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ABSTRAGT

The Mark I curved-crystal spectrometer at the California insﬁiﬁu%e
of Technology was calibrated for intensity measurements. The pra-
dominant corrégtién %o the relative intensities is due %o the energy
dependent reflectivity of the curved quartz crystal which was found %o
vary as 1987 £ 0.022 over the energy range 60 kev € E< 400 kev.

Conversion cqefficients and energles of transitions in ths 
following deformed nuclei vere measured: Hflgo, %182, %133, and 36137.
Thrés ELl transitions with anomalous conversion coefficients were
studied. « The (L; + L), LiII,,gnd’ﬁk¢oefficienﬁskof the K;forbidden .
575 =kav trangition in HflSDVWEre fouﬁd'ﬁo be O.ASS‘i,0.0Bé, 0.0SA.

* 0,012, and O0.134 % 0;@15 respectively as compered with the theoretical
Bl values of Rose (6) of 0.163, 0,062, and 0,086, The anomalous nature
- of the 152.41-kev transition in'wlgz is confirmed with the present
value of the Kfconvsrsicn coefficient of 0.05. The tﬁeoréﬁical E1l
value ié‘G;ll; ThefK;cbnversibm coefficient §f the 7ﬁ;DO~kév'ﬁraﬁsiﬁion |
in Re™® s 1,01 *0*74 wnovess the theoretical E1 velue is 0.52. This
anomaly might be explained‘by the fgctifhaﬁ %hé‘tréhsitiqn enargy
differs f?dmﬁhe‘K bihding enérgy by only 0.34 kev.’ 7 ‘

The four E2 transitions in Hflgc

show slight deviations from the
theory. With the exception of the 93,.33-kev transition the K-conversion
coefficients are all about 10% low. Furthermore, with respecl to the
theoretical values, the L coefficien%s seen %o follow a fairly smoolh

curve, decreasing as a function of energy and having a maximum deviation

from the theoretical values of 12%.
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EXPRRIMENTAL STUDIES OF CONVERSION GOEFFICIENTS OF SOME DEFORMED NUGIET

I+ - INTRODUCTION

" The “technique. of usinﬂ’méasﬁféments 6f"in%efﬁal doﬁﬁéf§§3niédef-

ffﬁﬁsifiéﬁ”héé been in use for over & decéde. “The internal sonversion
prodess, whereby an orbital electron receives the de-excitation energ

in a miclear tfaﬁJifidﬁ,‘ﬁiﬁﬁytﬁe'ejedtioﬁ of the electron frdm the

'éfam; enerally occurs in comnetltlon W1th gamma-ray nmisszon., Eleéﬁrons‘

from any Shell in the atom.may by egected 1f the ﬁransmtlon energy is

greauer Than thelrnblndlng energy. Thus the K-conversiog coefflclent, )
aK, is deflned 28 the number of X alectron egections per gamma~ray -
emlssion.: The conversion DTOCGSS ig prlmarlly dependenﬁ upon “the elec-
tron wave functlon with contrlbutlonu from the nuclear wave functlon |
genefally béiﬂg small. Thus, from ﬂlmmla “staﬁlc“ models ‘of the nucleus 

and a knouledve of the elecﬁron wave functlone, theoretlcal nredlctlons

6f coﬂversidﬂ”ééef“icients as a’function of ﬁransition”éhergy; mltie’
polarlty;and %tomlc number maj be made.’ when comaared wmzh experlment,
thesa theoretlcal coefflclents become a useful ﬁool 1n bhe detcrmlnatlon
of tren91ﬁ10n mnltlnolarltles whlcb in turn wive 1nPormatlon concernlnp
the?sﬁiﬁ and parityuéifféfences in nuclear 1eﬁeiﬂséhéméé.v -
ASiﬁééhnﬁéues;‘bé%ﬁ.éheoroﬁfca? anﬁ eééefﬁﬁeﬁtal;.have been refined,

it has %ncoma clear that nuele i structural contrlhutlons to the conver~

: 51on mrocess are not neﬁliglble. The conVersidn coefficients calculated

bv Rose'et al., (1) a ssumlng a bornt nucleus were shoun to be 1n'errbr,

in ome'ceses by amounts nhat could he as larﬁe as 30% or more. Wapstra

ama NlJ e (2) 1nV98tiPatEd a number of ML conversion ‘coefficients

were in the

that seemed to be dlscrepant and concluded tbat ﬁhe?e
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~%hedreﬁicalvvalnes;a~Theyasuggested*thatza’corrsbtion-for the influence:-
of the finite nuclear size of the magnltude as arrived at by Sliv and

Listengarﬁen (3)‘(4) would account for the discrepancy. The conversion
coefficient tables of Sliv and Band (5), and later the revised tables
»cffﬁosé (6}}thétfwere~cqmputed.with models of a nucleus of finite.spa-
cial extension show' a mérked.daviation‘from.ﬁhe‘earlier point-nucleus
 values, eépecially for magnetic dipole transitions.

Church and Weneser (7) have pointed out that deviations of the
nuclear structure from assumed models mightncausevfurther variations.
Recenﬁiy-Green andwﬂose (8) gave a method for caleulating nuclear gtruc~
tu?é éffaeﬁs.v They separaned the effects into a - stat1c“ effect and a
“dynamicﬂﬁgffect.‘ The static effect assumes the nucleas to be a sphere
of conutant charge den31ﬁy with contributions to the conver lon process
baing exmressed in terms of the electron wave functlon. The Ydynamich
effect- 1nc1udes the nuclear wave functlon contribution and is therefore
denendent uuon tha speciflc nuclear model used in’ the calculatlons.

The coefflclents by Sliv and Band (5) were caleul-ted assuning nuclear
currents confined to Lhe surface. Shell modal wave functlons were ueed‘
‘by Klssllnger (9) to calculata the dynamlc effects upon conVer51on o
coefflclsnts. Thus it is seen thatsprec151cn coﬂver51on coefficlent’
data have begun %o provide information pertaining not only %o trangition
multipolarities but also to the structure of the mucleus.

Conversion coefficienté whiéh are of particular interest for show-
ing nuclear structure effects are those messured in isotones in the
highly deformed regions where the micleus assumes a gpheroidal shape.
These regions are A = 25, 150 € 190 and & > 230, In these regions
the tran51tions may be highly reta rded over single-~particle estimates,

-and eonver51on*coeff1clents for these hindered transitions may deviate
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considerably from those predicted by theories which do not take into con-

sidefaﬁion*thé detailed nuclear structure.

InH 189m’ for example, where the retardation factor for the for-
bidden 57-kev El tranéiﬁicn is 1015, the I~subshell pattern has been re=-
bported as anomaléﬁs with L; too high (10) (11). In the heavy element
region the 267-kev El transition in szaz which has a retardation over

single-pariicle estimates of 5.5 x 10% has a K-conversion coefficient

that is probably high by a factor of 10. Ta181 has a A82-kev ML transi-

tion retarded by a factor of 2.6 x 10®

and‘aK is high by a factor
greater than 2. The anomalous converslon coeffibientskin these deformed
nuclei deviate very markedly'frdm thé estiﬁates according to Sliv's and

Rose's models, - Anomalies which are not as great wouid also be interegt-
ing, but the precision necessary o' detect them is 6f course greater.

It thus becomes desirable, both for hransition maltipolarity
assignments and nuclear structure data, to couple high resolution spec-
‘%ros¢o?ykwith‘pr¢ci§eybetaé‘andvgémma-réy intensity~measufemenﬁs; 

| Conversion electron intensities are measured in beta spectromet@rs
of various fypes (12). Most of these.insﬁruments have sufficlent res-
olﬁtion; réliéble intensity'méasuieﬁﬁﬁtékcan‘ﬁSuéliy bekma&é‘wiﬁhout;
having ﬁo'apply numerous éorfecﬁions. Generally, the only correction
that need be made is for the iransmission of the wiﬁdow of the Geiger
counter detector, - Helative electron intensities can be measured with
an uncertainty that is offen of the order of a few percent and seldom
worge than ten or fifteen percent.

On the other hand, the determination of relative gamma-ray intensi-
ties usually involves numerous corrections arising from absorption
phenomena, efficiency of the Hal (T1) crystal detector, end other causes.

Most of these corrections ean easily be madas and result in good measure-
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ments in decay schemes with relatively few gamma rays when using conven-
ﬁiénal.SOQiﬁm iodide spectroscopy. However, where sources emit gamma
rays whose éﬁérgy difference is smaller than, or of the order of, the res-
olution of thélspécéroméﬁer, conventional seintillation spectroscopy
becomeé difficﬁlﬁ and line decomposition uncertainties enter. In many
cages higher resolution is called for. |

Improved resolution is presently provided by one of two methods:
. (1) external conversion of the gamma rays with‘subsaquent detection by
beta spectrometers and (2) crystal diffraction. The method used in this
inveétigatién waskcrystal diffiactiop.

A serious difficulty with the cérved~crystal diffracti&n method has
been due to the very strong enerzy dependence of the reflectivity of the
crystal and héé; in the past, necessitated a very large uncertainty
assignment in the relative intensities of gamma-rays differing to any
,#reat extent in energy; Uncerﬁainties from this source were often as
hlwh as 30% and sometimes as great as 3 factor of two, It was ﬁherefore
first necessary to determine this demendence more precigely in order to
| capltallze on the high reselutlon of the bent crvstal spectrometer.
This hasg. bean done with tho result that for the (310) planes in a quartz
slab 2mm thick, and bent %o a 2 meter radius of curvature, the reflect-
ivity of the crystal was found to vary as B 1’987i:0'022. The uncertain-
ty in the exponent reflects a relative intensity uncertainty of only
| 3% with gamma rays differing by a factor of 4 in energy.

With the reflection coefficient. variation determined and an over-
all intensity calibration of the gamma-ray spectrometer completed,
studies were made of conﬁersion coefficients in the rare-earth regilon,

The déformed nuclei chogan were Hflgo, Ralg7,'w182, and WISB. The first

named was interesting because of the highly retarded El transition from
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th@,isomefic stahe in Hflgom. In addition, #he energy levels of this
nubleus.mefe studiéd and the application of the two parameter rotationsl
formula té these levels shows a dlscrepancy from the theoretically
predicted values. . |

In additiénlto conversion coefficients in the deformed 33187
nucleus, the étudy of the decay of Q187 gave new information pertaining
to the decay scheme and transition multipolafities.

Ganmma=-ray intensities of tiansitions in w182 and WISB were remeas-
ured.because of the large‘unce;tainties in these quantities which had
previously been measured im thi§‘léboratory (13).

Important infdrmaﬁion which has,beén gathered as a result of this

study but which doss not directly pertain to the prihcipal topic of this

thesis is found in the appendices.



Part IX

- INSTRUMENTS, TECHNIQUES, AND SOURCE PREPARATION
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The primary insﬁruménts sed in this study were the Mark I curved-.
crystal gamma-ray spectrometor, fhe ring-focusing ﬁagnetic beta=ray
spectrometer, and the semi-cireular bheta-ray spectrometer, all of which
are desipns especially developed at the California Institute of
Technology. A very brief description of the instruments will follow.

ﬁ.i Curved=-crystal Spectrometer

The opafati@n of the éurved—crystél gamma~ray spectrometer is well
deseribed in the literature (14) (15); therefore, it will be but briefly
reviewed here, Ref@rfing to Fige 1, the important &arﬁs of the spec~
trometer which will be mentioned in this paper are as follows: E is the
position of the gamma-ray source whiéh ié situated on‘ﬁhe focal circle
F. The path of the gamma rays is from the source, R, to the curveé
crystal, C, through the collimator, D, and finally to the detector, A.
As the rays are incident on the planes of the transmisgion type crystal
at angle,©, they are diffracted at that same angle provided they have

the wavelength appropriate to that angle in accord with the Bragg

relation

nA=2dsine ).
- The geometry is designed so that the hesvy collimator and the detector
arg {fixzed while the crystal moves with angulsr spesd, w, and the gource

with angulay snaed, 2w, about tha crystal oivot, The quartz crystal
used was a slsb 2 mm thick ocut so that the (31.0) planes wers used to
diffract the radiation,

The waveiength of a spectrsl line is found by measuring the inten-
gity of the lins as a function of © and applying Bragg's law ( Eg. 1) %o
the»angle representing the peak_of the diffracted line. Actually, the

instrument is designed to measure sin® rather thane , This is a great

simplification for the operastors since the nosition scale corresponds

/
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‘very closely to Sieghahn x units, he can readily set the 1n5urument to
any'des;red wavelength. In practice, wavelength deﬁermlnations are
made by écaﬁning.the,1inevprof11e as it is reflected on botp sides of
‘the Zero {qa.ve;e;ngth pbsition. The total difference in 'sin-e‘ between .
these two positioﬁs is therefore proportionél fe 273 thus wavelength de-
terminations are made without réference to a zero wavelength position.
In this instrument the width of the spectral Ywindow" as measured
 in wavelength units is approximastely constant. The principsl sources of
| line broadening, which determine the w:dth of the 1nstrument ”w1nd0w,
are the aberratlons,from perfect focusing of the bent quartZ'crystal,
its mosaic imperfections, its intrinsic diffréc‘tiox_i pattern width and
the geometrical breadth of the séurce on the focalvcircle. The fﬁll-
width aﬁ half-maximum, A\, of this window profile is 0,28 xu for sources
having a breadth of 0,008", Since the gamma rays measured with tEe
instrument almosgt always have a natural line width which is very small
compared w1th thls value, the composzﬁe llne w1dth of a gﬁmma ray is the :
same as the instrument window width., This is not true for x rays. A
dlscuSSlon of the effect of the natural llne w1ath of X rays ig found in
apo. TV, | |
The relative energy resolution, AB/E, of the instrument‘is equal o
EAA/K where AN is, as has been said, apprcximatély constant and k iszﬁﬁe
conversion factor from energy to wavelength., The value of k used was |
12372.44.kev xu as given by Cohen, DuMond, Layton, and Rollett (16).

Using the value of 0.28 xu for A\, the energy resolution is seen to be

AE/E = 2,3 x 107 E/1 kev |, (2).
As an example, for an énergy of 100 kev, the resolution is‘O.QB%; Fig,
180m

2 shous a ”bird's eye view" of the Hf spectrum, ag recorded using

the'spectrometer,lillustrating the excellent resolution of the
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- iﬁsfrument.

The uncertainty in the determination of the energytéf a strong line -
wés taﬁen to be 1/20 of the PulI=~width while for a vefy weak line, 1/3
of the PuiY-width was used. Applying the Ritz combination‘principle, the
ccnsistency’of gamma~-ray energy relations indicates that this estimate
of error is very.consefvative. It is felt that the given,efror figuresA
correspond %o at least a 90%'¢onfiden03 level and hence repregent abouk
1.5 standard deviation,

‘4s one of the purposes of this study was to calibrate the spectro-
metér‘for~gammaeray inﬁeﬁsity‘meésufementsi abdiséﬁssion ofﬁthé manner
in‘which'fhése_méésurementsbwere médetWill’be‘lfftto4Paft Iii.t

Because the gemma~ray spectrometer played such a vital role in the
experiments of this study, the aligmment of the ingtrument was thor-
oughly checked and adjustments were made where‘necessary;

First a "Hartmann® test was poerformed to find the correct focal
 point of thé’§ryé£é1, Sﬁccessive p5rti§n§ of thecurvedférySﬁal wéfe  

blocked out and wavelength determinations made 6f a strong spectfal

line.‘ A plot show1ng the ray path ?or sach portion of the crystal 1n~1  “_,

 d1cated the radlus of a focal circle where mﬁxlmum resolutlon was to be
found. The line used was the W Kml x ray. Seven arggs;of the qrystal
were used on both sides of the zero wavelength position of the spectro-
meter, Fig., 3 shows the results of the test for reflection on one side
of the planeé which indicated that the focus was 0.74 em from the focal
setting where the tests were made. The testvwith reflectionvfram the
other side of the planes indicated a deviation of 0.85 cm. The source
wag therefore adjusfed 0.80 cm closer to the crystal, This adjustment
-was made in such a manner és to insure having equal distances from the

center of the focal circle O (as shown in Fig. 1) to the source R and
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éryst%l C. The correct positioné were defermined and careful adjust-
 ments iade=using an‘inéide micrometer.* It is interesting to note that ©
before these adjustments were made, an intensity difference of about 10%
existed Befween lines meésured on the two sides of the zero position of
the specirometer. After the alignment wzs made, however, these inten-
sities became equal to within a few percent,

The collimator was thenfaligned go that it transmitted the selective-
1y reflected gamma-ray beam with maximﬁm intensity. It was noticed
fhat thig adjustment was surprisingly gensitive if one desires %o take
‘advaﬁtage of’the last 10% of intensity that can be obtained. The col~
limator.pdsition does not limit the resoldtioq of the Specfromefer buﬁ
governs to what energy the instirument can be ﬁsed without interference
from the direct beam. | |

With ﬁhese adjustmenﬁs made, the spectrometer was ready for an ex-

_tensive intensity calibration which will be discussed in Part III.

