétistics poor.

To circumventvthis difficﬁlty, the external thermometry method was
used: a sdﬁfce of 6°Co:Fe was soldered to the heat link and the apparatus
cooled as_u;ual. A correlation was measured between the actual'sampie
_temperatufévdetermined from the 66CQ gémma ray anisotropy and the ''magnetic

temperature" of the CA slurfy as determined from the susceptibility..
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Subsequently.the 1195h: Fe alioy was soldered’tp fhelfin system,'réplacingf

the %o alloy, and'thé cbdling waslreﬁeated. Measurement of the magnetic

temperaturévthen'allbwedvdetermination of théytrue.éamplé temperature.

The consiétency:of the results and their agreement with the infernal

thefmometry runs gives confidence in the ﬁsefulness of the method. (It

- should be‘ndtéd that‘;he'temperatures reached in these experiments were

not extrémelyrlow, SO fhat.sméll'variations in‘thé condition of the heat

1ink, the solder joint-té the source, radioactive heating, etc. shoﬁld

not have had-tob large an effect on the temperature. "Thé initial'temp—

~erature and Qarmup rates seemed to be determined by.the ekternal_héét

leaks, which:preSUhably were constant throughout the experimehté;)
In'all,'four alloys were cooled and the IB asymmetry determinedgv

‘ConsiStenf resulté wefe obtained in all cases. The combinéd data in the

energy range from 125-500 kev., fitted to the function W(8) =1 +G1Q1A1P1

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

Data Analysis and Scattering Corrections

The theoretical value of the‘asymmetry parameter A1 was shown in
1 obtained from the data in Fig. 7-

Chap. II to'be +1.0. The value of A
is +0.506 +026. Severalkconsiderétions may explain the discrefancy..
'First, no_éorrection'has been made to the data in Fig. 7 for the pacaptﬁre
part of the IB spectrum, which underlies the s-capture pait at low energies.
(The Fig. 7bdata Qere corrected only for decay during experiments, solid
angle of the detectbrs, gnd background where applicable.) As pointed out

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

. p- to s-capture IB measured in Ref. 31 {(and in good agréement with the
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Fig. 7. Asymmetry of the 119gp 1B spectrum at two aﬁgles as a

function of sample temperature. The solid curves are fits to the

function-W(8) = 1 + A.G (T) Q P_(cos 8). The parameter Q, is a solid
"~ angle correctlon, G éescrlbes %he degree of nuclear polarlzatlon and.
"15 given by Gy [ Z m'exp( Bm)]/[1* Z exp( Bm)]. G, is related to

the orientation parameter B by a normallzatlon factor.
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Caicﬁlation of Ref. 23) was used to correct the-expegted asymmetfy at
low.enérgiés; Some of the data pldtted.és asymmetry vs. energy‘at a
constant_temperature afe showni in Eigl 8. The upper dashed curve shoWs.
the'fheoieticél asymmetry.coriecfed for the p¥cépture part Of the spectrum.
Aé'can be seen, the'exﬁérimental.vaiues stili deviate from thedry; |
eSpeciéily aﬁ low énergiés;i This'sugéests:a second considerétibn, corrections -
for écatfériﬁg; | ' |

| The IB bhotons emitted:by the source were scattered by the sourcé
foil, the heat 1ink, the flux-trapping ring,‘fhe appératus walls and the
detectdr'Shielding.'.prever; ﬁhe éourCe‘foil was rather thin, the appératus
Walls wefe glass'and therefére‘did:not contfibuté heavily to ngttering,
_and thé.éhielding was outside the detectors and thué contributed mostly‘
Backscafter, which falls at énergies below.125 kgv. for-the most part..
-Thi§ 1eéves'the heat link and'the flux;tfapping ring. The.heat link was -
asymﬁetfic.in shape and.thus should give an asymmetric scattéring pattern
which would cause the dbServed‘aSymmetry of the iB'tb deviéte in'one;
di?ection.in the © = 0 counter and in the other direction.in the é =T -
cdunter. ‘From Fig. 7 it may be seen that no such effect is present'Out—
side stétistics. Thus it may be conciuded that the flux-trapping ring_was
the principal cause of any scattering which occurred. This is not sur-
prising since it was féirly thick and'Subtended a large solid angle,afouna
the sourceL Accordingly, caléulation’of the amount of scattering to be
expected from the fluk-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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calculatiom assumed Klein—Nishina scatteri'ng.'32 A computer program was
written to calculate the probablllty that a photon emltted at energy E

and angle 0 to the quantlzatlon ax1s, and thus hav1ng asymmetry prop-

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

a count in channel i. The scattering probability was multlplled by the
spectrum.Shape S(E) from.Ref. 31, corrected for:the response of'the
detectors used in'theee experiments. The result was an attenuation factor
as a function of chanhellnumber i to oe-multiplied'by the expected
aeymmetry parameter Ay The middle dashed curve invFig. 8'inc1udes’this.
attenuation as well as the p-capture attenuation. Asfexpected,'scattering
is more important at low energies,_since'the scattering crose-section is:

_ iarger'at 1ow energiee.amd since radiation from higher energies is scat—
tered to‘low energies, Final interpretation of the oata showm,in Fig. 8

is discussed in Chap. V.
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‘Intérﬁrétation and Summary of 119 gy IBbEXperiments z
'Aftériﬁorréctibné for p—capture Iﬁ and for scattering have been
applied,_the'ésymmetry'data stiil deviéte.from the theoretiéal curve,
especialiy atkintermediaté and low energies. ‘Sevefal bOSSible explan-
ations fqr_this.may'be.gdﬁanced; T i o
| 1] Tﬁe thérmometfy might.hévé’been inaccﬁrate or fhé alloy'pfep{
aration might haVé given the Wrong internal field. This Qould not explain

the energy dependeﬁce.of the asymmetry. Furthermore, the conéistency of

the iésuifs amdng fdur different alloys with Sb cdncentrations'var?ing

by a‘factorfOf five érgues"strqnglybagainst Bad»alloysb(whiéhAwduid.give . |
‘ incérreét and variable hypeffineﬂfields); »The ﬁf field for Sb in Fe has ,
b eéen meaﬁdfed:in seﬁérél iaboratorizz-;Zth COnsisfent reéﬁlts.:'The i. S
nucleér.dip;ie homéntvofiliQSb haé élsoAbeen measured with.gobd éccuracy.
Finéily;‘ihézfifrof thé'data fo a.fémperaturé;dependeﬁce curfe of the ' o
cérrect fdfﬁ iﬁdiéates fhafbtﬂé femperatufe scale is accurate to Withiﬂ
experimenfal statistics. (Fig. 7)

2] Séattering corrections might have been greater than fhose B : | |
allowed for;- This is poSsible, siﬁce.scattering‘in the heat link and
appératﬁs Walls’wés'neglected. Most of the deviation from scattering' | C
would be. expected to bccur at rather low energies, however, aé a compérison }
of the upper and middie dashed curves in Fig. 8 shows. As can be seen, _ : ?
the deviation of the asymmetry from theory is largest at intefmediate. i
energies where scattering should be small. However,.if we assume that_
the dttenuétion.due'to scattering is about SO% greater than was calculated

téking oniy the flux-trapping ring into COhsideration,'we obtain the
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bottom dashea curve in Fig; 8, which is in good agreement with the three
lowest-energy experimental points.

S]f Backgrouﬁd cofrectibns might have been significént. This
‘hypothesis must invoke baquroﬁnd‘radiation of intensity of the order of ’
30% of the IB in the tétal':aﬁge from 200-350 kev. Also the relatively

good‘agreemeht of the observéd spectrum shape-with that obtained by
pre%iduﬁ workers (Fig.b6) suggests that no large background radiation'is
present within the source. There is some evidence of deviation near

325 kev., which might éxplaih the particularly low boint at that energy

in Fig. 8; If a sufficient isotrqpic.background_iﬁ subtracted from the
intermediate energy region to give overall agfeement with the bottom
‘theoretical curve in Fig. 8 (triéngular data points), the new Spectrum

- given by the triangular points in Fig. 6 resulfs. ‘This can be éompared
with fhe dashed-spéctrum in Fig. 6, which is the séectrum ovaef. 31 re-
normalized to the new 150 and 175 kev. data points. The subtracted back- .
VgrOUnd.is shown below in Fig. 6.  The agreement of the spéctrum.shapes in
this cése is not materially worse than in the uncofrected case; "in fact,
in the 300-400 kev. regionvit is improved. The_suﬁtracted backéround is
about the.rigﬁt magnitude to be attributablelto béCkscatter from the 1.4
Mev. “QK line which is always preseht in thé room; the energy, however,
seems tos high_sincé-the “0K backscatter feak usually is centered around
100 kév; (It might be_pointedbout that a'temperature‘depéndent background,
i.e. a Background-gamma’ray from an impurity source which was polarized.
‘alqng_with the 1v”Sb, could not be invoked to‘explain the deviéfion‘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 ccunting'system; This possibility can be ruled out on two grounds:

first such an effect should be 1argest at the high energy end of the
. Spectrum where the 1nten51ty is lowest——a slight shlft there would make

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

_flatter and gain shlfts are relatively smaller _Second, the roles of the

counters'Were'reverSed by magnetizing alternately in opposite'directions.

The data at =0 and ™ with the field in both d1rect10ns agreed well
“which 1mp11es that systematlc counter effects were probably small 51nce‘
they would not be expected tovbevldentical in the two counters and thus h
would show ‘up upon reversal of the roles of the counters. |

S]_ The actual energy dependence of the IB asymmetry might be 1arger

than expected'theoretically; Several authors 3%

3% 2}ave pointed out
that the K-capture IB 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—captureyIB is somewhat reduced by_relativ_
istic'effects (the.mixinghof'p(l/Z)'states into the s—state:wavefunction)
and that this effect is energy dependent;- An evaluation of their formula
for the case of '1°Sb shows that this reduction in polarization is ef the
brder of i%‘at energies above 75 kev. and becomes significant only at
‘rather iowvenergies (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 réy of Sn) and fhéir'éensiti?ify'is not éufficient to
aetect the ca; %'redUCtionvof the asymmetry at higher energies. Thus it
may be»cdhéludéd‘tﬁat unless the theory is»grossiy'in error (which seems
unlikely:ih View of its success in pfédicting;spectrum shapes and branching
ratioé),.this explaﬁation cannot accouﬁtvfor the observed deviations{

In summary, it:séems likely that é_cémbination»of 2] and 3] is. resp-
onsibie fof‘the observed energy‘dependence waAl.and for the.réduction
1

‘_'measurements. If oniy the four highest-energy points are used to calculate

.. of the value of A .below the theoretical prediction in the integral-energy

the value -of Al’ we obtain®?

A1 = +1.001+.093

‘in agreément-with thevprédicted value.



CHAPTER VI 50

First Forbi@?en Beta Déﬁay Exﬁeriménté,7Introdu§tion

In arder to;measure nuclear matrixrelements in a first‘forbidden'
decay, Qné requiresra nucleus foi‘which néither thé N3 apprpximatibﬁ”nor
the.Bii (unique) approXimgtion ﬁoidsf This may be determined by.measure—
ment of the eleéfron spectrum shapé} In fhe 1> 0" and 1= 2& deéé}s of
i7°1hﬂ iaéRé;'lseRé; and 210Bj, departures from the statistical shape
(but nbt fhe uniqué.shabe) haVe been observed.in the beta spectra.“o'“+
Abﬂumﬁef of-ékpérihénts'have been performed on these foﬁr isotopes Wifh
thé intention of determinihg'the nﬁ;lear matrix elemeﬂts, both to»test
the CVC'fheoryvandifér the infrihéic iﬁterest of the'ﬁafrix elements them-
Seives.. Experiments_pérformed ph.the twb‘Re ﬁuéleiiﬁglude sﬁectrum shape
measﬁrémeﬁts,”3’“9betafgamma difeétionai'éérfeiafionsQMS’kGIBeta-gamma

circular polarization correlations,‘+7 and angular distributions from"

we w9 o Sl '
>"" Electron polarization measurements have

polarized initial huclei.

also béén‘made{sav
.Aﬁothef nucleﬁs which éXhibits.decayé of th¢ 1; +O+Ham’d 1 *2+.types

énd which.ﬁas favorable'properties forﬂnqclear polarization is A O

These decgyéuhave_not been as thoroughly studied as the Re décays, although

spectrum shapes have been mea§Ured5L and beta-gamma angular éorrélations

obserVedv.s'2  The_staﬁistica1 shape was found for both principal beta branéhes

in Ref; 51, indicatiﬁgvthat the E»approximation'holds for these decays.

However, because.of the well—knéwn lack of sensitivity of shape measﬁrements

and fhe general lack bf experimental.work on this isotope, it seems that

' . . N . . 194
angular distribution measurements from polarized nuclei of Ir are

justified. 1In the following chapters, experiments on the angular distri-
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butions of béta-particles from the decays of ?BGRe, 18&%e, and '*Mr
polarized in iron at low temperatures are described.

Experimental Cryostat

The cfyostat used for the befé decay éxperiments was.similar to one
described_byiBarélay. ?3tSee;Fig;.§.)‘ The outer liquid’heliuﬁ dewar'was>
made ffom 10" dia. aluminum tubing; with’a fibreglass inner wall and-
.myiar.”supérinsuiatioh” between. No,iiduid nitrogen heat éhield was used.
The dewar_héld'about 15 i. of liquid‘when filled and boiloff rates wére
appfoximétely‘l 1./hr. A 46 koe. superconducting éolenoi& Qas suspended
~in the outer helium.space.‘ Thé‘1° helium béth was made from thinwall
sféinlesé sfeel-tubing, 4-1/2" O;D., and was insulated with a coppér.and
stéinleésvsteél Vacuum jackét.' Using é 1200 1./min. Kinney booétér pump,
dne could reduée thé béth pfessuté to'SO-6O micronS’Hg, or about b.95° K.

The‘ékperimental éhaﬁbér.waﬁ made from stainless steél tubiﬁg. A iérge
(4" O.D.i.seétion contained the codling sait pillé while the source and |
the bgté‘pafficleideféctors were in a 2" 0.D. tail section. Aroﬁnd fhe
source chaﬁber was the polariziﬁg mégnet; a superconducting helmholtz pair
with a coil conétant of 200 oe./amp.vand a maximum current of 25 amp.
The polarizing magnet was in the 1° heliﬁm bath. The céoling salt.pills :
bconsistéd of twb ;hrome,alum slurries which cooled the heat sﬁield, aﬁd
a main éeriumbmagnesium nitrate (CMN) slurry for cooling the sample. (Sée
Appendix III); A bundle of several,thousénd #40 copper wires potted in
epéxy formed the heat link fibm.thevspurce’foil'to fhe CMN éiurry; at the
upper‘énd fhe wires were left free of epoxy énd were mixed into fhe.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 sburcé.holdér was attached. The

' volumevof CMN slurry was 375 cc; with ébout 60% filling factor. The
copper—fb-sluiry contaétfarea_was éﬁprokimately 1600 cm® and the heat link
was- 9" loﬁg outside the_siurry contaiﬁer. The entire assémbly of heat
link and CMN pili’was surrouﬁded byvé capber heat shield cooled by CA
slurries, with only the source hOldér projectingbout. The lowest téﬁperr
atures obtéined with this apparatus were abbut 4.2 mdeg. K., and typical
warmup rateslwereﬂ; llmdeg./hr. o :

Source Holder

Sincévscéttering-of the“beta.particles in the source foil and-source
moﬁnt is a Serioﬁs ﬁroblem in fhese experiments, an effort was madevté
reduce the mass of both éﬁd to design them in suéh a way aé to minimizé"
.stattering of the_particles.into thé detectors. The'sourée foils Qéré
rolled fd thicknesses of 2%3'micr6ns, which was aboﬁt fiQe times . thinner
, than thoseiﬁsediby previoué workers.*®s*? The soﬁrces were supported on
two édges by #20‘coppér'wires, which formed a support frame and thermal
_éontaét to'the main heatvlink. In order to inéure uniform heatidistribuiion,
the backs.of the source fbils were poated with 10 microns of copper by
'vapqr deposition prior to attachment'fo the wire supportsvby Bi—Cd‘soider.
Finally,_theractivity’was confined to a central recfangle of 3x3 mm_(tﬁe_
source foils weré 10x6 mm overalij so that the pargicles which were sbat—
tered by the Supbort system would have to be scattered at angles neavaOé
tp.reach.the detectors, since backscatter qrbss sections are small at.
right angles to fhe-inéident‘éléqtron's path.. Fig. 10 shows a full size

.view of the source and beta counters.
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. Radiation Detectors -

Thé gamma radiation deiecfors.used in’these'éxperiments were similar
to those.deScribed in.Chép. III, except that the lead background shields
were omifted. | | |

The:beta_particle detectors were believed to be of primary iﬁpoftance
to the résults of these_expériments.v Obtaining counters with good éffic—‘

iency, good eﬁergy resolution and linearity, and stability,wasvthus to be

désired'not bnly for the immediate ‘ends of thé presént wbrk but aléb_for

general future use. Accordingly, considerable effort was expended,inza

counter devélbpment program, Which was cbndﬁcted with the cooperation and
assistance of the LRL semiconductor.deVélopmehf grodp.

Particle detectors usea in prévious experiments on'beta_parfitles.from
folérized nuclei have been either scintillators (usually anthraéene)“d
di semiéohductor sﬁrface barriéf detectors..i’“gvAﬁthracene scintillafors
havé the disadvéntagé of requiring a light piper from the:exterior of thge
Crybstét wheié the phofdmultiplier is located to the detector inside the‘
experimental chamber. This introduces mechanical and vacuﬁm problems; heat
leaks, énd poor resolution. ' For these reasons antﬁracene_scintillators
were not consideredvfor the present experiments.

Surface barrier detectors ha?e much better resolution and require
only a single wire connection to the outside of the cryostat. They aie
able to 6perate at temperatures down to 1° K., althqughvtheir operation
ét such_temperatureé is not well understood and consequently unreliable.
Basically, the detector consists of a block bf silicon or germanium with

electrodes (usually a deposited film of gold or aluminum) on the front and
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back surfaces. VA barrier'layer‘erists between the front electrode and

the bulk:material; either because;of oXidation of the surface layers

during construction of the detector,ior because an impurity suchves
phosphorous was dlffused into the front of the block (dlffused Junctlon
detector) The barrler has very hlgh re51stance (1t may have the propertles
'of'a diode in which case it is reverse—blased) so that when a voltage 1sh
applled between the two electrodes, most ofvthe voltage drop eppears

across the barrler layer, produc1ng an 1ntense electric field wh1ch sweeps
charge carriers out of the region around the layer and.creates a "depletion-
zone”, It is this zone which detects particles: when.-an ibnizing;radla-

'.t1on enters the zone,. it loses energy by creating electron hole pairs

which are swept out : rapldly by the fleld and produce pulses of current -

at the electrodes If the thlckness of the depletlon zone 1siequal to"v"

the-average stopplng range in the material for a particle of eﬁéfgy E,

.the detector is said to have a sensitive depth of E for partlcles of thet
type. The sen51t1ve depth may be 1ncreased by 1ncrea51ng the appl1ed

bias voltage and thus the thickness of the deplet1on zone, until surface
conduction or avalanche breakdown begins at some limiting bias voltage.

For heavyiparticles such as alpha barticles‘or protons the:stopping ranges
are short,and severaleor-many—Mev. senSitive depths are obtainable,
Electrons, however, have much longer stopping ranges (2.4 mm/Mey. in S§i,
1.3 mm/Meév. in Ge) so that applicatlon of sufficiently high bias Volteges
to give even one Mev. sensitive depth is-usually not possible. To be sure,

particles of energies exceeding the sensitive depth are detected,®* but

with reduced efficiency and resolution and with a complex response function.
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" No eXpefiments ﬁave béeh done at iow témperatures with monoenergetic
electronisourcés to determine the exact detection charactefistics for
particles exceedingtthe senSitive depth of the detector.

The effective thiékness of the depletion zone can be inciéased_By’
drifting‘lithium inio thé‘semiconddcting méteriél undér the influéﬁ;é’of
aﬁ éléctfic fie_ldfs5 The 1i£hium ions move .in such a way.as to‘electriCaliy
compensaté-for the impurity Charge carfiérs'pfesent in the material and
allow the productibn éf deep'depietioh zdnes,by reiatively'Small aépliéd
bias yoltééeg, . Trapping of the charge carriers prbduéed by én.ionizing
fédiafién_cén occur, héwevér, and when a thick deplétion'ione;éxists;vit
 may become a serious'problem;v The frapping increases ét ioﬁ temperétures
énd céusés a praticalblow temperature limit to the bperatioh-of thé
deteétor;‘thus thick détectors ;nd low tempefafure:operatioﬁ are;in some

meaéufé incompatible goals.k Furthermore, the drifted lithium-in germanium
 is unstable at room feﬁpefatufe, and-such detectors must Bé képtlﬁelbwl
-50° C. most of the time. Lithium drifted germanium detectofs are also
VeryvgenSitive to sgrface contamination and must bé kept in high vacuum
to avoid breakdown problems. Lithium drifted silicon detectors are not
suttable for work of the presént'type for two reésonéf because-of the -
iower den?ity of silicon, the detector would havé to be mucﬁ thickef to
have thé same sensitive depth; and secondly, the practicai low-temperature.
limit to Li-Si detector‘operdtion is rather high (~40° K.) compared to
that for Li-Ge.( <17° K.; see Ref. 57.) | |

Numerous experimenté'were tried on both n; and p-type silicon and

_ germanium-shrface barrier detectors. In general, both types of silicon
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gave usable detectors'but:only the n—type germanium could belused. All
the detectors would detect particles at lb K}.and some had fairly good
resolution‘for‘alpha particles. Germanlum would in general support much
smaller bias voltages (typlcally less than 10 v. compared to more than
100 v. for_srllcon). However, none of the surface barrier detectors
teeted‘had very”good resolution for 1'3135 conversion electrons.(624 and
. 656 kev.) and many detected only a broad hump for the !37Cs spectrum;
Lithium dr1fted germanlum detectors were also tried and found to give
excellent resolution for all‘2°7B1 conver51on electrons, even out to.v
11.68 Mev - The latter detectors would support over 600 V. blas if kept
»clean. However they would not operate satlsfactorlly below about 16° K.
Thus” for operatlon in a cryostat they would require enclosure in -a vacuum
itlght contarner in whlch they could,be thermally isolated from the low—
temperature components of thevexperiment, -

.In‘spite of the more difficult operation, it Was.felt that‘the“
advantages of 2.5 Mev. sensitive depth, 5 kev. resolution at 1 Mevl;
good energy linearity and long term stability were sufficient to justify
'the use of lithium drlfted detectors.. A set of holders was constructed
to meet_the requirements outlined above. o |

Detector and Holdeeronstruction_

The“lithium drifted detectoré used in :these experiments (Fig. 11)
were of.the P'I N type. A block of germanium cut from a single-crystal
ingot‘wlth-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

~
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Fig. 11. Cross section of Li-Ge beta detector mounted on base.
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in the germanium to gire the equiralent of very pure semiconddcting
material (I). A goid (P) electrode ié rapor depositedlon 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
stepé.were’carried out hyvthe.hRL semiconductor development group. When
_the.detectbrsfare to be used,:they are etched to remove surface_impdrities
and damaéed materiai as follons:-ha piece of plaetic electrical tape is
'applled to the gold surface and pressed down carefully. The other end of
the tape is attached to a plastlc st1rr1ng rod which serves as a handle
The etch consists of 1 part conc. HF 1 part fumlng HN03, -and 7 parts conc.
_HNO3 by weight and 1s-used at'room temperature. The detector is gently
agitateduin the etch for. 1;2 min and then removed and qulckly washed .in
fhlgh purlty methanol After several rinses in methanol the detector is
separated from the tape, given a flnal rlnse, and dr1ed in a stream of

NZY gas: It is then mounted 1mmed1ate1y in the holder After asSembly
vof the holder, detectors have been kept in an evacuated de551cator for

up to one hour without requiring re-etching.

| The holder (Fig. 12) seryes several purposes: as a support and elect-
rical 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

