Lawrence Berkeley National Laboratory
Recent Work

Title
THE SPECTROMETRIC DETERMINATION OF SOME BETA PARTICLE AND CONVERSION
ELECTRON ENERGIES

Permalink

https://escholarship.org/uc/item/7cr8x56w

Author
O'Kelley, Grover D.

Publication Date
1951-05-13

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7cr8x56w
https://escholarship.org
http://www.cdlib.org/

| - UCRL 123
Cyd..

UNIVERSITY OF
- CALIFORNIA

Ernest Of awrence

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

_J

BERKELEY, CALIFORNIA




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



e

UNCLASSIFIED s

MAY 1 5 1951
THE SPECTROMETRIC DETERMINATION OF SOME BETA PARTICLE , C:iZZ >

AND CONVERSION ELECTRON ENERGIES

~

By
., ' " Grover Davis O'Kelley
A, B, (Howard College) 1948
DISSERTATION
Submitted in pértial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
5 v . Chemistry
- in the
GRADUATE DIVISION
of the
UNIVERSITY OF CALIFORNIA
. : . Approved:
g:,/ RS R ee s s es e e evessse
: B | Committee in charge
N N :
" Deposited in the University Library ......... caeeass cestesecsessases

o ' Date : Librarian



| TABLE OF CONTENTS

) | .Page
I. INTRODUCTION « . & & « o & & « & o« o 4
II. APPARATUS . . . . « . « + o« + o o o . 15
IIT. EXPERIENTAL . . o .+ o v o o v . . .‘.».4‘0
A, The Decay Scheme of &m%42 , . . s .. o o 43
' B. Radiations of An4l ;»_. e e e e e e | 53
c. }Decay_Scheﬁé'of_ém242 e e e e e e e e 57
D, Decay Scheine of 22 hour. Np230 and 4, ,day.Np2'34 V59
E. Radiations of Pu3 and Pu?38, ., . . . . . 65
P. Radiations of P93 and P20, . . . . . . 70

G. Beta Energy of PV*%, . . . . . . . . . 7%

H. Neutron Deficient Isotopes of ‘Z_irccnium and

| their Decay. Products. - . .. . '. e e o e 78

IV. ACKNOWLEGMENT. . o o o o « o o o o o o 92
V.o REFERENCES.. . « &+ & « o o o o o « o o 93

—2-



e

THE SPECTROMETRIC DETERMINATION OF SOME BETA;PARTIGLE
AND CONVERSION ELECTRON ENERGIES
e Grover Davis O'Kelley _
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California
- ABSTRACT .

4 double .focuéing'betﬁ sﬁectrometér having a radius of 25 cm
has been construéted. The»theoretical transmission for a resolving
power of 1 1/3 percent is about 1 percent of Aﬂ:j'ihe speétrbmétér
and auxiliary equipment are described. | | | |

The decay of ImR42 has beenlinvéstigated, using thevbeta -
spectrometer, and a decay scheme is postulated. ‘Schemes are also
proposed for the decay of_Am?Al, Gm242, Np236, and Pb203.. The
radiafions of the heavy nuclides.Np234,~Pu243; Puggs, Pb?o9; and
szoo_hav§~also been measured, | |

_The;radiations'from neutron deficient isotopes of zirconium
and their decay products ha&e been determined, and & decay scheme

is postulated for the decay of 2r87,
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THE SPECTROMETRIC DETERMINATION OF SOME BETA PARTICLE
* AWD CONVERSION ELECTRON ENERGIES
Grover Davis O'Kelley

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

I. INTRODUCTION

In recent years the spectroscopy of radioactive nuclides has
become one of the most fruitful fields of nuclear research, Spectro~-

metric measurements of energies and intensities are necessary to

" test our present concepts of a, B, and Y processes, and further develop—

ment along theoretical lines is hindered by the fact that relatively
few investigators have used such a prébisé approach'to the study of

radioactive disintegrations. According to the Table of Isotopes of
1

Seaborg and Perlman— there are more than 700 radioactive nuclides-

known, yet Mitchellls review of disintegration schemes® compiles only
about 50 which are reasonably well known in the region_below lead.
Thus, there is a need for careful spectrometric work, rather than the
less reliable absorption methods usually employed. |
Spectrometric measureménts are particulariy useful‘in'the heavy
region, since these lsotopes frequently decay in several different ways,
and if some ekpérimentally determined disintegration energies are availaf
ble, others may be calculated through the use of closed decay cycles,
This.method has proved very useful in extendiﬁg the information on
eiéctron.capture decays. The'systematicé of alpha radioactivity3’4
have been a valuable aid in ébtaining unmeasured disintegratién energies,

and have made it possible'to predict the radioactive properties of

»unknown species. By the use of such methods importantvadvances in the

study of heavy nuclei have been made, the most noteworthy being the
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réther complete ahd consiétent picture'of the énergy surface in the
heavy regioﬁg’4 which has been constructed.

However, the available data on beta disintegrgtion energies
ieave much to.be desired, and it is of considerable importance to
measure such schemes with precision comparable to that obtainable
in the measurement of alpha particle energies, if unknown energies
are to be calculated precisely. The usual beta ray spectrométer is
also very useful for méking‘measﬁrements of gamma energies, as des~

éribed below. Once sufficient data are compiled on the decay schemes

of electron capture isotopes, it will perhaps be possible to make the

systematicsbof electron Capture decay of Thompson5 more quantitative,
since one would have available the comparati&e‘half-livés’and elec-
fron capture transition enérgies,‘if the total decay enefgy were known
from a decéy cyclé and the daughter energy lévels weré‘known from the
decay scheme,

.It has become customary to call instruments for'Studying the elec-
tron spectra of radiocactive isotopes “beta ray spectrometers.” Sinée

these devices also yield information about gamma rays by measuring

the internally or externally converted electrons, the name "nuclear

spectrometer" has been used by Langer and Cook,6 Before discussing

these instruments further, it seems well to describe briefly the theories

‘of beta decay and gamma emission.

Beta disintegration is considered to be a complex transformation

. of a neutron into a proton or vice versa, with the simultaneous emission

or absorption of an electron and neutrino, The theory was developed in

its simplest form by Fermi,7 who used the Heilsenberg concept that the
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neutron and‘protdn are different states of the same particle. It is
postulated that the neutron and proton interact with the combined
fields of electron and neutrino in such a way that an electron is

created and a neutrino radiated when a neutron changes to a proton.

) Conversely, a positron and neutrino are radiated when a proton changes'

-to a neutron.

The probability for the emission of a beta particle with
momentum beétween m and M + dn is given by Fermi as

P(n)an = 62/2n3|uRr(z,n)m3 (e, - €)%am,

- vhere M is the momentum of the electron in units of mee, € is the

total energy in units of mocz,-and €, is the maximum energy of the

distribution, The quantity (€, - €) represents the momentum and energy

of the neutrino., The factor G is given by

G = (g/moc?) (moe/h)>,

-vwhere the constant g measures the strength of the interaction between

the nucleons and the electron-neutrino field, and is analogous to e in
the quentum electrodynamic treatment of the interaction of electrons
with the electromagnetic field (light). This "Fermi constant;" g,

must be determined empirically. |

The faetor |M|2 represents the square of the matrix element con-

vtainingvthe wave functions of the initial and final states of the neu-

tron and proton and the form of the interactioh. For allowed transitions
this factor is of the order of unity, but is smaller for forbidden‘tren-r‘
sitions, and may sometimes be dependent upon the energy of electron and

neutrino. This behavior arises from the expansion of the matrix ele-

ment into a series of terms, which become successively smaller if they
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do not vanish; iny the first nonvanishing term is ﬁnportént to the
order of'the transition, If the first term does.not vanish.it is close
to unity, regardless of the interaction type and energy. 'Such transi-
tions are allqwed. |

For certain transitions the initial and final nuclear wave functions
are such that,the first term in the M-expansion is zero., In such cases
the second term assumes importance, and the\trénsition is firsthor—
bidden; Since sucéessive terms in the expansion decrease by tﬁe

factor'ﬁR, where © is the average_momentum and R is the nuclear radius

in units of #i/mc, the sqﬁare of the matrix element for first forbidden [

transitions is smaller by 1072,

Of the five relativistically invariant forms of the interagtion,
the tensor and axial vector forms seem to best fit the experimental

data. Such interactions lead to the Gamow-Teller selection rules:8

A1 =0, +1, no 0 —>0; no parity change (allowed)
AL = 0, + 1, *+ 2; parity change (1lst forbidden)
I = 0, + 2, + 3; no parity change (2nd forbidden)

Wigner9 has modified the selection rule by dividing”the allowed

transitions into "favored" and "unfavored® transiﬁions. The favored

transitions are thought to be those in which both parent and daughter

nuclei have the same spacial wave-functions. The unfavored transitions
then become characﬁerized by a lower matrix element due to a change

in the spacial wave functions with respect'to symmetry or configura-
tion. In terms of ft values discussed below, the favored transitions
would have ft ~3000, while ﬁhe unfavored ones would have ft ~10°, From .

empirical data alone, the classifications of allowed (unfavored) and
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first forbidden transitions thus overlap. The nuclear shell model of

Feenberg and Hermack1C is sometimes helpful, since parities are

obtainable from the shell theory.
The decay constant for a transition is obtained by integrating

the momentum probability distribution from zero to mygy, or

N max

Moo= Ity - j p(man = /20?2 £(z,8,)

where £(Z,€,) = 5 '
o F(Z,ﬂ)ﬂz(eo - €)"@. Since £(Z,6,) is dependent only

on the charge and maximum enefgy, it can be calculated for any iso-
tqu for which these quantities are known. The product of f and the
half-life in seconds, usually denoted ft, is a measure of the magnitUdé
of G2/2ﬂ3lM|2, and:enables'one to classify beté transitions as to théir
orders of forbiddenness. Values of ft fall into groups in which each
degree of forbiddenness increases ft by a factor of 100. FA very good
rev’ew of beta decay thedry'and compilation of ft values is~given'by'
Konopinski,11 while more up-to—date tables of ft values have been COI=
piled by Feenberg and,Hammack,lO and Nordheim.12 The calculation of
f(Z,eo) has been treated recently by Feenbérg and Trigg.13