B, Magnetic Beta-ray Spectrometers

The magnetic beta-ray spectrometers have been prev1ous 1y described

- in the literature (17) (18) The hom0genecus-f1eld speCurometer wﬁich i
is used for measurements of eledtrons with energies gfeafer than 25

keﬁ ié a ring focusing device having high luminosity. The magnetic
field is coﬁtrolled uéing proton resonance heads, the measured quantity
béing the resonance frequency., The detector is a Geiger-ﬂhller counter
having a mica window of thickness 0.9 mg/cmg, Since the beta particles
are ineident at 45° thereon, this is equivalent to a 1.4 mg/cm? window,

Source preparation will be described later.

- * Thé supervision and active assistance of Mr. Herbert B. Henrikson
during this poruion of the instrument alignment is gratefully

acknowledged.
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Beta spectra are studied by measuring the counting rate as a

-

function of the magnetic rigidity, Bp. This may be done éither by using

an automatle field scannlng drive and a counting-rate meter with the
counting rate being‘regorded on a strip chart recorder, or by usiﬂg man-

nal operation and a scaler to record the 1nd¢v1dual counts (“mclnt by

poin§" methbod). The momenttm resolution of the spectromater depends
npon the gize of the gource asnd the setiings of the gpectromater dia=-
phrams. Sources wers of lwo sizes. With the gpectrometer adjaéted to
give Toptimum match“ of*resolm%ion and ihtansiﬁy tha J-mm diameﬁer
sourees gave ~,7% moLentum reuolutlon whils ] L= gsources QEVG’G-B%.

resolutzon.

The 120° beta-ray spacﬁrqme%er was used to measure beha rays'having
energiem bstveen 2 kev and 120 kev. The current providing the nearly
homogenegous magnetic field was cortrollad using a robating electromech-
anical device and an electronic servb svstem. The detector for this
. sPecﬁrémétér ﬁas a Géi¢a m11@r counter h ng a formvar windov.
Windous were made by a standard process (19) snd varied in thicknass
from 10 ug/cm to 30 /e The operation of *His soectrometer was:
also ev+her automﬂnlc or manual ulth %he countinﬂ rate belnw recorﬂed in
the s&ﬁ@ manney &8s W}th the rlﬂg-focusimg spectromet@r. The "opiimum
mateh® momentum resolution for the 1.5 mm x 2.5 em sources used was
sbout 1%. |

The observed counﬁiﬂg rate is Dronortibnal to ﬁﬁe number of elect-
rons in the range of moment beﬁveen magnetic rigidities Bpﬂand-BQ +
A(Bp). Since in this insirument A(Bp)/CBp) is essentially conSumﬁt, and
hence ACBp) vnrles proportional o (Bp)s 1% is necessery %o divide the

1nuegrated number of counts in the area of each line profile by the

corregponding Bp of that line in order %o oblain numbers proporiional to
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the relative intensities of the different liness

b

The corrections o the relailve intensitles are due o counter dead-
time 1;8568 and to electron abscrption in the counter windows, Dead=-
time corrections were made wherever the counting rate was sufficient to
necessitate thig. With the ring-focusing spectrometer, window-loss
corrections were applied from curves given by Slatis (19) for mica win—
dows., These curves give the correction factor to the observed electron
intensity as a functién of the energy of the electron. In the 1800

spectrometer and for most lines in the ring-focusing spectrometer, the

alectron absorption was negligibla,

G, Sources “

411 of the radioactive sources used in this study were produced by
neutron capture., Oenerally, the materisls %o be irradiated with thermal
neutrons were enriched in the isotope of interest, sbundances varying
from 40% to 95%. These saparated lsctopes were purchaged from the
Stable Isotope Division of the Dak Ridge'mé%ional Laboratory. The neul-

o g " ot yyed » s o 1L, 2
ron flux in which the msterial was placed varied from 10 /en® see to
3 114‘ 2 B KR ) K : > g aag s 3 LA
5 x 10 /cm‘ gsec. With the high newtron flux, in addition to the high
enrichments which were generally available, sources usually had an
initial specific activity of the order of 500 mq/mg.

Transportation of the msterisls from the pile st Arco, Idaho, %o

the laboratory in Pasadena was generally accomplished by air because of

the

m

hort half-lives of most of the sources gtudied.

Usually thé gource malerial for the curved-arystal‘spectromeﬁer was
_eacloaed_in a fused guartz capillary tube of internal diameter near
0.009%, external diameter near 0.050% and height 1., The ends of the

capillary tube containing the materlal were fused together thus forming
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'v;,completely enclosed ®line¥ source for the spectrometer. These wers
.féady for immediate insertion into the Instrument.

‘The preparation of gources for the beta spectroﬁeﬁers wés aceom-
plished by vacumm evaporation of the activsted matefial onto a'suitable
backing, Backings used depended upon source materizl, evaporation tem-
perature, and wheﬁher or not back geatiering wos important. Generally,
aluninized mica or slumimm féilvwaﬂ used for backings, If the évaﬁéfa-
tion was made onto mica or aluminum foil, a circular source was punched
out for the ring focusing spectrometer and a narrow recltangular source .
‘was>cut out for the 180° sp@ctromeﬁer, Tﬁeéé sources were glued to the

Hspectrcmeter source holder with Duco Cement;

&

A description of the individual sources used in this study follows:

HfISOm

Hf180m gourcas were produced by’ﬁeutron irradiation of HfOé’with
the hafniam eririched in the iqoﬁepe 179, Tebla I gives the isotopic
abundances for the tuwo eﬁriéﬁﬁeﬁﬁs:used. 4 conﬁaminahﬁ éctivit§ due to
- radioactive ﬁflgls produced by neutron capture ofkﬁflgag vas mininized Ey
tthhighertenrichﬁénﬁrﬁcﬁféeéywhich”became’available’dﬁriﬂg;ﬁh@ course
of %ﬁe expefim@nt; These sdurceﬁ‘incraaSG&‘ﬁhe 179 to 180 isoﬁopic ab-
undance ratio from 1 %o 8 thus decreasing the contamination activity
c@rwespOﬂdin@Ly;

Sources were irradiated for about six hours in a neuwtron flux of

approximately 2 x 101%/cm2 zec, Since the half-life of ﬂflgom is 5.5

hours, longer irradiastions were avoided %o keep from increasing the per-
Ad .4 L4 K L] ot 1 SN -—-—flgl
centage of the total activity contribuled by the fl-day Hf . After

removal of the sources from the plle, they were rushed to the laboratory



TABIE I. HBf isotopic abundances
of the present enriched sources

.Isoto?e . Abundance %

Hatural® Enrichment 1

Enrichment 2

174 _Oflé 2 ‘Etrécg only -

176 5.21 0.13

17 18,56 - | 1.17

178 271 . 49

179 13,75 L 47.55
o180 . 35.22 L 4627

- <0.1
<0;l_ _
o Le2
46
8.6

. 10,0

a. TFrom Strominger.et al. (20)
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%
in Pasadena. -

The vacuum evaporation of the beta sources was?aéébmplished by
placing the radioactive material in a recess in a ¥ungsten ribbon fila-
ment., Very high temperatures, near 32000 C, were hecessarily“used. @he ‘
evaporation was made directly onto the end of the aluminum souréé*holé@r

for the ring-focusing spectrometer and onto’a pre-cut aluminum foil

gtrip for the 180° spectrometer.,

The materlal used +o nroduce the beta-aﬂtive ¢e75‘sources Was en—

rlched 8974 in the chemical form 8902 The abundance of the isotope
in the enriched source was 12.3&, The 1ntérnal dlameter of the gamma—rav

sources was approximately 0.008%, The sources were irradiated in a

neutron flux of approximately 4 x 1@1%/6m2 sec for 15 days.
The sourcé backing fcr aach aof the beta-spectrOmeter sources was
aluminizéaxmica.; The gizes of tha soufces used correspondeﬂ to 0.7% and

1% momentum reSOTutlon.for the rmng focusznr pectroneter and the ]80

snectrometer resnectlvely.

187

The sourceg were preparad by neutron 1oradiatlon of anfiched 5186
in the form.WOB. The abundance of the isotope in the enriched source was
97,94, The neutron flux was approximately 2'% 10l€/cm2 S€C .ad the

* The time lapse between removal of the sources from the pile at &rco,
Idaho, and their insertion info the instrument in Pagadena was generally
- about 13 hours. Effective measurements could then be made for about
another 13 hours (two to three half-lives), Becsuse of this shor€ period
during uhlch the source could b _ﬁudied many 1rradlatlons Were. neces—

‘sary.”

: I am 1ndebted to Messrs. J. L. Walker and B. R. 'Connor of.

Phillips Petroleum Company and the staff at the Meterials Testinﬂ ‘Reactor
for the efficient handling of the irradiations and shipments and to Mr.
4. Hicks of ‘Galtéch whose dependablliﬁy and effsctive driwing saved

precious hours,
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irradiétiantime was five days..

~In addition to the guertz capillary gamma-ray souraes with internal
diameter of é.GO ¥, an additiongl’”extended“ gamma~-ray -source was used.
TheAextended’source holder was made from Tery pure alumindm:and had in-
ternal diéEﬁsiﬁns 0,010 x 0,250 x 1%, An aluminum cap was welded %o
the holder, sealing i% off. The thickness of the window presented,ﬁc
the gamma~-ray beam was 0,010%, This source holder was filled with &bout
100 mg“of“QDB; The,extéﬁded source was prepared in order that very weak
high energy gammaéray“transiﬁions iﬂ,36187’90u1d be studied. Wiﬁh this
sources intensities‘of gamma rays wﬁdﬁe gnergies ware above‘about 200
kev waere increased considerably.k For gamma'rayé:of lower energies,
self absorption through the 0.250% depth of the source caused the radia-
tion to be absorbed out., S8ince only one rectangular cross section of
the extended source couid be placed in the focal position of the spec-
trométer, thexe ﬁaska line broadening of approxima%ely 35% éhen uging
the exteﬁdéd éoufce; | | | e | A i

Bata sources were pr@pared by vaeuun evaporation onto aluminlized

‘micg.‘vThe‘?ing-fbéusing,specﬁromeﬁer was operated at 0.7 and 0.3%
momeﬁﬁum resélﬁtioﬁ‘wﬁile thQVISOO’épécﬁ?ometér was‘épéraﬁed'at 14

monmentun resolution. |

182

. Tg and'TaISB Sources

The source for the gamma spectrometer was prepared by obtaining a
very pure tantalum wire whose diameter was 0.010" and Zength was L.2%
and by inserting it into a guartz capillary tube with an internal

diameter small enongh to assure a tight £it, The capillary tube pro-
vided rigidity sufficient to Insure against the wire bending. Talgl,

the isotope from which Ta™ ~—* 3 are formed by neutron capture, was



virtually the only isotope contained in the gsource as its natural abun-
dance is almost 1602?:;, and the chemical purity was high.

The source was irradisted for approximstely BO‘dayg at a neutron
flux of approximately 4 x= lﬁlﬁ/cmg sec. The 112-day Talgg was produced
by neutron capture.ana_the 5-&ay.Ta183 by dovble capture. The double
capture activilty was considerable because of the falrly short half—lifa
of the 183 isotope and especially because of the large cross sechion for
neutron éapture‘of T3182, which is 13000 barns.

Ag the relative‘ihﬁensities of the‘gamma rays were the only guan-

' tities to be determined with these isotopes, no beta sources were mada,



Part III

CURVED~CRYSTAL SPECTROMETER INTEWSITY GALIBRATION .
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consglderable quesiion ag

As previously mentioned, there has heen

to the accuracy of the gamma-ray intensitics measured using the curved=-

erystal spectrometer., For thig reason a new intensity calibration was

performed.
The heichts of the zarma-ray lines as registered in the spectrometer

can be used directly as a maeasure for their Intensities ingtead of using

<

their sreas bpcause the ingtrument window is constant on a wavelength

. | _
scale, Iatenvlty'measurementﬁ are mada, uhero?o+v, bv' 081t loning the

spectrcmeter a2t the paak of the line and determing the countlﬂf rate,

determined on each side of the

it
e}

Then %the background counbting rate

line.

The marber of counts per unlt time at a particular speetrometer

setting is determined by detecting the photons with a Nal (T1) crystal.

4 photomultiplier fube collects the light and the resulting @180urzcal

mulses are amplified snd fed into a 100-chammel pulge~height analyzer

&

j

{D

%o b@ analyzed ﬂd feccrred.

?ﬁerwy ﬁ@nenaert correetxa.u to the counting rate fall into thraoe

First, corrections due to absorpition. These ncluoa self abgorp=-
tion in the source, abgorpiion in the source container, in the air path,
in the bent quariz erystal, and in the aluminmwm window of the Nal(T1)

:.

crystal container. Saecond, corraections for the photopesk efficiency of

#* This only applies whan the natural Iine width is small as compared
with the instrument window width, as is the case for most gamma rays
but not for x rays. The subject is discussed in detail in App. IV.
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ﬁhe detactor, Third, corrections due to the energy dependent refleciion
roperties of the bent auaritz crystsl. 411 of these corrections could
be made from previously exlsting data except for the reflectivity

¢correction,

Ahsorntion Correchiong

The shsorpilon corrections were made using the absorption coef-
ficients of Grodstein (21) and ¥eGinnies (22). All absorption corrace
tions are straighiforward with the possible excepbion of the zmelf
absorption in the source. In n g the latter correction, the source
gedmetry'is‘imporfant. Two séurce ahapes Were usod..~The flret ﬁes a
right cireunlar éylinder. The second was an extended source of reetan-
gulsr cross section. The calculation of the source absorption correc-
tion to be applied in the casze of the recltangular geometry wes straight-
Torvard. - {owevar, For the eylindrical sources (usually called #iine¥
sources) ﬁhe inﬁegral invelved‘in making ﬁhiskqerfactipn éid not have a
s mple analytical Solutlon. For this reason it‘was @ﬁbanded in a @Oﬁer
geries and integrated term by term, The result follcws:

I/ =1 - 0.9 @+ 0,500 o - 0,226 &7 + 0,083 of
- 0.032 af + 00111 of - 0.00263 o, S ®

s the beam intensit ty ag 1t emerges from the surface of the szource,

e

IO iz the intensity if bsorﬁtlon were not present, p ls the density of

the absorbing materisl, i iz the mass absorpltion coefficient, a is the
radius of the source, and @ = upa,
Detaector Bfficiency

The effic ﬂoncy of the NaI(T1l) detector, which has dimensions 5%

Ajameter x 3% deep, was caleulated from a formula given by Berger and

Dogpett (23). The formuls assumes a well collimsted, narrow beam



g
incident upon the center of the crystal parallel tofﬁhe cylind?ical_axis
and néglecﬁs.thevescape of secondery radiation. This.éélcplaﬁiom is
expected to be good for the present crystal as the diameter.ofuthe face
is 5% whereas the beam is a square about 3 on a side. The beam is well
collimated an&'the gize of %he crystal aséures very good abéorp%ion of

the imeident photons and 1ittle escape of secondary radiation 1n the.

form of bremsstrahlung of Complon seatiered quanta, for radlaﬁ;on mhas%];
energy is within the p;agﬁical 1imits of ﬁhe spectrometer for reliaﬁig:ﬁ
Aintensity measu;ementéf(éo kev to about 600 kev). Fig. /. shows a=b1;ﬁg
.of the efilclency of the nrooent crystal as a fonction of enerﬂy.' Tﬁéi
*photo effﬂclency“ is actually a comblnatlen of photopeak plus escape
peak efficiencies. T% is fortunate that the efflciengy of the'crygtal
is 100% to about 200 kev and that the correction over a consideraﬁig
part of the useful range.of the spectrbmeﬁer is smaii;

The eséape pesk correction which is iﬁnorﬁaﬁt fér enerwies uﬂaér“
v 100 kev has been emplvlcelly dete;mlned by ﬁlffractlﬁp mﬁnoczrom“tic
beams of gamma rays of Inown Gnorﬁies wibh tbe specnrommter. The séec- 
trum resultihﬁ ”rom the 6eﬁeaﬁaon of these beans by zhe WaICTl) deuectorl
was: then anaTyzed to 6etarmlna the ratlo of nhe @scane peak 1nuenﬂ1ty to{
the photoneak 1nzen61by. By us:v.nb severs 1 sﬁrong gqmma rays, uhls |
correction was determined as a funetion of energzy. The resulting pdiﬁﬁgj
ére shown in Fig., 5. The correction is somewhet less than that givéﬁf
by Wapstra et al. (24)e Indeeds it appesrs to be somewhat less ﬁhan
that caleulated by ixel for a "very good geometry” crystal (25).