2

‘dia. hole which was covered with a 1 mg/cn thick sheet of aluminized

mylar glued in place with Epon 826 epoky. The removable end plate was of
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Fig. 12. Top, end, and side views of axial beta detector holder,
‘about 1.2x actual size. The lead wires are omitted for clarity. '
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.065" thick brass and was'Silverisoldered to the .020" stainless steel
bése sheet._”The end plate contained the kovar—éeraﬁié'feedthrqughsvwhich
carried the e1ectrical leads; these were 501déred into the plate with.
Pb-Sn soidér; The ehd:plateiwas soldered into the housing with>Wood's_
alloy'for'finai cloéufé 6f ;Héhasseﬁbly.' Attached to.the base sheet were
foﬁr .040" dié..stainiess steelvpésts'Which'served to anchor the .005"
‘nylon monofilaments which suﬁportea the detector base itself. The base
wéé of .04d“ éopﬁer'an& carried'a heaferv(6' of #40-foimvar insulated
‘méngaﬁin wire wound in é coil aﬁdbpotfed in epoxy., fesistance 175(? )'and
} a'cdppér sleeve into which the fésistance thermometer was glued.. The
; detector'waS'held in.plaCe by a sheet of 1/64ﬁ thick fibreglass with a
sﬁeet'of‘.bOZ“.gold foil on the underside, which made contact with the
gold eleétrode on the détector surface. The céver sheet had a 6 mm dia.
héleybyef:the'ceﬁter of the aetectof.and was held down by four 0-80 brass
sérews t#bped into thevﬁase plate{ Eléétricéi leads.to the detectbr,v
thefmoﬁéter, heater;‘and‘ground were méde of.:002” thick.x .620" wide
niobium fibbon, spotwelded at thé énds to short lengths of gold wire.
The'niobium Waé presumébly superconductiﬁg during detector operation and
thus minimized heat leaks from the détector base to the housing. The:
housiﬁg'was evacuated thrqugh al/8" dia.-thinwall stainless steel tﬁbe
silver soldered into one end. Over fhe front of the holder was a.l,Szmm
thick copper.élate which had a 4 mm dia; circular collimator openinglabove
the window in the holder. The collimator was soldered with low-melting =
In-Sn solder to the housing, and an ekténsion 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 édntaéf with the 1° helium bath. -Experimeﬁts with'exterﬁally'
mounted reéiStanée iherﬁométers showed fhat the detector base could be
heated .to 20° wifhout warmiﬁg‘fhe housiné to more than 1.2°. Heating
rates were ébout 1.5 mw and fhermal equilibriﬁm‘was established in about

S min. Thé.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‘13152'1/4 w. Allen-Bradley carbon resistor. Power was éupplied to the
'detector heaﬁgrs from 1.35v. mercury batteries equipped with digital
voltage diViders'and staﬁdard resistors for monitoring the heater current.
No increase in 1° helium bath 6perating pressure could be attributed to
.fhe detectoi'hebters;=- |

Particlé-Détector Leads and Electronics

Since the system of detector and leads behaves towards the external

- circuit like a capacitor; the voltage of pulses produéed by'a particle

d

detector capacitance, Cx is the stray capacitance in the leads and external

df'energy E is given By V = qE/(Cd+CX) *n/e  where C, is the

cifcuit, n is the charge collection effiéiency‘for pairs of charge q, and
€ 1is the energy.fequired to produce a charged pair in -the matérial;.
Clearly in the interest of maximum pulse height one wishes td minimize
‘-CX. In ﬁhe present apparatus,,fhe detector leads were .002” dia. stain-
less steel wires sﬁreéhed down fhe central (1-1/2" dia.) pumping fube
between two kovar-glass feedthroughs. €Connections to the preamplifierg»
at the top were by means of BNC connectors. At the bottom, #SO cdpper
vvﬁires sandwiched between two pieces of mylar-tape were used to conneét

the detector holder leads to the lower ends of the stainless steel wires.
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A tfansist@r socket. was used as.a connector to allow disconheétion of_the
leads from the detector.holders.  Tﬁevtotal iead length was about 50" and
the'lead éépacitance was 35 pf.
The‘puises frdm_thé détector; were preamplified by-charge=sen§itiﬁe

FET preampiifiefs-operated at room temperature. Second stage amplificafion
waé by,high-réte>linear"amplifiers. Output pﬁlSes from the gamma—detector
preamplifiefs Qere amplified by linear amplifiérvsyStems'like the one
1describédﬂby Goulding and Landis;56 ‘Pulses from‘the two beta detectorg
énd'the two gamma detectors-wefe fed into a fbur—input router which was
éonhécted to'aASCipp"1600 channél'analyzer. Each spectrum:océupied'ﬁoo
channelé;"Couﬁts'Were timed_using the Scipp internal 1ivé #imer,ﬂaﬁd
the data were fecordéd on.magnetic:tape at’ the end of each count. The
counts weié’Stgr 10 minutes long:

Particle Detector Response

The fésponée:of the particié.détecfofé to both beta paffiéles éﬁd'
gamma rays was determined by using a.'2°$ivcélibiatioh source. Sinée
these dét§Ctors have a thick depletion zoné, their efficiency for detecting
gamma rays is relatively higher than that of surface barrier detectors,
for_éxample. The apparent efficiency for gamma rayS is further incréased
by tﬁo factors: the collimators used for the beta particlés afe virtﬁally
transparenf t§ gamma rays of > 500 kev. energy, SO the_effecﬁive.counter
‘area is larger for gamma rays; aﬁd also, a large fraction (ca.-SQ%) of the
incident béta parficles-is backscattered from the detector, which reduces
the apparent efficiency for these particles. The net effect is that at

1 Mev.‘énergy, the apparent efficiency for gamma rays is about half that
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for beta pafficlés, Most of the.gamma ray pulses occur in the Comptoﬁ
backgrouhd, since the Cpmpton cross.sectibn qfvgermanium in the 1 Mev.
-region‘is-much greatei_than the photoeléctric and pair production cross
sections. A typical 2°5Bi spectrum is shown in Fig. 13. The expected
and observed relative iﬁtensities.bf the cohversion electron iinééjare
‘shown iﬁ:the table. = The rélatively ﬁigh gamma réy deteﬁtion ;fficiency
is unimportant unleésAbackgrouﬁd gamma rays ére present in the beta
sﬁéctfum. 'This.que$tion is cqnsidered in Chap. VII under Background
‘Correctibns. |

Thé:pulée height and resolution of the detectors were measured as
functions of applied bias voitage and temperature (See Fig. 145} .At low
'températures the trappihg of charged pairs by impurities (probably the ‘
Li and-Ca dopants added to the germaniuh in the detector) becomes signifi—
cant and thé pu1ée§ producea'become very long and low a$ a consequence.
' When‘thiévoccurs,:the pulse height and resolution of thé detector.deterio-
_rate rapidiy, Four of thése detécfors were tested, and éli had critical
températures near 16° K. with bias voltage in the range of 75-300 v.:.
(correspohding 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 écattering in the
source foil and detector winddws.). Below the critical tempefature the
pulse héight and resolution became rather poor in spite of increased bias
voltagesbup to.600 V. In general, the detector chafgcterigtics were
approximétely 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 2078 taken with axial beta counter at 16.5° K.
Polarizing magnetic field off. The table shows expected and observed
intensities for the electron lines and x-rays. '
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Fig. 14. Pulse-height and resolutibn of the axial beta detector
as functions of detector temperature. Measured using the 975.6 kev..
conversion line of 2°7Bi. (Resolution values are uncorrected for
scattering and are only -approximate.)
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would actualiyVSuPPOrt'moré'than 600 v.
'Regenf.work_at Chalk River®’ has. shown.similar behavior for Li-Ge
detectors ¢buntiﬁg gamma5rays."Two.diffefenées exist bétween the present

findings énd’thQSé_of Ref; 57f”in-Ref. 57; the detectors tested had_much

thicker P “layers than those used in thiSVWOrk;;ahd in Ref. 57, a consid- ~ . -

eréble dependeﬁbe‘of detector characteristics on bias Voltage, up to fields
~of SOOO_V/qm (correéponding to 750 v. épplied bias for the detectors used
.'in this work) was found. “In fact; by.épplying_voltages giving fieldsr§f:
',ﬁhié maghitude,'thé‘aufhors of Ref. 57 were able to operate theirvdete¢tofs
-sﬁctessfuily at temperatures down t0'8° K. and suggest thafveVen 10wef?.
'»tempefature-opération may be possible. No such large dépendenée of chérac—
téristics on bia§ voltage was found for the preseht dgtectors, although‘
the éxperimeﬂts were:nét e*hausfive; Clearly, operatidn at.lowef‘temper—

atures is desirable if possible for this type of work.

| o Ll
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Beta Decay: Experimental Procedures and Data Analysis

Source Preparation

Fig. 15 shows the decay schemes of the three isotopes used in these

experiments. A1l three.parent states may bevprepéred by neutron capture - -

from the corresponding stable nuclei. Enriched samples of '%°Rre, '®’Re,

"and 1931 were obtained as powdered metal from Oak Ridge. Their purities

1

were as follows: 185R.é,'96.66% (+3;34%187 Re); 187Re,.99.22% (+0.78% #°Re);

193 Ir, 97.29% (+2.71% 1999y, In each case'a‘weighed amount of the

isotope was placed‘in a small iron crucible which was then melted in H 5

atmosphere in a quartz tube. The cooled ingots were hammered to- about

30 micfth’thickness and annealed for two.hours.at 900° C. in H, , then

rolled'tofa final thickness of about 2.5 microns (2 mg/cﬁ?). .TWo‘élloys

 of each of the Re isotopes were prepared, one each using 99.9% Armco iron

(spéctrographié analyéis showed thé_prinéipal impuritieé to be nickel and
copper), and one each uéing 99.99% iron having as principal impurities

Co, Si, Ni, and Sn. One alloy of the !°31Ir 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 5quare holes'in'the-centers;- The

sandwiches ‘were sealed in quartz bulbs with a partial atmosphere of H, and

were irradiated 1 hr. each in a flux of 2.5 x 10" thermal neutronS/sec—cmz.

‘Because ‘of the relatively small cross sections for neutron capture by iron

isotopes and becauseyssFe 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 °®Fe, which emits

gamma rays at 1.1 and 1.3 Mev. and beta particles below 500 kev. (except
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Fig. 15. Relevant parts of the decay schemes of the isotopes
in the first forbidden beta decay experiments.
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for a very weak beta branch with: 1.57 Mev. endpoint). This activity

194

! Ir high energy

presenfs novfotential‘interfereﬁce with thev ®%Re énd

betavbranches thch were observéd in this wdfk. Thé irdn gamma rays might

givé'soméfﬁaékgroﬁnd undervthe 18%pe beta spectrum, but it would Be very

Weak-since‘ihe decay‘rate fatib (lesRe/nge) was greater than,SOO;i in

ail cases.,'This quesfion is diScussedklafer uhder,Backgrouné Coréections.
The. purpose Qf‘the Cd foil sandwich during irradiation was to permitf

"neufrons fo enter the_alioy foil only in the_éenfrale ple 3.mﬁ spot. Thus

" no acfivity would‘bejgéheréted néér the source foil mounting wires whichv'

were éolderéd to the édges of thé foils. Becaﬁse of neqtron diffusion,

.a’certain'aﬁouni of activation occurréd outside the.ceﬁtfal épot.ﬁ_After 

thé foilébwefe used for the‘nﬁcléar ?olarizéfion éxperimenfé,uautoradidf

graphszér§ ﬁade'usiﬁé'xéréy filﬁ. These:showed a wéli defined.sqﬁafe'of

high intensity in the cénter of each foil, surrounded by an area of’léss

activity, és’eipeéted. Fig. 16 shows a profile of one of the autoradio-

.graphs madé with a microdensifometer (tfansverSe and longitudinal Sections).

The relative actiVity of the central spotiand the\surrounding area caﬁ

be determined from such a profilé; this information was needed td'éalculate‘

. : . |

the solid‘angle corrections. \
AftérfirradiatiOn,'the foils were remoﬁed'ffom the.quartz‘buibs and

the Cd]foii sandwiches and were washed several times iﬁ dilute HF to

remove éurfaée okidation and activity. They.were then annealed at 900° C.

for siX—ten hours and cdoied 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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XBL 6912-6721

Fig. 16. Densitometer tracings, a) transverse, b) longitudinal, of
the autoradiograph of source #8. The irregularities are due to granularity
of the x-ray film. The heavy lines show idealized profiles used for solid
angle calculations. Some smearing of the measured profiles occurs because
of the finite thickness of the film emulsion and film-source separation.
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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 Hdst Sources Produced
185 . . ) | 0 9 . |
Re- , 0.165 at. % - 99.9% Fe o #1,2,3
187 . : 0 ' 0 A : .
Re‘ 0.325 at. % 199.9% Fe #4,5.
1931y 0.192 at. % 99.9% Fe  #8
185Re 0.50 at. % . 99.99% Fe  #6
187Re 1 0.77 at. % 99.99% Fe  #7

Treatment of Data and Corrections Applied

A number of corrections may be applied to the raw electron angﬁlar
distribution data before the desired‘angular diStribution céefficients
‘are.obtained. In this section, the.analysis of the corrected data for
" these coefficients w111 be described. 1In the'secfions which follow,
certain;of_the corrections wiil be discussed in more detail.

The angular‘distribution of the electrons frbm a first forbiddenf'
beta decay isvgiyen by.Eq. 12, Chapter II. The ahisotropy, or.relétiVe
counting rate as a function of anéle théta between the deteﬁtor and the

Z-axis, is given as a series in Legendre polynomials of argument cos 6
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and having Coefficients»given by the orientation parameters B, and by sums

k
£fi‘.’ It is the particle

of Racah coefficients and particle parameters b
parameters which one desires to determine. Eq. 12 may be rewritten for

“the cases of 170" and._l_‘*Z+ decays which are of interest here:

v'Eq,viSa. _ W(1%0,6) = 1 - BP (cos0) { bfli/bgoi} . szz(cose){bfzi/bgoi
=1+ B,PA (0) + BZPZAZ(OT
O Bq. 136 - W(192,0) = 1 + Blbl(coge){ bfli . S/vﬁ'bflg +'1/€fb§1%} )

1,1

26 (") - /575 b0

S eagpgteese) 7 - sp(B TR}

0% - 575691

=1+ BP A (2) + B,PA(2)
- In the actuai_experiments‘the two transitions are mixed and cannot

be separated except at energies higher than the 12" transition endpoints.

Thus the measured correlation function will be a combination of Eqs.IISa

and 13b and will contain the ratio.r of the 12" branch intensity to the.

-+ ' . . :
1+0 branch intensity.at a given energy. Then we have

Eq. 14 - W(8) = 1'+«31P1A1(r)3+ B,P,A,(r) = W(lfb;e) + r*W(1>2,8)
' _ ' ' 1+ r]
where A (1) = Ak(O) + oA (2).
_ . [1 + r] ‘

’

From Eq. 14 it can be seen that the-angulaf distribution contains two terms

“which differ in angular dependence (Pk) and in temperature'dependence (Bk).

I
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‘These terms can be sepératédiéo_that a -measurement of W(0) at‘tWo.angleS

or at severalvtémperatures allows-the deterﬁination.of the two'coeffiﬁiehts

Al(r)-and Aé(i). Si@ce ris a knoWn function»of energy the remaining

ﬁroblem»is”that of eXtracting the ﬁafticie parametefs. .Ai(O) and AZ(Q)

' . are functions of the same three.particle parameters and theréfore two
irratios.éaﬁ be determined‘by measuring these coefficients. A1(2) and A2(2)

are functioné'of eightparticlé.pafémeters. This is the Case because the

matrix element fBij is allowed in the 12" transition and thus particle‘

paraméteré having a subindex 2 enter the expression;lthese particle para-

meters are'all’functioné of IBij' As in Ref. 7, one may assuﬁeuthat,fhe

first-rank particle parameters b&ki (k = 0,1,2) are identical for the

: ‘ S . . » . . + - +

two decay branches: this is equivalent to assuming that the 2 and 0

' . 186 188 ; 19t .. .

levels in Os, Os, and Pt are similar in character for the purpose

® If this assumption is made,

of determining nuclear matrix elements.”
' the total number of particle parameters is eight for both decay branches.
Five.of,these invblve L = 2,vi.e.,the fBij term. Clearly somg additional
information about the relative size of this matrix element is needed for

a complete analysis of the angular distribution data. Fortunately thé
172" transitién is followed by a gamma ray in‘each case. One can déferf
‘mine the gammé réy anisotropy of these tfansitions concurrently with the

beta particle measurements>® The gamma ray correlation function is

~given by Eq. 2, Chap. I, which may be simplified to:

Bq. 15 W(0) = 1 + B,UF P (cos6)

where the',B2 and P2 are the same as in Eq. ‘14, F2 is a known functibn'of

the decay scheme, and U2 is a function of spins and multipolarities of
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levels'and:tfansitions preceeding the ébServéd gamma }ay in the décay
scheme. In the present case Only two multipolaritiés are possiﬁle_in
the preceédihg beta:decay: L ;_1>andA2ﬂr Onebfinds that U2 has - the same -
mégnituae but oppoSite‘signs for fhe t&o ﬁossibilities; Therefore a
méasuréﬁent of w(e) for tﬁe gamma transifi@n should give an average valﬁe

of U

5 which'in_turn‘giVes a measure of thé-réldtive'amounts of L =2 (fBij)

: S S - ot ' v S .
to L =1 intensities in the 1 +2 Dbeta decay. Combining this knowledge
with Al(r) and Az(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 fr,.fa, foxr, and fBij.).

.Spécifically, let us denote by I1(1) the part of the'i—#2+_béta.decay o

intensity which is due to L = 1 matrix elements. For this part of the .

decay,_U2 has a positive sign (U, = 0.5916). The L= 2 part of the

2
transition is then I(2) and for this part of the decay UZ = - 0.5916._ In
the actual decay both parts may occur: the total intensity for a 1> 2"
transition is given by -

I= VI(l) + I1(2) =‘S(E)f{(1//§)b§?)1 - (I/JS—)bgO)z}

- where S(E) is the statistical spectrum shape factor2??  Thus for the -

average value of U, observed in measuring W(8) we have

2
Eq. 16 U, = 1(1)(0.5916) + I(2)(-0.5916) or 52/0'.5916 = [1 - R]

I + 12 - [T+ R]

with R = 1(2)71(1) = -5/5{ bz(O%/bgoi}

Eq. 16 assumes that the 2" state is populated only by the 127 beta decay.

This is a good approximation in the decay of 186 pe (99.7% of the 2 pop-

ulation is via the beta decay directly to that level) but not in the 188pe




77

or !°4r decays, where beta-gamma cascades through higher excited states
o+ i ' o I, o

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;_6l for the ®°Re decay, -and the simplified decay siheme used'by

éReid'gi_gl(Ref. 59) for the lgqir decay. The results are'includea in

. : |
Table IIIB.

LK)
bL,L'

measurement of the‘three quantities R, Al(r), and Az(r) in principlé

Since the are all functions of the same four matrix elemehts,
determines the ratiosfg/lz,[gxz/ff, and fBij/ff' vThe analysis for the
nuclear matrix element ratios will be mentioned further in Chap. VIII.

The two coefficients Ai and A2 must be sepafated;in the analysis of

the beta ahgular distribution. As mentioned previously, they differvboth
“in tempéréture dependénce and in angular dependence'of their coeffiéientsf

~in the’corrélation function. To separate them on- the basis of temperature

dépendence requires not only fitting of temperature dependence curves, but

‘also accurate determination of the sample temperature over a wide range._

The difficﬁlties associated with this method are described in the section

entitled Thermometry. The angular dépendence appears in theiLegendfe poly-

nomials. .In these éxperiments, two beta detectors were used, in gxial and

equatorial positions relative to the quantization axis,(magnetic field Ho).
The role of the axial counteticgn be changed from "0°" to "180°" by rev-

ersing flo. By combining datafffom positive and negative field direptions

one can éeparate the A, and A Eterms. A second method of separation is

1 2

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.iptérnél conSistency of the data.' Explicit formulas for‘Al_and

A, may'be_dériVed uSing Eq. 14. Noting thaf‘Ak always occurs in combi-

ﬁatioﬁ with3pk we can define Ck = Ak(r)f Pk(éose). ‘ It.is(also notable
thét in-deriyiﬁé Eq. 14, the implicit assumption was made that the inten~.
sity at.aﬁgle 8 is’ﬁormalized by the intensity from unpolarized nuclei!v
(Uwarm"rcouqting rate) at the same Qngle.  In the aCtual_experim?nts the‘
normalization counts were.recorded at thé temperature Qf the pumﬁed 1°
helium bath. At this femperatﬁre a finifebnucleaf palarization remains
.,:for thevhpcléi studied in fhese'é#periﬁents; and this mﬁstvbe faken iﬁto

' z'ferm ét tﬁe bathffémpe;aturé iSi
abbut‘0.00QGland'ﬁay be neglécfed,‘buf fhe B

account in the data analysis. The B
| term is of érder 0.04 for
the Re nuclei and 0.017 for '°Yr and it should be retained. 'Eq. 14

suitably modified becomes:

Eq. 17 W(8)'= [1 + B,C, + B,C,1/[1 + BJC,].

1

Here B! is the orientation parameter at the bath temperature. At a second
' . ' =‘ 1 1 t
angle 8' we have W' (e} ‘ [1+ B1C1 + BZCZ]/[l + Blcl]

with €] = [P, (cos®')/P, (cos8)] = C, = G,C Inserting the latter defi-

K"
nition of_Cév andvcombining the two anisotropy equations and rearranging,

we get expressions for‘Cl and.Cz_in terms of the anisotropies measured at

8 and 68': _
Eq. 18a c, = [1'+-G2(w-1) - W'1/D
: Q E = ‘ _ o7 IRt " _ ! :
Eq. 18b 'Cz_v [(G,-1) *(WW'BI+B,) + B, (W ‘WGl)]/BzD
- t _ _ : . ' ’
where D = Bi(GlW, sz) + Bl(G2 Gl). The angles 6 and @ may

represent a given counter with + and - field directions, .or the axial and

I )
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the equatofial counters at a givénAfield.direction. In the former case,
Gk.has the Simple form Gk.= t-i)k assﬁming the counter positiqns to be
unchanged'during{the field reversal. Thus fourttypes of ‘anisotropies are
- measured: from the akial counter with +.fie1d direction (8 = T) one gets
W+(Ax;); frOm.the axial counter with - field 6 = 0); W (Ax.); from the
equatofial éounter with + or - fields (8 ='ﬁ/2), Wi(Eq.). These anisot- -
hropies can be combined in Varioﬁs combihgtions in Egqs. 18 to gi?e values
df Cy and_CZ; Four QuChbcombinations were used and will be distinguiéhed
) as follows: | | |
 Case I, W= W+(Ax.)?'rwi = W_(Ax.), G, =l-1,‘ G, =1
Case IT, W = W (Eq.), W' =W_(Eq.), G, = -1, G, = 1

+ +
pk(E)/pk(A)_

W%(Ax.)? W

i

Casg ;II, 1) W+(qu)’-'Gk

W_(Eq.), G = Py (E)/PL(A)

Case IV, W =W _(Ax.), W'
A_sample‘calculation showing the-details of the actual data analysis pro-

cedure is given in the next chapter.

Thermometry
The orientation parametersBk are strong functions of B (= uthf/IkBT)
in some region of values of B. For R0, the Bk are vanishingly Small,
while for values of B above some limit, the Bk become virtually cOﬁstant
~ (saturated). The valué of B at which saturation occurs depends on' I and

k. Of course, the B, 's are never really constant at a finite femperature,

k

since complete nuclear orientation is obtained only at absolute zero.