Experimental comparison of a momenﬁum distribution with the theory
is best done with the aid ofva Fermi-Kurie plot,l4 which also yields
the maximum energy. If thé experirental distribution N(w) is expressed
as particles per unit time for a constant momentum interval, thenv

- N(m)ec P(m).
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For a given type of‘interaction the factor G/2n3 will be constant; thé
matrix element will also be constant over the distribution except for
special forbidden. transitions whose matrix elements are energy de-
pendent. These cases are rare, and it will be seen that the Fermi-
Kurie plot_serves_to detect such situations. Therefore, we may write
the followihg equation for a beta spectrﬁm ﬁaving an allowed shape:

| N (m) = (const) F(Z,m)7 (g =92
The Fermi-Kurie plot of .N( ) /TFF(Z, W) 1/2 45 a function of € is a
straight line with an intercept at €= €,. The units of N, 7, and €
do not influence the maximum kinetic ¢ rergy one obtains from €., so
that instead of M, one might use H, HP, or magnet éurrent of a beta
ray spectrometer, and the plot could sery well be a function of E
in Mev, yielding the'maximum_kinetic energy E, directly. However;
relafivistic units are. usually quite cbnvenien‘t;

Use of the Fermi-Kurie plot reqﬁires precise knowledge bf.the form
of the function F(Z,M). This coulomb correction factor, which is the
Dirac wave function for an unbound charged particle in a coulomb field,
was given by Fermi’ in his original article on beta‘decaj. Omitting
momentum-independent factors, which do not affect the shape of the
FérmiAKurie plot, this function is:

F(Z,m) = (const.)® e@ [[T1 + 5 + 1y)|3,

where S = (1 = Y2)1/2 -1

¥ = {Za = 2/137 for F~ emission
-Z/137 for B*\gmission

~Za
y =fL+ BY2m] = (E/m

There are no complete tables of the complex gamma function, and so a

direct evaluation must be by means of series. To avoid the tedium of
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such computations, various approximations have been made, The most

reliable approximation is due to Bethe and Bacher:1?

F(Z,m) = (const.) ?ZL_L:W [(1 +n2)(1 + 4Y2)> - QS
e

This approximation is good to about 3 percent below atomic number &0,

- and is still the best approximation at atomic mmber 90, although the
errprris ébout 5 percent. iHowever, it is the variatién‘in the percen-.
tage error with momenfum, and not a constant error which would distort
the shépé of a Fermi-Kurie plot.

16

Feister— reports é program of computation and taebulation of the
exact function £(Z,M) = ngF(Z,n) under way at the National Bureau of -
Standards. It is planned to compute f(Z,m) for both negatrons and
positrons for all values of M from 0,050 to 7.00 (0.67 to 3100 Kev) at
sufficiently clésé intervals so that intermediate values of W méy

be directly interpolated. Feister's reporf includes. some of the pre—
iiminary results at intervals of 10 Z,up to 2 = 90.

Although the Fermi theory is derived on the basis of a simple
beta transition, the Fermi—Kurie plot‘may be resolved into components,
if several components are present in the decay. If two components are
'presént, the plot of the high energy one will 5e a straight linhe be~
yohd the upper limit of the softer component, but the Fermi-~-Kurie plot
of the mixture will rise above thé straight_line at energieé below
the maiimﬁm énefgy of'the soft component. The straight line obtained
by extrapblatihg the hard component td lower energies is subtracted

from the curve of the mixture, recalling that the Fermi-Kurie plot of

the soft component is V(Nfotal - Nb)/TFF against , where Nj is
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- spectral shapes., Owen and Primakoff,” and Wu and Feldman™
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_ obtained from the extrapolated high energy component. -Howéver, such

-a procedure should be used with caution, since scattering from the

source and spectrometer walls can cause an excess of electrons at low
energies which may resemble a sepafate component, If two beta parti-
cles decay from the same level in the parent to different levels in
the daughter nucleus, the presence of gamma rays will indicate the
validity of the resolutibn into cpmponents. End points of lower energy
components can.generally’be obtained with reasonable precision in
this way, except where the low energy beta particles ére of such low
intensity that they must compete with backscattered electrons from
the more intense components, It is good practice, therefore, to use
very thin samples and backings.

- Theoretically, the Fermi-Kurie plot for infinite and finite re-
sélving power will coincide eXcept in the region of the endpoint. In
pfactice; the resolving power is generally dependent upon source
thickness, and it is possible for a thick source and poor resolving
power to distort a straight-line Fermi-Kurie plot, or to straighten
opt é curved plot. This is particularly important in cases where small.
deviations from linearity are significant, as in studies of forbidden

17 18 have
studied the effect of poor resolution and thick sources, which in
some cases turns out to be quite pronounced. (

When a nucleus is left in an excited level as a result of radio-

active decay, gamma ray bombardment, or other excitation process, the

- probability for gamma ray emission te a lower level becomes high, The

quantum theory of radiation employs the classical concepﬁ of a
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~ radiating source as an oscillating electric or magnetic multipole,

and eﬁploys instead of the classical frequency w, theiquantity'hm
times the probability that a gamma ray shall be emitted.

Since the radiation carries away angular momentum, applicétipn
of conservation of ﬁomentum to the system of nucleus and photén leads
one to establish the foliowing selection rule: |

f-1I=<2,
where I and 1! are the angular momentum vecﬁors in units of % for the
states betweeﬁ whichban électric.or>magnetic 2£Lpole transition 6ccufs.

The radiation ofvlowest>6rder (i.e., the most probéble) between
two levels with angular momenta I and I' will be an electfic or
magnetic multipole of order 2'€ in which - |

£ - rI -1
Note that I and I' are the scalar quantities.
| When one also considers parity, i.e., what happens'ﬁo a,given

eigenfunction if the sign of all the particle coordinates is changed,

the following complete selection rules result:

Order =A 1  2 3 4 5

Electric radiation Dipole Quadrupole Oct., 16-pole 32-pole

L 1 2 3 4 5
Parity change yes no yes no yes
Magnetic Radiation ~-- Dipole Quad. Oct. 1l6-pole

£ - - 1 2 3 4

Parity change - - no yes no yes
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The table also includes values of the order of the transition,
denoted by 1L5 To the table mnst:Be added the selection rule that
0 ——->_O transitions are forbidden for ail‘types of radiation, This
is a result of the equation for midhmmi;@given above.

The.present state of knowledge of nuclear structure is not suffic-
ient to allow caiculation of‘abselute transition probabilities, but
various authors have calculated nuelear lifetimes assuming different
nuclear models. Segfe and Helmhelzl9 have_obtained an aﬁproximate |
foﬁmula for the decey censtant by siﬁplifying.a'treatment of the
problem due to Bethe'20 | ‘
10810)\( = ‘20.30 - 2 logyg (13 ... .22- l) =~ (24+ vl)(l..BO - logioE)

| - 2£(0.84 - 1/3 logi0A,
where \y is in sec;l, E is the gammawray energy in Mev, end,Z is the
multipole order for electric transitions. However, withing the accuracy
of such a calculation, the decay constant for 2£ pole magnetlc radia~
tion-has the same probability as.electric 2f+1 pole radiation, the-
deeay coﬁstant of.magnetic 21 pole is obtained from the formula by
setting A =L+ 1, |

. & nucleus may also deeay to a lower energy state by giving the
energy difference between the two states to an electron in the
K, Ly M =mm chell of the abom. Thus, monoenergetic electrons are
ejected with kinetic energies’EY - Eg, By - EL; ete., where Ey iS‘thé
energy difference between the levels, and‘EK3 Er, etc. the bindiﬁg
energy of the electrons in their respective shells. Such a process is
called-"interﬁal conversion,ﬁ» It is impoftant to realize that this is

a primary process, for internal conversion competes with gamma ray
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emission, and the decaj constant for the excited state is the sum of
the decay'constants for the two ﬁrocesses. Thus, |
‘X =Xy +hg |
and T1/ = 0.693/(hy +1 ) = 0.693A (1 + a),
| where My is the/decay constant for gamma ray emission,‘le is the decay
conetant for the internal conversion process, and « is the internal
'conversien'coefficient. defined as the number of internal conversion
electrons per unconverted gamma ray. Axel and Dancofle show that
when thls correctlon is applled to an equatlon for My haV1ng about
the same energy dependence as Segre and Helmholz's equation, very good
agfeement exists between theory and experiment.
Althoﬁgh'the calculafion of X\ relies upon knowledge of.nuclear

matrix elements and nuclear structure, the'calculation of internal
- -conversion coefficients depends only upon knoﬂledge of‘electfodynamics
and atomic structure, Internal conversiOn.offers'a means‘of_exploring
the_multipelevorder of transitions, since the degree of conversion
depende greatly upon the electric and magnetic field in the vicinity
of the nucleus where the K- and L-electrohs are located. The field
decreases with a power of r which is related to the multipole order,
Although the calculation of nuherieal values is a formidable task, the
theoreﬁieal evaluation is well known and has been treated by several

workers., Hﬁlme22 has treated internal conversion in the1(~ and L~
| shells due to the fleld of an electric dlpole, using Dirae's relatl- _
vistic equations. Goertzel and Rose23 have generalized Hulme's
treatment to include radiation from ﬁultipoles of arbitrary order. An

extensive numerical calculation of K-shell conversion coefficients for
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electric and magnetic multipole radiation up to order 25 has been
carried out by Rose and co-workers.%4 Their results have been distri-

buted privately in the form of tables.
23

The analytic expressions of Goetzel and Rose“” were simpiified

vfrom a computational point of view by Gellman and co-workers,25 who

have published preliminary‘results‘for the LI‘shell only,‘for the

~ electric dipole, magnetic dipole, and electric quadropole cases.

These preliminéry résults are exact except that screening has been
omittéd. .Hbﬂever, a rough screening cofrection nmay be made19 by
replacing Z by (Z-4) when interpoiating the curves of Geilman, et al.

As a fesult of a spectrometric invéstigation 6f a radionuclide,
the atomic number, gamma ray energy, and ratio of K electrons to L
electrons can be detérmined. If the transition is isomeric, the half-
life of the gamma_transition can be direétly measured. Even if the"
conversion coeffiqients cannof be directly measured the'half-life and
NK/NL ratio are véryvheipful in_ﬁssigning a multipole order to the
transition. Unfortunately, sufficient calcﬁlation of conversion
coefficients have not been made for the L shell to_allow\use of thé‘
“K/“L ratio reliably above an aﬁqmic number of about 35.