Fig. 6 shows the combrined effeeﬁ of all those instrumpntal coréf
rections Tc %he observed 11ne intensities (for Qbsorptvon and counter
vePflciency) which are 1ndobendenﬁ (l) of gource geometry and maberial

and (2) 1naependent of;the bent quartz-crysﬁal reflectivity. The



w25

~_ *AoudTorzze TE0% oyy sSysnbe £3ustorzze so30ud, o4y pue £oustorsze wosdmog oyy yo wme oy
*£oustoryye jysed edeose oyy pue Lousgoryge Jeedojoud eyy Jo ums ey sepuyout Lyremgos Louetotzze

a0joyd, eyj *{8T) %3°330q pue Jedieg £q ermmiol B m.ﬂmﬁ POIEINITB0 ‘Iogoucagonds Log~cumss
T838AX0=peasnd a3 Ul pesn Ioy0096p »aw.a ISt uf 4q 20 .

A®Y ‘ADisu3 owiund 4 mﬁwo. menmwoﬂmo oyl °y exndyy .
¥ 1 § : Y T _ : r : y . — o
NOLdWOD
i | —10¢
—10¥
“lo9

LEXPLG
¥0192313Q (iL)ION

‘Aouadiyy3

%

0ol



0.3

Escape / Photo
Lo |

o
N

30 40 60 80 100 200

wbw

o'd

N |
N
NN T
<2

Energy (kev)

Pigure 5. The ratlo of the eseape pesk to photopesk intensity
as a Pfunction of energy for the 5% dlsmeter by 3% Nel(T1 ,
dotector used with the ocurved-crystal gammaeray spectrometer.
The points are the empirieal determinations of the ratio.

Curve A is thet given by Vepstra et al. (19)., Curve B is the
ratio piven by Awel for a "very good geometry® erystal (20).
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D
standard deviation to be attachsd to Intensity correchtions taken from
the curve of Pig. 6 depends upon the energy difference of the guxma
‘rays whose intensities are being compsred, increasing with.tza dispar-
ity of their energias but in no case exceeding 1.5% for the range
of energies shown in Fig.yé. Hore uncertain by far has been the cor-

rection due to the energy dependence of the reflectivity of the quartz

crystal.

Curved-ecrystal Reflectivity

Lind, Wesh, and DuMond (26) (27) have reporfed that an unstressed

: . o : e e »
guartz ervatal has a peak rsxle wion coefTiclent

C.'i

that veries more

slowly than 1/E and ﬂO‘TOélhﬂtelj a8 B. 58;, Wherd the quarts is

stressed, Ghis relsticnship changes. They found that for a sgtressed
. : - 2 - %
ery zal I mm thick, the dependence ig near X~ or B 2. Hatch (28) found
that this dspendence algo ssems to hold for g 2-mm thick crysial. e
£ b LT i.L 1-‘\"'2 + - —.13 1?
stated that 1t was closer to B 7 than to & T or B 7, or tWo ganwa
;rays whase energles dlftor by a fachor of four, an vfﬁaintj of O 5 in

the ecaonont giveg a relative intenglity uncertainty of a factor of two.

It was aprarent that a precise value mist be found if the curved-

des.

=

crystal spscirometer was to fulfill its capablili

Pos 51ble Calibration %euhods

There are two gemeral approaches to the problem of intensity cali-

t (which shall be called a "unified calibration™) is

03

bration. The fir

2

to find an emplrical curve relating uncorrecited relative intensities to

ond

getual relative intensities in the source without recourse to the many

individual corrections. The second (tindividual correction calibration')

*  The term "integrated reflection coefficient® has been used in the
past., For the difference, refer to Avpendix IV,
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ig to determine all of the known corrections individually and then com-
pute the combined effect upon intensity measurements.

Because the major correction ig that dus to the reflection coeffi-
cient of the curved crystal, either approach should primarily delermine
this quantity becguse all other Inown corrections are secondary and
caleulable., 4 list of methods or éxperiments that, at least in prinei-
ple, are cépable of yielding information relevant %o the calibration of
the curved-crystal spectromater followss
l) Crystal reflectivity determination (Individual correction calibra-

'

~tion).

a) By measuring gamma rays in_tﬁe diffracjedfﬁositioh and also in
the direct beam (zero wavelength) posilion where the rays are not dif-
fracted, the actual reflection coefficient as a function of energy may
be determined. In this method all other corrections cancel outh,for the
amount»of absorbing material through which the gamma rays travel iz the

 sam§ except for small differeﬁcesrin'the air path;‘ This was tﬁe.maﬁhod
used by Hatch (28). | |

‘ b) By using isotopes whose decay schemes contain a singleysﬁrong
—gémma ray,ithe'real ratio of tﬁe iﬁﬁeﬁéiﬁy‘éf ﬁhéfgammawfay:to‘thé sﬁm
of ths inteﬁsitiesvcf the K x fays may be determined,if'the K~ghell
" fiuorescence yield, @k’ and the K-conver&ionbcoefficienﬁ 18 knoyn, by

using the formula

Iek/IY = Uy . (4)

By comparing the measured values with the calculsted valuas, the inten-
gith correction factor batween these two energies can be determined.
2) Uairied calibration,

a) By comparing the relative intengities measurad using the curved-



crystal spectrometer with intensities measured with otth Ainstruments

whose corrections are well known, the spectirometer vay‘be cqllbratec.

b) The continuous x-ray spectrum might conceivably be ﬁﬁed, for
the intensity is reporied %o be linear with energy; thus one need but
mount an x-ray tube in the source position and meagure the intenSiéies_
at various energies %O»determine.ﬁhe calibration., Howevar, the shape .
of the continuous spectrum is 1nsufflclent ly well verified. In addition,
it is difficult to oblain sufficiently high voltages to calibrate the
','instrumant ovar a usefui raﬁge'o? energies.

3 By ﬁaklﬂw aévan%awé of the over-daﬁcwmlnaﬁlon whlch can be'
achlaved with relaﬁive 1ntens¢ﬁ¢es Wﬁen 1nfo“mat10n aoout the nonulatlnﬁ
and de-populating of excited nuclear levels is avalladle, a calibratioﬂh
nay be effected. This is called the "decay scheme.method, It is dis-

cussed in detail in the next section,

. One dis advanh ge of taa xﬂd1v1du%l correct:on apmroaca is tha% one
can never ba conpleﬁely coftaln Lhat all forrections have seea 1101&&@&.
An over—all Callﬂr tzon of the 1nstrumeﬂﬁ waS Pelﬁ to be he moqt sat-
‘15facﬁory solutlon. In fact, how@ver, tha bracflcalltv‘of uhe exnarl-'

enﬁ was a nore 1wpcrta vk Lactor in determining ﬁhe appreach to ﬁhe
calibraltion proolam. Two meﬁhodé wers decided upon, the method of
comparing intensitigs with iho@e measured with oﬁher lnsnrump%tu,and

the Hecay'gchem@ mphhod ( oa and 20)

B, COMPARISON OF INTENSITIES MEASURED WITH OTHER IN TPUYE&T‘S

. ) - 3
Studies recently made of the decay scheme of Se7) offer gamma-~ray
intensity measurements which.can be used to check the calibration of
‘the curved-erystal spectrometer, 8675 decays by elactron caplure to

&375o v1H decaying to the ground stste, the exciﬁed}és75 mcleus, emits



nine gamma rays gi%h intensitieé large enough %o be studied by the
crystal difﬁxaéﬁion method. These gamma rays range lnfenerry from 66,05

kev to 400. 7 kev, thus covering well the most useful ¢ange ‘of the curved~

erystal spectromeuer.

Threa other research groups have also measured the relat1vff3
ray intensities, two of them by external conversion and one by sodlum— :
jodide $pectroscopy. Schardt and wenker (29) made important 111&1&1 .
megsurenanis of rolﬂtlvc wamma-fay intensities by meang of a sodlum—
iodide‘crystal detecﬁcr; More recently, GWigorev et al. (30) have
studled the wamma rays u51n~ axternal conver61on, meaourln the conver-
sion electrons w1th a lens spectrometer. Metzger and Todd (31) have
measured the gg;ative intengities of five of the gamma rays byuuéinguex-
ternal conversion. The relative intensities reported by these groups
are given;in Table II. i

The_ﬁalues measured here, as corrected for crystal reflectiﬁiﬁy by
en exact E' law, are shown 1n column 6 of the ﬁable. From the 88 data,
the aouual reflect1v1t; oorrectlon wag determlned as follogs~ The mean
of the va7ue neasured :y other groups was Pound ye ighting the MEASUT &=
« ments accordlng o zhe raporﬁed errora.' The benh-cryst&l 1ntensiﬁy '
uncorrected for crystal reflac ivity was thea lelded by tha. mean o? the
othar neasurements to give values which then represented the curved-
crystal reflédtiv*ty in rélativevunits'ﬁormalized“%o unity for the -

264.62-kev line. When Dlotted on log-log paner, the reflectlvihy as a

functlon of enargy shaws a very nlce 2) rqlght-llﬁe nature wﬁlch 1ndlcaﬁes

that the functlon doas 1ndeed fol¢ow an B X law where the exaonent XAs

not Lteele a’ function of energy, as shown in Pig, 7.

To determzne ihe bect value of the arponenu and 1tszui

least-ﬂquares adgusﬁment was per: crmed. The intensity when normalized
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Figure 7. The determination of the quariz-orystal reflection coeffis

clent, The gammaeray lines in 8975 decay ag measured with the curved=
- eryatel gpectrometer are ccmparad‘with those mesgured by several other
athore. I o +oq 18 the intensity memsured here uncorrected for
reflection coefficient variation. I is the mean value of the othey

nean
investigators. A4 lezst squares adjustment indicated a E-Q.DﬂQjﬁ.OBQ

relationship. -



-33=

- Table II. ﬁs75 gamma=ray intensity data.
Gamma-ray v : Gamma=ray Intensit
energy, pre- : With other insiruments With the curved- A
sent measure-| , crystal sneeuromnter
mgé? (kev) Schardt [Grigorev |[Metzger: Mean Gorrected | Gorre:
' . and et al. | and Value with with -
Welker | (30) |Toada | 5-<000 & | p-1,987 &
(29) (31) | 0.022 b
| 66.05 % 0.,01| 1.882 | 1.53%0.15 L.53%0,14 1,600,03 1.63%0,06
96.74  0.01| 6.6%1.9 5.5 0,3 5.6 20.3 | 5.5000,09 5.57%0.18]
12122 T o,01{29 * proo tis| 28,0 T1.2 | 27,7 To.4 | 28.0 F0.6
135,99 Fo.o2{os B2 pe ts | P56 4.6 | 94.7 £1.0 | 95.5 T1.8
198.60 £ 0.06|~3 2.6 *0.2 2.6 10,2 " 2.4 0.1 | 2.4 Fo0.1
264.62 T.0,07{100 oo 60 100 00 100
279.57 F 0.08[45.75, p1 taus |47 1 fes2 2.10 42.2 10,6 | 42.2 to.6
304.0 ¥ 6.3 | 2.070.5 2.5 20.3 | 2.1%0.3 2.25%0.20 2.20%0.14 2.29%0.14
(40007 Too.2 |2.8ta.spe.3 T2.3 (19 E2 opl.6 HL3 '19.6&0.6' 19.5 Y0,6 |

8. These intensities were obtained assuming a curved-crystal réflectiv«
1ty correction proportional to E“g 0, The errors do not include a
reflectiv1ty uncertalnty. ‘ ' : ‘

b. Tha&e intensities were obtained in accordance with the present
spectrometer intensity calibration which 1né1ca%es a curved-crystal
reflect1v1ty provortzonal to E-1.987 T 0.022

ge This value iz the mean of the values obtzined by the first two
groups. For a discussion of this see p. 3.



to a particular energy is

/1, = (Bo/E)° T F (5)

or  log L/;ﬁn = (2 + x) log Eo/B) (6)

where E 1s the emergy of the line, Eo is the reference enérgy (where
the correction is'equal,to unity), and ;1 and I are thé uncorracted and
ccfrected relative intensities respectively. The only parameter to fit
to the input da%a is x, the correction %o the exponent 2 in the reflect-
iviﬁy law. The quantity (2¥x) is the slope of the ad;ustad 11ne when
’plo*ated in log~log units. Iy |

By examining Table II, one can‘seé that the sgreement betweeﬁ the
experimental data is, indeed, very good. There does, however, exist a
discrepancy between the reported intensities of the 279.57-kev line,
All other 8375 data indicate a crystal reflectivity relaﬁionship very
cloae to E-Z as did also an 1nsterent CalleSulOH (to be descrlned
‘Dresently) u31nw pflSOm.‘ Asuumlnv the E law, the 1mten 1Ly of the
279.57—kev line relative %o the 264.62—kev line cauld be measured with '
con51derable accuracy‘w1+h bha resulﬁlng ra lavlve 1nten51ty &2 2 i 0.6
The error ig almoqt entlrely due to COHﬁilﬁ“ stntlﬁtics. As the energy
difference is small, the uncertainties due ﬁo energy dependent corrections
were negligible, The present value over-laps thet of Grigorev et al. and
also that of Schardt and Welker; howsveér, it is about seven standard
deviaﬁions‘from that of ﬁéﬁzger and Todd. Because of this great differ-
ence, the point was oarefully remeasured umtil the total number of
meaquremantu on this line was four (the other lines were mea sured twice).
The reproducibiliﬁy was good, the highest value belng 42.7 and the mean |
v42.2. The llnes wore entirely-resolved and very strong. It was there-

fore felt thet the value of lMetzger and Todd was in error and, hence,



this value wésfﬁétvﬁééd;  This « 1d not, howeve r, ha”e a great effect on
the output value of the exponent. The difference, if %he value by
Metzger and Todd had been used, would have amounted fto less than 0.3%.

The adjusted value of x was found to be 0,000 + C.032 giving an expo-

nen bt

i

‘ nt in the “ei’le@tﬁ’i%y law of 2,000 + 0,032 over the range 60 kev £ ES
LCC kov, The guoted error iz the stanﬁard-devﬁation, Gy reflecting the
aceuracy of the original me asurezenue, or internal error. The consig-
tency of the data is good, £oir the skﬂma rd devistlion, ¢ o? based on the

spread of the observatlons (ex ternal error) is 0,024 ¢ 1v1ng de/d. O.75a

C, DECAY SONEME ﬂ@f"*z:fom UsTIG }'Ifl
To describe this method in a simple manner, a hypothetica 'éecay
scheme will be used., This is shown in Fig. 8. Ievel C is populatad by
beta dacsy from the parent micleus. Level B and ths ground state may, of
acourse, also bhe @omulat@é;: Measurements can be made Wi%h“a'bamﬁé spac=
trometer of the “elatlve 1ntensxﬁ1e° of the gamma rays I(E)Y/I(l)
‘I(B)?/I(l) v assumlng‘t* nten31ty‘calibratlon of the instrument

is known., The guantities measured in the hmta mpectromeﬁer ara ﬁhe’rel-

a%ive convers von elQCuron‘i’ iyi I(l)aLI/I<1)ey’ I(z) E/I<l)a*’
étC» ‘ ; "‘ o S | ‘

For transition i, the couversion coefficient a(i)ﬂ is dafined as

the ratio of the intensity. of the elsctrong internally converted in the

1L shell o ﬁﬁe”ihtéméiﬁyzéfﬁﬁbe camma rays pertaining %o that trangi-
tion. Using only relative intensities, absolute conversion coeffi~
cients casnnot he obtalned without furth er information. when one abso=-
Iute coefficlent has been esﬁablisheé, however, the others can be

cwlculﬁteﬂ from the measured relative beta- and gamma-ray intensities

from the following relationships



nﬂéb

Figure 3, A hypothstlcel decay scheme to illusirete
the decay schema method, :
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a®), =[1)a, / 1] [T, /zm]am @)

Now, the decay scheme can give relevant informetion by consiéering the

populating and de-populating (feeding and blseding) of laevels., The

decay fraction, which is the percentage of the total decay rate contri-
ﬁutea by a perticular transition, is pronortional to [l + a(z)] I(i)
vhere é(i)t is the iotal conversion coe¢flclent of tﬁe 1th franal i'n '
Referring to the hypothetical decay schGWG, it is seen hhat eqmaﬁloné
can be get up in tarmﬁ of the decay fractions exprassinw the ?act that
’ the feeding of level G equals ﬁhe blemdlnw of G, and g0 forth Theza
: equatlons relatlng the ‘decay Lractlonﬂ $hall be called “level equaﬁlonﬂ u-
The number of indspendent equatlons that can be set up in this manner is
equal to the number of.interﬁ@diafe gtataes betueen the initial state, Dy
and the grdﬁnd sﬁéte, A, It ig wery difficult, however, to measure a
beta-decay transition intensity; therefore, in praciice, one cannot
kwrzte an esguation emuetwnr the feedznﬂ and bleeﬂlnv of a 1evel tbaﬁ is
' b@lng fed ay bata decaﬂ Tn tae e mple, uhe ong GQHQMlOn.Eh;u ls ﬁseé
ful‘is the a@uﬁtion written with respect to level B, if beta branching
 t0‘ﬁhaﬁ:l¢vel”doe§ not occﬁré' ; i :‘ » ‘ ‘,}‘ :k"’ : ,
[rew] o =[1+eu@,]10,.  ©
Using Bq. (7) to-eliminate &(2)% and solving for é(l);

cz(l)t [(zcw) /1)) ] [1 - 102, / m)e.i.] ©)