4However, for I = 1, and values of . above 7, B1 differs from its zero-

temperature value by less than 0.1%, while 82 is saturated to similar
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accuracy when B is greafer than:8;_ To’an accuracyvof.a few percent; B1
and Bz'arelsatﬁrated above £ = 4 and S, respectiveiy, |
In thé‘caSes-df'ISGRe and“?8 Re, i  is about '1}7Snm, and H_ . in
'iron is 760'ko§36°j_thﬁs B =48 mdeg./T. In the.case of 194 IT,.]Jh ié
| 0.37 nm apd H ¢ in ;rdn is 1520 koe.5? giving B =20 mdég;/T.
. Mostv16W—temp¢fature nﬁcleaf'Oiientafion experiments are pérformed
in the fegion'of témberatures.in.whiéh‘the Bk afe varYing'rapidly'with
temperatufe; therefore it is important td have‘an éccurate measgre of the
sample_feﬁperature throﬁghout the expérimeﬁt; _The usual method of temp-
.eratuie measuremént is to monitbr‘thevahisbtfdpy of some>rédiatioﬁ from _
the nuclei under study or from other snluté nuclei whose hyperfiné péra_
meters and décay scheme are well known. This type.of thermometry has
several limitatiohs: thé acéuracy is 1imitédt5y the statisticalﬂécéufacy
of the cbuntihg; which is iﬁ turn limited by radioactive ﬁéating éﬁd”
intéfférence with otﬁer rédiatiéné-of.interesf;ithe temperature i§ known
6n1y ag,aééuiafély as the‘product uthf; and since the quantity ﬁeasqred
: is an enseﬁble average éver a large assembly of nuclei, it is subject to
inaccuracies fro;_lqcal variations in temperature or H ¢ which might give
erroneous results for the true sample temperature._ For these ;easoné‘it

would be preferable to perform the experiment entirely in the temperature

region where { is above the saturation 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 oniy‘at
the.edges to the thermal link, and of'heating the detectors in proximityr"
to'the.source_foils. It was found that the sources could be cooled to

about 5 mdeg.K. and would warm to 10 mdeg. in about 5 hrs. under these

uconditions.h‘The samples remained below 50 mdeg. for about 12 hrs. at’

whlch t1me the CA guard salts and heat shield had: warmed suff1c1ently to
start relea51ng adsorbed residual exchange gas ‘in quantlty Warmup then
proceeded rapldly and in a few minutes the sample was at the temperature
of the 11qu1d helium pumped bath Referrlng to the values for B given

above, one can see that for the flrst 4 or 5 hours of an experlment the

nuclear orlentatlon of the two Re 1sotopes would be saturated .Thus-no'
thermometry mas requlred and all of the first few hours of counts could
be arerageditogether to produce a measured anisotropy with good statistical
accuraoy;‘ -

The case of 19%1r is somewhat different. Because of the smaller

‘values of g at a given temperature, the '°*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 Egs. 18, the measured anisotropies‘from the

beginning of each eXperimental run could be combined to determine the

_product Al(r) Bl' Inserting Bl(sat.) for Blvthen gives;Al. The only

assumption made is that B, was saturated during the counts analyzed.in

1

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.éah'tﬁen—be analyzed for_AlBi,vand, using the previously determined

value of Ai,‘the'ratio Bl/Bl(sat.) can be found for all later counts.

This ratio uniquely determines g, from which B, can be calculated. Using

2
B2 one can then anélyze(for'Az(r); and,:using thé'gamma»rayvanisot?opiés,
fbrlﬁé._ This method cléérly is nst.as‘accurate as that uéed.for £he Re
isétopeS, since the:fééults depend onvfhevahalysis of on1y the'first-
hour of sé'df.couﬁtéé.But thé méthodvis.probably still superiér té using
a sepafafe gamma ray thermometer.

Soﬁe mention should bévmadé of th¢>Separation of‘A1 and.A

5 u51ng

temperature dependence. For this method one needs tbvfit the anisotropy

. to. temperature dependence curves to determine the relative sizes of- the

1 2° 1

The différent temperature dependences of B
and B, are most obViouS'at_high temperatures, where B, approaches 210

coéfficients of B, and B

2

~ much faster than B

1’ and in the near-saturation .region, where Bi becomes

‘constant fasteruthah B2.- The(hiéh témperéfhre fegion:ié least‘accﬁrate |
. becau§e #heré:the.aﬁisdfrdpies are smallp ‘Thus £o ﬁse thié mefhod'one_
réduires an accurate knowledgevof the sampie temperature. in thé range
‘where thé.ahisotToby is changing.rapidiy with temperaturé; Clearly this
‘knowledge is limited by the effe;ts mentioned above, besides which the
'statistiéél_accuracy of the déta taken in the temperature dependent region
is poor.béCause the sample tempefature'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 particulaf'experiments and to the particular isotopes studied.

In many cases, use of temperature dependence curves is desirable or

Tl
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'necessary., Isotopés_for_which the nuclear oriéntation is saturated at
temperatures conveniently available are eﬁceptional.) Furthermdre,v
measuremenfs made 1n the saturation region are insensitive to température »
and th~inhomogeneities in the sample as long as they are not rather large.

1 2

| | :
| As pointed out in the previous section, the use of two particle detectors

Thus no attempt was made to separate A and A using'temperaﬁure dependence.

{

" at different angles and of two field directions gives an internal cross-

check on the geometrical separation of the anisotropy coefficients.

Decay, Corrections

Ail of-theﬁisofopes.used in‘this Qérk havé fairly shoré halféliveé
'éﬁd S0 cdrreétions mﬁSt be appliéd.to the déta for décay ofxthe‘sourceé.
~ during the exﬁeriments. The valués.of thé half—livés used were: 186 Re,
- 90.0 hfs;‘leéRe, 16.fvﬁrs;‘i9“1r, 17.4 hrs.5' The correc£ioﬁs_wéfe méde
by multiplying the data from each éount'by-a factor exp[0.693 t/ti/z]
where t is the”elapéed time from the beginning of the experiment to the.
jmidale of the count in question. This was done by the compufer.pfogrém
[whiéh'interpfeted the magnetic tapes containing the experimental data;'
In the:course of a long experiment the change in c0un;ihg‘rafe:due
fo decay.was greéter than that due to the anisotropy being measgred,
especially in the caSes of '®%Re and **"Ir and fér the gamma ray measurements.
For this'reaQOﬁ several short experiments were performed, in which counting
was cdntihued for only about an hour after demagnetiiation and the’samplé
‘was then warmed by admifting ekchangq gas. In these expériments 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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cbunter 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 plofting'theflog of the count rate vs. time to check for linearity. -

.This was done in'Some'cases; see below. -Because of the close>c0nnect30n
between deeay cofrectioﬁs“énd possible.counter efficiency yafiatiens, the
twe topics are;discussedhtegether henceferth.) To check for ceunterv

' efficieﬁcy effects, decay curves were constructed using the warm counts
ffom severai'cohsecutive_experiments.” The beta counters were_found to
give:liﬁear-plofs,and valﬁes‘of:the‘half-life in good_agreement withethe

known vélues; while the gamma counters gave somewhat high values" (e.g. .

- 20 hrs. -instead of 16.7 hrs. for !8%Re). For this reason the gamma anisot--

-~ Topy data_from some of the long runs with -the shorter-lived isotopes,were

not used. .’

'Background Corrections

'Several'pdteﬁtiai eourees of backgreund rediations exist . The most

1conétah£ one is the netural'backgroundvin the laborafory, which is.mostly,
dﬁe to Aok;e'This isotope emits Both electrons- and positrons, whieh.do:nof,
ef course,:penetrate the cryostat"er theygamma_couﬁter shields and are thus
not themselves a problem. .It also emits a gamma fay at 1.46 Mev, which
_ gives riserfo a backscatter peak near 150 kev. (See Chap. V, p. 47);‘ In .
the analysis.of the gaﬁma ray anisotropy data, a trapezoidal baekgreund

is subtracte& from under the photopeaks to correct for this and other
.baekground ?adiations. (See Fig. 20.) The room beckground is isotropic

and usually less than 10% of the photopeak area S0 the correction is not
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va'majdr squrée of error.

A second source of baqurdﬁnd radiation is the aétivation of the
iron host foils and thgir impurities.‘ The princiﬁél impurityvin the.
fbils usédeas éoppér; Which gives 12J8 hr. ®*Cu on activation.‘>This

iisotope emits Bi ;particleé atenetgieélbelow‘640 kev., and gamma rays at

11.34 and OQSIIvMevL'VTheNelectron and positron endpdints are beiow most
of the particlewenergies for wﬁich data:were'anlayzed in these éxperimenfs
and.thusvthese:acfivities_presenf no baquround problem,' The 1_34‘Mev.

_ gammq ray:might give a background ﬁﬁdervthg 186Re beta Speétfuﬁ'due=to'
Comptoﬁ éVents in the beta detectors but its intensity i$ estimated to be
at most only 0.01% ofbthé'léeRe beta Spectfum‘intensity S0 no'correction _
was made. Thé 511 kev. Annihilation rédiation from this isotopé-céuld be
seen:in'the'gémma ray spectrum of freshly irradiated sources but-had dis-
appearea by thé_time the samples had Béen worked up and mounted in the
apparatué, - As mentionedvéarlier, fhe oniy observabie activify frbm the”
iron’ifself.ﬁaé 45 day 59Fe.. " This isbtope‘is ﬁrodﬁced by neutron capture
from °%Fe, whicﬁ is 6n1y 0;3% abundant in natural iron and has a néutron

capture cross section of 1.2 barns (compared to about 100 barns for the

59
Fe

‘Re and Ii solutes). The decay rate ratio of the isotopes studied to
was at 1easf 500:1vimmediat¢1y after irradiation (gamma counting shoWed
700:1 invthe case'qf sourcé #4, for examplej. In any cése; the highest
'energy'radiation of ény intensity from}nge'is the 1.29 Mev,'gamma réy
and so nO'baquround’problem occurs with 188p¢ or ®“Ir. Some backgrbund
from Compton electrons from fhe 5%Fe 1.09 and 1.29 Mev. gamma rays might

be present under the '8%Re beta spectrum and the maximum sizé of such a
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baekground.is shbwh in Fig. ié. Sources #3 ana'#6 differed by a factor
of two‘in 185K concentration (aﬁd penee in reiative égFe'baekground size)
and a cemparisen of the data from these two sources gives an_indication_'
of the iﬁpoftanee of the baekground for the 186 Re data. In fact, the
derived_from‘Run 5 (searce #3) do seem to be system--

values of A aand A

1

atically lower at high energies than those derived from runs with source

2

#6; howeVer; thevstatistics are poor at the high enefgy end of the beta
'speetrum, so theieffect ﬁay not be significant. An estimatefof the prob-
“able afﬁenuafion of the measured A1 from source #3 due to thisvbackground
1indicatessabout'i0% in the highest—energy interval, S%‘in.the.next iﬁterVai,
.and decreasing ameunfs ia.lowef intervals. The aftehaafien wouid‘bei
Aapproximately'haifvas greaf in'SOurce'#6, which was weighfed'moievheaVily
in determining tﬁe final average values of the A's. =

A‘thiid source. of background radiationris“the additional acfiVityv~
‘:resultihg ffemithe lack OfuiOO% eﬁrichment ef the_separafed isotopes used
in source preparation. In fﬁe case of the '®%Re and '°“Ir sources,bthe
~impurity activities were '86Re and lgzlf, respectively. The former offers
no_interfeience with»lesRe since all of its radiations are below the iowest
energies used in the data analysis for that isotope. The highest eﬁergy
~of intense radiations from '°?Ir is 1.06 Mev.; all gamma and beta transi-
j‘tions aBbVe thisienergy are less than 0.1% of the totalldecay strengfh.

19%1y measurements from this

Thus there is no background problem for the
source. In the case of the !®®Re sources, a few percent of '®%Re was
produced because of incomplete enrichment of the !°°Re used. None of the

sources was actually used until at least 36 hrs. after irradiation, so
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" that the ?ssReestrength was down. to 1ess than 1% of the 186'Re.strength.
Also, the 188Re beta angular dlstrlbutlon is similar in shape and 51gn
to that of 186Re and the energy dependence of the anlsotroples is not too

186Re angular dlS-

_ great,:so‘the size of the baekground porreetlon to ‘the
tribution is small. | | o :_ v i

Flnally, there are interfering radlatlons within the deoay scheme of
a given source isotope In the case of 186Re this is no problem, since
the only radiations other than the beta tran51t10ns 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 8, and weak gamma and beta transitions.
(0.1%) assoeiated with the 767 kev. level in 18605. The 123 kev. gamma
ray is-unresolved from the 137 kev. 1ine; but it has only 1/14 of the
intensity and about the same anieotrony as>the-1atter'1ine,vand therefore.
does not give rise to a large error. (If the electron capture decay were
pure Lvéil;.the'anisotropy‘of the two lines together would be about two
percent greater than for the.137_kev. 1ine alone, assuming the mixing.
ratio found for the beta decay to the 137 kev level. in fact, because of
the method of-analfsis, the 123 kev. line was probably mostly excluded
from the data.) |

In the case of 188Re, there are numerous beta branches below 1.5 Mev.
_and gammavrays 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% eovagain,
no serioue background problem arises.

The !9%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 intefferencé.-‘fhe gamma spéctrumvis‘cdmplex: most ofﬁthengamma ray
infensity is below 1.49 Mev. (0.4% above this ieveij éhd causes no.
signifiéaht'backgrouhd correction_tovthe anguiar disfribﬁfibnAdata”frOm-
..the 2:24>and 1;91.Mev. beta branches: However,bthe'compiek of gamma rayé
near 300 kev. (293 kev.,1%; 301 kev., 0.15% 328 kev., 5%) is unresolved
by thé NéI gamha edﬁntefé uséd tébmeésure the 328 kev. gamma ray anisotropy,
énd thus-the;anisotropy data musf be corrected for the other two lines.
Assuming fhe.SOl'keV. line to be E2 + 17%M1°2 and'taking the 293 kev.
line to be E2 + I%le? 'and;correcting for .differences in absorption in

- the cryosfat walIs‘and in detection efficiencies, ohe_fiﬁds the ahiédtropy
of the 328 kev. iine_fo be attenuated by a factor of O.SSt.lSéy'The_efrors
_allbw for #he uncertaintiés in thev2§3 and 301 kev; mixing fatios éndv'

' intensitieé. ThevLi¥Ge detectors used by Reid g};gl?g' weréiabie,to
resolve‘the three linesvin fhe 300 kev. group and thus their valué'féf

rthe 328 kev; anisotropy lacké'the 1argebuncertainties cauéedvﬁy,the.

background correction in the present case.

Magnetic Deflection of the Beta Particles

_ The éffect of’thé polafizing‘field Ho Should be considered. Electrons
moving in a pléne perpendicular to a magnetic field move in cifcﬁlar‘orbits
whose radiué is given by:¢3 | |

Eq. 19 P = 1.708/ET ¥ 28

: _ —
where p is in cm., E is the electron's kinetic energy in mc? units, and
H.is in koe. The curvature of the electrbn paths has-twb effects:in

the present experiments:' first, due to the use of collimators and to
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fhe’geométrf of .the detectbrs, and £hé'effect‘of Ho on the effective
solid.anéle; fhe intensitié$ ofbthe electron spectra depeﬁd»on the applied
field."In‘particular;'fhe inteﬁsify_in the axialvébhnter'is reduced
siightiy:féf,both'signs of the field, while in the equatdriél ééunfer‘it
is'incfeaéedvéémewhat for positive fields and reduced for negative fieldé
vbecauseitﬁé soufce-ig‘slightly off—cénfer’wiyh feépect to the‘couhter.
t(See Fig; iO.)' This efféct is unimportant for the measuremént_of anisot-
,rbpies,.however, which involvés_taking only ratios of’coid/wafm couhting
rates at coﬁsfént Ho . | |
The second effect 6f fhe mégnetic field is to Bend'the elecffbns
émitted_in'the direction of a countef away, and to bend othéfsbinto'fhé
éounter. This anguiar effeét is potentially serious since it creates an
eiror in the measured detector angles!l It will be considered in more
detail for each detector.
_ The_eléctrons emitted towards the equatoriél counter are ?rimafiiy
ih a plane perpendicular to Ho. -Simple geometrical considerations show
’that while-thé electrons move through a distance Z they are deflected by
fhé field thfqugh‘an angle o whose cosine ié given by
' v Ll
cos(o) = [1/2 + (1 - 2%/p®)*]1™
: v 2
For small deflections, ‘i.e. p>>Z, this formu1a is given to a good approxi-
mation by v |
Eq. 20 cos(0) = 1 - .z2/8p% .
In the Caée of the gquatorial counter, the.deflection is in the.plané.
perpendiculér to the -quantization axis and is thus a vaiiation in the

angle ¢ j_but the angular distribution is invariant with respect to rotations
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;aboutdy (axial syémetry)'éﬁd thérefdre fﬁe magﬁeficvdéfieétion'produgesu
no érror in‘the measuréd anisotropy in'thevequatOrial.cohntef.
In the'a£ial»counter thé‘sitUation'ié more complexi  If the ;Quﬁter
Were ekaﬁfl} at zero degrees there would be no deflection since fhe_elec—'
tfons emitted to the counter Qoﬁld have no cbmponent éf velocity ﬁerpen-'
dicular féAthe magﬁetic field. In,practice the‘c@unter“isvoffset'from
i iero_degrée§v£0»avoid scattering in- the source foil and in any case it
subtends éifinite'solid angle sd there is some défiectioﬁ of_ﬁhe electrbns
emitted ih_its direction; The distance Z traveled by the electrons is
proportidﬁal to the‘componeﬁt'of ve1ocify>para11e1,to the magnetic‘fiéld
while the dgfleétion is proportional to the‘perpendicular-compqneht Qf 
Velocity. 'The resulting deflection is given by,a:fonmuia‘similar to
iEq. 20 (invthé.épproximétion p2 >> Zzsin"(eo)):
Eq. 21 - cO§(a) =1 r_nfééin*(eo)/spz
where Qg.is the aﬁparent'ehission'angie'for the electrons. (The'geometry
is shdwn'in,Fig. 17.)  As expected, this formula reduces to Eq. 20 for
9; = /2, and gives a =0 for 6, = 0. Substituting Eq. 19 for @ into
“Eq. 21 gives | |
Eq. 22 | "cc}s(a) =1 - HZZ-zsin“(Qo)/23.4(E2‘ + 2E).
In the ﬁfésent expériments, the ma£imum deflection 6ccurs in the case of
tﬁe low energy electrons from '®Re. The minimum energy used.in the
analysis éf the,anisotropy.was about 500 kev. (E = 1). The makimum value
"of Ho uééd‘in this case was 1.6 koe., and the maximum value ofzz (sou?ce-
detectof»distanée) was 1.5 cm. The makimum value of 8, was aboﬁt 30°  (at

the bottom of the axial counter collimator). Inserting these values in
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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 o. Angle § is the true emission angle, and 0. is
the apparent emission angle with Ho on. Angles o, 0, and 8. form a right
.spherical triangle for which cos @ = cosa® cos 6o. 17b): Geometrical
quantities used in the solid angle and scattering calculations.
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Eq. 22:giVe§ cos(a) = 0.996. Ffom Fig.—l? using the law of cosines for

‘a spherical.triangle, one gets cos(8) = cos(d)- cos(eo)i where 0 is the
true emission_angle; 8, is the'apparent-emissipn éngle, and q is fhe
deflection:éngle. Thus the maximum eriorviﬁvtﬁe observedvangie of émission
is about 0.4%. Theﬁéyerage‘erfors are at least twice this éméll, even

for %BGRe.‘ This is_conSiaerably less than the estimated errors in measure-
ment of fhe 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‘Corfectidns

Beééuse the radiation detectors subtend finite solid angles réthér
than.being.gebmetrical points} a correction'ﬁust be appiied to the angulaf
'distribution.for the fange of angles @ seen by each déteétor;_ If the
center of fhe detector is at an angle g° to the'quéntization éxis,.fhén
the.detector will see an average valué of'thé_k}h_Legendre pblyhomiél:v

pk =  pk(coé go)fﬁi Pk(cos 9)‘d951n-9vd¢

[fE sin 0 do d¢
1 .

' Qhere 91 am'vi'(-)2 are:the limits of.Q subtended by the detector, referred
to the center of the detector. if fhe source is not a point, further
averaging OVér_fhe source area must be carried out. In. the case of'cylin-
drical NéI éountérs, thg solid angle correction_coefficients'Qk defined
so that 5% = QkPk(COS 90) are tabulated.?é Ip the case 6f the beta

particle detectors the tabulated coefficients are not sufficient since the

ul ' ’ ‘ il




93. .

- source is of large size tompafed‘fb the counter area and source-counter
distance;~and since it'is off-axis witﬁ.réspect to the ”aiial" éoﬁnter.

A éémputef frdgram was used to calcﬁlate values of ﬁ? for k = 1 and 2

and for thé‘geometry méaéured in each ékperiméntal‘setup.v.The program
Huséd'numerical integration to calculate 5% frdm each point'on é.gfid Qf
_100 points -on the source area (the source was assumed to be planar), and
fhen'averaged over thé entire soUrée with proper weighting.for the activity
“of each'p0iﬁt as determined from autoradiographs. (See Source Preparation,
"page .71, aﬁd‘Fig. 16.) An allowance was also ﬁade for scattering of the
béta particles asvdescribed in the next section, The second half of

_ Table IT gives the calculated values of 5& and P2 for each detector and
" each experimental setup. Note that the calculation of ?k assumes that
the beta detector efficiency is independent of entrance angie of the

particles. _Thé_geometry,of the source and counters is shown in Figs. 10

and 17.

Scattering

In aﬁy_measuremeht involving beta-particle spectroscopy, scattefing
is a potential séurcé of error. In a low temperature nuclear orientation
experiment it is.particulariy difficult to hse_av”mass free" source and
source mounting‘or to have a large experimenﬁal chamber made of light
materials'fo minimize scattering. Thus sbme consideration needs to be
~given to possible errors intrdduced by scattering of the electrons before
they arendetected. Three types of15cattéring may be distinguished and
will be éonsidefed separately.