Some additional'aspects of beta decay and gamma ray_emiséion will

be discussed in connection with the eiperimental work described below.

’

II. APPARATUS
Before describing the beta spéétrometer (or "nuclear spectro-
meter') used in the investigations below, it would be well t6 recall

some general features of magnetic beta spectrometers.
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If an electron in an evacuated space moves in a plané perpendicular
to a magnetic field H, it will describe a circular path in thaf plane.
The magnetic force e(ng) on each electfon is theﬁ balanced by the
centrifugal force mve/P, Therefofe 6ne_obtains the following relation,
which holds relativistically:

Hev = QZE
P
On rearrangement,
p = v = eHP
in these equations H is the field in gauss, e is the charge on the
- electron in emu, P isvthe radius of curvature in cm, and m is the
mass of the ele¢tron at velocity v.

Since.charged,parﬁicles, éﬁch as electrons, often move at.right
angles- to uniform magnetic fields, HP values are convenient primary
megsurements. The "magnetic rigidity" or HP is proportional to the

relativistic momentum, whence the momentum in units mge becomes
N =p =_& . yp= HP(gauss-cm)
moc moc : °

After eliminating vélocities in the relativistic equations for -
momentim and'energy, one can relate HP in gauss - cm and E in Mev as
follows:

HP = 3336 [E° + 1.022 gY/?

B = [0.2609 + 8.987 x 10°8(np)3| /2 = 0.5108

The inverse resolution R of a beta.spectrometer is'@efined as
Ap/p; the "momentum bandwidth" ‘Ap is a measure of the momentum spread
of electrons which can strike the detector when the spectrometer is

adjusted to focus electrons of momentum p. For a monoenergetic electron

t
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line, R is the halfwidtﬁ of the measured line divided by the position
of.thé peak of the line., Thus the inverse resolution is dimensiqnless;
it is‘independéht of momeﬁtum for all magnetic spectrometers.

Since the inverse resolution is a constant of ﬁhe:apparatus, and
the momentum is proportional to'the magnetic rigidity, the momentum
bandwidth is proportional to momenfum, magnetic rigidity, or te any
“other measurable quéntity that is proportional to momentum:

0p = Rp = (Re)Hp

In the analysis of contihuous'beta spectra it is therefore
necessari‘to divide the counting_réte at each momentum‘setting by
somevquantity proportional to momentum, so that the activities are
ﬁormalized.to a:éonstant momentum interval.

Beta spectrometers may be conveniently divided into two groups,
the flat spectrpmeters and ihe helical spectrometers, 4&n example of
the former is the semicircular spectrometer proposed by Dahysz,z6
which is still wideiy used, Figure 1 shéws'sﬁch a device, which makés
use ofva uniform magnétic field perpendicular to the electron beam.
The electrons described circular paths, ﬁhose of equal energy having
eqﬁalvradii. Two electrons diverging from the source S with almost the
same initial direction will converge at one and the same point after
traversing approximgtely léOo of arc (poiht A, Figure l).v The cenfral
rays will havé the same radius of cufvature as the diverging rays, but
will strike the image plane at point B of Fiéure 1. Thus,’even for a
point source, the reéélving power is limited. Electrons leaving the

source at angles to the focusing plane of Figure 1 will have reduced



18-

- Fig. 1

-Electron trajectories in the semicircular beta spectrometer



-19-

mementum components in that plane, and their paths projected on the
image plane will be circles of shorter radll than the rays shown in
Figure 1; thls effect will increase the low energy “tall" of a mono-
energetic electron'line._ Tt will be seen that for this type'of beta
spectrometer, the conditions that would improve the resolution (narrow :
beam aperture, source, and exit Siit) all serve to decrease the number
of electrons reaching the detector, and will reduce the transmission
of the instrument; In all befa spectrometers, a compromise is neces-
sary between resolving power and transmission.

The low'transmiséion_of the Danysz‘spectrometer due to its one-
dimensionai focusing has led to the use of the various helical spectro-
meters, which utilize the focuéing property of an'axiallylsymmetric
field for electrons emerging'from a source located on the axis, The
‘path is a cylindrical helix with the axie parallel.to the direction
of the field. Such a system forms a convergent magnetic lens, The
vuse of a magnetlc lens in beta spectroscopy was proposed by Kap1tza,27v
and first accompllshed by Trlcke_r.28 The high transmission of the two-
dimensional.focosing helioal spectromeiers is generally counterbalanced
by a poorer resolving power than the semicircular instrument. However,
recent modifioations of helical spectrometers have improved somewhat
the relation between transmission andvresolving power.i

It was shown by Svartholm and Siegbahn that it is possible to
combine the advantage.of space foousing (high tranemission)'with that
of using central rays (high resolving power). Such a spectrometer may
be considered a flat spectrometer derived from the semicireular instru~

ment by replacing the uniform magnetic field by a non-uniform one, in
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such a way that there_is axial focusing as strong as the radial focus~
ing. Siegbahn, Svartholm, and their comworkers® 231 have studied the
theor& of this particular focusing device in cOnsiderable detail,
while Shull énd Dennison3? have shown such focusing to arise from
a géneral treatment of magnétic spectrometers, E. M. McMillan appéaré
to haﬁe firSt proposed this ”double—focusing“ spectrometer although
his results were not publiéhed at that time.
| Because of its good,ﬁransmission and high resolving poWer,.such
a double-focusing beta spectrometer has been constructed in thig
laboratofy, and it is ﬁhé pufpose of this paper to describe this
instrument and some of the measurements for which ‘it haé been used,
.Before proceeding, a brief review of the theory of this spectrometer
will be given. |

Consider an inhomogeneous magnebic field of cyliﬁdrical s&mmétry,
with a'plane’of syﬁmetryvperpéndicular to the akis. According to the
theory of the focusing properties of such a field, thers is an axial
focuéing action whichvdecfeases outward from the gentef of symmetry,
as well as avradial focusing action if the field does not‘decréase
faster than the reciprocal of %he radius from the axis. If the axial.‘
_bomponent of the field in the median plane at a distance r from thé
axis is denotedvbva(r), and its derivative with respect to.r by
H'(r), then an electron leaving a point on the circle r = r, in the
median plane and at a small angle'to the circle;.will strike the
‘qylindrical surface r = ry after an angle Py, the radiai focusing
angle, and the symmetry plane after an angle @z, the axial focuéing

angle. These focﬁsing angles are given by;29
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which yields the relation
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" The radial and axial focusing will be of equal strengfh if ﬁr‘= ﬁz,
which gives H(ry) = - 1/2 vroH(ro). Thus, we have an optical axis
of'radius To, on.which the objéct and image are separafed by an ahgle
2 radians. |

The required field varies'approximately as I/WE?in the vieinity
of the optical axis rg. It is desirable to define the field shape
more closely to focus rays diveréing from the optical axis at considera-
ble angles; thus a series expansioﬁ'of the axial field éomponent in
_the median plane H(r) is employed: |
H(r) = Ho[i +aq T=To 4 p(f- r6>2 .. ;J ,

To

where Hq is the éxial field componenﬁ at ro, r is the radius in the
vieinity of ry, and @ and B are constants. From the above expression
relating thé derivative of the field to the field ail f>= Toy, ‘@ must

be equai to = 1/2, while the other coefficients are at our disposal.
Svartholm,BO MeMillan (private communication to Svartﬁolm and
Siegbahn), and Shull and Dennison3< have all shown that;the coeffiéient
B is the factor which determines the aberration and hence the resolu-

* tion of such a specfrometer. Values of B from 1/8 to 3/8 have been

em.ployed;31’33’34 the choice of P involves practical considerations
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of magnet désign. .Persico and Geoffridn35 propose the use of_B‘= 3/16,
for which the ratio of transmission to'polepieée area is very high,

Figure 2 ghows a geﬂeral layout of a typical double focusing
spectrometer, The source and detector are located HYE'br aboﬁt 2559
'_aparﬁ, and the entrance slit A is‘midway on the éledtron trajectories.
The,divergence angles are determined by this slit; the‘fadial beam
© width is 22 r,¥) and the axial beam width is given by 212 r Yy,
o Svartholm.and Siegbahngg’Bo_have shown the dispersion‘of the
double focusing specfrometer to be £ﬁice ﬁhat of a semicirculsr one,
and an aberration width aboﬁt half és large.. Also, one obtaiﬁs the
interesﬁing result that'for B = 1/8, thé radial defocusing is elimina- '
ted, and for B = 3/8, the same is.true for axial defocusing. Wﬁen.Yl,
énd Yo are'about the séme, it is impossible to reducé th9 aberration
width by a choice of Bibetween 1/8 and 3/8, but one can improve the"
resolution through the use of an extended aperture. Fdr examplé, if
B = 1/8 (as in the instrument below) one should use a large radial
acceptance angle and a relatively smaller axiai angle which.caﬁ be
varied to obtain various line widths. In such a case, ﬁhe'transmission
varies linearly with the axial aperﬁure, while the line width decreases
according to a square law, | |

Two alternative magnet désighs are shown in Figure 3. besign (a)
allows the use of a large radial extension of the beam, and hence is
very suitable for a double-fdéﬁsing Béta épectrometer with B = 1/8.
Also, Qith this choice of field shape, the polepieces may be placed
fairly close tbgether, and fringing effects do not becdme~Serious.

This magnet is eminently suited to theoretical design, and may be
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(b)

Fig, 2

Double focusing spectrometer: projection of electron
paths (a) in the median plane, and (b) in the axial
plane ‘ :



(a)

(b)

Alternatlve magnet des1gns for the double focusing
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machined to a calculated pole shape with cénfidence that the magnetic
‘field will have the proper distribution; For these reasons the
spectrometer described herein was constructed similar to the closed
magnetic circuit,spéctrqmeter of Figure 3-(a), even though this designv
requires more coppef_and power'for the same radius than the instrument
shown in Figure 3—(b). The "double mushroom" magnet of Figure:B-(b)
is due to Cockeroft30 who used such an arrangement for a large alpha
spectrometer. It has the adjantage of yielding 1argeiradii with a
magnet of modest physical size, but has the disadvantage of a small
radial area, because of the ﬁagnet coil. Thus, t§ obtain the opti-
mum transmission a large axial aperture must be used, with the result
that a B of 3/8 is required. In this case the polepiecés are spaced
much farther than in the former instrument, and fringing effects
beéome'diffiéult to cope with except by empirical means.