"Thus éﬂ exprossion has been obtalned for a(l)t in terms of the
mﬁésﬁréd relative gamma;raﬁ intensities and the relstive total electron
intengities, This expression can be used fo Find‘ﬁhé abgolute convers=
qlon coefficient of transition 1 which could then be used to normallze

in an absolute manner 21l of the relative conversion coefficienls in
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the source., If, however, the absoluls conversion coef:
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been determined in some other menner,

pEAN AL

system., This over-determinatlon can, for inztance, be used to obtsin

correchions to the ?ﬂl&%lve gammp~ray intensitice 1f the latlter are no

In & more cowmplex decay scheme, equations giving a greater over-
detarmineticn can be sa% up if there is no beta feeding of the levels or

t ecannot be experimentally delermined. Thus, with a

her quanti ‘h as ths

ol 80m . ~ . ~
decay scheme such as Hf T 7y which has four intermedicte levels, one
f&av‘. termine abaolutp conver ion coefficients and gt111 have a thrice
over—determineﬁ gvstens The sbsolute coefficients were obtained and

the over=defterwination was used t¢ calibrate the gamma-ray gpectirometer

for intensily measurements,

-

Les the enly cross-over heing

there are very faw
that of the 501-kev fransition from the Gm' o ”tu &o the 6+ gtate. In

addition, there ig no heta aciivity ot all which allows all intermediste

¥}
ot
(¢}

~level equations S used ands lﬂ'm“@it?ﬂﬂ, reduces fhe beia spectro-

meﬁer'bachground consider ﬂgl

Svocironetar Calibration

To apply the decay schems method fo HE » measuronent

of %he relstive gamma-ray intensities using the curved-crystal

* I4% is interesting to note that when Zo. (9) is av
where one of ithe gsmma-raye is obsent and the transiti
electron conversion, such a2g in the case of the MW, frs
goeries of isomeric transitions, the expression simplif

that the sbeclute coefficlent of the hl transiticn fo:
transition rad using beta spactrometer %olﬂJiv

it can bg measu ; & ol
aglone. .d ) ﬁi<1)mt )Qt)— l] -1 where $ransiy
converted.
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spectrometers relative conversion electron intensities were measuraed
using the ?W? beta-ray spectrometers. Gama-ray intensities corrected
for an E% reflection energy dependence are shoun in Table ITI, Sta-
tistieal uncertainty was of the order of 1% for mogt of the lines. The
iﬁtensity‘of the 501,0-kev line Qaé very inaccurately &e%ermined;
howgwer, as the line was very woak, |

The rimg focusing spectrometer which was used o measure céhvé:sibn
lines incluéing the 93.33-kev L lines and all lines with higher energy
wag operated at 0.7% momentum fesolﬁtion. The counting rate for a
typical line vwas of the oréer of 700 counts per minﬁie at the peak of
the line. Total counts in ﬁhe peak'§osition were usuélly about ROQO;
The 180° spectrometer was used to meosure the intsnsities of conversion
lines including the 93;33-kev M lines and all lineg with lower energy
and was operated at 1% momentum resolution. Counting rates were similar
to those found using the ring focu51ng specﬁromeﬁsr. Fig. 10 snd Fig,
11 shOW‘typicpl runs made with the 180 snnchromeuer. ?Alﬁhbﬁgh-ﬁhe beta
spectrometars are equipped for automaﬁic operation, 311 of the inﬁ@nsity
rns were‘made ﬁanually;- mhe tlne spenﬁ On each lln@ varied from half
an hour Lo two hours Gependlng upon the relatlva llne sﬁfenvth and
sﬁate of decay of the source. |

Table IIT gives the total of the intensitiss of the conversion
lines for each transition. -In the cases of the 215.25~, 332.5-, and
501,0-kev transitions, all of the cdnversion lines were not measured,
The total electron intensities for tnese lines were found by adding to
the gum of the experimental conversion line intensities a fraciion to
account for the ummeasursd lines. The fraction was an ®educated |
gﬁeés“ based upon the general manner in which convéréioa coefficients

vary between electron shells, 4 very large error was assigned %o



Table III, B0 transition data used in the calibration
of the curved=crystal spectrometer and in obtaining
absolute conversion coefficients.

Gamma=-ray Total convefsion Gamma=-ray Gamni4fay
energy electron 1ﬂt3n51twd intensity @ intengity b
(kev): (relative wntds)®? ggrigcged with gfﬁfﬁ%@ig.géﬁh

57,5, + 0,01 ~ 0.378 % 0,013 289+ 6 291 ;I_- 7
93.33 £ 0,02 0.95 i 0.023 004+ 2 100 + 2
215,25 + 0.13 0.221 + 0,010 506 + 10 500 + 14
332.5 & 0.3 | 0.0634 + 0.0025 577 + 17 567 + 24
443.8 ’"3_- 0.6 0.0227 # 0.0012 502 +20 - >

5010 % 0.6 0.0104 # 0.0011 L

be

C.

d.

Se

i

guping a curved=crystal reflectiv=
; ‘correction proportional fo E Q'QQQ.‘ The errors do not include
~the reflectivity uncavtnlnﬁy. ' CELRL G e e L ,

The@e intensitiss were obitained as

These intensities were obhained in accordance with the preseﬁfl
spectrometer intensity calibration which indicates a curved=- -
crystal ra”lecﬁlv;ﬁy wrooowtlonaT to E“l 987 F 0.022, :

Tha - electron 1nnen51tles should bea mu iplled by 5 38 to put them
on the same scale as the gamma-ray 1ntansitles.

This 1ncludes_th@ total of all subshell conversion eleciron intengie-
ties for each transition. TFor the 215.25=-, 332.5-, and 501,0-~kev

" transitions, all of the subshell lines were nol meagured and a .

correction was applied to account for the ummeasured lines. This

is discussed on page 40,

The energy of ‘this crossover fransition was detérminéd from the sum
of the 57.54=kev and 4A3.8-kev cascade gomma rays.

This value was not measured directly but was deduced from the foed-
ing and bleeding of levels as discussed on page 46,
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| ~bdim
t%ls fr ctlon,amdunuln& %o 20% or more. Except in ﬁ@g cage of the
501,0-kev line, this had 1ittle effect upon the uncertainty of the
total conversion line intensity for the tramaiﬁion bacause of the small
value of the fraction. The total conversion-electron intensiﬁy was
measured directly for th; 57e54=y 93433=, and 443.5-kev lines.

Using the measurements of relativevinten§i§ies, information from
the decay scheme was ianvoked to ald in the‘g§mma-specﬁrometer calibra-
tlen and in obtaining absolute conversion coeffic*ents. Pefarrimw to
thé décay scheme iﬁ Fig 9y it 1s seen thcu level eauatlons may be
wrltt@n for the 2+, 4+, 6+, and St levels. Tbe 1Q four eﬁu&ulons may
be written in uhe‘xollow1ng xoﬁm:f' | ’i o f:"'"‘ S (10)7;

Ez (216), / 1(93)-6')-- 1] ;193 E_ -1 (2165}/1 (93)@ 2+

[(z(332), / 1(93), )- 1] ;1.93 [ - 61(332)/ z(%)yj 4

[cwm / 1O W E(son), / 193))-1] agy = |
- R-eew /x)-6w), / 3691 ]

H

It

| [1<57> / 103), >-(z<443) / 3669, o 93 =

[(1(443) / 163),)- (1:(5'7) & 1(93) )] 3.;. e

ﬂnefe alectron 1ntonsmtlea 1nc3uﬂe &he otsl of a17 suoshell COﬂVGTulOH _
electron 1nten51ﬁles for the bransmulon in questiQn. | |
Ideally,\QQB'would be the only unknown quantity in the four equa-

‘tions. However, zs previocusly Wsm%ioned, the gemma-ray inteﬁsity of- the
501,0~kev traﬁsition was not determined with sufficient accuracy. Be=-
cause of this, the 6+ lével equation contains two unknown qﬁanﬁities,
93 aﬁE'I(5Dl) ,/ 1(93)‘ " In addition, the uncertainties of the 443.5-
kev tran51tlon intensities were quite large. For this reagon, this
equaticn WES‘nOﬁ used in the least~squares adjustment. The remaining

equations, neverthaless, constitute three equations in one unknown.



SN
These three quatiqns were therefore used for the spectrometer calibra-
tion and absolute conversion coefficient detsfminatiog.nlihev6+ level -
equation‘Waskﬁhen used o détermine the gamma-ray iﬁtensify of the 501,0-
kev transition. .

To determinevthe 6e#iatiop:from‘the E-Z law, the raw data wera
corrected for all known cdrrgcﬁi;n factors and for a pure.E-g crys%al 
raflectivity. These relatiﬁeviatensities, indicated by primes; we;e H
then ﬁnltipli@d by‘é correcﬁion,function with a pafameter, ¥y indicating
“the ﬂevxatlon from a ‘pure E TR reflect1vxty law. 4s % was expec ﬁed‘tb
be small, the ex panenﬁlal was eymanﬁed in a power series with the

hagher ﬁerms belaa neﬂlected.
), / Im =['a), /1 <3>]<E<3)/E<3>)"
HON /T ](1 + % log BE)/E()) (11)

Thig was then subshituted for the relative gamma=-ray intensitiles in the
equations,on‘levels 3.,‘4+, gn& &+ whzch %hen.became;£hrae Equétieﬁs
with fwvo unknééﬁ guantities. The equé%ioﬁs are of the form

s0gg P Byt e, =0, 3 #:1, 23 (Iééf;]'
where a., bi’ énd Ci arekimproclﬂe ?arameters whach are functlons of the
primitive, unco*relaued dJBa. A leqet-@qua;es wrocedure was applied
to thesze Qquations,‘taking-into account the correlations beﬁwegn the
parametérs.*‘ The résulting values for fthe unknowns are x = -0, 026 +
0.032 and a93 ='5.05_j 0.29. The internal errors sre given, The ratio

- of the external and internal error is 1.1, so the data seem consistent.

= T wish %o acl mowledge the kind assistance of Dr. E. R. Cohen who
outlined the proper least-gquares procedure %o uge in solving the

equations.
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D. CONCIUSIONS ON SPECTROMETER CALIBRATION

The values of x obtained from the two ecalibration methods are in

reasonable agreement., That obtainedbfvom the 8675 experineﬁ%'alone.ié
0,000 + 0,032 wh1ch ovaflaps the value obtalned from the ﬁflg@ axperi—
ment above. "4 more precise value of x and Gyq Was found by comblnlng'

' thé regsults of the two experiments, This amounis %o adding tO"Eqs.;(lgé)

a fourth equation
x - c =0 , (120)

where ¢, is the valus for % obﬁalned from the 6675 experiment, The

g 1
‘leasthquares adgusted values of the varlables from this new set of
sauations are x = O 013 % 0. 022 and 693 5414 + 0.24. " ' In this cases
the ratio of external and ;nuernal error is 0.8, The velues of the -
variables were then substituted into the 6+ level ecuation to obtaln the
gamma-ray Intensity of the 501.0-kev trangifion ag given in Table III¢
The wbuoluta value of a93 was used fo establishvthe scale for the Hflgc
conversmon CQQLLIGI@Hﬁ& in Table v, These_qogffiéieniskwill bé'diéév 
cussed.fnrther in Part IV;

The energy dependence of the peak T@fl@Ctlon coefflclont of he
(310) planes in the 2-mm thlck auartz sl b bent to a 2-meter radlus of
curvw+ure used in the curved-crystal snect%ometer over the range 60
kev $E< 400 kev is 81797 3 002 14 54 simerosting to note hat
 the uncertainty in the value of the exponent includes the number 2,000
within a standerd deviation. Thus, the E 2 law predicted by Lind et
al. does not disagree with the present result, Fig. 12 gives a graph
‘of,the correction to a pure E-g law. It also givas'ﬁhe error introduced
| when correcting relative gammaQray intensitlies for the curved-crysial

reflectivity, From the figure, it can be seen that the relative

uncertainty due to the r°1190uiflﬁy correction when comparing intengities
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of zamma rays whose energies differ by a Ffaclor of four has now been

raduced to 3%.



PART IV

CONVERSION COEFFICIENIS IN SOME DEFORMED NUCIET
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Using the CﬁfV@d*CP?&ﬁ&l.SpeC§TOﬁsﬁ8T, now calibrated for gamma-
ray intensity measurenents, and the two beta-ray snecﬁrcmeters, a study
was made of conversion coefficients of transitions in some nucled W“thln
the deformed region.. The deformaﬁion‘paramgter, by measures ﬁhe eccan-

tricity of the potential in which the mucleons are assumed o move.
%Easﬁéémanms'of this quantity have been obtained from the intrinsic
muelear guadrupole momenﬁ,@o,which depends upon the defo?mation in the
following manner, as glven by Mottelson and Milsson (32)3
“@WHrERE @+ Y2nee), (W)
where Ré is tﬁe meéﬁ charge radius.of'the’nucleus. - o
In deforned nvelel, rotaﬁionaliexcited afates are found. For even=
aven nuclei, a zero order formula for the enprvy Teve of éﬂ.aﬂlﬂllv
symmetric rotating nucleus is o
£ =(n%/27) [I(I-H) - KZ] +(n/23,)8? (12)
Awheie‘J éﬁd Jé,are'thefmdments of iﬁer£ié‘?aré1iel aﬁdAﬁerpandicular t5M 
the symmetry'axis, I repreﬁenta‘the total angular monentum and K ig the
projection of I on the ﬂyﬁmet ' kls (33) “Fof oddehﬁﬁclei,.ﬁhe:form-
k‘ulafls'slmllar,j¢The groundeaiaue,andfalso othar‘“intfinsidhstﬁ*es“‘
originéting from single-particle éxci%aticns mey give rise Lo such a
rotational band. " The gpins of the excited ststes are dependent upon the
¥ guantmm mumber for the gfoup of rotational levels, which is equal to
the spin, I, of the intrinsgic Stata u?onAwhich_the rotations are based.

or gtates baged upon K =0, I takes on the values Ky K + 2, K+ 4 cee

b

When K # 0, the spins of the rolational states are given by I =K,
K+1,K+20|- ol |

Nflsson and Rasmussen have pointad out (11) that anomalous conver-
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retarded over'thefsingle—particle estimates. Sinee many retarded
transitions are found in deformed nuclei, efforts were made to measure
conversion cosfficlents in some of them.

Regicné'in_which deformed nuclei appear are A = 25, 150¢ A€ 190
and 42230, The nuclel chosen for this study were Hflgo, Relg7, ﬁlsz,
anﬁ:ﬁlgB. HflSO represents a highly deformed even=-even nucleus (6.= 0.25)
and exhibits four rotational states when decaying from ﬁflscm.f ngz’
is also even~even and has a deformation parameter of 0.23. WISB ig an |
example of an odd-A .micleus haviﬁg a deformatibn (6 = 0,21). These two
’ tﬁﬁgsten isotopéskhaVé many,rotatiﬁnalsstatés based én a numhefrqf in=
t:iﬁsié ététeé.~ Rel87 is another bddré miclens and ié‘interesfiﬁg as
it éppeara at the edge of the strongly d@fb;med region with & = 0.19.

The applicability of nuclear models, based upon deformed potentials, to
thié‘ﬁucleus has been under auestion (34)e
The discussion.will proceed with a description of the axperimenﬁs

performed and the results obtained with each of these muclei,

A, ,HflSO GOnVQrsion Cosfficients

Intréducﬁion.ggQ Exgeriﬁenta1.£@3§gg

Fig. 9 shows’ﬁhé éecay scheme of pet80m e four excited
states are of an almost pure rotational éharacter based upon the ground
gtate with K = 0. All of the transitions between these states are E2's.
The next excited stale is the lsomeric 9- state with a half-life of 5.5
hours. The *transitions de-populating this state are an %1 fo ﬁhe &+
level and an E3 %o the 6+ level, These transitions are of particular
ihtefest; Tbe‘El is retarded by s factor of 10%5 over the single=-
particle estimate and is the most highly retarded El known. This re-

tardation has already been attributed to K~-forbiddemmess (35) wit
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4K = 9, Scharff-Goldhaber. et al. have reported (10) (35) on the ancm=
alous nature of the conversion coefficients of this transition. Gvozdev
and Rusinov have also made conversion coefficlent delerminations in this
nucleus (36). They have regorted‘K-conversion'coefficiemﬁs for all of
the transitions which are convarﬁe&vin the ¥ ghell, and have reported
valnes for the IL-conversion coefficients of the 443.8-, 93.33=, 57.54=
kev transitions.

The methods used in determining the coefficients and their absolute
normalization are described in detail on pp. 35~45. The absolute con-
verglon coefficients ﬁhus obtained sre.-given in stle IV with the

valuese of Gvozdev and Rusinov and the recent theoretical values of Roze

(6) also being given.