First,'there is énergy loss due to penetration of the source foil and
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the:detectorlwindows;' Ihe sourcesduere 51112.5 mg/cm2 or thinner; and
the window5'were 1 mg/cmz’ The maximum prOJeCted thickness traversed by
the electrons was 10 and - 1 1 mg/cm s respectlvely These thrcknesses'~
. correspond.to energy ‘losses of 13 kev. and 2 1 kev :.Most of the'electrons
(espec1a11y those detected by the equatorlal counter) traverse much smaller
f011 thlcknesses and the average energy 1oss in the foil is about 4 kev
for the equator1a1 counter and 7 kev for the ax1a1 counter An average
adJustment of 7. 5 kev‘ was made in the quoted energles to compensate for
this error. o o |

It‘should be‘notedzthat the difference in'energy lossvbyvelectronsvv
detected by the two counters is a potent1a1 source . of systematlc errors.
.when data from the two counters (and nomlnally the same energy) are com—

b1ned the dlfference in actual energles produces a sh1ft in the resultlng

Values-of.A and A.. No correctlon-was made for thls-effect for-two>reasons:

1 2A

l)the max1mum energy d1fference is about 5 kev whlch is the same order

of magnltude as the energy dlscr1m1nat10n in the spectra (5 kev /channel),
‘and 2) the maximum - slope of a plot af anlsotropy W vs‘ energy (Flgr 21
vChap VIII) 1s about 0005/kev , leadlng to a maximum error in W due to
‘the energy Shlft of about 0 0025 or about 0.3%. (Thls will be a decrease
in the ax1a1 an1sotropy w1th respect to .the equator1a1 anlsotropy ) Refer-
'rlng to Table IV 1n Chapter VIII, one. can see that such an error in W w1ll
_ g1Ve a max1mum error in the calculated A of about 0. 3 and that the error

1

in A2 w111 tend to cancel among the four calculation cases. The‘errors
are for the most part smaller, espec1a11y at low energles where the statis-

tical errors are also smaller,‘ Thus it was felt that in view of the large

o \ . o : e
: : S : S
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.uncertainfies from éther soufcés (e.g.Vthe measﬁrement of fhé experimentél
»geometrY) and of thé somewhat larger statistiéal errors;.nofcorfettion
'_wés'justified.
_“Thejéeéond type of scattering is angﬁlar_scatteriﬁg by the source'_?
foil;ghdvthe defector windows. A beam of electrons passing through a
féil iévbroadenedlinfo'an angﬁlér distfibutgon whose Width depénds on -
the electron'energy'and the ﬁatufe of thé scatteringvfoil. 'Anguiaf scat-
‘tering in the detector‘wiﬁdows is not a serious effect for f&ovreasons;
1) The wihdoﬁs 4re thin énd made of light maferial so the scattering
angles‘aféfsmall;,and'Qj the windows are behind the'collimators,.éo that
any electréns.which'r¢a¢h them are alfeady selected for‘deteétion. Since
" the windoﬁé are also.ratherFCIOSevto the détectors, small angle‘sqattering
will ﬁot preventvtransmitted electrons from being detected and this effect
_ fhus pfoduces nb»experiméntal efrors. | :
ﬁAhgulaf scattérihg in the source foilvis moré‘sérious.. Electfons
initially émitted towards the‘detecfor may Be scétféréd éway from it,
.while those emitted oﬁtside thebsolid apgie of a detector (especiailyvnear
the plane of the source foil where the projected foil thi;kness[and thus
the séattering angles] 'is large) may be scattered into the detector and
‘be detected spuribusly. Thus the effect 6f angular scattering is to smear
but the observed angular distributiqn by miXing in-eléctrons emiﬁted.at
the wrong aﬁgles; this effect‘is siﬁilar to the smearing of the diétribution
by the'finite solid angleé of fhe counters.. Conseﬁuently, a calculation
of tﬁe angulér séattéring effect was combined with the solid angle-caléd-

‘lation. Williams®® has given expressions for the angular scattering of

1 ’ ) il
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electrons by thin foils normal to the direction of the electron beam,

66

!

and his theory has been ekperiméntally'yérified. ‘According to thié;
treatmenf;>the'séattefed eleétron beém is describea by a gaussian function
with ”Qings" addea at large scatteiing angles. The width of the gaussian
is_relatédvto [ln M]l/2 where M is'proportiénal to ﬁhe thickness of material
traversed.blFOf electfbns emitted to the équéto£i31 countér this eXpregsion
| : :

éhould be directly applicable. In the éase of the axial counter, the
electronsvare not eﬁitted normal to the pléﬁe of fhé foiiband fhus.péss
through an ésymmétric arrangement of scatteringAmateriai; therefore éne
woﬁld expect the resﬁlting angulér'diétfibution to be astmetric. Aﬁéor—
.dihgly, provision‘Was_made in the calculation tb.skew thé gaﬁssian as the
angle of emission appioachéd the plane of the foiI.  Thébﬁidths of £he
distributions énd thé scattered iﬁfenéities on eachvside‘ofvthe éhission
diréction could be indépendéntiy.gkéwed; '

The quadrant cOntainiﬁg the detéctor (anglesze)‘wés.dividéd into
90 subintérvals'qf-one-degree‘each, and thevdisfributioh of electroﬁé
produced by scatterihg at each angle was caiculated according to Williams'
formula with skewing. The fraction of the electron'intensify 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 Pi and P2‘
calculated ét,the center of the subinterval. The weighted Pk's were then
averaged.over the entire quadrant to give éh average Pk seen by the

detector allowing for séattering and -geometry effects. (The Pk's were also

vaveraged'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 11 for several sets of assumptions concerning the scattered dis-

tribution.

Explanation of Table II

The first paft of Table II shows the calculated average geometry

.cbéfficients ﬁkrfor anvidéalizedvgéometﬁy buf‘inéluding angular Scatter—
ing in the source foil. (A) méansraxiai:détectbr and.(E) means equatorial;
the_éigné»sHan correspond to fHe - fiéid difectioﬁ; The géoﬁetry (Fig. 17)
used was: .A,B, and.C §s éhoﬁﬁ'iﬁ mm; D = 11.5 mh; E =711.2 mm; and>Z.=

Y = 3.0 mm. The last column'gives the électron energy in Mevf The'Roman
numerals.iniéolu 2 denote various‘assumptions about scattering, as follows:v
I = no scattering. II‘? Williams'-théory.with nb skewing.’ III = Williams"
theory'With the width of the scattered listribution broadened 10% on the
side away from the foil and narrowed correspondinglf on the foil side;

v =4saﬁe'as IIT but the'sééttéred intenéity as well as the width was
skewed. V =rsamé as Ivaut the Skéwing was iﬁcreésed‘to 56% (i.e;.the
.width at angie—e—emission corresponded to the calculated width at 0.5 6

on the side of the scattered beam away from the foil and to the width

at 1.5 @ 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 ﬁk'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 ='il.0;‘ZA: 6.0, Y %_10.0, and R_= 2.0. uThe last three lines show the

effects of errors in the measurement of A, B, and C on the calculated ﬁk's.

Thé sources were assﬁmed’to contain a central active spot 3x3mm~square.with
' S.S_timés thévactivify.ofvthe surrounding foil. The maximum estimated
-erfofs are-%i%uinvﬁi(A);vilo% in ﬁé(A), i:06 inrﬁi(E), and +2.2% in ﬁé(E).
These éséumeﬂO;S mm errofs ih measuremenf of all geometrical quantities‘

and that all errors were cumulétive, which is unlikely;'thus'they are prob-
‘ ;

ably'overestimated._(see Error Analysis,'Chap. VIII.) The'?k's from this

section of the table were modified by the scattering corrections shown in

Fig. 19 aﬁd»Used to“derivevAl(r) and Az(r)vfrom the anisotropy méasurements.

Table iI: Solid Angle‘and Scatterinngélculations

Source Case A B C -?&(A) ﬁé(A) 5&(E) ﬁé(E) W
-- ‘I 15.2 11.2--2.0 . .9446 .8394 0.0 -.4899 --
11 " " " .9447  .8412 0.0 -.4838 0.5
o IIT v o .9455  .8436 . 0.0 -.4838 "
IV 1" n " ,9474  ,8488 -.0002 -.4834 "
A " " " .9565  .8745 -.0022 -.4810 "
Y " v 9560 .8724 -.0009 -.4863 1.0
'y T m . g540 - . 8666 -.0005 -.4878 1.5
v oo .9523 .8616 -.0004 -,4886 2.0
#1 -- 15.2  11.2 2.0 .9361  .8171  .0271 -.4666 --
#2 ©15.0 ~ 11.5 1.5 .9435 .8376 .0464 -.4638
#3 ' ©15.3  10.0 2.0 = .8686  .6370 -.0626 -.4682
#4 15.5 11.5 2.0 .8924  .6976  .0312 -.4789
#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 -.4795
Errors . - *0.3 - .- :0.8% 32.5% 0.0 £0.1%

-~ #0.5 -- +.45% +1.4% 3.032 *0.5%
- -~ $0.5 7.34% $1.1% 0.0  3.04%
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.'The thifd type ofiscattering Which‘must be considered is.backscattering
of the electrons from the expérimeﬁtal'chamber walls and the detectors.
Electron backScatteiing has been-éfudiéd in.detail by Bothe®” and by Frank®®
The relevant.portions of théif résﬁits may be suﬁmarized és follows: -

>1) The”backscattéring coefficiéﬁt p (= the fraction df incidenf.electrons
backscatterea at ali‘énglesband énergieé) increases with iﬂcfeésing scat-
terer Z éﬁd de¢reé$eS Withiincreasing eiectron primafy energy . For Z = 30
..(Zn) andLSOO kev. it has a value near 0.30. |

2)  Tﬁe backscattéring cross section is greatest at thé angie offspéc—
ular reflection. Fbr gfazingvangles-bf inCidénce; the angular distribu—
‘tion of thé scattered electrons is sharply.peaked, while for 180° béck—
ééatfer it is broad.

3) ‘The energy distribution of fhe scattered electronS‘is.peaked;ét
some fraction of the primary enéfgy. The fractionalreﬁeréy loSSVAf’the
peak is greatest for low Z materials, being aBout SO% for 1.75 Mevﬂ elec-
trons baékscattered from copper. The energy distribution is.more sﬁarpiy
‘ﬁeaked'for small scattering angles where the-energy loss on the a&erége
'is:smafleg. | |

An exact calculation of‘the'distribution of backsdatteréd electrons
inside the experimental chamber would be a formidable task,aSihceIFhe
 scattering,crbss section is a function of incident angle, scattering 
angle, Primarybenergy, scattered energy, and scatterer Z and{fhiéknéés,'

and since the geometry of the problem is very complicated. However, some
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'qualitatiye considerations may give ‘an idearof the effects of backscatt—’
ering on'the observed angular distributions.‘ |
bFirSt one needs to consider‘backscattering from the detectors. Since
theidetectors themselues are saturation hackscatterers; about 20 te-SO%
of the incident.electrons wiii'be‘scattered'ouﬁ without depositing their
'full:energy in the detecter.b Thishproduces a slight energy dependence'in
~the detectors;vapparent efficiency (which is unimportant for anisotropy
‘ measurements in Which all counts arevnormaliéed by the warm counting rate)'
and glves ‘rise to a sharply 1ncreased spectrum 1nten51ty at low energles
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 thls is not a problem for -the present work. vIn
general the data were not analyzed much below the p01nt at whlch departures
from the expected spectrum shape began to appear, thus av01d1ng errors;
from backscatter counts due to hlgher energy electrons
Besides_Scattering by the detectors, there is backscatter frem the
_ekperimental chamherhwalls and interior parts. Consider a source:emitting
at a rate N. The rate of detection of direct electrons‘is then:N€Q where
€ is the detector efficiency and Q 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 eR' where

Q' is the solid angle of the detector as seen from the point of backscat-

I4
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Fig. 18.  Measured beta spectra for the three isotopes used in this
work. The small crosses are the experimental pointé; the large circles
are calculated from the reported spectrum shapes and intensities (Refs. 42-
44, 51). -The allowed shape is assumed for '®*Ir. Only the ground state
and first excited state transitions are included. The dashedcurves are
fit to the calculated points and represent the true spectrum shapes. .The

‘déviations at low énergies are due to backscattering. The small arrows
show the_spectrum endpoints for the 170" transitions as determined from
the 2°7Bi energy calibration. The small trapezoidal area labeled 9 Fe
under the ??GRe spectrum shows the maximum size of the Compton background
from 5%e activity in the sources. The vertical scales are linear and

afbitrary.
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tering. vFinally,-the backscattered electrons which are detected will have

been shifted downward in eﬁergy from.their initial energy E to ém energy E'.
They will appear as background 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 ihtensity It can be reasonably assumed

" that E' < O 9 E and the intensity ratle I(E)/I(E') is then £0.1 at the
'h1gh energy end of the spectrum and <0. 9 near the spectrum midpoint.
Combinihgfail'these factors gives for the detection rate of the backscat-
tere& electrons:_N'Q'eF e; and for the telative.intensity of backscattered
electrons‘tc that of;the directly detected eiectrons' Fp Q' ILE%_

This quantlty may be estlmated for the two detectors used.in théEpiesent
experiments.

The pr1nc1fa1 backscatterlng surfaces for the ax1a1 counter are the
opp051te experlmental chamber wall‘and the top of the equator1a1 counter
collimator. Referring to Fig. 10 one can estimate F for the mall to be
about 0.25; p at high enefgies is about-0.2 and is about 0.3 at low enefgies.
The solid engle ratio Q'/Q is ebout_0;15. ‘For the overall intensity ratio I'
.me thus get a minimum of 0.002 at high energies and a maximum of 0.025
near the spectrum 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 distributicn will be about the seme as that of thebdirect
electrons,_while the P1 part will be opposite in sign. Then for the
'observed‘geometty coefficients with scattering we have

Pr=P (1-19/1+1) and Py=P

1 |
1 "2 2
where I' is the intensity ratio of backscattered to direct electrons

estimated above. Thus from scattering into the axial counter by the
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1

of the spectrum to 5% at the midpoint; and to first order no attenuation
pect _ [ p v _

opposite wall we get an attenuation of P. of from 0.4% near the “endpoint

-of P2. Similar estimates may be made for other sources of scattering and

the combined results for the two counters are:

2

pt . - _—— . .
P»l(A) 01'99‘ Pl > 0.90 Pl : pé(A)

0.99 P, -->0.92 P
+.0.002 ---0.027 PS (E)

-0.99 P2 -->0.89 P2

P

In each case the unprimed Pk

the given detector without séattering, and the Pﬂ are the corresponding

values taking backscatter into account. The fangé of values corresponds

is the value of the geometfy coefficient for

to a miﬁimum attenuation near tﬁe endpoinf ranging to rather large éttenu;.
| atiohé_at the spécfrﬁm midpéint,5 Tﬁe.absolute vaiﬁesvof.Pi(E)Aafe given.
Because Pl(E) is nominally zero ih fhe ébsencé of écatteringvand fbr a

. éorrectly.placéd égﬁatbrial.éounter. The abbve.eétimates are pfobably
peséimistic: the energiés of the backscattéred electrons are oh‘the aﬁefage
huch more than id% beiowAthebprimafy enérgieé, making tﬂezfatio I(E)/I(E')
shailer-fhan was éstimated above; aﬁd also,vthevidealized geometfy assumed
in the above'estimate maiimizes the apparent attenuation. Nevertheless,
it is clear that backscéttering will produce attenuations of ~.1% in the
upper third.of the spectra andrﬁill'make reductions of ~ 5--10% in the
observedvahisotropies ﬁear the midpoints.ofAthe spectra. it should be
notéd that backscatter, unlike angular sCattering in the source foil,

will tend“ﬁo attenuate the observed anisotropy in all cases rather than
Vincreasiné it at some angles. Fig. 19 shows corrections which were app-

lied to the calculated"Pk's from Table iI to allow for both angular scat-

fering and baékscattering.
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Fig. 19. Scattering correction factors for the calculated geometry
coefficients for '°®Re and 19%1y. (A) and (E) refer to axial and equator-

‘ial detectors. The values for P.(E) are absolute and are given by the
-right-hand scale (for - field difection). These corrections include

angular scattering in the source foil (Case V; errors include Case IV.
See Table II. and estimated bgckscatter corrections. The correction
factors for '®°Re are similar to those for '°“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

Appéndixfl:contéins a list Qf all runs pefformed'in the first forbidden
beta décay experiments,'ag well as tabulations ofithevéverége anisotfopiés
_from eaéh.fun and of the valués of Al(r) and.Az(r).;alcuiated from various‘
combinations of the anisofropies; In orﬁer_to clarify the pfocess by

which the anisotropies and the A's wére obtained, a sample calculation

k

and deécripfion of the data analysis will be given. -

Sample.célcﬁlatibn;"Run§v13 and 14 (lesRe, alloy #6, H; =351 koe.)k
were chosen as é‘tfpical exampie} The déta were fécorded during the runs
as 1600 channel speétré, Wifh the.aXial and_eqﬁafqrial gamma‘speétra in
~ the first.two quadfants and tﬁe axiai_and equatoriél beta épegtra iﬁ the
last two’quadrants} A'typicai lbng run brodu#ed a tépé containing dbout
66 spectié:in.all; thé last 6 béing wérm céﬁnts. The.first step in.data
analeiSJWas‘to'examine the tapeé dsing a PD§;7icom?utefvwhiéh cduld‘dié—'
play selected spectralon'a cathode ray screen. Theltotal humber-of.spectra
was checked and any effects such as errofs in recordingvor counter gaiﬁ
shifts of large magnitude were detected. 4The'tapes were then sent to the
CbC 6600 computef for detailed analysis. Each speétrum was read into the
computer memory and sﬁoothed two times by averaging‘adjacent points,- to
reduce statistical fluctuations. (This was done for the benefit of the
- gamma peak locating routine.) Tﬁe'lpcation 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 waé performed

over three different widths to check for systematic errors from scattering.
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After initial analysis of the gamma raf data using the three integration
widths (Methodvl), Some,concern over the failure of the axial and equat- )
orial anléotfopies to_give the same value_for-ﬁé arose. (See.Eq. 23, Error
Analysis‘seetion.) ,The'possibility of attenuation due to scattering of
the gamma rays(Haag effect) was considered to be serioﬁs, so the gaﬁma
ray data were Te- analyzed using a dlfferent set of peak integration
limits (Method Il). " In Method II, eéch.photopeak was divided into ten
intervals; and the anisotfopies wefe calculated for each interval. -Thep
bany eﬁergybdependence of the anisotropy due to scattering could be cleérly
seen iﬁ‘the data The results of the Method I analysis are tabulated in
Append1x IB wh11e the results from the Method I1 ana1y51s are given in
Appendix ID. It may be seen that the narrowest width used in Method‘l
(deneted A3_ih Fig. 20.) .gives values for the anisotroﬁies whlchtaéree
well with the;values found in the intefvals nearAthe peak maximum using
.Method II."Tﬁus it is clear that although scattering is present and does
preduce'some attenuation in the aﬁisotropy calculated fer‘the whole photo-
ﬁeak; it is avoided by using a narrow integration width (A3) which excludes
the low energy ecattered tail of the peak.

After the peak integration had been cdmpleted, the areas obtained were
multiplied by the apprepriate decay correction factor. (See Decay Correcf
tions, Chap. VII.) NeXt the cheﬁﬁel corresponding to the SPectrum endpoint
in each of the'beté spectra wes locatea‘using gain calibration data which
were input'perameters. Each beta speetrum'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.
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XBL 6912-6725
Fig. 20. Gamma-ray spectrum from 188pe (155 kev. transition). The
lower energy scale is about 40 kev./large division., . The zero of energy
is off scale.

| The straight line 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).



109

The-twehty beta spectrum areas (from ékial and‘eQuatorial cdunters) énd '
thexsix gaﬁma areés-(or“twenty areas iﬁ thé.case of Meghod II)‘were,stored
and the’next §pectrum on the tape was Analyzed in a similar méﬁner.
When-all speétra on ‘the tape had been.so treated, the areas from counts
designated‘as ”warh”fwere”aVeraged together. Thén each ”cold”'area was
‘divided by the cofresponding'averaged "warm'" area to give the anisotropy.

In the example of Run_13, the first five.axiallgamma areas tcorrected
for decay, Method I, width A1) had the yélués 300028, 306166, 304691,
305861,‘and 305447." The.correspdnding averége wafh area was 378009.  The
calculated anisotropies were .8175, .8099, .8060, .8091, and .8080.. The
progfamzalso caléﬁlated an accumulative average‘of éach anisotropy.which
in the above example at the end of count five had the valué .8101.v Fig. 21
is a.plot of tHe beta anisotropies at 724 kev..calcﬁlated:at fivéFcbﬁnt
intervalé.for the axial and equatorial beta counters throughout Runs 13.
and 14.AvIt_is‘c1eér ffom'Fig. 21 that the anisotfopies.are éssentially
cbnstant forbthe first five hours‘of counting, because of‘fhe,séturation
of the nuclear oriehtation, in:spité of the fact that the apparatus is
continuously wérming up after demagnetization. The average anisotropies
.of‘all couhts up to the dotted line in Fig. 21 were accordingly used. for
subsequeht calculations.b It is these averéges which are tabuléted in
Appendicés IB and ID for all runs. Fig. 22 shows the average beta énisot—
ropies from all runs plotted against partic1¢ energy for thé thfee'isotqpes
studied. | | |

The second stage in the data analyéis was th¢ calpulaﬁion of Al(r) and

Az(r) from the beta anisotropy data. For this purpose the average anisot-
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Fig. 21. Beta particle anisotropies from two '%%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
5--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.

&



111

0.25 05 E,Mev.. 075 : 1.0 1.25
- - 1] ] LI Y D )
IBGRe |
: . 194
B o~ Ir o J
s . _ a - ° L
20+ 0'88Re [ ; - . ° : __...
~ ) B . i 5 n . o o ., .
b o o o . i 1
=] 0 (4] °
- ¢ 0 ° o’ ° -
) o
| W_(Ax.) J
10
W, (Ax.) 4
L , . i ° ° ° . . E
¢ o o
=] ¢ 0 [ ° “
i i ¢ ° o l:lo ° Q:lo oD o
0.0+ +
125 15 E Mev. 1.75 2.0 225

© XBL 6912-6726

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 !®8Re and 19%4Ir
data, while the upper scale refers to '°®Re. ‘The statistical errors
are in general smaller than the size of the plotted points.
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ropies ffbm a pair of‘runé which were compafable in all respects except

for having opposite signs of fhe polarizing field Ho were~COmbiﬁed and
inserted ‘into Eq. 18 in fourﬂdifferent Qays.(Cases I-1V; see first'section‘
of'Chapter‘ViI.) Runé 13‘and 14 form such a pair; Consider the 724 ke&.
data frdm'fhéSe runs, which’Were*ﬁlotfed ih Fig;'21. jThé'éverage values.
fof‘éll cbﬁnts up to count 29.were computed and the results were:

W+(Ak.)'= .3653; W (Ax.) = 1.6380; W;(Eq.) = 1.040; and W_(Eq.) = .9432.
From Table II, and applying the. corréctions shéwn in Fig. 19, we get

F{%A) = 5.8870, P,(A) = .7024, 5;%5) = 0956, and FS?E)_= -.4548. The

, o : : énd‘B

1
are 152247 and 0.7071, respectively, while at the warm count (LHe bath)

signs_réfer to the field direction. The saturation values of B 7

'temperéture,‘ﬁi has the value B} = 0.0408. Inserting these quantities

into Eq. 18a gives (Case I):

o= [1 +.1 (.3653 - 1) - 1.6380]

AL() F{(A) = C; .
. ~ T.0408 (-1.6380-.3653) + 1.2247(2)]

= [-1.2727]/[-.0816 + 2.4494] = -.5375
.Inserting'the'Valué'Qf 5;(A) gives Al(r) = .6060. Using other combinations

of W's (Cases II--1IV) one can check this value of Al(r). The results

are: ' : ,
Case II Al(r) = .6057"

~ Case III Al(r) = .6078

o Case IV~ Alfr) = .6041

Ave;age Cases I--1V Al(r) = ,6059

By using‘Eq, 18b one can also calculate Az(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 brder to get the final values of Al(r) and Az(r), weighted
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averages of the Kk‘é' listed in'Appendix: IC were calculated, with weighting.
according to the statisticalverrorsbin the input values of the anisot-
ropies. The gamma anisotropies were also averaged and corrected to fit

Eq. 23 Whérevnecéssary (See Error Analysis section.), and were put into

- Eq. 16 using the calculated anisotropieé for'pdre L=1 beta decays to

~give final values for R. The beta particle.results are shown in Table IIIA

and the”gamma reésults are discussed further in a later section.:

[Some note should be made of the fact that the calculated values of

ﬁl(E) from Table II and Fig. 19 were not generally used. in Eqs.-lS,tb

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 ffom the data and from the calculated ﬁi(A)'s

by using the relation

. _I-).'l(E) = [w_(EQ-) - w+(EQ-)] fl(A), . (- field )
W_(Ax.) - W, (Ax.)]