- The pdlepieces of our spectrometér wefe'carefully designed
theoretiéally, and machined to an average toléraﬁceiof better than
0.1 percent in thé bending zone. A diagram in cross section for half
of one polepiece is shown in Figufe Ly togethef with its theoretical
dimensions;~ Because of the éylindrical symmetry of the device, the
other half of the polepiece cross section is the same, The equilibrium
radius choseﬁvwas'25.00 cﬁ, or 9.842 inches, An assembly drawing,
Figure 5, shows thé'method of mounting the mégnet coil, which consiéts
of 725 turns of number 8 Formex insulated wire, having a resistance of
3.95 ohms. Thé spool upon which the magnet coil is wound is séparated
from the vacuum tank of £hé spectrometer by a brass wall, rendered

vacuum~tight by rubber géskets. A small, radar type blower circulates
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air around the magnet coil when the magnet power supbly is operated.
Tbe temperatﬁre of the magnet coil may be estimated by a thermocouple
placed inside the winding, but no heating has been observed, even when
operating at 10 amperes through the coil. Such a current corresponds
to about 18,0CO gauss - cm or.5 Mev, and is the limit of the magnet
‘power.supply.

- As shown in Figure 5, a vacuum tight, brass well is intfoduced
into the spectrometer'chamber.for making field measurements in the
median plane, If itfis‘desiréd to measure the field in the region
on each side of the equilibrium rédius, the - spectrometer vacuum tank
can be let down to atmospheric pressure, and the fluxmeter well may
be released and rotated to each side of its normally fixed position,

An external pointer is adjusted so the position of the search coil
within the well is known pfeéisely. Figure 6 shows the fesult of éuchv

a field shape meaéurement, and demonstrates the.ciose agreement between
the actual field and the theoretical shape. The.deviations from the
calculated curve at low radii are probably not sighificant, as the

probe position was relatively uncertain there; Deviations below a radius
of 8 inches or above 12 inches would oniy‘éffect'the'transmission,
leaving fhe resolving power essentiélly unchanged.

The power supply for the‘magnet coil is composed of a bridge type
selenium rectifier, a low ripple, choke input filter, and a suitable
regulating circuit. The operatioﬁ of the control and stabilizing cir-
cuit is as follows. 4 saﬂurable reactor bank, connected in series ﬁiﬁh
the isolation transformer supplying the seleniﬁm rectifier, can be con-

trolled by two pairs of 304 - TL vacuum tubes, so that the voltage
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Fig. 5

Assembly -drawing of the beta spéctrbmeter
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Comparison of experimental and calcﬁlatéd field profile
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applied_to the rectifier is varied over a wide range. Two different
coﬁtrol voltages are applied to the 304.-_TL control tubes., The first
is a variable biés, deriﬁed from a very_stable 600 volt DC power
supply; since the bias determines the plate current of fhe control
tubes, the output current to the magnet coil caﬁ be adjusted in this
way. A second control'voltage is applied from a resistor in series
Qith thé'magnet, thch is sénsitivévtéfchapges in magnet current
which may occur, and transfers“such changes to the contrdl tubes;as:
a correction signal;..fhis system'has.fhé advantage of‘continubué cur~- "
rent variation over the entire range of about 0 - 10 ampefés with a
single control, A:simplified schematic diagram of the electronic
" circuit is shown in Figure 7. |

In normal operation, the confroi bias‘is obtained through the _
"Remote Control"_ﬁanel, which effectively divides the full current
range into a series of 10 overlapping intervals and one cdarsg rénge
of 0 - 10 amperes. The poteﬁtioﬁeter on this unit can bg driveﬁ by
a motor of variable speed, and an auxiliary-recording device indicates
the magnet current as a function of time on a Leeds and Northrup multié_
ple'inﬁut "Speedomax" recorder which also plots the counting rate of
the detector as.a function of time.. An eﬁploratdry sweep of a_spedtrum
can thus be obtained quite conveniéntly, and this device has proved
very useful. _ | |

For investigating ;pw'energy speetra, it is conveniént to expand
the low current ranges. This is achieved by switching‘a fixed resistor
of approximately 0.1l the_resistancé of the magnet and its circuits

~across the output of the power sﬁpply, so while the power supply undergoes
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an excursion of 0 - 10 amperes ih ten steps, the magnet current is -
about O - 1 ampere. |

The current through the magnet coil is measured by observing on
a null-type potentiometer the voifage drop across a 0,1000 ohm,

15 ampere Leeds and Northrup standard resistor. .

Within the spectrometer are four polystyrene baffles, placed 15,
18, 21, and 237 degrees from’the'source. Thé baffles are fixed in .
aperture to allow a traﬁsmission of 1 percent of AWVforbaﬁ invérsev_:_
resolution §f.l 1/3 percent. Howe%éf, if the source has a 1érge éfeé,
this high transmission cannot be attained; usually transmissions of
0.2 = 0.5 percent can be expected.‘>With the slit apertures reduced,
inverse resolutions of 0,36 percent'have been used, v

The pumping system consists of a Distillation Products Gorporation
VMF - 100 oil diffusion pump, bagked by a Welch Model 1505-A Duoseél
mechanical pump. The airlock thréugh’which samples are introduced is
exhausted by a small, auxiliary mechanical pump. The diffusion pump
0il is protected by safety devices which turn off the heating element
- if the cooling water fails or if the pressuré in the vacuum tank exceeds
about 30 microns of mercury pressure, as indicated on a National Reéearch
Corporation vacuum thérmocouple.

With the puﬁping system describéd, a pressure of about 3 x 106 m
of mercury is obtained undér operating conditions. Low Pressure measure-
ments are made with a Western Electric D=79510 ion gauge, and a standard
Radiation Laboratory ion gauge.power supply described elsewhére;37

Detection is accomplished with a Geiger counter of the end window

type, which is positioned at the focus of the spectrometer by'an
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adjustable brass support. This counter tube has a 1/j-inch brass
collimator before the window, which is either a thin 0,0005-inch
Nylon sheet or a Formvar foil 30-50 gm/cm? thick, supported on a

Lectromesh grid., The windows are sealed with gaskets of dental dam

‘rubber., Since such thin windows require that the tube be filled in

situ, the counter tﬁbe is connected to an external evacuating and
filling apparatus. Because of the solubility of the plestic windows

in alcohol, ethyleﬁe is used as the quenchlng gas, the usual flll being
8.8 cm of a m;xture of 10 percent ethylene and 90 percent argon,

To compensate for the loss of counter filling mixture by |
diffusion through the very thin windows a pressure regulating device
has been installed, which operates as follows, When filled, the counter
tube is connected to a 5—11ter reservoir of filling gas at the operat~
ing pressure of 8.8 cm. Also attached to the counter tube is a
mercury vacuum manometer with a wolfram contact just above the meniscus
of the mercury eelpmn on the high pressure side. Should the éressure
decreese; an electrical connection is made between the wolfram Qire
and the mereury column, which actuates a solenoid valve through a
sensitive relay. This solenoid operated valve allows filling gas to
be introduced from a high pressure reservoir until the counter system
is again at 8,8 cm., A schematic leyoﬁﬁ of this regulator is shown in
Figure 8.

The~Geiger tube is connected to a quenching preamplifier of low
deadtlme, the output of whlch is fed to a standard scaler. In addltloﬁ
to the scaler, a counting rate meter of both linear and 1ogar1thmlc

response is used for making exploratory sweeps with the motqr drive
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unit of the magnet’sﬁpply.

No departure from linearity between the mégnet coil current and
H has been observed either'frdm difect field measurements of by mea-
suring‘the currént required to focus various monoenergetic conversion
lines, However,vthere is some residual fiela which cannot be entirely
eliminated, so ﬁhe calibration equation has the form

HP = KI + ¢,
where K and ¢ are evaluated by measuring the.magﬁet current reqﬁired
to focus certain standard electron lines., The residual field contri-~
“bution c¢ is kept constant by.passing zero to 1.5 aﬁperes of alternat-
ing current through the magnet coii in a demagnetizing cycle; after
which the direct current is always increased to avoid hysteresis
effects. Figures 9 and 10 show curves of relative field as a function
of magnet current, and HP of some standard electron linés against
magnet current, respectively.
l.Although the spectrometer waé designed for a transmission of

1 percent for a resolution of 1 1/3 percent, the usual.trahsmission
is much lower, due to sample preparation, window abéorption, and
possibly other factors. The transmission at low energies is especially
poor, since the suPporting grid for the thin Formvar window is only
50 to 60 percent transparenﬁ, Above 200 ng, where the 0.0005-in§h
Nylon windows can be used, the transmission is about 0.5 percent for a
: resolving power of 1.5 percent, However, in cases where a low trans-
'mission can be tolerated, very good resolving péwer can be obtained by
decreasing the axial slit yidth and using carefully prepared sources.

Some results for various Csi37 samples are shown in Figure 11.
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Typical beta spe¢trome£er calibration curve
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K line of 0,08013 Mev gamma ray of I331
L line of 0,08013 Mev gamma ray of I131
K line of 0,2841 Mev gamma ray of I131
K line of 0,3642 Mev gamma ray of 1131

'K line of 0,6614 Mev gamma ray of Cs137

K photoline of 1/172 Mev gamma ray of Co®© (uranium
radiator) : - ‘ o
K photoline of 1.332 Mev gamma ray of co®0 (uranium
radiator) -
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The K internal conversion line of the Cs137 gamma ray,
for three different samples and inverse resolution
values,
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Photographs of the magnet rack and the electronic equipmeﬁt are

shown in Figures 12 and 13.

_III. EXPERIMENTAL

The beta spectrometer aescribed above has been in routine use
for about a year, and has beén employed in a variety-of investiga~
tions, The purpose of this section is to describe the author's re~
search with this instrument.