Hesulis

The anomaious'value of the 57.54=kev L~converzion coefficient is
confirmed. Scharfi-Goldhaber. et al. report‘the ratios LI/LII/LTII =
5¢0,5:1 which gives (II + ITIL/ 1T = 5.5 The~§mesent'w6rk gives the
same value‘for the last ratio, 5.5 + 0.8, }Accqrﬁing %o Rosels théore-
tlcal coefflclents, ﬁha ratios should be LP/LIT/ TIT 1,32/0.81/ 1 and
(T ¥ Lixl/LIII = 2 63. Cvozdav and Ruslnov rnaort a yaluevfor | |
(II + L I)/LHz of approximately 3., Fig 10 shows the 57.54=kev L~con-
version lines. From the figure, it can be seen that 11 gives the main
conﬁribution 10 the composite in aggreement with Scharff-Goldhaber. The
value obtained for the total L~conversion coefficient is 0.5, 4 0.04,
while Scharff—&ol&haber; et al. give 0.4 and Gvomdev and Rusinov give
0.33,1 0.10. The curved~crystal spectrometer made it possible to re-
solve the 57.54=kev line from the Hf K x rays, so the gomma~ray inden-~

sitvaas subject to fewer errors. 4 small amount of M2 admixture

might appear to be permigsible as the mezsured aLI' is 0,08, + 0,012
I
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TARIE IV. Data for transitions in JE COR

Gamma~ray Gamme ~ray Conversion Conversion alechron Conversion coofficients
energy intensity ling intensities Absclute, by Experinent by Theoretical
(kev) {relative (relative units) prosent Gvozdev and ()
units) exporiment?® Rusinov (35) ) :
57.54 291+ 7 Ly + Lop  0.248 10,014 0./58 +0,036 o.?%ﬂ 6102
Lyt 0.045 0,006 0.08Z 40,012 0,062 22
Ty obal 0.29), 0,012 0.543 #0,036 0.33 40,10 0.225 91
1 - 0,072 30,007 0.134 10,015 0.036° 43
N+ 0 0.012 0,002 0.023 30,004
v ‘ total | 0378 30,013 o.ééay 40,045
9333 1022 K 0,05 10,012 1.10 40.09 1.3 0.4 s
= L+ L_[I“ 0,33 20.017  1.85 30,13 | | 146
Lyry 0.239 #0.013 1.29 20.09 1.32
Ly oeaq 0.582 40,017 3.13 10.19 2.90
M4 W 4eee 0,169 40,012 0.909 40.03
total 0.956 +0.023 5.1 40.25° ]
215.25 500 £ K 0,134 40,005 0.123 40,009 0.15 40,05 0.358
Ligtal =~ 0,072 20,006 - | 0,077 40,007 o087
Ctotel 0,221 40.010 0.237 40.00 '
1332.5 567 + 24, X 0,0400 40,0016 0.038 40,003 0.055 40,014 O.giz
Liotal 0,0154 40,0012 _o.o:;z,‘éio.‘yoom .. o.0130
 total  0.0634 20,0025 0.06030.004 |
443.3 P12 K ~ 0.0173 30,0010 0.018940,0017 0,026 40.007 6,090
| Ltotal' 0,0040 +0,0005 0.004/#0.0007 ' 0,006340.0016  0,0049
M4 Nosees 0,0014140,00028 - 0.0015%0,0003
total 0,0227 10,0012 0.024940, 0022
501.3 102 +31° & 0,0070 40,0009 0, 037040, 012 0.035 40,014 o.gZo %%77
total 0,016/ 40,0011 0.054940.,018

a. The normalization of these conversion coefficients was fixzed by agy whose abgclute value was delermined
as described on pp. 35-48,

be This value was not measured directly but was deduced from the feedinz and bleeding of levels as dig-
cugsed on page L6,

c. Hot dorrected for screecning.



TARIE V.  Subshell intensity retios of conversion
electrons for transitions in HflS0m

i

Camna-ray Su
gnersy Tdentification Hi areé value Theoretical
(kev) value (6)

1 M2

0.8 2,63 3,13

57.54 - (I + IIT)/LIT., 5.5 +
/M Lol o+ 04 2.62 2,12

/(0 v..) 24, 4 -

B
93.33 E‘T/-L 0.352+ 0,025  0.363
“JT*)/LT.}‘I o L4 ioae 1L
z/ 81 ...) 3.4 : o..‘zé -
215,25 K/L 1,59 4 0.1 | )o* :
332.5 /1 | 2,60 & 0.23 3420

443.8 k/1, 4e3 4+ 0.6 Ll
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whareas the theoretical value is 0.062. The amoiing of M2 admixturse

- =

needed to bring agreement with aL is (0.10 + 0.06)%.  However, this
would only bring the theoretical value for GL + aL ub»to .24 + 0.04.
Since the measured value for this last quantlty is 0.44‘3*0;03; it is
clear that the anomalous Le-conversion camnot be entirely reconciled by
ineluding an M2 admixture. Whether aLTII’Uself is snomalously high
or an M2 admixture doss exist are questions that cannot be dGClde at
present., The 57.54-kev M coefficient is approximately 60% high., The.
screening effact, which was neglected in Rose's caloulation of the M
coéfficienﬁs, woaidalcmer the theoretical value (37). Since tbe 3reaenﬁ
-experimental valuwe ie high, a true anomaly seems to exist,

The 501.0=kev E3 transition does not show an anomai;us nature within
the rather-large experimental error.

The ER transitions show some interesting features. The K-conversion
coeffiéients'show a slight trend toward Tower vaiues and contradict
ﬁhe trend uoward hlébef values wemorﬁ@d ov Gvozaav and Quﬂlnov. The
total L coef’lcients show an energy variation.with-respect to the
theoreti caJ values. The 6300riﬁ02t37 coafficlents are S7l9hﬁly high at
10W‘Gﬂ6rg16a becomlng lower as Lhe aﬁergy increases, This effect
shows up clearly in uhe K/L ratios given in Table s uvﬁh the efce tion

10

of the ratio for the 93, 33=kev ftranzition where O is somevwhat high.
. L

137 . PO
B; Re Converaion Coefficients
147 ’ v
Re hag the smalles véef@rmgnion { 3= 0,19 } in the region of

ngly-deformed nuclei, 1504 €190, One of the aimg of this in-
vestlgation was to oblain good'absolute conversion coefficients in this
_ragioh g0, in additi eﬁ Lo obtzining energies end relative conversion
cogfficients of many t_ ansitiong, considerable effort was made to find

qn abgolute normdlization of then.
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. Many wesk transitiong-cccur having an energy above 500 kev where
the reflechivity of the curved crystal mekes it difficult to obbain
sufficlent intensity for either good determinations of gamma-ray en-~
ergies or-of gamma-ray intensities. For this reasom, an extended gémma-
source was used with the spectrometer in addition to the usual Iine
~ sources, as mentioned in’Part»IIau"The gource- absorption correctién for
the extended source was'madé-using intensities of strong lineé m@ég&red
in both sources, thus finding'a curve which would normslize the extended
source ﬁntens es to the 11ne courae 1nt rﬁles. The line5 uged for
the no:m371zaﬁlan wera the 72.00-, 134, 5*; 479-4~, 551.7- 618 2-
| 686 1=y and 773-K8V ganmu PEVS.
Table VI gives the gamma-ray intensities usurﬂd wl%h the curved-

‘erystal spectromster.

&b@oluterﬁormallzation of the Conversion Coe efficients

F;rst, ﬁhe ms&su:ad gamma—?ay and conﬁgrsion4éie¢troﬁ intensities
were'preliminérily normalized go;éé‘ﬁo yield ﬁﬁe'fheofgﬁical Elk#éiue‘
for Lhe 686~kev tranhiﬁ ion. The convarsion.coeff cients on this adale
were +then raduced no an ao oJuze scale by multlpllcqtion bf f&ﬁuor y

blch was deuermlned‘bj three dlfiarent mathods,‘

1. direct determin tion of ah134’25 by a 001nc1dence experiment,

2. feeding snd blesdlng of %he 134~ and 206-kev levels, and

3. comparison of dhc total mumber of K holes with the observed

E xeray Jnﬁen TuV.

Gall gher et al, (34) meas u~0d the XK= x rays and 134.25-kev
gamna féys 1n_co;n01den¢e wzt& uhe 551.7-kev arma rays. The raflo of
% holes to 134.25-kQvaamma “‘ys ootnxna& afber CO&TOGulﬂg the coinci-

dence ratie for the Auger effect, is directily the K~-shell conversion
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‘coefficient.gfwjhg,134.2§—kevstransgtipn,:,Ehe;g.@egsured value was .
éK = 1.6 & 0,3, ..Comparison of thig with the‘relativg&gglue gave
Ty = 0-94,j,9ﬂ21. |

Before methods two and three could be applied, it was gggesséry_ﬁo
determine the K~conversion coefficient of the strong 72.QQ-kev_t;ansi-
tion which was no% directly:measurad. because the K-conversion line was
not observed. The procedure by which this was evaluated is &iécussed
in connection with the second method of determining the absolute noer
alization factor, |

Beta branching. to the 134.25-kev and 206;35-kev lqvelg was nob
‘observed, to within 10% of thezintenéitywof ﬁha,beta_group to ﬁhe
ground state. DBecause of thig, equations relating theﬁéecay fractiogs
populating to those de-populating aachvlevel could be written, Bquations

41,

ware thus oblalined with the unknown quantities being aK72”and v« The

- . - +0.17 _ +0.14
solutions are y = 0.96 S0:11 and Upery = 1.01 -0.20°

_@Iﬁ_mustzbelr@alized‘thgt O thus;obtgi@ed is noﬁ.inﬁspende?ﬁ.gfm
the final value of‘the‘normalization factor.. Tﬁe:above value of @K72‘
was obtained from a value of y as ﬁeﬁerminad from,the,modésJQf populating
and defpopulaﬁi@g the levels and not on the final mean vglue‘qf y as‘
deferminedvffomgyhg_values obtained by all three methods. This valué of
Oy in turn affects y in the third method. In essence a least-aquares
adjustment should be made. The diffgrence, however, ba?wegn such leagi~-
squares adjusted values and those quoted is not expectied %0 be signifi~
canﬁ'as illustrated by the good agroeement be%ween the values of ¥
determined by the three methods. A

Theﬂtbi;d method was o determine the mumber of K holas_inigalg7
from thg number of X x rays observed. The number of K holes is equal

Yo the sum of %the product of the E-conversion coefficient and the photon
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intensity for each transition. (The presence of X x rays from tungsten
resuliing from the fluorescence excitation of the scurce material by
the beta rays as they pass through the sample does not interfere with
the result because the W X x rays and the Re K x rays were clearly re-
solved, Furthermore, from ﬁhe:very small ratio of W to Re atioms,
and from the intens 1ty of the ¥ X x rays, it was estimated that the
contribution to the ReiK % ray intensity from fluorescence excitation
was negligible.) |

DiffiCﬁlty'waS“ethuhﬁered in consequence of the fact that the
natural 1ine wiaﬁh’df'the Kz fays ig larger’ than u%au of most gamma
rayse In most instiuments used. in gamma-ra ay apecﬁTQSCOPy,'%his is of
no impdf%ance; as the inherent window widths of the measuring instru-
#éntsiafé large compared %o the naturalnline width, This is not true
for the curved=crysi e spectrometer, for whereas the natural width for
gamma.rays is small compared with the window, that of < rays is notbs.
Consequentlyg pesk heights ;annot benusad ag' 8 megsure 1qr‘x—ray‘intgn—
sifles inﬁﬁﬁawsame way as for gamma-ray intensities. The direct‘;gter:
‘graﬁion.of th@'ﬁe_ﬁ 4y x'ray and‘thez72 00-kev gamma ray; corre ‘ng for

‘the‘long tails. of %he X ray, ylelded a COTTGCthﬂ.LHGtOT to the K ap

peak height,inﬁ%n,iﬁyyqf 1.62 £ 0,03, ' & second method, depended upon a"
knowledge of the shape and half-wldth of the néﬁural X—ray:linaaaﬂivthg
ghapa of the instrumgnt,w;ndow. his ylelded a value of 1-@133@ served
ag_gwgheck on'thg praviggs ggxe_precise ralue. &lfull discussion‘gﬁvﬁhe

is found in 4App. IV,

s

_p?ob;@mg_involved and the procedures used
The intensity of the K*@g,?;r%y us bta1ned on the same secale as

the gamma,ray,iht@ﬂsities is 49 + 2. The K—az and K—?zx rays were also

measured ut not. as, uccur&unlv. L 1e correcﬁlon iov their cond rlbuﬁion

i
4

_ was,estimaﬁedabygnain%'the ratio of ﬁhair_inﬁensijieﬁ to the intensity



of the,K-Gl as reported in Wepstra et al. (24), ,Eh@;;agies:gr
X By8y/K a; = 0,335 £ 0.0L, EBy/Kay = 484 + 0,005 and Ko/Ka, = 0.543 +
0.015.

Using the Lluorescence yield of 0,9 47»38_iuﬁerpola€edaf$am tﬁe
values of Wapstra et al., the tofal K x ray intensity as Obtaﬂned -
and the summation of the product.of the K-conversion cosfficlent times
Fhe photen intensity,for each transition, the normalizaﬁlon constant is:.

obtaineds y = 0.85 +2 Qg.

The mean of the:values of 7 of ﬁhe three different methods was
t kep to be O, 89 + 0.08. The ratio of the e&tmrnQW arror to the quoted
‘internal,errora;s‘9.5 indieating good conalst@ncy of ﬁhe data. This
normalization factor was used %o obtain the absolute conversionv

coefficients which are listed in Table VI,

0y

Conversion Coeffic clents’

| Tﬁélhigh energy“transiﬁions,:as shown in T ble VI, have'con#ersion
| eoeffiéiéﬁﬁs wﬁichﬂénree, iﬁ ﬁéﬁéral, with pure mult 1molqr1tv'asuiwn~ 
menty, Stlll, in simost every case, the exﬁer¢menial Vﬂlue is somewhaﬁ
lower than the theooetlcal alﬁhou sh uhe latter ig usually wmthln tne |
quoted gtﬂndard deVLntWOﬁ, A,sy uemaﬁlc normallzatlon srror woula qccounﬁ
for this dis;repancy but its existence seems improbable.

The 134.R5-kev tran ition appears %o be an ML + E2 mixture. ap for
this tran%ltlon is 1. 5 + 0.2 whereas the theoretical valué is 1.93. The
pggﬁggg;zgasuremenﬁ is in sgreemen’ with thet of Vergnes (3%3) who dﬁ&

1

talied O = Le5 + 0ulde

The K-convarsion coefficient of the 72.00-kev transition is Anter-.
esﬁing, As previously mentloned, the Kéelectron intensity was nol
ﬁeasured,as the enmergy of the electrons is only 0,34 keve The K-

convergion coefficient was, however, deltermined from the feeding and .
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bleeding of levels, the value obtained being T = 1.01 jgfég. The

theoretical value for a pure Bl 1s 0.52, M2 wixing would not ba a
reasonable way'to %esolve the anomaly, for ths_II and LII coefficients

are lower than the theoretical El values (LIII was not nagsured as it
was not resolved from the 134.25-kev K-electron line). op; = 0.055
0.007 and appp = 0.019 + 0.004 while the theory gives ary = 0,068 and
Qpy = 0.030.. If the present assumption, that beta fee@iﬂg of the 206.2-
kev and 134.25-kév Jevelg is iess thaﬁ 10% of that to the ground state,
- is trﬁe, then,suspicion might bé cast upon’the theore%iqal value. |

The question is logleally r,aiséd‘ as to the validity of the theory

- for a transition whose enersy &ifférs éd lifﬁle,ffom %hé binding éuergy ‘
of the eléctronsvbeing considered. Spinmrad (39) has tabulated valves
for threshold conversion coofficients. At amienergy corresponding %o

the E-binding enérgy of rhenigm, his.El conversion coefficient is 0.67.
Thers ig algo some'quesfion as to the validity of his theory, fo& the
cal¢ulatiqns were made under the»assumptians‘of-a point;nncléus and ﬁo
séfeeﬁing. Indeed, they depend upon iimiﬁing valﬁes of the'earliér
point nucleus calculations of Rose et al. (1), The present results sup~
g port the cohéiusicn fﬁat existing theoretical cohvarsioﬁ coefficients ﬁay

not be extrapolated to the limiting threshold ensrgies.

3 X
flgg and %183 Conversion Coefiicients

C. ¥

Introduction

In 1954, Murray et al. (13) (40) reported the results of a very
T ek 1 ’oor e 182 183 .
complete study of the decay schemes of Ta™ ~ and Ta™ ~. These isotopes
decay by negative beta emission into tungsten.. The proposed level

, 182 . . * .
scheme of W™~ was later interpreted by Alsga et al. (41) in terms of

difforent rotational bandse Iater, however, questions were raised with
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Thesa are absolute coefiicients. The normslization

the text,

g dis GUSued in

e

The theoretical coefficients are those by Roae (6) and are for the

2 0

multipolarity assigmments given in column 7. Coefficients given be-

Lneen parenthaces sre the uneareulczl E2 values for gemma rays which

are aaslqred as Ml + E2 31Vﬁures.

f%é decay fru ction is mrocortloual to (1 + Oy ot 1)IY and is normale
ized sssuming 20% primery belts branching to the ground state.

a1/ o/ (40 = 1/@‘;»3/@.3_-.