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‘ﬁl(ﬁ)'sl 'In the above example of Runs 13 and 14, the 

Pi(E) obtained as above was -.0659 («+ field) comparéd 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 Appendik IC. The first of these is a systematic shift with

changing magnitude of Ho which might be caused by magnetic deflection Qf
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Tahle IIIA: Al(r) and Az(r)
‘lésRe : ' C188p o 19k

Energy Ai(r) Az(r) l Energy _Ai(r) Az(r) I-Energy Al(r) Az(r)

567  .5318  .0115 1199 .6318  .0518 1235  .6958  .1058
5. $.0033 +.0016 £10  +.0049 £.0070 +10 - +.0111 +.0223
619 .5544 . .0122 1295 .6498  .0436 1340  .7142  .1229
£5  £.0034 £.0020 - | %10  £.0050 f+.0115 +10 +.0114 +.0283
672 .5805° .0187 | 1391  .6658  .0559 1446 .7369  .1257

45 £.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 |. 10 £.0136 +.0565

935 .7804 - .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

11040 19473 -.0714 2063  .9237 - -.0350 2182 1.1419  .1952
45 +.0064 +.0200 +10  +.0097 +.0250 | +10 +.0330 +.1500

Beta angulatr distribution coefficients Al(r) and Az(r), defined in Eqs. 13
and 14, Chapter VII. Particle energies are in kev. :
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the beté pafti§1es ér by incbmpléte magﬁétiiatiOn of the source foils.
Runslwefé'dbhé at_fields ranging from 1 kbe..to 2 koe; in '°%Re and in
194 Ir; and to'1.5 koe. in the case of '8%Re. No systematic variation in
.lthe A's is aftributabie to the variation of Ho eicept‘the low valués in

k

Runs.9~f12. The latter runs were made with 'a weak source and their stat-

' N . S
istics were poor, in any case. Both these pairs of runs were discarded

in the,céléulation of thélfinal Ak'svgiven in Table IITA. Since no com-
barable effects wsré found in the gaﬁma anisotropies, it séemé'ﬁnlikely
that incomp1¢te magnetization was the cause; mbfeflikely the difficultyr
iay with.the beta‘countefs. |

| A second systématic.effecf is a shift in the values of the‘Ak's from
';'differenf.sourcesxof the éame isotopefdue to errofs in meé;uremeﬁt'of the
geometiyiéi differencés among the alléys uséd. " The scétter Qbéerﬁed_was
” in fact ;onéidérably.less thén the estimatéd geometry‘errors on p. 98 -

. forvthe‘ééée of Al(rj.“ This was taken into\consiaefatibn in obtainiﬁg
"thererrpfs shownlin.Table ITTIA. The scatter among Az(r) values from
'differeht sources was about fhe same as that expected from the estimafed
' geomeﬁry érrors in ?é(A,E).- Thus it seems 1ike1y.that ény such scatter
is attributable to geometry and that no systematic shiffs were due to
“alloy prépératioh.

Finaily, there are Variationsvbetween the long and the short runs.

- Such shifts were expected in the gamma ray énisotrépies because df thé
difficﬁlties with the gamma-ray decay corréCtions mentionéd'earlier. 
Surprisingly, no significant differences were found except in the case

of **Ir. Here the long runs 23 and 24 gave inconsistent gamma ray
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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 unusﬁally lérge values of the anisotropies which were constant
with energy, unlike those from other runs. 'The'enefgy effect suggésts
that the beta counter may have been at.fault:(the discreﬁanéy 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.thié run was not included

in the averaging for the final Ak's.

Comparison with Previous Results’

Bofh.lqske énd'lﬂaRé‘héve been invesﬁigatéd previously’by ﬁuéleaiv
'6rientatioh.and.ofher'teéhniqués._ Fig. 23 shows a compariéon of the
18‘8Re beta partiéie aﬁiébfropies ffom,this work with those'of;Ref._7,
adjusted to saturation values. It éan be seen that the two sets of data
agree well for négative field directiohsufw_(Ax.) = W(0)) but the Ref. 7
data are_ﬁigher for positive field'direétiohs W(n) except at fhe lowest
‘energies. The data from.tﬁe pfesent work aré réther symmetric aBout.the

isotropy lihe, indicating a small A, term, while those of Ref. 7 are

2
skewed upﬁard; indication a large A2 term. If one takes the reported
values of the particle parameter ratios'[bglg/bgoi] and [bf?%/b{O%] from

Ref. 7, along with the reported values of r, and calculates Al(r) and Az(r),

the following results are obtained:

E, Mev. Al(r) Az(r)
' This Work Ref. 7 |This Work Ref.7 ‘
1.30 .650+.005 .641.03'.044i.012 .12+.07

1.65 .718+.006 .76+.04].072+.014 |.27+.12
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" 'Fig. 23. Comparison of !®8Re 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. . : ' '

I
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As expected, the values of A ,'s

lvare in reasonable agreement, but the A

of Ref. 7 are larger, especially at high energies.
The '®%Re may be compared t0 results:of Kogan et al (Ref. 48). Their
results Weré_presénted in the form of measureménts'qf the asymmetry o

“defined by . S
i W) - W(m o

o = W() + W(ﬂ) = AlBl/(l + 5282)

which were made using alloys of '®®Re 'in iron in the high temperature

region above 65 mdeg;'KLv(I/T = 15): In this region the B2 term in the

nuclear orientation formula is negligiblé within a percent or so and the

Bl term is proportional to 1/T. Ref. 48 contains a plot of o vs. 1/T for

.900 kev. partic1e energy. 'Insefting-the known value of B, gives A, from

1 1
the above definition of «. In the second paper of Ref. 48 (Sott and .
Vinduska) the values of o at several other energies, 700 kev.,jSSO_keV;, 

and 450 kev.,. aré also given. The comparison with the present work is as

followé:
E, Mev. _ Al(r)
This Work | Ref. 48
.900 .738+.005 | .78+.11
700 | .594+.004 | .60
.550 | .525:.003 | .47

The eriorS’for the lower energy points fiom 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
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1941y exist. Both the Al and the A2 found in this work for Ir are

larger than the comparable values for the Re isotopes. The fact that

2

A, has a nonzero value indicates that !®“Ir does not obey the £ approxi-

‘mation in its decay, which contradicts the early spectrum shape measurements

(Ref. 51) which gave.theballowed shape for the '°'Ir decays. It should
be goted.that in both the Re decays, A2 changgs sigﬁ above the 152"
transition endpoint, impllyi_ng‘that‘.l\2 for this transition is large and
positive, while it is small and negative for the 1 - 6+ transition. This

could happen as a result of the jBij term in the 12" branch.2® However,

in the case of !%%Ir, A2 increases monotonically with increasing energy.

" Gamma Results

~ gamma correlation and spectrum shape measurements.’

Table IIIB shows_the gamma ray anisotropy results. The 186Re anisot-
iopy may bé compared to that observed.by Kogan gﬁlgl.sg They piot the
square root of € (e ='(W(n/2) - W(0))/(w/2)] against 1/T. From their

plot_oﬁe can derive the value of U2F for the 137 kev. gamma ray in the

2 ;
186 pe decay, and finds U2_2= -0.27¢.02. The value derived from Table IIIB
is U2f2='—0.258 007, in good agreement. Table IIIB also shows that a

small but finite hixture\of fBij is preéent in the 172" beta decay in
186 Re, since'the reporfed R isvnonzero. This is in agreemcnt with beta- .
. ! It also implies that
an.analysis-for the.matrix elemeﬁts whi:h aésumes no ,fBij term will Ee
inadequate;

| In'tﬁe case ofalaeRe,_a-somewhat'larger value for R was found. Ref. 71

indicates that the relative sizes of the jBij matrix elements in the two

decays is about the same, and thus the larger R for 188Re is surprising.

!|i
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Table IIIB: Gamma Ray Anguiaf Distribution Results

18T
. R

Case | Quantity e . 1%%Re . TS Tr
I | wW(Ax.) | .813t:017 |  .880%.016 SR
R .117+.073 .292+.062
1 W(AX.) .829+.010 .893+.015 .816%.050
R | . 161%.042 .342£.063 | <.044
CIIT | W(Ax.) - | .810%.024 - |  .877+.020 | = --m----
1 R | .109+.063 .280%.077 | o
IV | W(Ax.) | .828t.005 .902+.016 " .822+.040
' R .158%.015 .380%.071 <.040
\ _

Values for the'axialﬂanisotrdpieSﬁandpthe_{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 anlsotroples 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 decay 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 estlmated from the scatter in the values  from
different runs; statistical errors were 5--10 times smaller. The values
of the saturation anisotropies to be expected from pure L 117> 2 beta
decays, used in calculatlng R, are as follows: '

186Re, W(Sat.,L=1) - (.3963%.0005) U
188Re, W(Sat ,L=1) =.1.0011 - (.3725%. 0015) U

**Ir, W(sat.,L=1) = 1. {, 8%22}"' 2282 U,
The large uncertainty in W(Sat.,L= 1) for lg“Ir 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 R are

glven in the table.

Il



121

However, R.is also dependent.on”the lepfon*fuﬁctions as well as the matrix
‘element féfios, so is.is likéiy thét:thé reported valué does.ﬁot contradict
Ref. 64. |

In the case of 1947y, R was found to be essentially zero. vThié is

consistent with the fact that the A, term in the beta angular distribution

2
from this isotope increased monotonically with energy, instead of decreasing
shafply-abbve the 17> 27 tfansition eﬁdpoint as did the Az's'found for the
Re decayé.' It is also éonsistent with the results of Reid giggl,sg_who
assumed-pure_L = 1 for their calcuiationvof'ﬁ2 and obtained the magnetic
moment of 19'*Ir'.,,The‘328vkev._amisotropy from their work, adjusted to

~ the low téﬁpefature saturatiqn value, is 0.132%.019. The value from

_fablé IiiB'(Case IV)'qorrected‘forvattenuatioh.by\the unresolved 293 kev.‘

and ‘301 kev. gamma rays, is 0.21%.09, in agreement within the quoted.

erroré although the latter are rather large.

Error Analysis-

Errors' in Anisotropies

The eirors listed invAppendix I in connection with the measured
beta and gamma anisotropies afe statistical and were calculated by a:’
computer ppdgram using the usual formula:
AW = (1/NW)e (ANC + ANW-W)

where NC is the cold counfing»réte,vNW is the warm counting rate, and

W is the aniéotrqpy.(w = NC/NW). .The errors in NC and NW were one stan--
'dérd deviation, i.e. ANC = /ﬁf.v Allowance was also made for statistica¥
erfors in.tﬁe background correction in the case of the gamma ray data.

The quoted errors in W do not contain any error due to the decay
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correction. It is believed that:suchvérrorsvin tﬁe beta éﬁisotropiés'are
small,‘for the following reasons: 1) The valués of the aniéotropies from
‘shortbruns; in which the decay éofrection was smali (1ess than 5%) were

in good agreement in_generai withvthe anisotrbpies fréﬁ the,lbng runs in
which fﬁe deéay cdfrections Wére much larger (uprto SO%);_ 2) Decay curves
Aade Qiph the befa counting systemsvgaVe lineér firsf-order plots out to.
four half—liveé and gave values of the half—lives‘which were in.good agrée-
menf witﬁ;those listed in the Tébie of fsotépes (6th Ed.) and uééd tb.
célculaté the decay cdrréctions; and 3) The anisotropieé during the first
5 or 6 hQUIS of'the.long rﬁné,‘during which the»nucléaf.orientatiOnvwas
constant (séturatéd); wefe conétént within statisticalierror.(sée Fig. 21.)
if_the decéy cqfrections had‘been'incorrect, the pbservedvaﬁisotropiés would
haQeIChangéd with time évenvthdugh the true anisotropy was_coﬁstant.  It

is to be'no£ed, hoWever,ithat any error in thé decay corfectidns'ﬁoula‘
prodﬁce an'éffectisimilar to a B, term, i.e; it woﬁldvsﬁift théGCehtef df
gfa&ity of an éﬁisotropy pldf like»that in Fig; 22 ﬁp'br déwn from syhmeffy
arouhd thé isotropyrline; and thus the reported value of A2 is particularly
sensitive to such_erro:s.

In_thevcase of the gamma ray-aniSotropies, the decayvcorrection>is
less reliable. As noted earlier, decay plotS made with fhe gamma coﬁnting
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 observéd equatorial anisdtropy

(where the cold count rate ig greater than ‘the warm rate); Fortunately,
B there.is only one_temperature—dependenf 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 I - 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
felative to_W(Eq.),_as expected from the above considefations-of_decay
corrections. {Other pOssiblgvcauses.of fhis effect are discussed at the
end of thisvsecﬁiqn.) Therefore;'before the gamma anisotropy data were
‘averaged together, they were corrected to obey Eq. 23, weighting the axial
and the equatorial anisotropieé equally. (See Table IIIB, notes). Tﬁe
correctibn was typically of;thé or&er 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-
utioh §Oefficients Al(r)‘and.Az(r) were éstimated'by using a set.of.trial
input data in the computer program which calculated the_coefficien;s from
the anisotropies. Errors were introduced into the trial input Values,
~(which intluded four anisotropies from two éountefs and two field direCtionsj

thfee_geometry coefficients Pl(A), PZ(A), and P2(E); and the orientation

parameters Bl(sat.), thsat.),vand Bi(warm).) The resulting errors in
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the calculated average values of A and A were then obtained. Table IV

1 2

summarizes these errors in three different energy regions.

The.fiﬁal errors listed in Table III contain bothbthe_statictical_
errors from the énisotfopyvmeasuremenfé and also estimates of errors due
to uncerfainties in the oriéntation pa?ameters and_iﬁ thé geomefry 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 Al, the statistical errors are typically in fhe range of_O;l-—l.O%,
’the_largef‘errors‘bccurring”ét the higher energigs. The scatter in A

~ from different sources is abbut 4;-S.fimes smaller than thevérrors derived
from thebestimatea S%Vunqertainty ih ﬁi(A);-thué it is‘clearﬁfhat the.
geometrybérrdrs were probably overestimated iﬁ:this case, so the final
eTrrors inciudé oniy a 1% ﬁnéertéinty ihrﬁi(A). .Invthe cése-of A2; the
statistical érrdrs contribute uncertaintiesbiﬁ the range ffom 1%f—30%,
the>1atté£ Valﬁe appiying Qﬁiy to.the.highest;enefgy interval. :The>scattér
is typicaliy somewhat iérger than indicated By the eétimatéd geométry.
errors (10% in PZ(A)’ 2.2% in Pz(E)) so it appears that these estimates
were too small and the final errors in Table III'Qere accordingly adjusted
upward about. 20%. rThe errors in gamma ray anisotropies_in Table IIIB wefev
arrived at by considering the scatter among various runs. Tﬂe statistical
errors ofvthe.uncdfrected axial anisotropies (Cases I and III, Table IIIB)
were only about 5% of the observed scatter. The scatter.is decreased
considerably when the anisotfopies are adjusted to obey Eq. 23, which'Sup-
ports the validity of the adjustment. Probably tﬁe source of thevscatter

and of the deviations from Eq. 23 is a combination of decay correction



Table IV: Error Analysis for A, (r), A (r)
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Middle Eﬁergy

6 % decr. in Bz(sat.)

'Ihput‘Erfof Low Energy High Energy
BA () [ BAL(0)[BA () [AR,(x) [4A ()| B8R, ()
1.0% iner. in [1 - W, (AX)] +0.5%  -2.3% +0.4% -1.9% +0.4% © -4.3%
©1.0% dner. in [W_(Ax) - 1] +0.5% 42.3% +0.5%  +2.0% '+o.6% 1893
|  .001--.01 incr. in w;(Eq.)'--;- 2.0% --mm | -1.5% ' —e-o o -25%
' .OOl—A,OOZVincr.—in w_(Eq) - $2.2% === 42.2%  ---- '+5.5%»
3.0% incr. in P () -2.7% e 2.7% - 2.7% eee-
10 % dncr. in Py(A) == -0.7% ---- . -0.5% - -38%
2.2% incr. in Fé(E) S 2.2% cmee 22.2%  —ono -6.5%
10 % incr. in By' +0.4%  +1.0% +0.4% +1.0%  +0.5%  +4.0%
"'2 % decr. in Bl(sat.) +2.0% +0.2% - +2.0% _ +O.1% +2.0% +0.8%
——-- +5.8% ----  +5.8%  ---- +5.9% .

(---=) indicates that

the error is less than 0.05%
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(céunterveffiéiéncy_vériétidg) and.gain.shift effeété.

Some.mehtion should be made of possible causes(of the failure to
obey Eq. 23 other thaﬂ those méntionea éboVe, These fall into four clésses:
Afirét, théré is the pbssibiiity that.thé source.fdilé weré incompletely
magnetized,'sp that the axial éymmetry of the‘nucleaf orientation Wéé-ﬁot
'.establishéd and the angular distributidn conéequently had the wrong shape.
This.hésfbeén discussed earlier under SYstématic Effects and can be.ruiéd
out. The éééoﬁd'péséibility is that the couhfers wefe not.éoifectly locé;
:ted.  The location 6f fhe”sohrce and the brieﬁtationvof thé polarizing
field were chéckea several times;-both by diféct méasurémeﬁtIWhen the
cryostat_ﬁas diséssémbléd, and'by méasﬁrement of fhe'polarizing field out-
side tﬁe‘apparatﬁs.after assembly, ﬁsing évrotating coil gausémetér.
Furthérmorg, thé'location bf the gammévcountérs was unehéngéd fromvtﬁe Re
éxperiménté-thrdugh'tﬂe'runs with %%z, in wﬁich the maximuﬁ éxpécted_
anisotropy was obserQéd;:thus no serious placément error éouid:ﬁavé been
pfeéent. |

A third possible explanation is scattering. The.gamma rays were con-
sidefab;y_séattered in emerging through the‘apparatus walls; thisiwas.
especialiy‘true for the low energy gamma rays -in the Re decays, as can be
seen from the low energy tail on the péak.in Fig. 20. Scattering mixes
in photons emitted at the wrong angles and thus attenuates the aﬁisotropy
in both counters. Tﬁis_effectiwas previously investigated by J.N.Ha_ag.69
Furthermore, the photons entering the equatorial counter are more seriously
scattered, since they have to pass through the polarizing magnet frame.

Infact, the.photopeak intensity in the equatorial gamma counter was usually
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about 60%.of_that_in the axial céuntéf'éven.thqugh_the two Qere at the
éame disténce ffdm the source.  T0;check for thisJerrdr; the data were
analyzed-by two métﬁods, as éxplained preVibusly. The data from Method I
(A3) and fiqm Method II agreed reasohébly Weil, indicating thaf area A3
was sﬁfficiently narrow to avoid scattering errors. The Haag Effeét'can
be seen in the data from Method II in‘Appendix ID.

.A fdﬁrth poSsiBility to explain the disérepancy is gain shift, as
mentioned above. Nal counters show considerable.ins£5bility in thé_
presence qf magnetic fieids and over long counting periods. -Syétemafic
gain shifts‘wquld cause errors in the calculation of the anisqtropies |
- (even thoﬁgh thevpeak maximum was‘re—locéted in the analysis of each .
Spectrum, which to first order corrects-for.gain shifts). A more elab—
orate aﬁalysis.of the data might reduce errors of this type, éithoﬁgh,it
is probably not justified.

In View of the:éﬁove considerations,‘it'seemsvthat the 6riginal~
explanatioﬁ'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 qﬁoted error limits
was discussed quahtitatively, In this séction, possible syétematicgerrors
in the measured quantities other than those already mentioned will be
explored;:élong with potential improvements‘for future ekperimenté of
this type.
| The quantities éétually measured were fhe‘anisotropies W(e). .Using

these guantities along with the orientation_parameters Bk and the geometry
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> one éan-derive_the desired quantities Ak and ﬁé; The

possible sources of error in the measurements of W are concerned with

coefficients P

th¢ coﬁnters: systematic chaﬁgésviﬁ pulse‘heighf, reSoldtioﬁ; or effiéiency
. producedrby changing céunt rafes,.magnetic fields, exchange gas addition
qr simply the passage of time, would produce correéponding efrdrs in the
measﬁrédvW'§; The beta counters used in these experiments were chosen for
fheir'stability, as well as for theii large sensitive depths and good
reSOIutioﬁ. Since they were encldéed in vacuum tight.holders,'they were
not senSifive to exéhangébgas.. Most of‘the runs were done with consténf
mégnétic-fields throughoﬁt the run,”and wﬁen the'field was périodicaily
reverSed;‘Cafe was takeﬁ‘to reproduce its magnitﬁde.exactly affer eacﬁ
reversal. All.funs'were examined forbéhanges in pulse;héight aﬁé no -
»sYstéﬁatiéléffects were found. One possiblevsource of long-térm changés
in the beta detectors is radiafiénvdamage.. A considerable literature

on this éubject_exiété aﬁd'the evidenéebséems to indicate.that_iithium
driftéd counteré are somewhat more sensitive to radiatidn démage than
surface barrier detectors.”’ During these experimenté, the most active
sources QSed had decay rates of about 10%/sec. and each counter éubtended
about 1% of the't0ta1'so1id angle around the source. Even assuming that
a full sfrength éource was in the ciyostat at all times during  the threer
'ﬁonths of the experiments, the integfated flux of elecﬁrons is less than
101?bm2 (and the actual value was probably a factor of iO smaller tHan
fhis numﬁer). This is about the threshold level at which damage hight'
begin to appear. However, the pulse height and resclution were checked

" using 207gj before, during, and after the beta-decay experiments, and no
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degradatién was found.b The'déteétors were'periodically warmed to foom
temperafuré_for a few miﬁutes during:the installétion of each néw source,
which may ﬂaVe contributedvto healing of radiation damage.

The‘gamma counters uéed>Qere much more susceptible fo driftsbin puise
.height Qith tiﬁe aﬁd magnetic fields, gs has béeh pointed out in the pre-
vious seétion. One impfo&emeﬁt which could be made would be the use of
Li-Ge gamma detectors. Not only aré such detectors much more stable, they
'aisoihavejmﬁch bettervrésolution,”fhereby simplifying backgroﬁnd corrections
vénd reducing_the possibiiity of including scattered photons in the analysis.
This type of'defector is particularly important for the !°“Ir experimeht,-
’as has been discussed, and was uéed By other workers to investigate that
decay 5° Thé‘principéi diéadVéntagebof Li-Ge detectors is their relatively
low efficieﬁcy, which makes the acQuisition of sufficient counts to give
- good statistics more.difficulf. Witﬁ>an apparatus like thé‘one used 'in
these experiménts, ﬁdwever; in which long runs of up to 12 hrs. ére poss-
ible, this‘is'not.a:serious difficulty;. |

Errérs may also appear in the assﬁmed values of the Bk's. This is
not very important for the Re experiments, since there the B£ s were aséumed
to have their saturatidn values and the only relevant criterion was the
constancy of the anisotropies, which was.easily met. In the ase of’%gklr,
owing to the analysis method used in Whichvvalues of the ratio Bl(B)/Bl(sat.)
were used‘td determine B, only kno&lgdge of the fqnbtional form of Bl
was requiréd and again, the results were independent of precisé knowledge
of u, th, 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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butAéi;Q reduces the possibiiity of errors frdm:thermal or,magnétic in-
.homogeneifies in the Soﬁr;e foil; This in furh‘allows.the'use of thinner
foils and béckingvmaterials, with a resultihg'reduction of scattering..