Samples are generaily mounted on thin Tygon plastic films
20-30}Lgm/cm2 thick which are coated with a thin layer of gold
or a;uminum evaporated in vacuum. Tygon is preferred over other
plastics for such applications because of its acid resistance, as
is the gold coating., The purpose of the metallic film is to ground
vthe source to the source holder.frame, which in turn is grounded to
the spectrometer proper. If this*grounding of the sample is not ob-
served, serious shif'ts in low energy eiectfon 1ihes will resﬁlt;
particularly in samples which are eéxtremely alpha radiocactive.

Heavy alpha gmitters consitute a great health hazard in the
quantities employed for the in#estigations below., Indeed, the hand-
ling of large sémples of transuranium elements requires considerably
' mbre care than the usual beta or gamma active samples encountered in
beta spedtroséopy, and contamination éf the surroundings must be
studiously avoided. In order to confine the alpha contamination
" in a small area,-a glove box of traniparent'plastic was consﬁructed
by the Healthvéhemistry‘group of this laboratory, and is used for

mounting the radioactive samples on the source probe. The probe is
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Flg, 12

Photograph of the beta spectrometer magnet rack
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Fig, 13

Photograph of the auxiliary and control equipment
for the beta spectrometer
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introduced into the box through a Wilson seal, and after mounting the
sample it can be inserted in the spectrometer airlock with a minimum
possibility of contamination. A photograph of the glove box with a

source in place is shown in Figure 14.

A, The Decay Scheme of AmR42

-

Neutron irradiaﬁionfof 475 year Am241 results in the production
of a pair df,isomer838?39 A4 yith a 16 hour half-life kﬁown to
deca& by beta particle emission, and a long lived (lOO year) ground
state,vAm242,‘which is also a beta emitter and has weak alpha branch-

.1ng. Since strong sources of Am242m and Am242 can be prepared by
pile neutron irradiation of Am24l, it was p0331ble to examine the
radiations of the two isomers of Am242, particularly Am242m, Qith
x-ray and beta spectrometers. As a result of these investigations,
it became possible to characteéerize not only the beta transitions, buf
also the isomeric transition and electron capture decay.

,The electron capture has been shown indépendently to result in
the long livéd nuclide Pu?4R by mass spectrographic_examinétion of
the plutonium fraction frgm a sample of -americium which had been
subjected to long neutron irradiation.4¢

A curved crystal x—fay spectrometer proved very useful in analy-
zing the L x-ray mixture. This instrument and some of the other
.meaSurements for which it has been emplqyed, have been described
elsewhere'by,Barton, Rébiﬁsoﬁ, and Per'lmé.n.41 The x-ray spectrometer
sampleiconsisted.of‘z mg of Aﬁ24l-which had been irfadiated with pile

neutrons -and repurified chemically. The pure americium was ‘then
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Fig. 14

Photograph of source probe glove box, showing
source and probe in place
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precipitated as AmF3 and dried to a powder which was sealed in a
thin walled, narrow glass qapillary. This source gave very sharp
peaks which allowed good energy measurements in the spectrometer.
The spectrum was scanned with a mgtor sweep of constant speed, and
the impulses from the.scaler were recorded on a Streeter-Amet Trafi-
counter. Approximately 6 hours were required to scan the L x-ray
region; the decay of the lines was followed by scanning continuous-
ly for about six days. Figure 15 shows the decay over the 6 day
period. '

The L series x~rays of curium, americium, plutonium, and neptun-

ium were positively identified from the close agreement with the

-values calculated by Barton using the Moseley relation. The validity

of this extrapolation of x-ray energies into the transuranium region
has been established by the work of‘Barton41 on the L x-rays of plu-.
tonium and neptunium. The curium, americium, and plutonium x-rays
were observed tq decay with a half-life of abput 16 hours, while the
neptﬁnium x-rays did not decay appreciably over the 6 day period..

Presumably the origin of the x-rays is as follows: the curium x-rays

arise from the internal c¢onversion of a gamma ray following the beta

transition, those of americium are from the internal conversion of
the isomeric transition gamma ray, and the plutonium x-rays most
probably arise from a combination of L electron capture and internal.
conversion prOCeSéeS. The long lived nepiunium x~rays are to be ex-
pected from the internal conversion of the gamma ray of Np237 follow-

ing the alpha decay of the target material, arttl (see Section B).
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The'relative iﬁtehsities of the x-rays of curium, americium, and
pluteonivm are of great importance to:the formulation of a decay scheme.
The observed intensities were corrected for absorption in the source
capillary, quartz diffractiﬁg crystal, and counter window by assum-
ing these effects té be equivalent to 150 mg/cn? of aluminum, end
using Allen's compilation of absorption coefficients.42 The xenon
filled proéortional counter efficiency for the various x-ray senergies
was estimated from the work‘of Crane and Ghioréo,43 while the reflec-
tivity>of the quartz crjstal was assumed to vaf& as l/EZ; as calcu-
lated by Lind, West, and Dumond.%4 Barton, Robinson, and Perlman
have found thatvthe relativé intensities of the x-rays involving the

L11T level (Zal, ng,lggg;) agree well with those of electron bom-
.’barded ﬁranium.4l The'intenéities of the x-rays from the decay of
Am242m were normalizgd,,taking the rélative intensiﬂy of the curium
Laj line aslloo.‘_Here also, there is agreement betﬁeeﬁ intensities
from excitation of uranium by eléctron bombardment and éxcitation by
the internal conversion‘process and electron capture in the cases

§f the L#l and Lg, lines. However, it is also interesting'to note
that the x-rays involving the L11 and LTt leﬁels are in approximately
equal abundance for the plutonium and curium x-rays, buf the émericium
L111 x-rays from the isomgric transition are about five times as
abuﬁdant as the Lyy level radiation. Sélection_rules are prébably '
in force such that:thg Li1z level is eépecially favored, and may well
be related to the long life of the isomeric state. .This unusually
large number of LIII Eransitidhs is noticeable in the conversion

electron spectrum, and is in disagreement with Kinsey's assumptidﬁ45
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that the Ly level is always the most strongly excited in the internal

conversion process, although in the cases of curium and plutonium

x-rays the ratio of LI x~rays to LIII x-rays is about that reported

by Klnsey.

energies and intensities.

Table

1

Table 1. llsts the pr1n01pal lines observed, their measured

Principal x-ray lines in decay of Am<4<m

X-ray Relative

line de31g- Level Measured intensity Calculated

nation transition energy (corrected)®  energy

Pu Lay Lty - My 14.33 £ 0,01 68 .21
LE2 LIIT - NIV 17.32 ¥ 0,02 22 17429
L1 11T - M@y 18.34 + 0,02 54 18,30
LY LT - NIV 21.52 ¥ 0,05 18 21.43

Am Loy 14 .66 + 0,02 39 1466
LB b A
P 18,90 + 0,07 & 18.84
LYy b

Cm Laj 15,01 + 0,01 100 15,00

LE, 18.13 ¥ 0,04 36 18,08
LEL 19.48 * 0,02 107 19.38
LY1 22,78 & 0,07 . 33 22.68

B@Estimated corrections for crystal and counter window absorptlon

and reflectlon intensity variation with energy.

bNot resolvable from other lines,

Microgram quantities of purified, neutron irradiated americiim

were used for preparing the beta spectrometer sources.

Tygon films were used as backings.

Conducting

In the course of the investigation,

six different samples were obsefved and four pile irradiations of AnRhL

were made,
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The beta spectrum of AnR4Rm Qas determined on each of the four
bombardments and Fermi-Kurie plots of the data were made, Calibra-
tion in this energyvrégion was made against the‘Klelectron‘line of
'the.C3137'gamma ray, whose magnétic rigidity of 3381 géuss-cm has been
precisely compared with the K llne of the 0.4112 Mev gamma ray o

98 by Langer, 46 Flgure 16 shows a typlcal Fermi-Kurie plot.,
Table 2 1lsts the values ‘of the beta energy obtained, from which the
final value of 628 KevAls obtained, and the absolute uncertalnty is

estimated to be + 5 Kev,

Tablev2

Determinations of AnR4RR beta energy

Experimenf : Beta enérgy, Kev
I 628
2 628
3 625
4 630

Theré is some eyidenée that the beta spectrum of AnRARR 5 com-
plex, with a.second 99mponent at about 280 Kév,. At the presenﬁ writing,
evidence for a 350 Kev gamma ray is not définitive, due to the possi-
bility of a small amount of fission'product_activity which may have
followed tﬁe chemical sepafafiénsg Aﬁtempts to precisely measure .the
beta‘energy of the iOO year Aﬁ?42-isomer faiied because of insufficient

activity, using the above samples. However,'Dra.S. Go Thompson kindly
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prepared a sample of Am?415242 yith fairly high specific activity of

Am242. From this source; a value of 593 Kev for the beta energy of
the long lived isomer was obtained.

Lead and copper absorption curves of the electromagnetic radiation

from the 16 hour isomef showed only a soft gamma ray of about 50 Kev

and L x-rays, but no detectable hard gamma radiation or K x-rays.

A portion of the low energy electron spectrum in whicﬁ lines
weré seen is shown in Figure 17. The resolving power of the'spectro-
meter was adjusted to about 0.5 percent,‘but at the low énefgies‘en~
countered in these experiments, backscaﬁtering from the sample backing
introduces a smearing effect which is very difficult to elimihate.