The energy wasg deduced rom the elecxren ]iﬁe only,

”he K-line o? a- Q6 O-kev transition cag‘possibly ke a*si gned ag the

T~ling of a 36.2~kev iransition.

The limit on the conversion coefficient mules out Tl or E2.

ILI/IM/ 1o = 1/0 24/0,07/0,02.

IL/I} T 0 = 67/28/11.



regard-to-fhe ol

of the trangi Marray eteali*hadqnorﬁ§1$2ﬁd

1 . . ' . _ -
traﬂsiﬁiapainwﬁzss using: the polnt-nucleus theoretical coefficients of.

Rose.gt.al. (1). This.assignment.was made on the basis of the.

raﬁiﬁsvof»ﬁellmanietAaln (42)+:- With this normalization, a muber of:
trengitions whose coefficients were foo Jarga Ho-be Dure E2's were

assigned as ML + B2 miztures. Some, such as the 229 27-kev and 264.09-
1182

kev transitionsg jin" were assigned as £2 even though their conver= ..

sion-coefficiemmﬁ,inﬁipatedma~consider ble Ml admis ture.k o

‘Afterpang; ;ﬁySis of Marray!s values, Wapstra and Nijgh.(2)-con=~ - .:

cludedgthat“%@t;ﬁqrmalization wes incorrects  Changing the mormallzanlon
so ‘that dhe B2 transitions agreed in-the gverage 3ith the theoretical

B2 coefficients, they found tbmt khe BuAR zran itiong were then generally

lower than the theoreticalls reuvcted values of Rose. This, they con~
) 5

fwas‘dne‘ﬁo‘a finite muclear size effect wvaélcﬁed by'ollv amd

EaXol

Tis enmarten (4) which would cause a ﬁveqter dev1aﬁlon in the Li.CQ@i 1=

nts ﬁhar 1n the Eh coefflcwents. Thiﬂ conc1u51on wws shovn bo be

correct Ulth the Qppearance of thp uOfolCJGHta oz Sllv and Band (5)

Hownver, the sltuatlon was atlll noﬁ completeTy resolveﬁ Sdﬁé

coefmic‘ents, such as GK for ?he l52—kev ﬁrﬂﬁwltIOﬂ, wore vtmll anomal-

ous as pointed out by'Nllsson ang Rqsmusuen (11) In add:tlon, Fromaa
182

and Pydn (43) made a cévnclﬁence study of the H decay, Us 1ng gein-
tlllatlon methods, they'“enorted dlsaqreement beﬁucen tneﬂr famma-ray |
ntéﬁéi les and those of Murra } eﬁ ul Tﬂdeed, they re DOT%ud that
arreement éould be omtained if ﬁho iﬂtén f ies of } ﬁwrr;y et al. were

multlplmeﬂ by a funcﬁlon wnlch vafzed in a fﬁlrly vmooth nanner Uluh

the gemm -wy enew'y. ' \
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.Becauaemofitheﬁinierest-ﬁhat;ﬁaggarisenrim cennaction with the

. s L ol .
conversion coefficients of the H?S%wané*ﬁ 3 isotepesy and since there

was reason to doubt the gamma-ray intensities of Murray et al., 1t was
felt that a remeasurement of thepge:dintensities was in order,. With the
ctirved-cryotal spectrometer calibrated for intensity messurements, this
project was undertaken.:  Ag:there was little reason to be suaplcloua of
Murray's beta-specirometer meassurements, conversion electron intensities
were not remeasureds.
, o183 . e

- The 5-day W ":gemma rays.were measured shortly after receiving the

activated source. . After determining the 1nien°1ﬁles in this 1sonope,
Sk P . . o .

the. W 3 activily was allowed to decay considerably before measnrzngsﬁha
112~day W7 garmawray intensities; thus reducing the background: consider~
e‘tﬁ-;.o’

ably. - s energy measurements were previously made by Murray

these were repeated for a few gamma rays only ag a checl -

Results

In the case of bhe W1¢2 gamma?ray’iﬁfehaitiés,vthe ceﬁéiﬁsions 5f
Troman énd Ryﬂe are confirmed, T a new 1nﬁan61uv meaquremenus dmlfer
from thoue of Mh;ray et al., by a detﬁr which varieg in s fairly mmooth
manner w1th the en~rr~. Table VII FIVBS the ﬂamma-vﬂv inten i
Fig. 13 shows th@ Vqrﬂatlon betwesn tne pre ent gﬁmma—ray 1nte£ i 165
and thoae of ﬁurrqy et al, and of Froman aﬂd Ryde. From Lh@ cﬁfve, it
can be seen that the nresént values agree in feneral Jmuh those of |
rromaﬁ ﬂnd Ryde. %ith th,.szngle ufception of the 67.7,=kev trnnaltion,
intensztv apreement is .i in Q% Qﬂd mnost of the 1ﬂtep bies agree
wltk:n 10“ On the other nand, gome of the nresenﬁ 1aten"1% :res
dlfzer w1uh hﬁose of Hu Tray et ﬂl by au much ag a factor of tué. vThis
6imcrepancy canﬂoﬁ be sttrlbutnd reflaction cceffiéient cérreoﬁions,

;for ﬁbn correction Morray used CW 2'OOO) has now been shown to be within



b8 .
the experimental error. Source absorption is a popsible cause of the
error as the sburce-abséfytion of the low~energy’ggﬁma rays was as much
as 90%. |

The same energy dependent discrepancy factor that waé found in the
g182 intensities was neturally expected in the gamma-ray intensities
from ngg (Table ¥IIT) since only one source was uged for méasurements
in ﬁﬁe two isotopes, both in the present experiment and that of Marrsy
et ai. Heverthelegs, this vary marked energy dapaﬁéence wzs not obw-
served., TFig. 14 shcws the ratio of the intensities of Murray et al. and
the pﬁesenﬁ values., With the e: cenﬁlon of the two very high points at
365,60 kev and 406.58 kev, there seems to be little consistent variaﬁion
with energy. If the VEriation‘éoeé exist, the slc@e ofw%he curvebis
certainly less than in the case of ngz.

Conversion coefficlents were determined from ﬁhe present Gﬂmﬁa~rav
intgnsitiss and the conversion electron intengities of Murray et al. as
obtaﬁnéd from published data (13). Howevé;, the re?qrted elecﬁron’in-
‘tegsitiqs‘ware re=-corracted for window absorption as thére Wwas reason
to'beliéve-%hat the correction curve détermined‘bylﬁhrray (40) was in-
correct. He,h@d‘used_the conﬁiﬂuous beta snecTrum from Gs 37
determine the correctlon. Their r@éults differed markedly with those
published later by Slatls (19). The present correction was based on
curves given by Slatis for 1.0 mg/bmg mica windows?uhich ware intérpo—
laﬁed to obtaln the correction for s 1.1 né/cm ‘Wlndow, vhich was the
effectlve thickness of the window used by Mﬁrrayﬂet al,

The conversion coefficient s:afe given in Tables VII and VIIT,
Error assigmments were not made as conversion electron uncertainties
were not included in Murray's published data and 1% was not poszible fo

: retrace +them. The theoretical values of Hose (6) are also given for
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TABIE VIII,

57w

Data for uransitions in wlSB

Gamma-ray Garma-ray

406,58

Heasured internal copversion Yultipole Theoretical internal conversion
energy relative . coefficientsds order ' coafficients
(kev) intensity Oy ary Oty OLprp o Cogg 0Ty aLyor
40.97 0. 7340 04, 21 1.9 foul 6,55 0.62 0.090
46,48 17.2 0.9 2.6 C.13 0.6 M1 L.8 0.435 0,061
52459 17.6 $1.0 5ol 1.3 0.8 ML 3,47 0,306 0.0426
82.92 1.7840.13 1.0 () 0,94
84,70 12.4 0.7 Q.7 - sk 0.43
99.07  23.3 #l.4 0.9 1.5 1.4 E2 0.81 0.097 1.20 1.10
101.94 "1.3 0.1 3.6 ' Ml 4419 ~
102.49  0.7130.03 18 3.5 12 28,6 7.3 0.8 1.7
103.1  1.02:0.11 (B2)
©107.93 36.9 2.2 3.7 0.6 i 3,60 0.45
109.73  2.0740.13 (a) 3.48
120,38 0.2310.04 3,0 ML 2.75
142425 1.3120.11 0.38 Kl 1.75 0.195
4.12  10.2 0.7 1,52 0,24 ML 1.66 0.190
160,53  10.% 40.5 C.4 52 0.316
161,36 31.6 1.3 1,15 Ml 1,20
16273 17.9 0.6 1.0 M 1.18
o 192,64 0 1.1810.07 0,47 ML 0.69
203,27 - 1.4230.09 039 M 0.59
205,06 3.0%0.14, 0.7 0,13 m 0.58 0,070
208,81 2,5% 0.7 M1 0.55 .
209,87 15,9 30,8 0,21 0.061 03 oE 0,148 0,0170 0,010  0,0200
244,26 32,9 316 0,14 B2 0.098. o |
246,05 100 (0.345) 0,061 - e 0.345 = 0.0422 |
201,70 28,9 #1.4 0.04 0.014 E2 0.061 ~ 0,0082 0.010 0,0060
313.03 26,2 #1.3 0.2 0.033 ML 0.130  0,0222
355,04 41, 43 012 0.020 M 0,131 © ~0,0157. 0,001
365,60  1.5330,08 (o)
2.0040.11 i)

'a} These coefficients were cdleulated using the electron data of Murray et al. (13) for all of their

reportad transitions.

;1b. “ The relative conversion coefficients weré normalized to the theoreticel Ml value for the Ke-conversion
‘eoefficient of the 246.05-kev transifion.

‘¢’ The mltipolarity assigmments are those given by Murray et al. (13),

de Thesa éoefficients are Rose'a theoretical values (6) for the multipole order given in column 7,

e. This intensity was obtained from the present value for the 209,87-kev transition and Hurraytls intensity
ratio for the two transitions. '
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comparison, The theoretical coefficiants correspond to the transition

| | . 182 183
assigrments of Alaga et al. (41) for Hl and Murray et al. for Nl .

I ,Ilgz N . » . S £ n TS d £ _f:h

The | experimental conversion coefficients were normalized %o the

' | L

theoretical E2 value for the 229.27-kev transitlon; the values were
normalized to tha theoretical ML value for the 246.05~kev fransition,

Sirong high-energy tramsitions were chosen for normalization %o avoid

beta-window abgorpliion errors.

Digcusgion

182

e errsar————

The agreement with theoreticsl velues is generally reason-

h

able. A trend toward lom conversion coefficients (with respect to the
ﬁieorntﬂcﬂl valueu) might exist at low energle s; This ig certainly the
cage if the 65,71-kev and 8,.67-kev itrsnsitions sre pmré ML as suggested
by Alaga et al. However, the L-subshell values indicate that E2 admix-
ture might be present. Indeed, it ig difficult to reconcile the very
lgrge values bfjaLIII in both cases uith:a'pure Ml assignment.  An E2
admixture would lower the value of LI and raise the values of III and
LIII in agreement with the oboarved subsholl coefficiants.

Acccrﬁinm]ﬁc the bresent mormalization, the conversion coafficient
fdr'fle l’? Ll=kev transition is leqs than half the theoreticsl value
for a pure £l. This is in Purther confirmation of anomalous El conver-

gion for this transition ss discugsed by ”11 sson and Rasmussen(1l).
83

ilons having mm@eraue

et

' The conversion coefficients o; transi

or nrﬁh ensrgles are generally in agreement with the assignments al-

'though there is considerable scatter about the theoretical values., It
g felt that this ghounld be intérpretéd as reflecting errors in the

measuremsnts.’ In addition ﬁo.ﬁhé scatter, és the eneryy iﬁcreases, the

conversion coefficients tend toward hizher than theoreiical values.
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Thie would be explained by the trend of the gamma-ray intensity ratios as
sboun in Fig, 14 if the gomma-ray intensities of Murray et al. Wers

assumed to bhe correct. But this is in contradiction with the resulis

found in_ﬁlgz where the disagreement with Murray's results is more

striking and the present walues are in agreement with those of Froman
énd Ryde. There ié; however, further evidence that the present zamma-
ray intensities in ngg’might be urong. If Murray's gamma-rzy intensi-

e correct, the L-ghell conversion coefficients of the low energy

ck

ies wer
transitions would not be so anom alouslj hlgh.

The solution of this diffi ulﬁy mlth 1%5 contradlctorJ implic: ations
hag not bgen‘féund. Further studies of the elecﬁron Wntax' itdes are
certainly in order. In addition, the low energy gamma-ray in%ensiﬁies
might be checked with very thih sources where source abs sorphion would

be negligible.

"ﬁ; Discussion and Surmery

is a result of this study, conversion coefficients have been ob-
tﬂincd wh:ch, tﬁ_ouﬂh +r=n;ition YUJulOOJS ‘ty sslmnweqb ave a%ded

"

75 . sl :
the suudg of 8 numbqr oP dacay 5chemes. ho Se 5 radloacﬁlve 159%0@@,»
although moﬁ in the region of deformed nuclei, was studied in conneciion
with the spectrometer calibretion and vielded conversion coefficients

which were helpful in egtablishing the character of the descay scheme.

Thig decay is discussed in Appendix IT.

%4 :186 PN 4 * ] *
The HI conver SlOﬂ coerficlent study has yilelded anomalous cone
version cosfficients for the 57.54=kev El transition. In addition, a

study of the transition energies has resulted in determinations of
rotational levels which deviaie from the two parameter formula. Indeed,

reciglon energy meagurements indicate that the theory does not correctly



s a _ o 1 80 1
predict the energy of any of the hlgaef levels in HE 7, Appendix I
discusses this in detail.
) .187 N N ) s - Lo oA . . ; Py
The E micleus was studied in detail. From conversion coeffi-
cient measurements, mliipolerity assigmments for most of the transiltions
were made, Using these assignments and precise gamna-ray energy measure=
ments, the decay scheme was more fully snaly=zed as discusged in Appendix
ITI.
. HJSZ : . Cans . .
Studies of gamma-ray intensities have resulted in more precise
values of the conversion coefficlents and indicate a deviation from the
results of Murray'et al. (13) (40).“ The mulﬁi;olarity’as, gnmenhs of
Alaga et al. (41) have generally been confirmed.
8 . . s |
wl 3 pamma-ray iaotensity meaaurem@nﬁs indicate the need for further
gtudy of this isotope. GOﬁVGTQlOH COBfflGLﬁnhs are on nly in general sg-
reement with suggested mnltipolarity assignments and show an energy

dependent CG?78ﬁ10n wh 1ch has not beeﬁ 1u77v explained, Further conver=-

'510n e?ectrnn meqsurem@nuﬁ sbonld probﬂLLy be made.‘

Anomalous uoavarg ;oefficienﬁs

‘fAnomalcua‘conv ion of sone uTQﬂ&lthnu in é ;OTmGd nuol 5;
baen conf 1rmeé and cheffvé nts'of other transiﬁions not previously ro-
ported as anomalous have been found to &aviate from.the bresenﬁ
theoretical values. A discussion of trangd ions in which thesge gnomalies
appear follows. The t%acf@twcal conversion coefficients are from the
recent tables by Rose (6).

Eiflgomi 5705ly k@VL El

The (II + ITI) conversion coefficient is high by more than a factor
of two which is primarily due %o a large value for aLI.' Its value is

0.46 4 0.0 whereas the theoretical value is 0.16. OTrTT has a valize of
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0.034 + 0.012 which ig 30% higher than the theoretical value of 0,062,
The M;conversion coefficlent is high, almost by a factor of two. Oy =
0,151 + 0,012 vhere the t¢eoretical value is 0,086, The fach thet ﬁhe
theoretical M coefficients are unscreened does not seem 4o explain the an-
emaly; 3s correction for ﬁhis effect would increase the discrepsney. M2
admirfure cannod aceount for the deviation of these cbnversion}coeffi-
clents from the theoretical El values. The conversion anomaly along

.. \ . iz ‘s ~ 1
with the high relardation of +his transition (~10 5) heg already been

explained as T08u¢ﬁin” Prom K fox id@enmeus.

The transitions are not Fforbidden and thaere is no reason to expect

e

»

anomalies. Nevertheless, the present ne suremenu indicate devnatlojs
from the theory. With tne exceptlon of the 93.33-kev transition, the
| K;convefsion coefficients are gll about 10% low. With respect to the
theoretical - alue%, the L coefficients seem %o follow a falrly smooth
curve‘decréasin;‘aa;a fuﬁCﬁion‘of eﬁergy with %hé cfésaing point araund

400 kev. With the excepﬁion of the 93.33-kev transition, this variation

s also evwéent in. the K/T ratios.

.Re'f"’ , 72.’00 lcav, Bl

f“\'!