A tﬁird major source of errors is3thé calculation of the geometfy
cqefficients 5&. Errors in the measured geométry;and errors due tov
scattering'have a1ready'béen discusSed in Chapter VII. Every effort was
madé'tolféddce aﬁgulaf scattéringkiﬁ the presenf eXperiments, with some
success, it.is_feit. .Nét muéh cén be doﬁe tbvreduce baékséatter-—théb
only possibility seems to be the use of a réther large.éxperimen;al-
chamber madevof a light material, e.g.befyllium. Magnetic focussingv
might be ﬁseful in this connection but would'make‘the interpretatibn of
the data more difficult. Aside_from measurement erroré'and sgat£ering,
the error; in the 5k's could arise'fromvmbfion of the source after the
meésurement waé made due tovthermai contfactibh and expénsidn or to the
field applied to cool theiﬁafémagnétic salt. A caiculation of thermali
expahsion.ihdicates that efroré from fhis.source are 0;1 mn or 1e$s, which
" is considerably less than fhe probable errors in measurement. The present
apparatus waé constructed with the source-heat link-salt pill.aésembly
mounted on a.tripod of graphite legs, so that if the source moved at all
during installation of the cryostat into the dewar system; or during
magneti;atién of the cooling salt, it should return.to its original‘positioﬁ
after fhe diStrubance ceaséd. It is'appargnt that thekgeometry measurement
errors are predominant‘in-experiments of fhis 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

~
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and the‘detectors mounted rigidly and réproducibly in a framework, it
seems unlikély that major improvements can be made in this afea. The
use of a larger eiperimentallchamber and larger detectors at greater dis;
‘tances from the source would of course reduce the precision of measurement
required to give»reiative errors of a certain siie and thus make it poss-
iblg to improve the éccufacy with.whiéh the. geometry coefficients were
kno@n.,v | |

i One can see by referring to the errors quoted in Table III that the
coefficients Al(r) are by far the most accurately defermingd quantities
from these experimeﬁts, and in facﬁ their accuracy is a considerable-
improvement over earlier results. This is attributable to the use of
two beta counters, fovtﬁe use of very thin source féils and light source
‘mounts t& reduce scattering errors, and to the accumulation of a_rather
1arge quantity of datarsd that statistical.errors were small. The coef—'
fiéﬁentS’Az(r) were not sé accurately determined, although they.are.still'
an improvément overvearlier results. Their relati&ely large errors are
éttfibutable to the aforementionéd difficulties in the determiﬁation of
the experimehtal geometry. Finally, the'gémma ray anisotropiesvwere the
least'accurately determined, due to the Systematié‘effects discusseq
above. If is clear that the values of‘R labeled Caée IV in Table IIIB
aré upper limits.to the fange in which the true value probably lies..
Althqugh.the exéét magnitudeé-of the yalues‘of R are not weil deferminéd,
‘the trehdé are evident and the réportea values can serve as a-chéck'on
any future matrix element analysis for theﬁe decays. In particulér,‘the

reportedHValues of R for '8%Re and '®"1Ir are sensitive to details of the

respective decay schemes.. .
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Nuclear Matrix Element Analysis

The ultimate goal'of thislwork is fhe-détermiﬁation of the nuclear
.matrix éléments involved iﬁ the'deéays; or ratios of the matfix eleméntg.
For thiéibu;pose, the experimeﬂtailyhdetermined quantitiés AI(F)’ A2(r)’
-énd R ﬁﬁSx bg subjected tdién ana1y$i§ pfdcedare in combination with cal-
vculated 1eptbh'functi6ﬁs; Such anélfses have been éafried out in recént

7548,71,72 The matrix element

years for several first-forbidden decéys.
éﬁélysis,is.itself‘a'project of considerablé magnifude, usuaily reduiring
elaborate computer progréms to Céléulate the leptoh functions.and.determine
 the optimum values of the matrix elements to fit a gi?en set of data; and
always reduiring a considerable knowledge of the current state of bété-
decay theory. A natural division falis between the éxpefimental determinf
ation of the observable quantities related to a décay,'and'fhe_theoretical
treatment of the observables to obtain the matrix élements. COf'course,

it is adVanfagequs forvthe analysis to be carried out by the same wofkers
or at léaSt in the same laboratory asifhe experiments.) For these reésons

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

Tabulations of Experimental Results from

First Forbidden Beta Decay Experiments

Appendix T A.: List of Experiments

137

Run # Source Polarizing Length of
C o ' Field Run
1% 186Re alloy #1  + 1500 oe. 8 hrs.
28 " " " " 8 hrs.
32 196 Rg alloy #2 " 6 hrs.
'4b 186 Re alloy #3 " 8 hrs.
5 oo " 12 hrs.
6 W " 10 hrs.
7 188 pe alloy #4 + 2000 oe 14 hrs.
8 TooMom o -2000 oe. 14 hrs.
od "o L1500 oe. 12 hrs.
104 "M M4 1500 oe. 11 hrs.
119 189 Re alloy #5 = + 1000-oe. 12 hrs.
124 moomor 1000 oe. 12 hrs.
13 188 Re alloyb#6 - 1000 oe. 14 hrs.
14 S 41000 oe. 13 hrs.
15 Mmoo 41500 oe. 2 hrs.
16 v + 1500 oe. - 12 hrs.
17 oo " - 1500 oe. 13 hrs.
18 188 pe a11¢y #7 - - 1500 oe. 2 hrs.
19 " " "o + 1500 oe. 14 hrs.
20 oo 1000 oe. 13 hrs.
21 " " + 1000 oe. 14 hrs.
22 19% 1y alloy #8 + 1500 oe. 2 hrs.
23 Moo L1500 oe. 14 hrs.
24 oM 41500 oe. 15 hrs.
258 moow w1500 oe 2 hrs.
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Footnotes to Appendix I A.

a) Not used because of d1ff1cu1t1es with apparatus and/or electronlcs.
b) . Calibration run w1th additional ®°Co:Fe source.
¢) 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
- counter. : v

‘Appendix I B.: Tabulation of Anisotropy Data(Gamma Analysis Method 1)

The beta-particle and gamma—ray anisotropies for two connters are
‘tabulated”for oacn run (grouped by isotope studied) along with their
statisticai.errors. The values listed are averages of the anisotropies
recorded in all counts up to the point where temperaturevdependence’
began to apnoarv(nsuallyvthis included about'30>ten—minute-counts for
the;beta‘anisotropiesvand 20--25 oonnts for the gamma anisotropiés.).

The ‘anisotropies are defined by

~

Cold Ct. Rate in Axial Counter

Warm Ct. Rate in Axial Counter [corrected

- W(Ax.) = ‘
" for: decay]

as above for equatorial counter.

L]

W(Eq.)
The beta anisotfonies are listed first, along withvthe corresponding
partiole enefgies; The second tabie_on each page confains the gamma o
anisotropios for each of the three peak integration limits Al,‘AZ, and

fAS, used in Method I. (See Chap. VII.)



ENERGY
566,775
519.325
671.875
T24.425
776.975
829.525

_882.075
934,625
987.175

1 1039.725

ACT) W
AL1)
AL2)

CA(3)

RUN NUMRER & HQO = 1600 NE.

139

WOAX.) ERR. - WI(ERQ.) £RR,
46040 .00106 .99740 .00208
.43160 .00111 1.00250 .00233
40300 00119 .99910 00264
.36830 .00127  .99450 . .00307
.32980 .00140  1.00080 - .00375
.28970 . .00157  .99950  ~.00480.'

.25050 - .00186  1.00060 = .00643

.20840  .00229  .99150  .00936
.20630  .00356 .99190  .01555

. _.22080C .00737 87900  .03033

GAMMA ANISOTROPIES

(AX.) T ERR. W(ED.) ERR.

.B82440 .00208 1.06640 .00507 .
.81840 100204  1.06110 - .00496
081910ﬁ" 00212 1.06070 .00540
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RUN NUMBER 5 HEO = —=1600 OF.

ENERGY  WIAX.) ERR. W(ED.) FeR,

566,775  1.52540  .00190  .97030  .00506
619.325 1.55220 00211 96620 .00516
671.875  1.58170  .00238 ~ .97530 00571
:724,425 . 1.61250 +00275- . .96740 . .00646
'7761975 1465390 ,00329 . .95510  .00733.
 829.525 1.69700 .00408 - .97130 . .00934
882.075  1.72390 .00525  .97330 .. .01233
,934,625u' 1.82310 .00763 1.01270 .01865
987.175 vt.éoa1o | .01151_' .83870 ;q244o
1039.725 1.84170  .02223  .79720 .05453

 GAMMA ANISOTROPIES

A(T)  W(AX.)  ERR.  W(EQ.) ~ ERR.
A1) 81800 .00203 1.05700 .00466
AL2Y .81040 .00181 1.05300 . 00434

A(3) .8C0760  .00197  1.06400 - ,004B3



FNERGY
566,775
619.325

671,875

724,425

176,975

- 829.525

882,075

934.625

987,175

1 1039.725

ACTY W
A1)
AL2)

CA(3).

RUN NUMBER 13 HO = -1000 OEF.

WIAXS) ERR. W(EQ.)

141

ERR.,
1.53400 00059 '.94940'_ .00102
1.56500 .00065 . .94850 200112
1.60100 - .00074 .94320  .00124
1.63800 -.v,oooasi 494140 .90143 
1.68500  ,00101 = .93590  .00169
1.74300 .00126  .93700  .00210
1.82400  .00164  .93830  .00275.
1.91500  .00227 .93940  .00385
2.05600 .00339 1.01809 .00651
©2.31200  .00539  1.14709 .01143
GAMMA ANTSOTROPIES
(AX.) © ERR.  W(ED.) ERR,
.81130  .00054 1.02300 - .00086
.80030 .00055 1.03500 .00089

. 79190 .00059 1.05600 .00102



ENERGY

566.775

619,325

671.875

T24.425

T176.975
829.525
'882.075

934,625

987,175

1039.725

CA(TI) W
A1)

Al 2)

A(3) -  .83650

CRUN NUMRER 14 . HO = 1000 DE.

WOAX. )

44290
.41830
.39230
.36530

«33290

«29730

+26370
. 24050

. 24000

.24890

.00028

.00030

.00032

.00035

L0039

©.00045
.00054

.00069

.00100

00160

GAMMA ANISOTROPIES

(AX.) "ERR.
.84900 .00059 1
.83960 . .00060 1

.00065 1

142

H(EQ,)‘ ERR.
| WE. |
’1.03900 ;op07o
1.04200 .00078
1.04000 .00088
1.03600 .00102
1.04100 .00124
' 1.04000 .00155
1.05000 .00208
1.04900 .00294
1.06700  .00461
1.09600 00752
W(EQ.) ERR.
.06600 - .00092
.07T300 .00096

. 08400 «00107
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RUN NUMRER 15 HQ = 1500 OF.

ENERGY WAX.)  ERR. Wieo.y  FRR.
7566.775 43810 .00070  1.04100 00167
©619.325 41110 .00074  1.04400  ,00186
‘6f1,875 , «37980 200079 1.04600 .00211
724,425 234860  .00086 1404600 ~.00245
776.975 . .31580 .00093  1.04400 .00294
829.525 . .27860 . .00109 >10046Oé | ;§o371 .
882.075 23960 .00128 1.05100 .06495
934.625 21370 .001 64 1.04700  .00705
987.175 .20860 - .00240 1.05000 .01130
1039.725 .20970 .00383 1.05500 .01891

GAMMA ANISOTROPIES

ALT)  WUAX.) ERR.  W(EQ.)  ERR,

Al1) . 85080 . 00144 1.07300 .00223
A(2)  .84030 ' .00147 ~ 1.08500  .00232

CA(3) .B3090 .00158 1.10200 00262



A(3)

RUN NUMBER 16 HC =

144

1500 0E.

o 79640

)

.00125

ENERGY WOAX.) | ERR. . W(EQ.) FRR.
.5@6,776 .43350  .00033 'ii.oasoo . 00081
619.325 . 40540 .00035  1.03600 505090
671.875 .37730. © .00038  © 1.03500  .00102
724.425 .34560  .00041 - 1.03800 .00120
776.975 . .31120 - - .00045 "~1;o33oo- v'.ooi43 
829.525 . .27360 00051 . 1.03400 = .00180
_3325075 ;23460 . .00060 1.04000 - ..00241
934,625 .21040 .00077 1.04800 .00348
987.175 .20720 .00115 1.05700  .00566
11039.725 +21140 .00191  1.09600 .01011
| GAMMA ANISOTROPIES
ACTY WOAXL) ERR. CW(EQ.) EPR.
AC1) 81370  .00067  1.04900 .00107
'A(Z) 80180  .00068 1.05600  .00111
| .00073 ’1.05760



CA(3)

145

-1500 DE.-

RUN NUMBER 17 HO =
’:ENERGY WOAX.) ERR . Q(Eo,x erR.
 56§.775 1.53600 .00067 .96880  .00150
619.325 1.56300  .00073 95680 .00160
671.875 1.59400  .00082 .95040 .00176
724.425  1.62400  .00095  .94680  .00199
776.975 1.666C0 .00113 .93920 .00232
829,525 1,71400, .00141 292710 .00283
882.075  1.76200  .00184 .93700 - -7.00377 .
934.625 1.81700 .00258 .92750 .00535
987.175 1.90500 00407 .96000 ,06938‘
1039.725  2.20500  .00791  1.08600  .02327
GAMMA ANISOTROPIES '
CATT). WOAX) ERR. W(EQ.) : ERR.
A V,7é67o « 00057 1.01400 . 00094
CAL2) .78445‘ 200058 1.01800 -~ .00097
LT7870 00062  1.02300

» 00109



T

"o =

© 146

TA(3)

00111 1

RUN NUMBER 2000 DE.

ENERGY | WOAX.) PR WOEQL) ERR.
1199.475 . 1.63700 .,60158 .93830 .00139
1295;435 1.66300 .00175’ .93850 .00154
1391.375 1.69600  .N0197 .92780 .00173
1487.325 1. 7140C . .00226  ,93620 .00199
1583.275  1.73900 - 00268 92850 00235
1679.225 1.75300 . .00331 .91510  .00289
1775.175  1.83200 - - .00446 .91390 .  .0037§
v1871;125 1,84?00.  ,,00@23 .91290 .00528
1967.075  1.96900  .01063 = .90780 .00840
2063.025  2.15200 02177 . 93450 ,51614'_;'

 GAMMA AmzsoTRoélss’

A(I}" WOAX.) ERR. WIEQ.) ERR,

A1) .87180  .00107 1.02200  .00185
A(2) . .B6840  .00105  1.02000  .00187

.87150 02000  .00204
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RUN NUMBER 8. HD = -2000 NE.

ENERGY - W(AX.)  EeR. C WeEQ.) EPR.
1199.475 33370 .00063 ' 1.01300  .00298
1295.425 31330 .00067  1.01200 00315
1391.375 .29590 . .00074  1.01500  .00346

1487.325  .27760  .00081  1.00600  .00383
1583.275  .25980 . .00093  1.01200  .0C450
1679.225 424170 .00109  1.01800 .00534
1775.175  .21570.  .00139 1.01700 '.éovcb
1871.125 = .18840  .00187  1.01800  .00989
1967.075 L17130 .00306  1.05000 - .01610

2063.025 . .20040 .00708 1.10300 .03319 -

GAMMA ANISOTROPIES

TA(I) WAL ERRL T W(EQ.)Y T ERRL

AL .89550 . .00128 1.01500  .00229
A(2) - .89210  .00124  1.02000 00231

T A3 .89410 .00133 1.02900 . 00252



 ENEPGY

1199.475

1 1295.425

1391.375

1487.325

1583,275

1679.225

1T775.175 .

1871.125

1967.075

2063.025

A(1) W
AC1)
AL2)

A(3)

RUN

148

NUMBER 9 HO = ~1500 0F,
WOAXL) ERR . W(ED.) ERR.
1.62400  .00276 .93940  .00433
1.65300 .00307 .93160 . 00479
1.66800  .00345 '.91700  .00528
1.71700  .00405 -~ .92720  .00609
1.69300 .00466 . <91660 .00735
1.72800.  .00581 90550 .00901
;.1-7?600, .00775 . .87550 . .01203
1.81200  .01120  .88140  .01658
1.73600  .01762 =~ .83880 .02528
1.69000 .03648 1.01700 | .05616
GAMMA ANYSOTROPIES
(AX.) EPR.  W(ED.) ERR.
. 88500 '.oozza 1.01900 .00439
.88460  .00221  1.03600  .00435
.00236  1.06900  .00488

«89610



 ‘ ENE§Gv,
1174;775
1273.325
1371.875
1470. 425

1568.975

1667.525

1766.075

1864.625

1963.175

2061.725

ATY W
AL1)
A(2)

“A(3)

149

© RUN NUMBER 10 HO = 1500 OE.

WOAX . ) ERR . O OWEQLY . ERR,

i~_.36080- .00173 E 1.00800  .00411
.34210° .00183 1.01100 ' 000455:
.31500 . .00193 1.03100 .00523
.29550 .00209 1.00900 00586
.27810  .00233 . 1.02600  .00702
426040 »;.00271_ 1.02400 00848
223250 - ,00316 . .99570 .01051 .
20730 .00394 v 99220 ‘v;dt434.
.18020  .00551 1.06100 .02332
15310 .00848 .97780  .03619
GAMMA ANTSOTROPIES
(ax.) ERe. W(EQ.) ERR &
J84970  .00393  1.26300  .01300
.83110  .00369 1.10000  .00980
.82530  .00397 . 1.04900 ,60986



~ 150

RUN NUMRER 11 HC = 1000 OE.

ENERGY  W(AX.)  ERe. BT Ené;
1174.775  .35970  .00172 . .97770 00416
1?73;325_ .34550  .00183 .96030  .00452
1371.875 32140 00187 .97010 .00515
_1470;425, .30050  .00207 96330 .00586
1568.975 - .28370 © .00231 .97020  .00699
1@67;525 . «27090 .@oozeé % 98350 - ,,oosbé
1766.075 .24120 - .00308 .. .93230 = .01043
1864.625 .22480 .06398' 94420 .01468
1963.175 18970 .00528 1.00400  .02383
2061.725  © .18180  .00854  1.02800 . .04328

. GAMMA ANISOTRO?IES

A(TY  W(AX.)  ERR. W(EQ.) ERR.

CAC1) . .90450  .00496  1.16900  .01336

AC2)  .89410  .00470  1.10900 = .Ol115

CA(3)  .886307  .00490  1.09700  .01141



HWEAX )

CRUN NUMBER 12 -

ERR., -

HO = -1000 OF,

W(EQ.)

ERR,

151

ENERGY
1199.475  1.62800 00631 97150 .00800
1295.425  1.62600  .00687 .95970  .00875
1391.375 1,67500 .00792 .96500 .00989
1487.325  1.65400  .00883 .95910  .01127
1583.275  1.67600 01054 - 97740 01361
1679.225  1.74300 01342 296120 .01643
1775.175  1.80000  .01795 .93050 .02091
1871.125  1.87400 02640 89730  .02842
1967.075  1.73400  .03978 .92880  .04595
2063,025 1.32700 .06220 1.37600 ~ _h1266357
GAMMA ANISOTROPIES
AU WOAX.) ERR. NIEQ.) ERR.
ACLY  1.00700 .01451 1.28000  .03865
AL2) 91170 .01079  1.11000  .02633
A(3) -89190 - .01067  1.06200 .02507



152

" RUN MUMRER 18 HO = -1500 OF.

ENERGY W{AX.) ERR. WIEQL) ERR,

1199.475  1.68200  .00279 . .99130  .00412
1295.425  1.70900 = .00307  .99840 .00456
1391.375  1.73300 .00346 - .99440  .00508
1487.325 . 1.75700 . ;00397, ~.98860 .60581
1583.275 1.78000 -~  .00472 © .98650 00687
\;isjq,ézén; 1.80660*, .00586 - .98550 .00851
1775.175  1.86000  .00786 '  .97910 -  .01110
1871.125 1,92500'_ 01157  .99270 Lo1631
1967.075 "-2;04700 ~ .01980  1.00100 02779
1?2063g025 2.52100  .04323  .93630  .05595

GAMMA ANISNTROPIES

CACT) WAX.) FRR.  W(ED.) ERR.,

A1) «90060° .00240  1.D2600 .00356

A(2) .89710 °  .00239 1.02800 .00365

CA€3)  .89410  .00252  1.02900 . .00401



EMERGY

1199.475

1295.425
1391.375
1487.325 -
1583.275

1679.225

17754175

1871.125

1967.075

2063.025

ALY W

ALL)

AC2)

CA(3)

153

/
Rumfmbmgea'lgv HO = 1500 DE.
WOAX . ) ERR. W(EQ.) FRR.
.29260 . 00056 96660 .00165
.27520 00059 .96290 .00183
.25770 - 00064 .96300 .00208
23850 .00069 " .95590 00240
.22370 .00079 96360  .00289
%19940 . . ,00091 «95870 . 00360
<17500 .00112 . 94480 .00470
-14360‘ .00147 .97060 00711
.12540 .00236 <95600 .01196
L15730 00612 1.07720 02847
GAMMA ANTSOTROPIES
(AX.) S W{ED.) FERR.
. 90120 460152 1.03400 00217
.89670.  .00151 1.02500 .00220
.89400  .00159 .00239

1.01700 -
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" RUN NUMBER 20 HO = -1000 0EF.

ENERGY WOAX.) ERR.  W(EQ.) épg;‘
1199.475 - 1.66500  .00194  .99390 . .00256
1295. 425 1. 69400 .00214 - .99860 .00284
1391.375  1.70800 00240  .98560  .00315
_i487.325, 173000 - .00276 - .98610 ;003631
1583.275  1.76700 . 00331 .97700 . .00428
1679.225  1.78400 - .00410  .98800  .00537
1775.175  1.81500  .00545  .97900 ;96708
1871.125 '1.39600 .00826 1.00100 v.oicss
1967.075 1.93900 .01436  1.01900  .01865
2063.025 2.13800  .03613  1.10800  .04822

' GAMMA ANTSOTROPIES

ALT) WOAX.Y ERR.  W(EQ.) FRR.

A(1)  .88480  .00190  1.02300  .00289
A(2) . .88320  .00191  1.02400 +00294 -

A{3) - .88870  .00203 1.03700 . .00328



155

RUN NUMBER 21  HD = 1000 OF.

ENERGY: W(AX.] ERR . WIED.) £RR.

1174.775  .31650 - .00120 ; .96730 .00348
1273.325 .29870  .00126 .99860  .00401
1371. 875 ,27820  .00132 .98860  .00445
1470.425 . .25690 .00141 .96000 00497
1558-975 . .24480 .00160  .96590 ;60589
1667.525 . .22650 .00183 - .97850 .00731
1766.075 .20340 . L00216 293790~ .00904
1864.625  .17790 .00272  .97150 .01300
1963.175 14010 .00362 1.00800  .02184

2061.725 .14050  .00711 1.08400  .04844"

GAMMA ANT SOTROP IES

ACI) WOAX.) ERR.  W(ED.) £Re,

A1) . 84200 .00382 1.00900 | « 00622
A(2) 83510 «00377 .98510 . 00606

CA(3)  ,84060 .00409 - .98420 .00665
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1500 0F, ,

CRUN NUMBER 22 HO =
ENERGY  W(AX.) ERR. W(EQ.)  ERR.
1235,125_ .28930 .00134 i .98570 .00375 |
1340.375  .26940  .00141 . +98700 .00423
1445;625 _ .24936 . «+00151 v.97376 .oobazl
1550.875 . .22630 . .00165  .98890 ;00575  
| 1655.125 ©..20090 - - .00182  .98030 ) .00698
1761.375 17510 .00208 .  .99660 .00905
,isea.azs.i <14180 - .00240 1.00100 '.01232 _
1971.875 . 13900 .00335  1.00100 .01872
207#,125 | }13980 . 00555 .97770 _ .03375
2182.375 ' .13530 .q1151 97430 07471
GAMMA ANISOTROPIES
CALTY  W(AX.)  ERR. - W(EQ.) ERR,
A(1)  .85400 00144 1.05900 ~ ,00193
A(2)  .85240 - .00153 1.06300 fooziz

A(3) .84010 - .00174 1.06500 .00242



ENERGY

1235.125
1340.375
1445,625

1550, 875

1656.125

1761375

1866.625

1971.875
2077.125

2182.375

ACT) W
A1)
'A(z)j'

AC3)

RUN NUMBER 23 HO =

157

~1500 DE.
WIAX,) ERR;‘Y W(EGQ.) ERR,
;.70500 .00184 :' -93070 ﬂoozé%
1.73900 .00206 .91180  .00273
1.78000  .00236 .91680 .00313
1.82100 .00276 91890 00368
1.84500  .00329 .90480 .00437
1.88700 ..00410 292210 .00568
. 1.96100 00552 - .90320 .00756
' 2.06700 .00821 .90660°  ,01150
2.17700 .01421 .A3160 01974
2.56700  .03552 292770 .05271
GAMMA ANISOTROPIES |
(aX.) ~ ERR. W(ED.)  ERR.
. 74550 . 00130 .91320 .00176
74800 .00141 L92680 . .00194
;7??00‘ .00162 = .93550 .00195



RUN. NUMRF® 24 HO = 1500 Of..

WIED.)