The electron lines have not been corrected for window absorption in
Figure 17, but estimates of relétive'abundances_weré made, using win-
dow absorption corrections published by.Heller, Strucker, and Weber.z*‘7

The electron lines are assigned to the L internal conVersipn of
gammé rays of 53 Kev, 35 Kev, and. 38 Kev; assuming these gamma rays
to résult from transitions in curium, americium, and plﬁfonium, res-
pectively., These assignments are based on the energy differences.of
the lines, which seenm to best match the L1, LIT, Qnd LTI differences
of curium, americium, and pluténium. Such assignments are not con-

clusive, since theé ‘experimental uncertainties are of about the same

" order as the differences. However, further evidence is obtained from

the decay of the lines. It is observed that the electron lines of the
35 Kev gamma ray decay with a half—life_of 15 to 20 hours, while the
lines of the 53 and 38 Kev gamme. rays decay initially with a short

half-life of this .order, but gradually tail into a half-life which is
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very long. It seems reasonable fhat the 53 Kev gaﬁma ray should be
associated with the beta transition, since.this is the predominant
décay process,‘and the 53 Kev gamms ray is seen in absorption measure-
ments. The 53 Kev gammé ray is approximately 40 percent converted,

if it follows the beta decay. This ié to be compared with a ﬁalue

of 50 percent, based on'absorption measurement by'Crane.48.-

On the assuﬁption-that the 53 Kev gamma ray is 40 percent conr.
verted, that the other two gémma rays are 20 percent con&erted, and that
the L Auger coefficient is about 0.5, ‘the relative probabilities for
the various decay‘proéesses can be eétimated. Am242m-appears to decay
15 percent by electrdn capture,'ls'percent by.isomeric transition, and
about 70 percent by beta emission.

Since ﬁhe 38 and 53 Kev gamma rays were oBserved to be present
in both 16 hoﬁf A4 gng 80 year Am24<, it ié assumed that the beta
decay of the long 1ived_isomer\e#cites the same 53 Kev level in OmR42
as the 16 hour activity, and that the eiectron capturé'involves a
transition to the level in plutonium 38 Kev above the ground state.
Evidence with the one sample of pure 80 year AnR4R investigated thus
far indicates that such is the_case, although there is some preliminary
evidencévfor a harder gamma ray also folloﬁing the electron capture.

| The experimeptal results discussed here can be summarized as a

decay scheme, which is shown in Figure 18,

B. Radiations of Amc4l

Since 475 year AmRhl ig produced in milligram guantities in

nuclesr reactors, its chemical properties have been extensively
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studied in fhis laboratory, using weighablé duantities of material,
Because of its availability'and possible use as a countiné standard,
this nuclide was investigated on the beta ray spectrometer.

»Seaborg aﬁd co—workers38 had found that the nuclide Am?41 emits
gamma rays of about 62 Kev, and inlan intensityvof about 0.4 per alpha
particle., These workers aiso found x-rays of about 20 Kev, which were
the L x}rays of neptunium, Barton, Robinson, and PerlmanZPl measﬁred
these x—rayé on the x-ray spectrometer‘and showed that they indeed
arose from transitions in neptunium. (See also Section'A abpve.)

The samples of AnR4Ll yere mounted as préviously described, usiﬁg
thin backings, but macro amounts of material. Beth Eﬁger eiectrons
- from L type transitions and internal conversion electrons were observed.
The L, M, and N cohﬁersioh lines of av59;4 + 1.0 Kev garma ray are
shown in Figure 19. .This éamma ray energy checks>the absorption value
quite closely.

The internal’conve:sion coefficient of this gamma ray can be esti-
mated from the electron line intensities. Obtaining the transmission
of the spectrometer as deécribed in Sectioﬁ C below, the ratio of L
electrons to total alpha particles was found to be 0.28, 'Since the
abundances of the two alpha particle groups are not known accurately,
it was neceséary to calculate the internal conversion coefficient from
the ratio of gamma rays to alpha particles, which was taken as 0.4.
Thus it appears that this gamma ray is about 40 percent L converted,
i.e., ap, ~ 0.7. One may also estimate from these data that about
70 peféent of the Am241 alpha transitions excite a level in Np237

59 Kev above the ground state, and that the remaining 30 percent of
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the alpha transitions are to the ground state of Np?37. These
estimates of abundances are probably accurate to + 20 percent. The

postulated decay scheme is included in Figure 19.

C. Decay Scheme cf Cm4R

The nuclide Om242, anvalﬁha pérticlé emitter of 163 days half-
life, can be prepared in microgram quantities by neutron irradiation
of Am241, and the subsequent decay of AnR42I g5 described in Section 4,
aBoVe. Absorption experiments indicéte be—rays and a gamma ray of
about 50 Kev, No hard'electromagnetic radiation is detectable,

Inténse Crf4R sources were obﬁainéé from W, W, T, Cfane and
run on the beta spectrometer, wifh the result that Auger electrons
and intefnal conversion electrons were observed (Figure 20). The

internal conversion lines can be assigned to the L, M and perhaps the

N conversions of a 43 Kev gamma ray. From measurements of the line

.intensities, it is possible to estimate the conversion coefficient.

Withvthis in mind, thg geometry and detector efficiency of the spéctro—
meter were measured by extrapoiating a Fermi-Kurie plot of a sample of
P4’ to low energies, and correcting the low eﬁergy points up to the
straight line. The spep’prum of P47 is kmown to follow the allowed

shape down to about 8 Kev,49 so such a proéedure is valid of scattering

effects are not too severe. The sample of Pmll*’7 was about the same size

and weight as the Cm42 source, in order that the "Iuminosities” would

be the same. &.further datum required is the relative abundances of

. the two alpha groups., Asaro and.PerlmanSO have found the high energy

~alpha group to be in 70 percent abundance, while the other, which
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‘preéedes the 43 Kev gamma ray, is present in 30 percent abundance, The

conversion coefficient is calculated>as follows:

LToﬁal electrons detected)

0.3 (Transmission)(total alpha disin-
' tegratlons)

conversion coefficient =

For the L conversion electrons, this was measured as about
45 + 10 percent. The ratio of L conversion to M conversion is about 5.

‘These data are consiétent-with the decay scheme shown on Figure 20.

'>D; Decay. Scheme of 22 hour Np236 and 4.4 day Np 234

A ccnsideratlon of the closed energy cycles relating to the decay
of Np236 indicated (Figure 21-a) that electron capture was energeti-
cally possible to the extent of 1, 21 Mev in addition to the beta ‘emig-
sion already known to occur.51 An 1nvest1gation of this 1sotope was
undertaken in the hope that both the beta decay and electron. capture
branching could be detected and the relative intensities measured.

The samples of.Np236 were prepared by bombardment of U235 with
1, Mev deuferons'frém the 60 inch cjclotron at the;Crécker Radiation |
Laboratory, Smaller amounts'ef.Np234 were also produced in these
bombardments.‘ The target material was dissolved and avradiochemicqlly
pure neptunium_fractién waslSepa:ated by:Q,\A,ﬂOrth. The final step
of the chemical procedure was an elution of the neptunim fraction from
an anioh exchange co;umn)with concentratedeCl, Thus it became possible
to prepare carriérifree samples of neptunium ofvhigh specific activity.
Beta spectrcmeter sources were mounted on thin Tygon plastic films about
20-30 gm/cm? thick. Tygon ﬁas very useful in this application, sinde
a drop of cqncentrated_HGlumay be evaﬁoratedvon'such a film without

mishap., As a precaution againét source chérging, a thin layer of gold
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was evaporated over the plastic film and the source holder ring, which
was then grounded to the spectrometer frame.

When samples of_Np236

were examined on the beta spectrbmeter,
Auger electrons, internal conversion eléctrons, and beta particles
were seen, Figure 22~A shows the electron‘spectrum obtained., The

L Auger electrons are far too intense to be accounted for by the
infernal conversion.of'ﬁhe gamma rays.shown., 1Fermi&KurietplotS'
(Figure 22~B) of the continuous beta spec@rum é:e cdmplex; and two
beta groups‘may be‘resolved,_hayiﬁg energies of 0.51 Mev (59 percent)
and 0,36 Mev (41 percent). _A.pair of internal conversioﬁ‘lines corres-
ponding to the K and L cohversion of a 0.150>Mev gamma ray was also:
oﬁserved. “ASSuming this gamms transition to follow the 0.36_Mev

beta transition, the gamma ray is sbout 100 percent converted, with a
ratio of K electrons to L electrons of‘about 2. & pqwerfnl srgument
in favor of this scheme is the calculated disintegfationvenergy of
0.51 Mev from the closed energy cycles of Figure 21. ‘

_it was briefly mentioned that the Auger electrons observed were
far in excess of those expected from K ;nd,L'electron vacancies due
to the interna1 conve;sion of the gamma rsys, or from the electron
capture in the NpR34 vhich was also present. These electrons, when.
corrected for the presence of Np234, are a measure of'the electron

'capture in Np236. Howevér, window corrections for the beta spectro-
meter detectér are.uncertain in'this low energy region, and so it was
deemed>desirable to use_abscrption methodg to evaluate the relative
number of electron capture‘and beta transitiohs. The radiations were

resolved by beryllium and silver absorption into electrons, L x-rays,
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and K x-rays, as described elsewhere.’2 The relative intensities were
corrected for the coﬁnting efficiency of the detector and the L Auger

coefficient, which was assumed to be 0.5 from the work of Kinsey,45'

An estimate of the K electron capture was made, teking into account
the internal conversion of the 0.15 Mev gamma ray in the K shell.

- Further, the total L vacancies éalculated from the absorption data:

minus the number of L vacéncies'resulting from the K vacancies is
taken as the number of L electron capture vacénciesc Relating these
intensities to the number of beta particles allows the completion of
the decay scheme, in which the relative abundances should be accurate
to + 20 percent (Figure 23-a). |

_Although there is a large amount of L electron capture for this
diéintegration energy of 1.21 Mev, otheér hgavy nuclides such as
U231, §p235, and 5m242m have demonstrated predomiﬁant capture of
L electrons,”3s 54’55 |

Be51des the conversion 1ine of the 0,177 Mev gamma ray of 4.4 day
Np234 shown in Figure 22-4, another group of rather ‘prominent lines
are found beyond the Np236}beta_spectrum which correspond to the K,‘L;
and possibly the_M internal conversion of a 0,803 Mev gamma ray. These
lines decay with a 4 day half-life, and thus are aésociated with the
decay of Np234 The closed decay eycle of Figure 21=b shows the elec-

tron capture energy of Np234 to be 1.87 Mev. There is also a line of

7 Tow intensity at even higher energy, which has a longer half-life than

236, and is most probably the K internal conversion peak of a 1,42 Mev
gamma ray. If a mixture of Np234 and Np236 is allowed to decay for

several half~lives of the latter, it becomes possible to resolve out
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the K electron line of a 0.442 Mev gamma ray of Np234, The electron
spectrum of these gemma rays ié shown in Figure 22-c. Although an
extensive study of‘thendecay scheme of Np234 has not been made, it
seems apparent that this electron capture nuclide has associated‘with
its decay gammea. Tays of 0,177 Mev, 0,442 Mev, O;8QBvMev, and l.42 Mev,
A rather straight forvard interpretation of these data is that the
first three gamma rays are in éasca&e, with the 1.42 Mev gammaray
a crossover transition., This scheme is shown in Figure 23-b.