The K-conversion coefficlient for this transition was determined %o

+O' ‘ LA il 2 "‘ &
be 1.@1_9’23. Fose's theoretical value for a pure Tl is 0,523 Spinrad's
.
is 0.87. The assumption of an M2 mixture does not bring asreement with

the- theoretical coe?.iciénts in this transition, for the Iﬁ and Iiz co~
efficients are lower than the theorchical EL values. The energy of the
K-conversion elecirons after lesving the atom is only 0.34 kev. Perhaps
the pre sent theories are not valid for con#ersion in transitlons whose

energies 5re-very nezr the binding energy of the electron.
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2R, 152,41 xev, T1
Murrsy et al, regorted a K-convagsion ceefficiant for this transi-
tion of 0,07 ageinst o theoretical value of 0,11, The anomaly is con=-

firmed with the present measurement of 0.05. Gallagher also atix 1buues

anomalous conversion ﬁo this transition having measured a /iz'raﬁic

-

which is about 1/3 %he theoretical value as reported by Milsson and

Rasmussen (11).
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APPENDIX I

1 80 TRATSITION ENERGIES

Introduction

‘The decay of HfISQm is unigue in many respects. It containg the
most highly retarded Bl known, which is an isomeric iransition of 6.8
hours partial half-life. This El also exhibits anomalous inﬁernal
conversion. In addition, the Ef_ ? dacay scheme is one of the outstand-
ing axamnles of rotaﬁlona7 enerﬁy levels, The ﬂuclaus is even-even and
the ”rounﬁ state has spin O+' therefore the rotatlodal levels, ﬂu@é on
the ground state, have K O, and the sping and parities of the levels
orocoed 24, Ld, 6+, and S+, The néxt level with spin and parity of 9=
is considered to be the begimning of another rotational band with E=9
which nakee thm T‘3.. transition from the 9= level %o the & le&sl highly
K—fOrbiaden.‘ | P | Wi

§£180 Tnerg gy I@vels

For nuclel with 2 rotatmonal band based upon K=O the two parameter

formula for the energy levels is

""('ﬁ? /23) 1(141) = BI (z+1)2 (15)

e

where J is the moment of inérila pargllel to the symmetry axis, I is the
s N 2priqy2 ol . ;

total anguler momentwm and BIT(I+1)° is a correction term which allows
for coupling of a v1brﬁwloqal ﬁuuhro to the rotational level and for
othar second order effects (33). The introduction of this second herm

to ths simple rotation formula brought very good agreement to the energy

levels of even~sven miclel 2t the ends of the regions of high nuclear
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deformation where the levels vpreviously deviated from the simple, one

parsameter rotaticnal formula. Thus, by variation of he two parameters

hg/éJ and B, good égreement'betﬁsen theory and,experimgnﬁ could bé og~
tablished in the regions 150 € A € 193 and A » 224. Up to this time,
the Hflg@ levels, whan corrected for rotation-vibration in eraction,
have given agreement ﬁo within ekperimantal error$ (49). 'ngevar,'iﬁ
now appesrs that a deviation does exist. |

The gamma-ray Lransition energles have been measured_with the curved~
eryastal spectrometer. TFigure 15 gives thede measurements wluh tne level
energies determiﬂed‘from.ﬁhé phchgn enargies; A fit was made o the
firgst three levels QSinv the abové formula. The values of the moment-
of~1nertiﬁ parameter and of the vibration-interaction parametar wef
determined to be h‘“/zJ = (15.609 + 0.006) kev and B = (0.0090 + 0,0005)
kev.

The energies of the &+ andv8+ lavels, predicted from these values of
t}e barameuﬁr + are also s&bwn in the figﬁrei; As can be seen, the
pradicted values are lower than the experimental energiessy in additions
there 13 no oﬁg:lap of the érrors. Although‘ﬁhe davia tlon ds only
0.32% on the &+ level and 0;77% on thék8+ lévéi, it neVerthaless appears
to be roal and s gﬁ ificant, Figure 16 shows the relationship beﬁweén the
values and the errors on the predicted and the experimental eneégies.
One should remember that the energy’uncertainty for lines measured with
the curved=-crystal specﬁrometer‘is not a standard deviation, hut corres-
ponds to 2t leagt a 90% confidence limit. Thus the probaebility of the
devia%ion of the measured energy of the &6+ level being statistical is
of the order of 1/100 while that for the & level is smaller yete. What
might also be i.vi icant is that the deviation seems to be incressing

with increasing energy; Whereas the deviation is about %wo aerror limite
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on the 6+ level, the gap has increased to about three on the 8+ level.
A third order term C [:I(I+l)] 3 yas introduced imto the formula and -
a £it was made to the Ok, 2+, i+, and 6+ levels, As might be expected,
the predicted &+ level energy was raised and came into agreement with
the expgrimental_value, the predicted eﬁargyvbeing 1093 % 24¥kév:agains%
an experimental walue of 1085.6 £ 0, 7. * However, the uncertainty in-;;;-;i:he‘
parameter C was of the order of 100%, which is reflected in the la:ge

be said that agreement

uncertainty in the predicted level, zo it might
~wag reached not so much by bringing the velues together as by incress= °

ing the error limits.



LEVEL ENERGY (kev)
MEASURED PREDICTED
8+ 1085.6 +0.7 (1077.2 £2.7)
4438 £0.6
6+—1- 641.75+0.33 ( 639.7 £09)
o
13325 203
ii | | : | : : :
4+ l ; 30858+0.13 ° —
. 21525013
2+—¥ . - .. - 93331+002 —
. 93.33£0.02 -
Hfl80 |

Pigure 15, The rotationsl spectrum of ELC0 eempared with
theoreticslly predicted values based upon the two perameter
formule fit to the 0". 24, and L4 lgvels.
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Figure 16, The devintlons from the experimental volues of the emergles
prig%cted by the two parameter forrula for the 6+ and 3+ levels in
Ef-SY, The uncerteinmtios represent 90% confidence limits,
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APPENDIX IT

THE DECAY OF 8975

The 39?5 glectron capture %o As75 dacay scheme has until recently

been in considerable doubt. The spin and parity assignments made in

connection with a proposed decay scheme by Schardt and Welker (45) were

later shown to be questionable. Pointing out some of ihe diffieunlties,
Schérdt (46) later proposedvspin and parity %ssignmenﬁs vhich have re-
ésntly‘been:well established, | {

A great Weight7of evidence has come from a number of research
STOUpPs. Grigorev et él. (30) invest tigeted the conversion coefficlents
of all of the transitions. Motzger and Todd (31) measﬁred the conver=
sion coefficients of the 401-, 305-, 279-, 136~, and 12l-kev transi-

tions. Van den Bold et al. (A?) performed anﬂnl=r correlatioh_@xper-

inents. & prellhlaary repcrt was. also given in commection with this
study (48). £11 of the investigstions have come %o basically the pame

VCCnclusiong‘respecting‘tﬁe‘decay scheme. Excépt for a fem weak high |
energy traﬁsitions, whiéh‘have been‘remorﬁ@d by Ba;b.? aad 11'1n (49)5
thevdacay'ﬁéhame is ag showm in Fig. 17. .
T .iti n energles measurad here are listed in Table TX along with
conversion coefficient information. Transition energies de
1évels at th foilowing energies (in kev): 198,60 + 0.04, 264.66 + 0.0,
279.53vj 0.0L, 303;91 0,04, 40 O.u5 + 0.0, The convnréion coefficlents
wvare nbrmalized tb the begt £it of the 121,12-kev and 135,99-kev X~
conversion coeffic anﬁé to the theoretical Bl values, Their agreamant

with the theoreticsl values is shown in Fig. 18, The 24.3-kev gamma ray

» was n6t detected. Using & thin w1mﬂow HaI(Tl) scintillation gpactrometer,



S
ite upper limit was estimsted %o be 1/5 the imensity of the 66.05-kev
gﬁmma ray. 4 2L.3-kev M2 ﬁransiﬁion has g8 theoretical K-conversion
coefficient of 160, TFrom this and the known retio of K~conversion
electrons, the expe e‘ed ralative intensity is 1/50, so it is.not SUT-
prising that the semma Fay was not observed. The K/I/M ratiocs sgree

with an ¥2 asszgnment.
The decay fractions of the ﬁraﬁsitions indicate weak beta branching
to some of the excited levels, With the decsy fractions normalized %o
100%, assuming no priﬁgry beta branching to the ground-staﬁe,'the foad~
ing of the 264.62~kev levol appasrs 10 be (2.9 + 1,1)4, There is also
éome feading, o of the order of one or two percent, %o either the 279. 53~
kev level or the 303.9%21l-kev levelvor hoth, Recause ﬁhe FAMMA~TAY inten:
sity of the 24.3-kev trangition connecting these levels was not found
and the electron.intensity of the transition was very wncertain, the
ratio of the feeding of the two levels remains a question. According o
~the preaent spln assigmments, the beta-iransition %o the 303.9l-kev
“level is 2nd forbidden while that to the 279.53 + 0.04 level is le
for? fﬁen,so orancb:nﬁ to the lauter is congidered to mo moszt 11kelj.
One point that was étill'opén to discussion wss the mixing ratio
of the 279.57-kev transition, Hetzger and Todd, and later Manning and
Rogers (50) have commented upon the disagresment betwesn the mixing
parameters, & 12 28 determined by conversion coefficient informstion and
those determined by angular correlation, Table X lists the various
mixing parameters as reported by the vsrlous groups or as calculated
from their resulis., If Metzzer and Todd's value is corrected tc make
the relative intensity of the 279.57~kev transition ecual to 42 rather
thah'47v(as discussed on page 34) then the agreement heltween the con-

version coefficient groups is rathsr good. The reported angular



-83
correlation results of Van den Bold. et al. (47) do seem to disagree
with the other results, however, by plotting their a, coefficient on
the theoretical curve of a2, a8 8 function of 51, agreement can be ob-

tained.

 The angulsr correlation coefficient a, in
W (e)=1+a P {cose) (16)

is for the spin and multipeole sssignments Ffor this transition given by
a =(O.16 + 0.8118, + 0.082 3 2(1 +8 2}. ' ('1'7)‘
2. e Tl - 17 o

This fnnctiqn~is shown in Fig, 19, It aﬂpeﬂrs, by mlottwnN the &, co4
efficient of Van den Bold g€~ al. that %hej were somewhaﬁ optxmlstlc in
reporting the error on 5. Indeed, if one plots all of the a, coeffi-
clents reported by angulsr correlation and the mean of the al parameters
calculated from conversion coefficlents, the overlap of errors is seen
to be‘reasonable as shown in Fig, 1¢

Ix tha #éiue of‘Q.52 i5é;10, Unﬁch‘Wb tme mean of Eﬁe convers ¢Qn
éoafficienﬁ measurements, is ubaﬁlﬁuuea into the expression relating
+he a? coefflclent to bl, taking tLe sign of él‘as report d by angu gulay
‘correlationg‘ﬁhe‘value of a, of ;44 f:g?'is obtglned uhlch 15:1 thin hhe
reporﬁéd errors for the a, coofficient as given by each angular correla-
tion groun,

It is the present conclusion that there is no great disagreemant be-
'hween the messurements of the mixing ratios of the 279.57 transiiion.
Maan vulueu, computed by weighliing the conversion coefficlent deta ac-
cOfdan Yo the errors reported in the conversion coefficients (neglsct-
ing meﬁzrnr's original value) and weighting the angular correlation
data according to ﬁhe 8Yrors reportéd in the original Ay coafficients,

: . - ' pm Fo06
are from angular correlation 3,. = -0,52 .l? and LICﬂ internal
. — R “a
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conwversion coefficients ’al] = 0,55 & 0,06 vwhich give a "best" mixing

ratio for the transition of (78 +3) M1+ (22 F 3)2 & 2.
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Figure 18, Keconversion coefficients of transitions in &975. The
curves ere the theoreticel values of Rose (31). The measured co-
efficlents arc normalized to a "bost" £it of the 121.12«kev and
135.99=kev transitions to theoreticsl El walues,



TABIE X, |Mixing parsmeter, &, for the
279.57-kev transition in As75

By internal conversion
futhor Py {31
Metzger and . 8.0 % 0.5% - 0.58 + 0,08 -
Todd (31) | . ‘
| Grigorev ‘ o . L
et al. (30) 7.6+ 0.8 0.52 + 0,12
Bashilov and ' '
I1tin (49) 7.6 + 1,0 0.52 + 0,16
Pregent
Worker 7.6 + 0.9 0.52 + 0,14
By aneular Qofrelati¢nb
Researcher - ag - )
 Schardﬁ énd:‘ I SR S e RS
- Welker (45)  =0.42 % 0,03 (=0.44 + 0.11)

" Kelly and = |
- Wiedenbeck (51) =0,41 + 0.03 (~0.41 + 0,08)

Yan den Bold : - R
et al. (47) ~0.466+ 0,02 (~0,75 + 0,21)

a. The reporied value by Mnﬁzev and T Todd has been corrected for the
pveuent ¥hest Fit" gemma intensity.

b. Brackots irdvcate that the valve of & has been ﬁeduced from the
renorted aQ coefficient,

c. The value deduced from the a coefficlent is given. Van den Bold
et al., however, report » = £0,75 ¥ 0,10, Por a discussion of this

- discrepancy see p. 83,
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Ficure 19. The a, coefficient 25 5 funotion of the mixing perameter
of the 279,57-kev ML + B2 traneitdon in As'>. A, B, and €, shov the
experimertal a, coefficients measured by Kelly and Widenbeck (41),
Schardt and Welker (37) and Van den Bold, et al, (42)., The mixing
parsmeters corresponding to those measurements mey be found fyrom
the theoretical csurve. D gives a mean of the conversion coefficient

determinations of warious suthors. See pp. 82-84 and Toble X.
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APPENDIX IIT

w87 mwmmaTES AND DECAY SCEEME

Introduction '
N . 187
Yaeh information has been gsthersd on the bets decay of W

<

into
Ra187 énd»a mumber of disintegraﬁion schemes have been proposed (38)
(52) (53). Certain aspects of the épheme are agreed u?qn by all of the
ﬁvésﬁig&tors. ’The geriaé of levels apﬁearing'nsar the énergieé‘IBA;‘
kév, 206 kavs‘ané 686 kev are well a%$@3ﬁed by;gaﬁma_CEééaée transi-
ﬁiéﬁs with abundant crosgbﬁers to cheok the emérgiés. Iﬁ addition, the

134~-kev level has been coulomb exelied so itz posiition ig well verlifisd.

Gomma-ray Enerries
.Five of the gamma-rsys weve previcusly messured by Moller et al,
,usingjthé‘curved~¢rysﬁal‘épectrpmet@:.*{They found théyfélldﬁing 
aﬁérgiesi 686.1, 618.9,‘479.5, 134.25;’énd 72,00 kev (54).

Two of the lines reporied by uller et al. have been remeasured with

T

the resulling energies being 479.4 & 0.4 and 618.2 % 0.6. In addition,

ten of the weaker transitions have been detected with the curved-

crystal spectrometer ylelding, in addltion %o the three lines previously
magsured, the gomma-ray energiles listed in Table VI, Fig, 20 shows the
only lines not completely resolved with the curved-crystal spectro-

meter and their decomposition. Thess are the 617,2-kev and 625.1-kev

The basgic level sfruciure as previously reported is confirmed.

These levels are at 134.25, 206,25, and 686,1 kev as shown in Fig., 21.

Y
e A

(In cases where the limi%s of error on the sum or difference of v
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gamma=-ray energles iz of the order of that on the energy of the cross-

over trznsition, the level energy indicated is ﬁhﬁ waighted msan.) In

.adéition, there is a set of levels with energies 511.6, 618.2, 625.1,
and_%é&. kev above a ?undame al level which are established as a unlid
by the following ggmma rays: 618.2, 625.1, 51L.3, 113,74, 106,61,
.239.3, 246,35, and B67 kev. There is no reason from the energles, to
‘assign these és feeding the ground state.r Sy coincidence meagurements,

however, Gallagher, ﬁﬁ tards, and Manning (34) have shown that the 625.1-

1

and 618,2-kev gomma rays do not feed the 134.25-kev state or the 206,25

eV State,‘in,cantradiction uO tba results o; Duoey'(EB) Ther also

RN
i the a3 “4 By 187
found~ hat the difference in energy oetween the ground gts tos 0¢ W
ey 187 T 1 " TN . ) ] -,
and Ee 1308 + 10 kev which precludes having this group feed the
636-kev state. Because of the coincidence measurements and the available

energys the group was asslgned to feed the ground state,

The 773-kev transition is assigned to feed the ground state, in

- agreement with Vergnes, a"alm uOCQH”” of %ha gamma~gamma coincidence

v

measurenents of Gallaﬂher et al. and energy congiderations.

i

=Rt o .
A

Multivols rity ﬁsomfmmpnte
. The transztlon multLDolarltv aQSLwnm@utw ure rx"ven 1n Taole VI

They are based upon the sbsolute conversion coef5101ents élscussed in

"saction IV B,

Spin and Pq“1zv Agsis rmen%s

Whereas the multipolarities of the transitions and the energies of

.

the levels seem unambiguous, this is not the case with the spin and parity
asgsignments. It is clear, however, thst the multipolarity sssizmments
are ﬂb7etciv consistent wi ﬁh the level scheme as given in Fig. 21, Ho

erossover transition, for instance, confradicts the parities of fwo
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1evels as devermined by the cascade q BINA TaYS.