158

ERR,

ENERGY WIAX.) ERR.
1235.125 .27260 00097 .93936' .00280
1340.375 25790  .00103 .92100  .00310
1445.625 .23610. . ©.00110 - .94290 .00367
1550. 875 21050 .00118 . .93230 .00428"
1655.125 .18330  .00129 193390 .00524
1761.375 .15910 - - .00147 .93000  -.00663
1866.625 .13490 .00174 96130 .00941
1971.875 < 12740 ;00243 .88850 .01310
2077.125 .13260 .obazq ,905307» 02537
2182.375 .12460 00902 1.05000 ,074633'
, ' GAMMA ANTSOTROPIES

ACT)  W(AX.) ERR. w(é@.) FRR.
4(1) .61070 .00149 .84330 .00228
AL2) .61550 ~;06161' - «84410 : .00249

.83760 .00282

AL3) " +60000

.00180



__ENERGY _
. 1235.12%
1340.375

. 1445.625

. 1550.875

1656.125

1761.375

 1866.625
1971.875
2077.125

 2182.375

‘.WA(i) u

AL

A

.75950

00374

159

.01049

~ RUN NUMPER 25 HOD = -1500 OE.
WIAX.) ERR. . WlED.) ERR.
2.10600 _ .00891_ .94730 .00953
2.17700 01016 .93730
2.20400 . .O1151  .94670  ' .01200
 Hz.24goo ,'013“9; 94910 .01418
2.35300  .01672 .95580 .01712
2.38500 02079 - 94180 . 02159
2.46200 .02%90 CWBTA80  .D27056
2,5@600. .04136 .94150 . 04460
2.48000 .06769 98290 .08613
2.44900 .15662 86600 .igs4z
- GAMMA ANISONTROPIES
(AX.)  EPRR. . W(ED.) EFR.,
. 75330 .00182 1;04800 .06285
76030  .00200 1.05600 .00317
.00235 1.07200
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Appendix I C.: Beta Particle Angular Distribution Coefficients

The angular disfribution coefficients derived from;pairs of runs:
with oppésitevéigns of the polafizing field Ho are listed as functions
Of»parti§1é eﬁergy; The anisotropies from the two runs are combined in

. : !
'four,different wéys denoted as Cases I--1IV (S?e Chap. ViI.) to give four
values for Al-and A2. vThe averagés of.the four Valges are‘glsé given in
thé»tables.v The averages wére combined with Weighting7fr6m éppropriafe
runs.tQ give.the final averages'shown‘in Table IIIA, p.114.A.The coef;

ficients are defined as functions of particle parameters and the ratio

r’of‘intensities of the two beta branches [ r = If1—+'2+)/1(1—+v0+)]:

. :l‘ 0): ’ 1 — ‘1 1
O R UL R U R i WA
T T TR0 e )
Az(r) = {b;?}/ﬁg?g} o+ T ' X{b{?i -3 b{?% + fiibgf%}
L N R O REEY T

For'compléteness we also give the definition of the parameter R, from the

 gamma ray attenuation data, whose values are listed in Table IIIB, p.120.:

e 1 (0) 1 (0)
Ro= =/3/5 {bz,z/bl,l},
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RUN NUMBERS 5 AND 5
Al CALCULATION

ENERGY  CASE 1 CASE II CASE III  CASE IV AVERAGES

566.8 52692 . +52676 54701 « 50606 52669
619.3  .55121 55107 «57082 .53081  .55098
671.9  .5T700  .57690  .59063  .56279  .57683
724.4°  .60658 60638 .62946 .58267 .60627
777.0 | .64363  64332 . .66780 <61829 <64326
829.5  .68260 68242 -69255 67216 68243
- 882.1 .71323 ~71323 72533 .70049  ..71307
934§6. . 78131 278094 ,74321 .82154 ;78175.
98702 77407 .T7163 87102 67143  .77204
1039.7  +78348 77830 .95825 .59864 77967

A2 CALCULATION

ENERGY  CASE I CASE IT CASE III  CASE IV AVERAGES

566.8  .00601  .05095 . .05260  .05264  .04055
61943 © .00602 04902 05105 .05111 03930
671.9  .00949  .03986  .04075  .04077  .03272
724.4  .00816  .05901  .06061  .06065  .0471l
777.0  .01516  .06794  .07062  .07069  .05610
829.5 ~ .02265 . .04484 06548  .04549 103962
882.1 01281 03995  .04066  +04070 ~  +03353
934.6 08302  -.00643  -.00486 ‘~.oo§74 .01675
. 987.2  .06365  ,25750  .28749  .28789  .22413

1039.7 «11713 49220 252092 «52096 = .41280
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RUN NUMBERS 13 AND 14
' Al CALCULATION

ENERGY = CASE I CASE 11 CASE 111 CASE IV AVERAGES

566.8  +52695  .52706  +53780  .51559 452685
619.3 55067  .55074  .55520  +54591 55063
671.9  .57774'  .57764  .58160  .57372  .57767
724.4°  .60599  +60572  +50784  +60413 J.605§2'
CTTTL0 . 464203 .64157 463468 264990 64205
829.5  .68523  .68448  .66398  .70790  .68540
882,1v  73883 .73756 ;68111 . .80050 . .73950
934e6  oT9273  <79044  <69789 89443  .79387
987.2  +86095 85781 62969 - 1.10819  +86416
1039.7  .98202 97662 53601  1.45961 .98856

A2 CALCULATION

ENERGY  CASE I  CASE II CASE III  CASE IV AVERAGES

56608 =+00269 .01815 ,02104: 02124 ;01443
619.3 .00607  .01470  +01589 R .0159§ | .01317'
671.9 . .01870  .02601  .02704  .02704 02470
726.4  .03142  .03490  .03541 - .03528  .03425
777.0  .04959  .03545  .03370  .03333  .03802
829.5  .0T644 403518 .03043  .02973  .04294
882.1  .12976 . .01765  .00454  .00297  .03873
93446 <20387  .01746 =.00217 =.00468 05362
987.2  +35292 =.13002 =¢14993 =-.15191 -.01973

1039.7  .63498  =,37085 -.33571 =-.33240 =-.10099
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RUN NUMBERS 15 ANC 15

Al CALCULATION

ENERGY CASE 1 CASE I1 CASE III  CASE IV AVERAGES
566.8 0. c. 53560 0. 53960
615.3 0o 0o ~.559%0 0. » 55980
£71.5 0. Oo. .58480 0. .£848Q
26,4 0. 6. .6087C 0. .60870
177.0 - 0. 0. | <£4740 N, <64740
826.5 0, 0. 67330 0. . .£7330
882.1 0. 0. S.7637¢ 0. .70370
936.6 0. 0. .72560 0. 72560
$87.2 0. 0. .68400 0. 68400

1435.7  c. G | .62540 Q. .62540

A2 CALCULATIGCN

ENERGY CASE I CASE IT1 CASE III CASE IV AVERAGES
566.8 0. c. .6152¢  O. . 01520
619.3  T. c. 01080 B. .01080
'571,9 Go 0. T .00920 0. - .80920
724.6 0. o. .00440 0. 00440
777.¢ 0. 0. L2770 9. 02770
829.5 - Q. o 6. _ 01400 0% C LG140C
882.1 . 0. 0. .00660 0. 00660
934.6 0. 0.  .01010 8. .01010
987.2° 0. 0. . ~.09310 0, - -.09310

163%.7 8. 0o -.2177¢ 0. =,21770
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| RUN NUMBERS 16 AND 17
, | lAl CALCULA?ION
CENERGY CASE 1 CASE.II CASE IT1 CASE IV AVERAGES
566.8  .53239 453270 ”:.53426'-. .53038 53243
619.3 «55576 - 455600 +56595 « 54505 .55569

671.9  .58134  .58148  .59469  .56731  .58121

724;4 +60835 +60851  .62164 «59434 950821
TT7.0  .64286  +64280  <66037 62442  +64261
1 829.5  .68210  .68179 . .T0099  .66220  .68177
882.1  .72211  .72187 .72125  .72309  .72208
93446  .T5890  .75822  <74102  .77813 75907
| 987.2 180236  +80104  .70804  .90322  +80367
1039.7  .94656  .94272  .59378  1.32489  .95199

A2 CALCULATION

ENERGY ~ CASE I  CASE I1 CASE III- CASE IV AVERAGES

566.8 -.00992 ~.00614 =-.00583 -.00568 -.00689
619.3  -.00870  .01115 = .01338  .0l361 00736
671.9 -.00324  .02263  .02563  .02586  .01772
T26.4  -.00227  .02341  .02646  .02671  .01858
7770 .00885 04278 04674 04693  .03632
829.5 ;02331 .b.059§7 | +06430  .06441 05294
882.1  .03681  .03506 ~ .03493.  .03479  .03540
934.6  .07187  .03716  .03298  ,03230  .04358
98702  <16188 = -.02624  =.04343 {.045;9 .01175

103907 0485"?0 T = 27770 .' "028335 ‘0.283‘89 -008989



ENERGY

1199.5

1391.4

1487.3

1583,3

1679.2
177542
1871.1

1967.1

2063.0

ENERGY

1199.5

1295.4
139144

1487.3

1583, 3.

1679.2
1775.2
1871.1
1967.1

2063.0

RUN NUMBERS 7 AND 8

CASE 1T

62746
e64429
,66471f”'

«67969

269849
e 71246
«76189

.78153

84775

092371

CCASE T

- .00005
00771
202568
202711

- 03640

03395
209245
© +08363

.19557

s41746

Al CALCULATION

CASE I1
62725

. «64400

67911

. 69779
271170
276036

. 84508

.91869

CASE 11
.07410
07501

.08559

08617
.08838

< 09911

.10222

10205
206192

- 05617

66414

CASE IIT
«66513
 «67831
«69532
« 70912
. 72470
274586
.76700
- 79099
. 77891

« 67629

A2 CALCULATION

CASE I1I

08097
. 08095
e09172
209077

'« 09317

210643

» 10355
10422
'304549

-.12171

165

CASE IV AVERAGES

58793
. 60855
63253
+ 64872

-67090

67722

« 15679

o 17176
« 92239

1.19288

«62694
- 64379

« 66417

. «6T916

- 697197

.71181

76151

.78110

" .84853

92789

CASE IV AVERAGES

.08125
08117

.09183

+09084

+09318

| 10653

.10294

.10372
 .04251

~.13073'

«05907
.06121
. 07370

«07372

.07778

- 08650

;10029
« 09841

+08640

.02721



ENERGY
"1199.%
1295.4

139]1.4

1487.3 .

1583.3

1679.2

1775.2

1871.1

1967.1

2063.0

ENERGY

1199.5

1295.4

1391.4
14873
1583.3
1679.2
1775.2
1871.1

1967.1

2063.0

RUN NUMBERS 9 AND 10

CASE 1
60830
62597
«64225
.67288
66781
.69178

72709

« 75545

- 13084

« 72106

A1 CALCULATION

CASE 11
«60791

62541

064186

.67199
.66748
69108
e 72537
.75356
73064

W 72294

CASE 111

«64254

ob5TTT

« 67569

.69711

.70927

73311

«80062

.81866

+84007.

« 77578

A2 CALCULATION

CASE 1

01245

02482

+01454

04726

- 005506

.02543

+ 04939

.06349'
"9‘0"’203 )

-+1160%

CASE 11

.08007

08699

07765
09508
.08513

+10437

«19067

.18688
. 14699

+ 00765

CASE 111
08602
.09322

- 08665

+ 09964

.09531

«11505

.20103
.19604

«00341

CASE 1V

57247

«59266

+60706

064748

«62406
;64818
064941
«68865
«61381

« 66361

CASE 1V

« 08617

.09331

<08694

+ 09954

.09579-

~ »11532

«20938

« 20105

+»19976

. 00290

166

AVERAGES
.60781
62545
<64171

67236
66715
+69104

72562
75408
.72884

« 72085

AVERAGES
.07458
;06544
.08538
.07044
.090¢4
16464
16311
.12519

"002552



ENERGY

1174.8

1273.3

1371.9

147004 -

1569.0

1667.5

176601

186446
1963,2

2061.7

ENERGY _

1174.8

1273.3

1371.9

147004

1569.0

1667.5

1766.1

186446

- 1963.2

2061.7

RUN NUMBERS 11 AND 12

CASE I

« 60362

60403
e63514
063254

64930

68606

72608
<76834
.71702

. 52795

CASE 1

-+ 00025

202689

-e 01340

“"000663

<04911 .
07962

«13967

~+03380

~ 44959

CASE 11

.60322
~.00000
063447
+ 63219
64916
<68524
- 72386
276495
.T1713

.53615

CASE 11

«07703

- .12081

09681

£11523

» 07757

.08169

« 20240
223341

. 09874

~.59716

A1 CALCULATION

CASE I1I
.63352
66194
;66868
069402
. 68899
.70189
. 78432
.81478

2 78445

048261 .

A2 CALCULATION

CASE III
-07750
.12090
o09722
11584

207692

08249

20262
223791

o10912

-.54575

CASE IV
- .57239
.5435]
+ 59999
.56811
s 60767
66942
o664§3

271937

» 645571

«57993

CASE IV
207751

«12090

09722

211586
+07689
08245
.20261

«23753

«10980

~+55562

167

AVERAGES
260319
.45237
« 63457
063171
.64878
68565
«72472

',75686
.71604

53166

AVERAGES
.06176
.09059
207954
. 08338
.05619
. 07394
.17181
221213

« 07096

- —.53703



ENERCY

1199.5

1295.4j

1391.4
1487.3

1583.3

1679.2

C1775.2

1871.1

1867.1

2063.0

ENERGY .

1199.5

129%.4
1391.4
1487.3
1583,3

1679.2

1775.2

1871.1

196701 |

20630

" RUN NUMBERS 18 AND 18

Al CALCULATICN

CASE I CASE II CASE II1  CASE 1v

C. . 0. 0. C.25490

168

AVERAGES

0. 6. o 62080 .62080
C. 0. 0.  G64510 -6461C
0. 6. 0. 68930 66930
o 0. 0. .e1590  .6759¢
0. 0. 6. .75620 ;7¢620.
0. e;  o. 71850 .7169o
8. 0. 8. LT5470  .75470
e , 6. . . 0. . .83830 .83830
c. G s - 294200 .94200
Do  0, G, , 1.33§8Qm 1.33580
a2 caLcuLaTiow |
| CASE I  f'cAsE 11 CASE III  CASE IV AVERAGES
0. 6. 0. , .55650' 06650
6. 0. 6. .05770  .05770
6. 0. c. *‘ 05080 .05050
0. 0. | 5. _ 07840 07840
6. 0. 0o .oeooo -06C00 -
a. 0. B o 68580 08580
8. G. 0. 1270 .11270
0. " G. 8. .J685C - .06850
¢. 0. Co. 10240 .10240
. 25490



4 169
RUN NUMBERS 19 AND 20
A1 CALCULATION

ENERGY CASE 1 CASE IT - CASE III CASE IV AVERAGES

1199.5  .64335 64338 .67655  ,60860 . 64297
1295,4»_ .65953  ,65944 ,68551 63230 .65919
13914  .67028 <67008 70641 <63233 66977
1487+3 68708 68676 72524 c64694 .68651
1583.3.  .70965 . 70904 = .73834 . 67940 .70911
1679.2  .72739 . 72693 . 75340 .69993 . .72691
1775.2 75215 «75130 78983 - .71231  .75140
1871.1 80375 80281  +78355 +82512 80381
' 1967.1 . .83185  .83057 < 79771 .86793  .83201

2063.0  .91212 ©  .91039  ,L62408 1.22003 = .91666

A2 CALCULATION

ENERGY ~ CASE I CASE 11 CASE II1  CASE IV AVERAGES .

1199.5 -.00924 06009 05795  .05784  .04166
1295.4 = 00356  +05831 05617 05609  .04353
1391.4  .00176  .07693  .OTS10 _ .07503  +05720
1487.3  .00622  .08641  ,08388  .08380  .06508
1583.3  .02896 08824  .08742  .08T4l  .07301
1679.2  +02432 ,90790Qi_’019?142 07739 = +06453
1775.2  .03314  .11278  .11018 11015 09156
1871.1 .09443@¢ .04196  .04304  .04321  .05316

1967.1  .11055:" .03682  +04050  +04100  .05722

2063.0  .33164 =¢27332  =.25902 ~e25787  -.11464




ENERGY CASE I CASE I1

>118701

12844 -

1381.6

1478.9

1576.1

16734

1770.6

18679

1965p1'3

206244

ENERGY
1187.1

128404

1381.6 .

1478.9

157641

1673.4
177046
1867,9
1965.1

206204

RUN NUMBERS 20 AND 21

063241

64887

. 66104
.67882
70020
71528
73949

. 78849

« 82531

«91959

CASE 1
.01189
02412
01960
.02219

.04721

04772

05762
.11388
.12314

+31734

AL CALCULATION

.63219
.64893

« 66090

67834

« 69937

«T1474

073820 :

« 78711

2« 82457

’ 091822

CASE III
165499
+63829
67044
. T0659
.71845
. 71622

.77019

"+ 75260

e 74658

63220

A2 CALCULATION

CASE 11
05902
00273
.03862
. 08030

» 08483

04967,
12298

.04063

=+03987

-+28335

| CASE I

05756

< 00270

03869

.07868
08438
404964
 +12034
+04249

-.03834

-.27231

170

CASE IV AVERAGES

«60877

s 65997
65115

- 64960

« 68096

+ 71428
- 10700

- 82536

<90903

1.227112

. 05752

+00270

 +03869
07866

« 08439

« 04966

£12041

.04275

-.03821

~.2T144

63209

« 64901
66088

«67834

+ 69975

071513
- .T73872
+78864

,32637

1192428'

CASE IV AVERAGES -

04650
.00806
03390
06496

.07520

<04917

«10534
405993
.00168

-e12744



s

ENERGY
2185.1

2190.4

2195,6

2200.9

- 220641

22114

221646

2221.9

2227.1

22324

ENERGY

2185.1

2190. 4

2195.56.

2200.9

2206.1
2211.4

22166

22219

2227.1

223244

RUN NUMBERS 22 AND 25

CASE 1

+86376
.90181

«91929

94780

1.00700

1.03244

1.08334
1,12387
1.09172

1.07885“

CASE 1
43202
48252

248859

+«51063

«59471

-60273

65065
073593 "
-66773

263113

CASE 11

+ 86085
+ 89839

.91573

e 94410

1.00247
1.02777
1.07761

1.11779

108648

“1.07303

A1 CALCULATION

CASE 111
«70879
. T2678
74712
. 75148
. 77570
279152
. 85381
.81796

«81632

UB8T19

A2 CALCULATION

 CASE 11

.10216

»11380

211901

«09232

209491

+09128

+18365

08497
. 05820

223562

CASE 111
.09182

+ 09953

. 08023
08668
<07262

14489

06138

.06011

« 20795

11158 °

CASE 1v
1.02322
1.08228
1.09670
1.15041
1.24597
1.28194
1.32255
1.44164

1.37664%

1.27852

 CASE 1V

.09111
-09850
11103
07936

» 08607

207119

214115

.05947
;06925_

220498

171

AVERAGES
.86416
.90231
.91971
< 94845

1.00779
103342
1.08433
1.12531
1.09279

1.07940.

AVERAGés_
.17928
+19859
«20755
.19063
.21559
020945
.280Q9
23544
21157

+31992



ENERGY
2185.1
2190.4
2195.6
2200.9 
2206.1
2211.4
221646
2221.9
222741

2232.4

~ ENERGY

2185.1

©2190.4

2195.6

2200.9
2206.1
2211.4
2216.6

2221.9 -

2227.1

12232.4

RUN NUMBERS 23 AND 24

CASE 1

- 67897

+69790
«72378
15259

. T77456

.80423;

84948
290239

'095157

1 L] 13 977

| CASE 1
hind OOO 770

.01312

03396
-05103

« 04897

-06863

.12159

022443

«34415

o 76432

Al CALCULATION

CASE 11
67844
.69706
+72296
.75161

o 17349

e 80310 ‘
« 84806

«89977

94761

 1.13385

CASE III

o 17360

.+ 80779

«80610
«83134
«86361
87313

«88709

« 93747

+97303

- 719296

A2 CALCULATION

CASE I1
19825
2251642
+20977
.22160

. f23958

.20051

+30292

333859h

«03276

.21925

CASE 111

+20009
»25362

.21425

022372

__;2446;

.22027

420446
+30180

+39151

-.02147

CASE IV

«58234
58560
«63959
267197
.68333
.73358
81095

86624

- +92987 .

1.50121

CASE IV
.20011

«25363

21427

«22372

024462
.22026
20427

-« 30192

©39063

172

AVERAGES
c67834
.69709
. 72311

_.75188
<T7375
.80351

84890
<90147

.95052

'1;14195'

Averaces

14769
.19295
16806
+18002
".19495
.182id
-18271
28277
.37872

.18245
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Appendix,i; D.: Tabulation of Anisotropy Data (Gamma Analysis Method IT)

In this tabulation the beta particle anisotropies are identical to

those listed in Appendix I.B., but the gamma ray data have been reQanalyzed

as desribed in the text. Axial and equatorial anisotropies are listed

' , . _ o ' v |
for each of ten intervals across the photopeak in the gamma ray spectrum:
The quoted errors are statistical,'includiﬁg 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 badvstétisticskand the background correction is a

‘large fraction of the‘total counts for these intervals (in fagt,it'exceeds

. the total in one or two cases, giving negative anisotropies) so these

anisotropies are practically meaninglese and no significance should.be‘
attached to their wide and random.variations.

In order to obtain.final values for each ;un, the anisotropies from
intervals near the center of the peak (usually‘areas 4--7) were averaged.
No large'sysfematic differences are apparent between the anisotropies thus
obtained and ‘those from Method I using w1dth A3 (Appendix . I.B.). Thus it-

may be concluded that 1ntegrat10n over w1dth A3 successfully av01ds the

Haag Effect.
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- 4 80886 .Qoasg 1407160 00957 ) ]
5 480401 . ,00275 106519 400670 .
o 6 80386 ,00290 _ 1.06529 _ ,0074
) 7 .80588  ,00445  1,03644  ,00993 .
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_ e -
) "~ RUN NUMPRER 13 HO = ~1000 DE.
RETA ANTSOTRAPIES
: enerey TTUWGAKIY T ERR.  wiean  eeel
566,775 I 83400 .00889  .94940  .00102
610,325 TTI56500  .00065  .04850  .00112
e71.875 CiTEDIG0 T TI006%4 T .e4330  L06iZé
724.475 7 1.63800 100085  ,94140  .00143
476.97% T iTeRS00 0010l .93590  .00169
h20.525 T T.76306 60126 .e3t00 | .oozia” T
883,575 <" TLE3400 T TI9GL6N  .owE3d | L0029 "
934,625 TTU1.91500 0 L00227 293940 .00385
e e e en e v o gg‘i;-l 22’.5_.. ,2_..,.6%600 P ;005 349 1 .Olg {)VQ U . ngg{sf o e mtnrnn e
TUI039.725 . 2.31200 0 L00%539 1.14700 .0l143 T
. cAMMA ANISOTROPIES }
AREA  W(AX.) ERR.___ W(EQ.) _  ERR.
1 _.91263 03856 1.15909 _.10664
. .2 80445 00656 _ 1.18781 . .01638
,3_'M_;eiﬁzizwwnwiqozga;;mmx.;45@2;Mjmquﬁﬁa“m“Nw“m“ﬂwmﬂ
4 .78030 _ .00115__ 1.11519 _ .00212
5 _.78495_ 00088 1.06740 _ .00148
6 .79617._ .00092_  1.02189 __.00143 )
7 .slezt .00122_ L9887  .00177
B .84e77_ 00178 95237 00222
9 _.89230  .00235 __ .93335 00280 o
10 _.95705_  .00297 _ .91988  .00363




) T - 176
" RUN NUMRER 1% MO = 1000 OF. '
TTUBETA ANTSOTROPIES '

CenERey TUTRHEAXTT UTRRR. T WLy ErR. -
566,775 44290  .00028 | 1.03900 .00070 T

1 519.325 741830  .00030  1.04200 .00078 )
”671.875"mwmf§§§§6;”'m;56632"' 1.04000 .00088 -
924.425 7 T365307 7 .00035  1.03600 . .00107 :

1760996 TUU33590 0 T.00039  1.04100 .00124

g0 858 T Ta0730 T 00045 1.04000 100158 o
CTTU8R2.075 T .3e370 T 00084 1.05000 100208 ‘

T 934,675 TI24086 T (00069 | 1.04900°  .Go2ea T
T 987. 178 I R4006" T L50100 T 1.06700 .o0aei T
'w”1639;?fswwfwffélébﬁm 00160 1.09600  .o0783 T T
e GAMMA ANISOTROPIES
 AREA_ W(AXa)_ | _ ERR.___ WEQ) ___ERR._ -
1 1.07018 . .06836 ___1.17496 14230
i 2o 2BB444 00842 1.14283  _.OLSBL .
385626 .00244 _ 1.09803 _ .00421 _ -
4 _.B4386_ 00133 _ 1.09909 __ .00207
5. ..83%73_ _ .00097__ 1.09184 __.00155 _ e
"wwmmmmé«nggazL;MJQMﬁg;@MuquméM;ngﬁsMUMMMMM_MM,_
7. 283071 . .00126__ 1.04814 __ ,00199 '
8. ._.85909_ . .00186 . 1,02729_ __.0025L

9 . ._.91307 _ _.00253__  1,00803 _ _

00315 .