It would be very interesting tb examine the‘gamma fay spectrum
of'Np234 nore thdroughlyg and especially tp'obtain the relative

gamma rey intensities.

 E. Radistions of Pu®3 end Pu238

The electron capturé iﬁ;Am242m has beeﬁ s.hox»u:z_4O to result in the
lohg lived pluﬁonium-isotope; Pu242, while the beta dec:aty'<3f_Am242fn |
forms Cm?%2, If the plutonium fraction is separated from a sémple
of Am241 which has been subjected to long néutrén irradiation, both
puh2 and Pu3® are present in about equal amounts by weight,40 the
latter plutonimm isotope resulting from alpha décay of CmR42, Alpha
pulse gnalysisvand mass spectrographic measurements of these plutonium
samples showed the alpha particle ehérgy of Pu4? to be A@SSiMev and
the aléha particle half—iife to bevapproximately 5x 10° years, in ‘
good agreement with'the_aiphé decay systematics;394. Energy surface
considerations in this region indicate beta stability for both Pus?
and Pu?38, Recently the half-life of Pu?38 has been megsured as

89,59 + 0.37 years,56 and the alpha particle energy as 5.47 Mev.57
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Neutron irrgdiation of Pﬁ242 has been shown to fesult in the
5,0 + 0,2 hour beta activitvau%3.58’59 The cross section for the
formation of Pu43 by the reaction PubR(n,Y)PuRb3 with slow neutrons
has been determined59 as approximately 100 bérns,

VA,mixture of Pu242 and Pu238‘was irradiated for a short time
in the Hanford nuclear réactor, and the plutonimm fraction was subse-
quently repﬁrified by K.’Street,,Jr.vand D. A. Orth. This sample,
now containing Pul43, was mounted on avthin_Tygbn film and inves-
tigated in the beta spectrometer. Uﬁfortunatelyg'the specific activity
of the source was very.low;'the spéctrometer detector indicated only
about 110 cophts/minute above background at the peak of the beta
distribution, Although fairly long counts were méde,’the statistics‘
were limited to 10-15 percent because of the 5 hour half-life. A
.Fermi»Kurie plot of the smoothed data is shown in Figure 24, in ﬁhich
ﬁhe beta energy'islfound to be 0.41 * 0,02 Mev,

| Ghiorso finds‘two gamna reays of approxﬁmately 0.1 Mev energy,60
from pulse énalysis of the electfomagnetic radiation using a xenon
filled proportiohal counter, Because of the low activity of the
Pu?43 source, a ﬁhorough search for conversion electrons could not be
made manﬁally on the beta spectrometer, so the.motof driven sweep was
empl§yed. Two rather questionable peaks were seen in thé region of
L electrons from'gammg rays of about 0.1 Mev; if these lines are L
electron lines the gaﬁmavray energies are 0.095 and 0,12 Mev,

Making‘the assumption that the two gammé rays are-in.éascade, one
obtains a disintegration energy of about 0.6 Mev for Pu243, from which

the alpha particle energy of Pu3 can be calcilated by closing the
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However, it is possible that the bete spectrum is complex and that

the beta decay energy of Pu?43 is actually 0.5 Mev; this would lead to

‘an alpha particle energy of 4.6$Mev for Pu?43, which is not as con-

sistent with the,aipha systematics as the 4.7 Mev value.

After the decay of the 5 hour Pu3 activity, some low energy

electron lines remained which had not decayed apprecisbly. ‘These

lines are attriﬁuted to PuR38, since the nuclides Pus? and Pu?39 also
present in the source are too long lived to have been detecfed in fhis
experiment. -

The electron specprumvwithout-coﬁnterwindow'correciién is shown
in Figure 25. A table of electron energies_and their possible inter-

pretation is tabulated below:

iE,iKef_ | .‘ interpretation' "Ey,~Ke§
23 Lya + Auger | 44 .8
2.2 Ly 45.2
25.9 (2) I (2) 4747
2.9 Li1Ta 450
31.1 (?) L (2) 48.3
40.9 0 Mpmpa 45.2

4549 /  Myp (Na + 0g 7) 4846
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The L and M internal conversion lines are definitely assigned, but the
lines indicated as questionable are difficult to intrepret. However,
one may be’fairly certain of the existence of two gamma rays in Pu238,
with emergles of 45,1 + 0.5 Kev, and about 48 Kev. No attempt was made
te measure relative abendences of the various:linésﬁvﬂ;t.mnst be re-
called that in the figu:e:no win@qw abserption corrections were_applied,

so the levvenergy'lines are actually in much higher abundance.

F. Rediations of Pb203 and Pb200

. A study of 52 hour Pb203 prov1des an opportunlty to look for a
transit;on in the 11203.daughter commonvto the transition-observed ,
when T1203 is excited by thelbetavdecay of Hg203; Slgtis-and,Siegbahné;
have carefully investigeted’Hg2Q3, and find K and L internal conversion

lines of a single_279_Kev gamma ray with a ratio of_K_te'Lveleetrens

~of about 3. Qmiz,‘?ool,vand Kurbatové? found electron lines of a

270 gamma ray in the‘deeay of Pb?OB, as well as a line which they

aesigned to GemptonAe;eetrons from a A70 Kev gamma ray. %t thus seemed.
worthwhile to investigate the decay of gb2Q3tm9:e;t§proughly'in the
hope that either this discrepancy could be resolved or established;'
The first sample investigated was prepared by ‘the (d 2n) and
(d,An) reactions on thallium, using 60 Mev deuterens from the 184 inch

cyclotron. ?he chemically separated lead fraction was prepared by

. De G. Karraker, and contained only about 50 pgms of lead as carrier,

The Geiger counter tube ﬁsed in the experimente had a mica window |
about 3 mg/cm? thick, so rather severe window absorption was en-

countered at some of the'very_low energies, A preliminary sweep indicated
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that the peaks were all below 0.35 Mev., The eletron spectrum below this

energy is shown in Figure 26, which demonstrates the complexity of the
mixture. Realizing that there was a conéiderable quantity of 18 hour
Pb200 present from the reaction T1%03(d,5n)PbR00, the decay of the promi-
nent electron lines was followed, 4 run_ébout three days later is showm
in Figure 27, in which several lines have definitely decayed with a
shorter half-life, On this basis, Kl, 14, and Ml are assigned.to a
0.139 Mev gamma ray of szoo, while Kp, Lo, and Mz_aré the internal

conversion electrons of the 0,269 Mev gamma ray of PbR03, The lines

K3 and Lg decay at about the same rate as Lj, and correspond to internal

conversion lines of a 0,320 Mev gamma ray of szoo. The line Xy is
longer lived than Ig and seéms to decay with about the same half-life
as the L line of the Q5269 Mev ‘gamma ray of PbR03, Since all other

lines in this energy region can be accounted for, K, is probably the

K line of a 0.42} Mev gamma ray., Further, as the lines due to the soft

0.139 Mevrgamma ray of Pb200 decrease in intensity, & new line, K5 is
noted. It is assumed that this is the K line of a third gamma ray of
PbR03, having an energy of 0.153 Mev.

Thus one is led po postulaté a decay scheme in which the electron
capture in PR03 excites a level about 0,422 Mev above the ground state
of TIZOB, and that this state emits.either a 0,422 Mevlgamma ray, or a
O.269_Mev and a'O,;53 Mev gamma ray in cascade.

62

The measurement of Lutz, Pool, and Kurbatov™ is therefore con-
firmed for the 0:269 Mév gamma ray, and it appears that the beta decay
of Hg203 and the electron capture in‘Pb203 indeed excite different energy

levels. Also,'the decay scheme of Pb203_is considerably more complicated
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than the Hg03 decay. Further evidence that the 0,269 Mev gamma ray

. and the 0,279 Mev gamma ray represent different tranéitions is seen

from the ratio of K electrons to L electrons. S;gtis and Siegbahn61
report Ng/Ny, = 3 for the Hg?03 gamma ray, while the 0.269 Mev gamma
ray of Pb203 has a Ng/Np, = 2.3 after correcting for absorption in the
countervwindow. It is possible that this variation represents a
significant difference in the characfer of the :adiatioﬁs.

No internal conversion eiectrons were seen whiéh could be iﬁter-
preteavés lines of a 0,47 Mev gama ray from the decay of Pb203.
However, Lutz, Pool, and Kurbatov62 obtained this gamma ray energy
from the endpoint of ; Compton electron distribution, uncorrected

for spectrometer resolution. This procedure is known to give high

result363 and it is péssible that this gamma ray is actually the

0.424 Mev gaﬁma‘ray observed in these experiments. The decay scheme

proposed for PbR03 is included in Figure 27.

G. Beta Energy of PbR09
The disintegration enérgy of PpR09 is especially interesting
becauée of the appareﬁt’deécrepancy arising from a cycle involving the
neutron binding energies of Pb207, Pb208, P1209, B1%10, ang the decay

energies of Pb209, B1R10, ana PoR10, Consider the following closed

cycle:

PLR00 4+ M = PBRO7 4 6,70 Mev

Pb207 + M, = PbR08 + 7,37

PbR08 + M, = PbROJ + 3,88
Pb209 = BiR09 + Egy

BiR09 + M, = Bi210 4+ 4.18

' 35_218 = Poll0 + Epp
PoR10 =

PHRO6 + Mg + 5,30 Mev A '
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Adding the above eguations, the heavy masses cancel, and there remains

My - Mg = 27.43 + Eﬁl + Epp

Using values for Eﬁl and Epp of O 66 and l 17 Mev respectively, the

right member becomes 29.36 Mev, compared w1th 29.81 Mev for the left
member. The neutron binding energies used were those of Harvey,64
while the Bi?10 (RaE) and PoRl0 energies have been widely investigated
and may be considered'well.known. Thus a.discrepancy of about 0.4 Mev
results if the disintegration energy of Pb209 is taken as 0.66 Mev.
Ha.;t'vey64 believes>this discrepancy is due to a gamma ray of "
about 0.4 Mev which follows the beta transition. The purpose of the
éxperiment to be describeaAwas to“lock for internal conversion elec-

trons correspéﬁding to gamma rays of about this energy, and to remeasure

"the beta energy.