In the assigmnment of spins ﬁné parities, the ground stste spin of

Ralg? was taken o be 5/é+.

The l?L.QS—kev state has been Coulomb
excited (55) and the 7/2+ assignment seems entirely ccnsistent with an

azpec%eé rotational state. The 206,25-kev state spin as ~ignmeﬂt of 9/2-

izl

hag ziso beeﬂ praviously reported and seems to be firm. Only a 5/2-
spin q531§%ment for the 6%6,1-kev state is consistent vluh the spins of
the ground state, the 134.25-kev state, the 206.2 5-&ev state, and the
‘tfansitioné connecting tﬁese with the 6%6.1 k@v‘sta%e.

- The spins and parities of the group of 1evelg 511.6, 610.2 625.3,
anﬁ,%éé;ﬁ kev are related by the eight tramﬂ*tlons‘ﬂOﬁrectlng these
lovels and the ground stste., Two mutually exelusive sets of spin% méy‘
be 3ssigned to these leVeis. raoﬁh are given in Fig, 21, The set of
lower spins is preferred becauge transitions to the 134.25-kev lavel are
not obsefved.,

"A grouﬁd'atgte spin‘énd~p Tltj of 3/?- can b “.Signed to w1”7
which is consiéﬁent with the spin and‘parity agsigmients in the levels
qf‘Relgy{and thg obgerted b?anching-ﬁg %heSG iévels; Table XI gives the‘,
braﬁéhiﬁgfratiSS ahd‘log fﬁ valvag for theze tréaultlﬁnu. diﬁh the ex—
cepltion oi the . ground St‘uG branching which was taken to be 20% @Tom ube
rasulis of Cork et al.'(ﬁz) and Dubey et al. (53), the branching ratios

vere calculated from the deeay fractions of the electromagnetic transi

tiong.
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TABIE XI‘ Beta decay branching and log £t values for % -—»Eelg?
Level energy Beta tr én sition  Primary beta Tog (f%)
{kev) enerzy (kev) branching (percent)®
0 1308 (20)* 7.9
511.6 796 £0.38 29.0
6182 690 40 7.7
625.3 683 | 6.7 ; Vel
686.1 o 622 6h 6.3
et I T RSN T B Y
864.5 o | ~O.7 o~

8, In caleulating the primery brancking fo the upper statoz, the
“sum of the intensities of. ihe olechrcmmgnxﬁlc ALransitions
feading the ground state was set equal to 80% of the total

primary beta branching. T“LQ is con51utent with the ground-
state branching ratio reported by ForL ct (5h) and
ﬁuoev et al. (5;) e :
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APPENDIX IV

CURVED-CRYSTAL SFECTROVETER INIENSITY THEORY

It ig well known that the lifetimes of x rays and gamma rays differ

“ . . L ~1/ :
considerably, Xeray lifetimes nre of the order of 10 sec while
e o

those of gamma Tays are usually considersbly longer--of the order of 10

sec and longer. According to the uncertainty princinle, this meens
that the energy uncertzinty, or the natural line width, of an x ray will

be some 105 times the uncertainty of a gamma rav. X rays in the high

sy

% region, whose energiss are of the order of tens of ;iiovoltsa have
natural line widths of the order of electron volis. The line shapebof
W Kal on a wavelength scale hss g full-width at half-msximum, 25 cb-
served by Barnes and Polmer (reported in Compton and Allison (56)), of
Qflﬁo-xu. This corresponds to an energy‘width of 43 ev.

| The‘inStrumént window profile of‘ﬁhe'gamma-réy spectfomeﬁer hasba
fullwwidﬁh of aporoximstely 0,28 mu, Thus, the natural width of the x
‘ réy:iﬁ‘of theforéef of the width of %he‘iﬁstrument winddw‘uhile‘ﬁhe
natural width of a gémma-ray line is very small comparéd with the in-
strument window. .Eecause of this, it is diffieult to put x~ray and

gamma-ray intensities on the same scale. Before vroceeding with this

problems a general approach to intensity messurements will be given.

Goneral

The recorded line is the fold of the spectral line profile into
the instrument window profile; Alyarﬁicular spectral line can be
described by a-function fiCx) where X = X = 255 X being thé wavelength

-

and hi the wavelangth of the cenier of the line. The instrument window
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is a function of i%s center position as well as of the distance from
the center position y. (The discussion that follows is not dependent
upon any symmetry properties of either the spectral 1ine or the in-
strument window ?rofile. For non-gymmetrical lines, "center® should be>
giﬁen any‘convenient, reproducible definitioh.) There are many lines,
l’ f ’ ... but only one instrument window g. For a particular

spectral line, the obs crved ?rofile Fiﬁx, Ei) is the fold of the in~

sterent w1ndou into the spectral lines
Fi(:f, M) =] £y (S)g(x-s R li-h{)d: . o (18)

If the instriment window prof le aoes not change ulwﬁlflCWH 1y as its

-

center position is swepl over the spectral line, then g(y, Ay x) &

g(ys Zi) and Eq,(lS)‘becomes

Fy(x, ) = Fe (S Ya(z=5, X )as | (19)

oy

.

The integral of the obgerved line is

('zf, }\,.) dx ﬁ_oj: J:f. ($)e(x~5s . Ai) ds dxe b (20)

eﬁa

re

Changing the ord@r of 1nfeﬂrntﬂon thls DGCO@PS‘

(x,?\)dx=j‘ (s)[;»( s,A»:-x}dx. ag "‘(21)‘

s«ﬂa

! £(5)as Ifr(zc, A )d:c. (22)
The intensiﬁy-of‘tha'line; I, is defined as

_ % o ' oo .

i
The relative intensity of two lines is
II/12_=.ieFl(x,ll)d§(lquﬁx, Eg)dx ~; gz, X 1d7/} glx, 7)6?] ~
: 3 , (24)
i . -” . .
The quantity {ogﬁx, k.)dx is called the integrated reflection coefficient.

1,

Tind, Wost, and DuMOnA (27) zive an ewpression for the integrated . -

/
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_ refleCLlon coafficient as derived theoreﬁically for a curved mosaic
erystal with low primsry and secondary extinction from which the follow=
ing ratio, ng, ig obtained

o

Ry, = Fele 2)a/[Tale Max =0/ )2 (25)

A

This relationship has been confirmed within the limitations stated
in the next section. Therefore, for any two lines, regardlesss of
width or shape, the relstive intensity is equal to the ratio of the

integrals of the observed lines times Rij"

Pesk Heirht Memsurements
If the line is very narrow coxpvred wlﬁh the 1nbtruwent w1ndow, as
is certainly the case with gemna rays, then £, (x) =’Ii66x) aﬂd the ob-

served line shape given by Ea, (19) bacomes

¥

' Fi(x, -}\i) = I E;(‘"-’ }") . (26)

i id
ibus 1t is seen.ﬁhat under theﬁe congltwons, the reco”ded pro¢1le w1ll
have the pame shane as The Lnetrumenf ulndow. ‘
In mousurln éuump TOJS, 1t hqs been ob erved thﬁ the 1nﬁensi%y,
’buﬁ not ﬁh@ ahape; of uhe 1n@hvumeﬂb nlnoow pTOslle cbange Vns a iunc;

tlon of tle c@nﬁar no iti On Uavelenpth;
glxs 2) = h(s 2 )slxs 2,) o - - (27)

The cuantity h(hl, 12) is equal to the rmtio.ﬂlg as defined in Bg. (25)

and hence for corresponding points, x, on the observed spectral line
, 3 5
I /I2 = {Fl (x, 3‘1)/F2 (=, )*p)] Elg [" (x5 1)/F (x5 }] (}‘%2\1)

The ratio of the observed profils heights at any fiducial wpoint is thus

duc
~seen %o be equal %o the ratio of the profile integral,and this means

that the ratlo of these heights can equally well be used as the ratio

c‘!*

of the integrals for the deferminstion of the intensity ratio of the
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two lines. Obviously, the most suitable fiducial point is the psak of
the line (x = 0).

If the window shape were not invariant, the same general theory |
would still aspply for any choice of the fiducial point Zpe The only
change in the above formulae would be that h (}1, 32) would now also
depend on the choice of this fiducial point. Then the ratio: (%1 AE,A
might_be differenﬁ from the ratio 312 =(lz/}1)g of the integrated re-
‘flecticﬁ coefficient;

Thi& means ﬁhat what has really been determined in the iﬂﬁansiﬁy
calibratlon of P@rt TII is tha qruanti ity h(k?, Al’ 0) which might be
called the “peﬁk reflcctlon coefflclent“ ratio and which is eeugl to
the “integrated reflection coefficient® ratio as defined by Liﬂd eﬁ al.
(26) under the assumption that the instrumental windoﬁ has an invariant
shape on a wavelength scale,

T% mighﬁ be of interest to stucy with grester precision whether the
: aasumntlon of an jnvarlanu windou shape 13 Ju3t1f¢ed. ‘Wheﬁher‘cr not’
’tbls is the caue, however, does noth lmbair the useLUlnesu of the Dre ’ sent
1nten51ty callbratlon, based on. the pe 1k helrhts, as Ionc as it is

,applled‘tp 1ne» wlth a nerl ble nanurql xi th

Exten sion of Tntensitv Seale to Iines with a Non~neﬁl gible Natural Width

The above peak height ﬁcale does WOu apﬂly t0 the caze of an x-
ray line with a non-negligible netural width., S&till1, Eq. (24) holds,
and we can obtain an imlensit} fﬁgu re by integrating the observed line
‘profile.

This integration precess is in practice difficult to perform be-
cauge the ﬂatﬁrai shapa of an x~ray line ls very close o that of'é
resonance cgrva.(ﬁwitch")

£z) =4(1+ x%/a%)"1 ()
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where 2a is the Mll-yidth ot helf-maximum. This function has the un-
fortunate property of approaching zero very slowly. A&t 1.5 full-widths
from the center of the line, the function is still equal to TO% of the

pegk value. The area under the %tails beyond thls point is a full 20%

of the total ares.

Of course, the function that will actually be integrated is the
fold of the instrument window and the resonance curve which does not
behave quite so badly. It still drops off like 1/<° in the tails, but
for an x-ray lins of Full-width 0.15° xu,only about &.5% of ﬁhg area
remains in the téila of the composite line after integrating to
1.5 full-uidths. Fig. (22) shows the instrument window profile and a
witch for comparison. &

To compare x-ray intensities, no g:e@t problem is involved, for if
the netural line widths do not differ too greatly, one can integrate out
to a convenient point and stop. ‘If ﬁhe amount left in the ¥ails ig
5ma11, them %he‘errér in relative X—ray‘inﬁénsities w511 be second order
and aboﬁt the same fraoﬁion is neglected in each line. When comparing
an x ray 3nd 4 ZaFma YAV, hOWeTer, nhe integ r?ﬁioa of the gemma ray is
Just the lntegl fion of %he inst lmont w1n OW‘Wthh ?o es %0 zero very
: ramldly, g0 anj area left unintegrated in the x ray would now be a first-
order correction to the relative 1nteﬂ51hy. This problem arcse in the

b/

he conversion

{'D

present study in connectlon with the normalization of %

’ - . C 187
coefficients in the W/ decay,

Integration of the Observed Line Profile

For the integration of an observed x-ray pesk, the first problem
that arises is how to separate the tail from the background. In %he

case studied here, the problem was sclved by observing the output
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pulsas from the detector with a 100-channel pulea height analyzsr. Even
at four full-widths from thé cen#er of the diffraction Peak, the speclirum
from the seintillation counter clearly showed a photopeﬁx-at the correct
energy. ¥Fig. 23 shows the W Ko x ray as obsarved with the specirometer.
The statistical uncertainty on every point except the one at 211,70
Screv Division is betﬁer than 1%, while the Just point in the 4eil has
2% gtatistical uncertainty, The background hss been subtracted from all
points. The curvé, with the scale expanded by a factor of 10, is given
stafting at 210.40 S.D. showing that the ail is still falling off in a
very smooﬁh mann@r.

Fig-,gé‘ShOWS a similar run ove#'é’gamma-fay’liné ét approximately
ﬁﬁe same energy. A&t slightly more than one full-widilh, ﬁ; counts in the
line could be detected. This represents the instrument window. The
full-width of the instrument window in this case is 0.23C S.D. while
the x-ray composite peak has a fullewidth of 0,378 3.D.

«;j&n integration of the two 1inés‘wasﬁyerformsd”inkth@~following
MaNNar. Thé‘géﬁﬁa fay'ﬁas iﬁﬁegr&ted with a‘élanimeﬁef. The x—réy
composiye‘lina wag integratgd in the same mammer to 1.5 full-widths;
ﬁheﬁ,;ﬁsing‘ﬁhe‘axpanﬁed seale, th@ ihteg}afibn w@é éXﬁeﬁdeé’tbf4,2,fuli—~
widths. RA: can be shawn‘thaﬁ %he faldkof‘SHy ﬁindéw, of finite exten=
sion in 2, into a witch will leave talls vhich correspénd to another
witehs A theoretical witeh, wvhose full~widﬁh corresponds to tha re-

ported natural line width of W Ko, (0,150 xu), was therefore fitted to

he tails of the experimental curve. This curve is shown in the ex-

[ id

panded scale beside the mezsured curve. The theoretical witch thus

ty.. The area contri-

fitted was then analytlcally integrated to infini
buted by the tail beyond 1.5 full-widths was 8,5% of the %total area,

The intensity ratio between the x ray and the gemma ray that was
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found by this integration procedure connects the x ray to the intensity

cale established for gamma rays from the observed peak heights. I%

turned out that the factor by which the k height of this x Tﬂy
should be multiplied to it it to the peak height intens ity scale for

lines of negligible width is 1.62 + 0,03,

Alternate Hethod

slternste method for arriving st the correction factor men

-

tipnad,above csn be followed if $he n.tur 11 line-width of the x ray,;s
known,
The fmtvo of the intensities of an x,ray‘and a éamma ray is given
by '
4 oo ' .
L/I, = [ £ ay/f t,(ey . (29)
From Ea. (19) the counting rete at the pesk of the observed line ean
be written
P (0, A) = f”f.'(é;)g(;gy , 2 0dg . """‘('30)
i i 2o 1 i :
The lntenulty" atio can ﬁhere?ore be writhen as

s e Var/ L5, (sl >ay] (£ wet 2par/ e ]

-0

70 /700, 8) . o (1)
The 1nstrurent w1mdow oroille g {=x, },) can be found by measuring a line
whose natural width is very s mall (a gamma ray for inastance) and ‘a plot
of g(=x, hkl/g(é, }k)’may be made. If the natural line width of the x
ray is known then the function fo(y) may be plotted assuming £ %o be a
resonance curve as in Eq. (28) and B is a scale factor. By multipnlying
the two functions together point by pointk (ﬂot Folding them)
%

vany)g(éy,Az)/g(O, }i) is obtained. By ﬁeuguring the areas of this

composite curve and the x-ray resonance curve, the following ratio is
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cbtained,

R RXSL RN FOR SIS &

For a gamma ray where fY = IYBCY)a

. ~
gl

I ' - o - -
LE ety X)ay/f e (r)ay = g(Of A . | (33)
Using Bas. (32) end (33) the x=-ray to gamma-ray intensity raﬁib”:~

given in Eg. (31) becomes S
I X/IY —.—-Ep};(o, ;‘-BnX)/FY(o, ld[g(o, A )/&(0, kﬂ r (34) |

‘The quantity g(O, A L/h(O, X ) is guut Lhe peak raplechlon.coe?5101pnt
| rqtlo h(h h ’ 0) : The qu"nblty r is uﬁerofore ﬁh, tor by whlch f
the x-ray pedk helalt intensi ty must be multiplied %o conaed% it with
the gamma-ray veak heicht intensity scale. ‘

In this procedure, there are mo difficult folds Lo perform graph;11J
ically, Only one relatively simple graphical multiplication of functibns-vf
yand,ﬁhé’iategfatiqn of the resﬂlﬁing‘curve is pecessary; Vhere X has E
"beén dééﬁce& by éthef meﬁhbiéxﬁuch as ﬁhaﬁ giveﬁwin ube La st seeuion, ﬁ”

th L3 proced ure miglﬁ ba u°ed to obtain the widuh off the X=ray. 11ﬂe.

‘;__,.

Pl Q P2 aqows the ﬂbpllcaﬁlon of tﬂﬂs Dfocemurn to U ial.‘ Thevx~ray: 5

Ty

”ull-wlﬂth us ed vag 0, 1”0 AH as r ort ed by Barnes'an& Palmer and

civen in reference (56}, The value of r obtoined is 1.6 which @¢rees

e ]

well with the value l 62 obtained by tha ¢0fmer method which 1mplles e

that the natural width for the K-d, z rays of Re and W is very similar.
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