10 297625 .00323  1.00448 _.00409 | .



" ENERGY

566,775

619,325
671.875
724.425

T776.975

' 829.525

882.075

934,625

987.175

1039.725

AREA W

L& I S )

i~

0

~ RUN NUMBER 15 HD =

~ BETA ANISOTROPIES

TUTW(AXS)

43810

241110
S .37983° .00079

" .34860
.31580
T L27860 7

223960

- L.2137C

020976

.2086G

ERR.
00070
00074

- .00086
- .00093

0109

0012
00164
00240

©.00283

[P

71500 0F.

T W(EQ.)

1.04100
1.04400
1.04600
1.04600

1.04400

L 04800

1.05100

1.04700

1.05000

1.05500

" ERR.

00167

00211

.00245
00294
00371

«00495

LOBT705
01136

.01891

GAMMA ANISOTROPIES

(AXa)

.84103

79020

.80130

.80781

82599
+84360

86902

89695

93273

«98687

- .00482

ERR.

12273
.91758‘”_
+00535

.00306

+00238

QG245
.00231

+00638

.0C8o1

WIEQ.)
1.10892
1.2572¢
1.18550

1.14252
1.10565

1-06972

1.03956

__1.01742

«9943¢C

2 9T06¢€

ERR,
47032
04427

+01149

.00531

00379
00374
00472
00596
00747

« 3096



RUN NUMBER 16 F0O = 1%

T BETA ANISOTROPIES

“ENERGY

WiAX.]  ERR.

W{EQ.) " ERR.

566,715

43350 . .00033
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T40540  .00035

1.03600  .00090

Locosl” T
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1.0338¢0

O T T R

T.00143 0 T
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. 882.0175

TTTL23466
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1-03466 ;OOIéﬁ
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f AREA w;AXﬁa "  ERR. WAEG.) - ERR. R
N L 88175  ..06706 1.66100  .38795 ) i
2 85301 00951 | 1.20992  .02287 ) :
3 .83242 ],oozié: “‘1.14725. .0552 ]
4 .51443'-‘ 00149 1.10376  .co2st
5 .7éréo ‘ .00110 v1Qqe715 .GC178 L
6 .78328 00112 1.C4048 .C0178 L
7 78882 .00146  1.02854 100228 o
8 .83443  .00217 _ 1.01029  .0C2S1 -
o 9 .s9748 00293 _  .s9s38__ .00370
. 10 .97522 _ .00380  .53%00  .00482 __



e .
_ . RUN NUMBER 17 HO = =1500 OE., .
o . BETA ANISOTROPIES
| ENERGY _ W(AXe)  ERR.  W(EQ.) ERR,
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882,075 1,76200 00186 93700  ,00377
934,625 - - 1.81700  .00258  ,92750  .00535
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:
e TR
T T TTUTRON NUMAER 8 MO = 22000 OF. o
T T T T BETA ANISOTROPIES o
~ T T ENERGY WAX.) ERR. TW(EQLY  ERR. I
1199.475  1.63700  .00165  .93830  .00284
- o ©1295.425  1.66300  .00183  ,93850  .00301
T BN ECIES T 1.69600 .002 10 .92780 00328 T
o 1487.325 1.71400  .00241  .93620  .00367
) ) 1583.275  1.73900  .00290  .92850  .00427
"""" T 1679.225 1. 75300 .00357  .91510  .00500
B C T T1775.175 T 1.83200 T .91390  .pnoe62
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"RUN NUMRER 9 HQ = -1500 QF,.

" BETA ANISOTROPIES

CWHLAXL)
1.62400

1.65300

1.72800
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1.73600
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. 76330
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SRS o
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o

1.66800
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1.69300

ERR.
48785
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00470
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" ERR.
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 .00345
00405
00466
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T .00775
.01120
01762
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| .88879
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1.01096
1.00932
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91879
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< 93160
.91700
.92720
. 91660
.90550
< 87550

.83140

.B3880

1.01700

1.,02407 .05

-00615
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. 00479

. 00528

< 00609

. 00735
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+01203

ERR.
418405
.06033
.01858
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. +00594
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_»01146
$01904 L
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S o "RUN NUMBER 11 HO = 1000 OEes
T BETA ANISOTROPIES ~ ~~~— —~ — T T TR
ENERGY TWIAKS) ERR. W(EQ,) ERR,
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RUN NUMBER 18 HO = -1500 GF.

BETA AMNISGTRQOPIES

ENFRGY

1199.47%

129544725

1391,375

1487.325

15834275

' 1679.225

1775.175

T W(AX.)

' 1.68200

170900
1.73300
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 RUN NUMBER 19 HO =

‘BETA ANISOTROPIES

W(AXS

.

*NERGY
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BETA ANISOTROPTES
WIAXL)

1. 6E50D
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T 1.8%é00

“1.93980 0

2.13800

.00
T JA278

"~ RUN NUMBER 20 HO
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RUN NUMBER 21 "HO
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2.16160

 ERR.
1.32351%6
16714
02792
«31308
o IO
o J39L T
L1212
-21826

c12994

-14357

189



CENERGY

;235;125.

1340 .375
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(£Q.)
98570 00375
8700 DG423
97374 00481
98200 LINETE
98030 .0N0698
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~ RUN NUMBER 25

CBETA ANISUTRGPIES

123%.125%
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T.02790

04136

.15662

«06584

201142

200358

L00333

- 00498

200549

00379

200442

w(EC.]

TL0ET69 T LG8

 .54910
55580
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.00669
00672
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 APPENDIX II

. Dirac Matrices

The Dirac matrices are four-by-four matrices which are the operators

'in the Dirac hamiltonian:

o = veloéity operator (Cartesian 3-vector) g = fourth component
' ‘ of velocity four-
vector '
ol = gz =1 ' g = spin operator =g x @/2i

An alternative represeﬁtation of the Dirac matrices is the set of Y matrices:

Y, (-1B%B) = (Y,v) i.e. v, =8 and y = -ifgy

Thus vy = -iBg = vy y = -iq. (This is the opposité sign-éonVention for g
~ ul < N S
: , from the one originally used by Dirac.)

Define Y =YY Y5Yy :The Y's obey the'commutatiqn relationsf , -
YlYJ = = 'S’Yl : 1,) .=v 1,5

Using the above definitions, we have:

g = -i/2[iyy x iyux]
= -i/2[y x ¥]
L A PEIRIN P P IR SR P ALY
or g = -iY,YY, = -gvg OT Yy = -0,04
Also, Y, Yy = (-ig,1)

Y ¥Ys T (ig’Ys )

and v, L Y vy . Y= Yo/ 2 VY2 VYl 2+ /2 = Y [1 Y]

This last relationship was used to simplify the expressions in Eq. 4,
Chap. II. . ’ ’ ' ’

<
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APPENDIX IIT

Notes on Apparatﬁs Construction

In the éourse of the time during which the foregoing work was carried
out, the demagnetization cryostats in use in this laboratory evolved from
the small,»siﬁple chrome—alumvapparatus described iﬁ Chap. IITI to the
large and rather complex CMN cryostat descfibed in Chap. VI. During this
developmeﬁt severai 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, huch of this information is available in the published literature;
the folloW1ng 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 partlcularlyrappllcable-as a basis for continued work at LRL.
The notes ére 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 folklofé,.suffers not only from inaccuracies
and incompleteness, but also from a gradual distortion with.repetition
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-
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sistency. The same recipe works for CMN with the omission of thé satur-

ated solution. Attempts to use Octéil-S as the éuspension medium were _

geherélly'unsuccessful. Ethanol works but not as well as glycerin. Finer

' powderihg of the salt seems to improve coolihg down to about 50 mesh;

further grinding seems to do no more good. It seems likely that very fine

pbwdering‘hastens deteriorétion of the slurfy. Powdering of the CMN is

greatly facilitated by drying the powder on-a piece of filter paper for

about 20 min..before eéch stage of seiving after grinding in the ball mill;

this pré?ents'clumping df.wet‘particles. Drying is unnecessary with CA.
Definite deterioration of the slurries occurs with timé. The chief

contributiﬁg factors seem to be allowing the'slurry to stand forklong times

(more than 12 hrs.) at room temperature and pumping on an imperfectly

'cooled slurry. The slurry tempefaturé must be below -90° C. to preVent

sublimatiOnlof water and this may require more than two hrs. of cooling

in LN in the case df pills of 200 cc. or more vblume when they aré mounted

in the cryostat. '

Slurry Containers

These havevbeen made either of giass or of éopper”sheet bonded with

a mylar or fibfeglass jbint.. The chief‘problem is preventing leakage.

The obvious solution is to 'can" the slurry, e.g. in stainless steel cans

with soldeied tops; such a can would allow pumping_eVen at room temperature

and WOuld'facilitate'léak testing, as wellbas 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 heaf link o
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, ailqwing leakage. (While fibreglassvis easily machineable and
does not seriously adsorb ekchange gas, it probably has a fairly large
‘héat 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
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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 éooling capacity.

Support Systems

Ideaily, a support system should be simple, easily aséembled, vibration-

free, strong, and have very low heat conduétivity. The material that

seems to fit these requirements best is pitch-bonded graphite. Union-

Carbide grade ATJ is a stock item at LRL and is easily machined. (Moét
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 sﬁccessfully; no difficulty with adsorption of
exchange gas seemsto occur. Graphite ié; however, brittle and breaks |
easily,vespecialiy under shear étress. Attachment of the legs has usually
been by meané of sockets médé of stéinless'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 eVenfually
breaks. Our attempts to use threaded graphite rods or screws intb the
graphiteiwere 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 Vibrafions, 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 50 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 withvthelslurry. Attachment of the sample
at the other end of the heat link is also more difficult withvwires. The
usual proCedure_for making a wire heat link is to make a mandrel of cir-
cumferenee equal to the final desired length ef 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 fhin—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 heav1er wire 1nserted at the bend in the middle.
More wires can be packed into the mold in this way. Maximum f1111ng factors
seem to be about 70%. Epoxy (Shell Epon 826 or equ1valent) can then be
bsucked 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 curiné, the tube can be broken or peeled off.
A "mold release"bcompound is available to permit sliding off of the mold
tube if desired. Care must be taken to avoid tanglihg‘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 Y

not be Pb-Sn or other.SupereondUCting 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

o
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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 boundafy is at least 10x 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. .Gfeasesrand 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 ﬁsuallyfsolderable
materials. The former can even be used on aluminum. Electroplating of
copper oVer é joint'for thermal contact does not seem to be significantly
better than soldering, although it is difficult to get an unstrainéd plate
and this may reduce the conductivity of such a joint below what it might
ideally be. Such plated joints aré necessary when maghetic fields are fo
be avoided in the appératué. Conductive epoxies give thermal contact
similar to copber 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’obtéined are fairly insensitive
to the method of attachmeﬁt 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 cellé or conductive epoxies are the only‘workable methods,
and théserhave been given only a cursory exploration here. In thé case -
of the He cell, a major problem is the heat éaﬁacity of the He itself, which
may 1imit the final temperature in a one-shot cooling dévice.
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 cbunter 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. Conversély, in the pill—beiow mode, coils and detectors are uSually
attached to the upper pért bf_the apparatus by their ieéds, while the
sample is necessarily attached to thé lo&er part by the heat link, and

this makesvkﬁowledge of the relative positions of sample'and détectors

or coils more difficult -to 6bfain 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 difficuity

in either mode. In general,bthe 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 céld sample during assembly of the apparatus
and subéequéhtly cause Séaftering of therparticles),‘if any leakage of
Siurry occurs, the leakagevwill Come doWn the heat link and onto the
sample, which of course it willvnot do in the pill-below mode of mounting.
Also, of COQrse, 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'éff-center in the experimental chamber to leave room_at'one'side

or by using separate leadkfubes outside the pill container.

I1I.2 Experimental Chamber Construction

Guttervseals 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 resoidering; and 2) they require heating of a
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 ﬁhe
seal. Varian Conflat flanges, by contrasf, are self-aligning and require

no heating, but they are bulky; also, bare copper gaskets are liable to

-
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leak in superfluid helium and must be coated on both sides with In in a
smooth layer.b Acid paste-type flux works well for this job. There is
some controversy over the thickness of In required to prevent leakage
but a layef 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 théy 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—edgés 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 O-ring type flanges and are reportedly
superfluid-tight although not permanent. The type of gasket which uses
a smooth, rounded pressure flange éﬁd aluminum foil gaskets is reported
td be unreliable even at room temperature.

Copper-glass housekeeper seals are superfluid leak tight but eventually

the coppef work-hardens and the seal breaks. The Kovar-glass type are more

permanent but they are magnetic.

KoVar-éeramic electrical feedthroughs are often tight to superfluid.
The type with two solid leadévand 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.

Mylér or fibregléss 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 , , o
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

temperéture. The cured epoxy is rubbery- and not too strong, but thick

1ayers 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 most 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.decreasé viscosity
with'Somévréduction in pot life, which is at least‘l/2 hr. at room temp-
erature.A.Cufing takes at least 2 hrs. at 75° C. This is a hard epoxy
.which is useful structurally in thih'layers for applications such as join-
ing plastics to metal. ' Lafers more than about .005'" thick will crack on
being cébled to LHe temperature. |
Fast setting epdxies, Minitgrip and Epoweld: These are_geherally
not good for cryogenic structural applications sihce fhey crack on béing
cooled; they are useful for.femporary setups and for.potting coils, etc.
Minitgrip actually takés éome time.to.set éﬁd is Best cured at elevated
temperature (75° C.), while Epoweld réélly dées set in 3--4 minutes and
“speed is nééesséry in applying it. _
Conductive epoxies, Dynaloy and Tra-Con: These both cure bestfover-
night at 60° C. or higher.. Dynaloy will often be slightly tacky after
removal from the curing oven until.it coois. It is mixed 1:1 with the
hardeneri both compohents contain silver powder. Tra-Con 1is a stock item
and contains silver in the resin only. Both give jbints with'less.than
a few ohmsbresistance although they are no-good for low-noise connecfions.
Both will stand cryogenic temperatures élthough Tra-Con is more reltiable.
’ Epibond and Stycast: ‘These are used by J.C.Wheatley for sealing
and structural purposes.  Epibond 100A 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. Appafently’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
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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 tﬁbes, 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,vand 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 H and leaving through fhe 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 constructlon

Brass is often porous, espec1ally large dlameter rods which are strain-
ed during extrusion. Parts should be made from plate to avoid superfluid
leaks. | | ' '

Thinwall stainless tube is stionger_than the engineefing tables seém
to indicate. We have found that a sleeve 4-1/2" in diameter aﬁd .020" thk.
will support one atmosphere from outside if it is supporfed at 8" intervals.
On the otheéer hand, .010" tube of the same diameter buckles even if suppor-
ted at 4" intervals.

One important materials consideration which is sometimes ne01ected
is differential expansion. C(ryostat 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 perlods

Needless to say, parts emerging from liquid helium and going to room

temperature must be made of low-conductivity materials and must be as thln‘
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as possible. Frequent thermal anchoring is desirable. .Pumping tubes
may decrease in size at low temperafures without decreasing throughput. 1
Styrofoam is a good gas trap and radiation shield but bores made thqugh
a layer of styrofoam should be lined with stainless steel or'fibreglass
tubing to prevent crumbling. | | N
The soft solders which we have used 1nclude varlous lead-tin alloys,
Wood's alloy, Bi-Cd eutectic, 1nd1um and 1ndaaloy solders, galllum,_and |
indium-gallium eufectic Lead- t1n is a good general purpose solder and
tins most common metals but it melts at falrlv high temperatures, (M.P.
of 50-50 is 220° C. ).and its crltlcal fleld is probably as large as 800
oe. Stalnless steel parts should be pretlnned u51ng phosphorlc acid flux
and then washed carefully. _
Wood's alloy has a much lower melting p01nt (70 C. ) but tlnnlng must
be carried out well above the meltlng p01nt Its critical field is prob-
ably lower than that of Pb-Sn solder. Wood's alloy is'fairly brittle and
_hbtvtoo strong but will work in mbst gutter seals. Both Wood's alloy and
Pb-Sn make.reliable leak tight joints ifhcarefully done. _
This is in contrast to Bi Cd eutectic, which often contains super-
leaks, no matter how carefully the joint is made. - This soldér seems to
be extremely sen51t1ve to comp051t10n and it is probably best to purchase
it if a suppller can be found. It tends to corrode on‘standlng and pockets
of corrosion_are trapped in the metal when it is melted. Sométimes 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; é;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 usefpl'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 o
150° C. | |
indium solder is useful for making superconductinglleads and for
hoating copper gaskets as mentioned above. It is poisonous and care

sould be taken not to breathe the yellow fumes of InCl2 which vaporize
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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 (whiéh it does quite well, at least

for electrical leads). It has some low melting (35° C.) solders which
may be used on Kovar seals to évoid breakage. The use of Ga and In-Ga
for attéching sémples has already been mentioned. These solders are
especially useful for thin or heat-sensitive foils. The critical field
of Ga is about 50 oe.

Magnetic Shields

Superconducting magnéts 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. Allérge mu-metal cylinder ardund the outer dewar may

~also be used to decrease fringing fields on field-sensitive photomultipliers

in Nal counters. These shields were cut and cold-rolled without welding

the seam and without annealing.

II1.3.: Leads

Magnet Leads

Superconducting'magnet>leads should be carefully designed to minimize
heaf leaks into the helium bath. For large magnets, leads made of copper
refrigeration tubing, with the bath boiléff vented through the tube, and
with superconducting copper coated wire soldered to the 1owér half, seem
to work reasonably well. For 100 amp. or less, 1/4'" dia. will do, while
for much 1arger currenfs 3/8“ dia. is required. These leads represent a
brute force approach to the problem, however, and considerable imprbvement
should be possible. The use of large hdrizdntal copper fins soldered to
alternate leads and interleaved with styrofoam blocké 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



204

were in a'pumped helium bath so gas cooling was small The presence of
the leads raised the bath pressure from 60 mlcrons to 500 mlcrons, and
little change was noticed with current flow1ng, so the copper layer was
undoubtedly stlll too thick. ' ' ) '
~ For 15 amp. or less (in a 1° He-bath) we have ueed'the'following
leads: top of cryostat to top of étyrofoam shieldingQ‘tWo strands.#20
copper wire; thermal anchor, one strand #20 wpre to maximum 11qu1d hellum
level thermal anchor; one foot of double strands of #28 copper w1re
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 w1re to be anchored, ‘which was then potted
‘in epoxy or varnish. If Formvar 1nsulated wire is used, care must be
taken not to d1sturb the wire wh11e the varnlsh is setting, since the
solvent of the varnlsh dissolves Formvar. The brass spools were soldered
to horizontal copper fins attached to'the.central pumping tube of the
papparatus. .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 con51derat10n in constructlng rf leads is 1mpedance match-
'ing. The major impedance is usually capac1tive 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 ny10n 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 wonld have a tank circuit for tuning the leads to the
-frequency range in use, although power 1nput is not usually a. problem in
'VMR/ON experiments, since only small heating rates can be tolerated Use.
of a pickup coil and monitoring of the power in the 1nput coils is essen-

tial to detect coil resonances and power losses in the leads.
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Détector Leads

In deSigningbdetector leads one wishes to minimize stray capacitance
which atténuates the pulses produced by the detector. Hence the leads
should be as thin aé possible and far away from grounded metal parts.
Sinée thermal anchoring is inconsistent with these requirements, they
should also be made of a poorly thermal¥conducting material. Constantin
or Manganiﬁ may be used, but I have found .002" dia. stainless steel to
be quite workable. The leads are stfecﬁéd tightly down the center of the
’leaﬁ tube (the central pumping tube is best) and anchbred at the radiation
baf?le in Kovar—glass feedthroughs. The leads themselves will have about
5 pf. capacitance and the seal (1..cm. &ia.) another 5 pf. The top vacuum
seal adds about § pf. more and if a BNC ‘connector is used to attach the
pre-amp it will add 3--4 pf. so the total will be about 18 pf. not counting
the connection from the radiation baffle to the detector. In this parf
of the apparatué #50 . copper wire enclosed in mylar tape works well.

Thermometer, Heater, Misc. Leads

For leads in which low resistance is desirable but current capacity,

- and reactance are unimportant, fine Formwvar insulated copper is useful.

The leads can be brought down a small stainless steel side tube and ther-
mally anchored by wrapping on a spool with GE varnish or Apicion grease

as contact égent. It is helpful to make the vacuum feedthroughs at the

top removable by means of a Rad Lab or similar fitting for easy replécement
of seals or wires. If good electrical isolation is important, GE varnish
should not be used because of its effect on Formvar insulation; much time
can be wasted with high—reéistance short circuits. For a constant but
somewhat larger resistance, Manganin wire can be used, in sizes in the #30--

#40 range.

I11.4.: Cooling the Apparatus

Liquid Helium Transfer

TraﬁSfer of liquid helium is somethihg 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 operationbof the large CMN 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 sitnation: 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 cryoatats hold about 25 1. of liquid
when filled and a large percentage of the liquid consumptlon on initial
cooldown goes to cool the apparatus from 77° to 4.2° K.

Two considerations seem predominant in helium transfer to these
cryostats:. removal of 11qu1d nltrogen and gas cooling. The liquid nitrogen
used for precoollng the dewars is usually’ removed by blow1ng 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. Secendarily,v
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 pressure and wait 5 minutes.
ThlS will allow LN in the magnet coils and upper parts, of the dewar to run
to the bottom. 2)  When no more 11qu1d comes out on reapplication of
pressure, blow he11um gas down the LN blowout tube for a few mlnutes
This will evaporate remalnlng 11qu1d w1thout serlously warming the déwar.

3) Connect the -dewar to the helium bath pumpline and evacuate it. If

the LN is really gone, the pressure will fall rapldly to about 100 mlcrons;
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 coollng, the necessity of using the large heat capac1ty
-of the cold hellum gas rather than the rather small latent heat of the
liquid to cool the dewar into which helium is being transferred is well ‘_ w
known. To do. thlS, it is necessary to force the liquid to come out as
near as p0551b1e to the bottom of the dewar by using a transfer tube - o

-

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
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as little as 55 1. of liquid helium. After 24 hrs., refilling takes
about 3011}'and 1/2 hr. '
E;éhange Gas

We have used both 3He'and 4He 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 Formvar insulation, 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 cfyopumpingvby 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 imperatf%e to have é complete, well isolated
heat shield around the main cooling.salt pill, the heat link, and the
sample itself if feasible. |

Exchange gas may be eliminated by using a mechanical or superconduct-
iﬁg heat switch or a liquid'helium column to precool the salt and remove
the heat of magnetizafion. Experiments in this iaboratory by J.A.Barclay
and J.E.Templeton have indicated that these techniques are difficult ahd
require COnSiderabie 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 micions. Start magnetization.
The magnet should charge in 25--35 min.; pumpdown of the 1° bath seemsftob
require about 45 min. Exchange gas pressure may need adjustment during
pumpdown. When the bath is at miniﬁum pressure, leave the magnet on and
exchange gas in for 1/2--1 hr. Exchange gas pumpout to gauge preésure of

5 x 10-6 torr. takes about 45 min. if the 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. Wérmup rates are typically of order 1 mdeg./hr. in tHé, X
absence of extra heating., with final warmup occurring when the 10 mdeg.
heat shield warms and releases cryopumped exchangé gas. Two useful improve-
ments to the existing apparatus might be suggested: addition of resistance
thermometers to the salt pill, ailowing its temperature to be monitored
during transfer of 1iduid helium'andvmagnetization; and a perméneht?LHe |
level detector in the 1° bath. The above remarks apply specificall} to
the:apparatus described in Chap. VI, but are generally applicable to:any

large magnetic cooliﬁg apparatus of similar design.

-
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includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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