_ The sample of Pb209 activity wés prepared by irradiation of ordin-
ary lead with 18 Mev deuterons from the Crocker Radiation Laboratory
cyclotron anc wasfchemically purified by H. M. Neumann, Since.the
sample was not'carrier'frée, the beta spectrometer source wﬁs quite
thick (several mg/cm?), and léw énergy lines could not have been seen.
No electron lines were detectable up to 1.0 Mev., Neumann found no
evidence for a gamma ray of about O.A.Mev,<using absorption techniques;65
the aluminum abéorption curve of the Eeta particles dropped a factor
of 1200 to bremsstrahlung, indicating that any gamma rays preseht were
of low abundance, However, any gamma ray postulatéd to be present in
low abundance ﬁould not be in cascade with the main beta group, and hence

would not resolve the question of the supposedly low decay energy of
PuR0%,
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A Fermi-Kurie plot of the beta spectrum is shown in Figure 28, and

' is apparently complex, with beta components of 0,66 + 0,01 Mev. and

0.53 + 0.01 Mev, It is obvious from the Fermi-Kurie plét that the
source was thick, at least in spots, because of the sudden abeorp-
tion effect at about 300 Kev, causing the curve to drop toward the
energy axis. Because of the thick source, the K line from a possible
0.13 Mev gamma ray could nof have been seen, and the L line might have

been in such low abundance that it was missed. It is therefore

reasonable to find a two component beta spectrim without seeing the

associated gamma ray. However, it must be stated that no effort was
made to correct for the thick source after the manner of Gwen and
Prlmakoff 17 since one would expect the Ferm1—Kur1 plot to be
affected at energies considerably below 0.5 Mev.

Thus, it is difficult to account for the dlscrepancy in the closed
cycle by a higher PpR09 decay energy. The_most probable source of
error woul& seem to be the measurements of the neutron binding energies.
Harvey's value of73;88 Mev for the binding of a neutron between PpR08.
PbR09 constitutes the only measurement of this quantity. The other
energies used in the closed cycle calculation have been feund by at

least two investigators and are believed to be more accurate. However, .

66

Kinsey®° reports that the gamma ray peak from the (n,¥) reaction on

31209 is very broad, which may indicate that his measurement as well
as Harvey's measurement might not involve the ground state transition

and would hence be low.
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H, Neutron Deficient Isotopes of Zirconium and their Decay Preducts

This section concerns work done with Dr. E. K. Hyde, who has estab-
lished radiochemically the decay séhemeé discussed below. The presént
author's work on the energies of the.various decay procésses'will be.'
tfeated here. A mbre detailed accounﬁ of the radiochemical and
spectroscopic résegrch”will be published.67 |

It is poséible to brepare a number of the lighter neut}on defic~
ient isotopes of zirconium by bombarding highvpurity niobium ﬁetal
with 100 Mev ﬁrotqns in the lSA-incﬁ cyclotrgﬁ, The lightest molybde;
num and niobium isotopes produced by (p,xn) and (p,pxn) reactions decay

quickly by electroh ¢apture or positron emission to iseotopes of

zirconium, Also, zirconium isotopes may be produced by spallation

reactiops of the typé_Nb93(p,2pxn)Zf<93b Such feactions allow pre-
paration of isotopes of zireonium of mass number 89 or less, free from

higher mass zirconium activities.

Zirconium 87.——The decay scheme which best fits the information
for 2r87 is presented in Figure 29. The_deéay curve of a zirconium
fraction from a proton‘irfadiated'niobium target is complex., A
prbminent activity witﬁ a half-life of about 90 minutes-is observed,
althbugh reliable resolﬁtionwof the curve is difficult because the
growth and decay of yttrium and strontium daughter activities is super-
imposed upon the straight décayvbf 78 hour;ngg, 17 hour>Zr86, and the
short lived.activity vhich is due to 2Zr®’, The nature and energies of

the radiationé did not allow simplification of the resolution by fol~

lowing the decay throﬁgh pfoperly selected absorbers, The half-life
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of Zr®7 was measured by placing a sample in the beta spectrqméter and
followiﬁg the decay of positrons of an energy greater than the
0.910 Mef positréns of'Zr89° A typical decay curve is sh§ﬁn in
‘Figure 30. The points have been corrected for counter background. -
As a result of several determinations a value of 94 * 6 minutes is
obtained for the half-life of_Zr87. This valﬁe is considerably shorter
than the 120 + 6 minute half-life foﬁnd by Robertson et 2;.68

| in‘pfeparation‘for a measurement of the ZrS’ positfon energy,
the beta spectrometer was célibréted'with the K internal conversion
line of the 63137 gamma. ray, end the calibration was checked by
determining the energy of the_P32 beta particle, A& value of
1.685 + 0,01 Mev was obtained, in excellent agreeﬁent with the recent
value of Langer and Pri§e;69 The resolution of the spectrometer was
1.5 peréen‘_c°

The Fermi-Kurie plot of the Zr87—Zr89 mixture was resolved into

the 2,10 + 0,02 Mev_component.of Zf87 and the 0,910 * 0,010 Mev com-
ponent of Zr89 and no others. _The.portion of the plot beyond the
endpoint of Zr89 is»shown in Figure 31, The value for Zr87vagrees
with that of Robertson et glbés within the experiﬁental error of
their absorption measurements.,

An examination'of theAelectrén spectrum showed no prominent con=

version electrons which could be assigned to-Zr87. In addition,

87

Hyde found no evidence for Zr~’ gamma radiation; using lead absorptién

techniques on freshly purified zirconium fractions; however, it was

" not possible.to,set very low limits by either method. Robertson

et §;,68'found gamma rays of 0.35 and 0,65 Mev energy, and x-radiation
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accompanying_2r87 decay. -

Decay Products of 2r87,--If an yttrium fraction is separated from
the purified zirconium within two or three hours after bombardment,
the ytirium fractibnwis almost 100 percer-ﬂ:_Y8'Zm with a nearly unde-

tectable trace of Ysénand Y88. Radiochemical evidence‘indica£e867

 that the Y87m undergoes isomeric»transifions,;férming'Y87.,_The

ground state Y87'decays by ‘pure- electron capture tofSrSTm, which in

turn-emits'a:single gamma ray to form stable:Sr87.

Carrier free samples of 187® freshiy isolated from the ZrS’

‘parent were mounted on thin Tygon films and examined in the beta

spectrometer. The most prominent radiations were the conversion

lines (Figure 32) of the 0.389 Mev gamma ray. The K/L ratio was -

| 8.3 + 0;5. The half-life and K/L ratio suggest electrie 25‘pole

rediation.
Mann and Axel79 have measured the K conversion line of this gamma

ray to be 0.374 Mev, which would indicate a gamma ray energy of

0.391 Mev, However, they state that in only. 50 percent of its

disintegrations does Y87m decay by isomeric transition, while in
half the disintegrations 287midecays’directly to sr8m, They
place the 0.39 Mev gamma ray in this transition. It is difficult
to fit the radiochemical evidence of Hyde and O'Kelley67‘to this
scheme., | | |

Robertson gt g;.ég report that 14 hour Y87m decays by positron emis-

sion and not by isomeriec transition and state that Y87m and YSV

decay independently to.Sr87m. From the evidence below, this cannot.
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be the case. It is possible that Robertson and co-workers were
measuring the 14 .6 hour yttrium activity which is assigned to

Y86 (see below), which in their bombardments would have appeared

‘through the Sr&(a,pn)Y86 reaction.

Figure 33 shows the decay of the con?ersion eleétrons of the
Y87m gamma. Tay, and.ihe growth of the cohvérsion electrons of the
sr&m granddaughter%l, 'Figures.32 and 33 represent the same sample
examined appréximately,3 hours;.28 hours, and 45 hours after pre-
paration of the pure y87m sample, lThe.Sr87m gamma ray energy is

0.394 + 0.004 Mev, and is definitely higher in energy than the gamma

ray of Y8R (Figure.32). Mann,and Axel7O report the Sré7m gamma ray

energy to be 0,390 Mev. The K/L ratio of the 587 gamma ray is 7.2

which is in agreement with Mann and Axel's70 value of 6.9, within
experimental error. |

Within experimental error, the srea under the K line of Y87m
decayed wiph the proper 14 hour half-life. The sum.of the areas
under all fdur peeks of Figufe 33 decayed in_g manner similar to the
curve expected for a 1 hour decay plus the growth and decay of a
2,80 hour gfanddaugh@er having a counting efficiency (conversion
coefficient) about 2Q ﬁercent lower than the 1 hour activity. In

this calculation it was assumed that the daughter of the 14 hour

‘activity was counted with zero counting efficiency. This indicates

that the Sr87m is formed completely through the 0,389 Mev transition
in Y8™  and that the decay scheme of Figure 29 is correct. Similar
results are obtained when an ordinary Geiger counter is used to follow

the decay, since the conversion electrons of Y87m and Srs,?"m are counted
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éffiéiently,-while the x-rays from the electron capture in Y87‘are not
detected appreciably. ~

| In addition to these prominent 1ines, aﬁ examination of ihe,
electron spéctrum of freshly prepared 8™ ghowed eight-ihternél
conversion lines in the region,above 1 Mev. Tentatively, ﬁhese;are
assigned to gamma rays of 1.07, 1.15, 1.44, 1.49, 1.54, 1e60,,l;6é;

and l?7liMev energy.. No detailed study has been made of ﬁhese'eléctrons
but they appear to decay with a 14 hour half-life, The total num-

bgi of positrons was <0.001 times the number,of ¢onvefsion:eiéctr§ns;

No conversion electrons_were observed for the 80 hour Y87 other than
Auger electroné. Lead;absorption.measufements_on 187p show considerable
hard gamma radiétién of energy greatér than 1 Mev, bﬁt»no hard
radiation is found for ¥87 br Sr87m. Mann and Axel report thaf‘the

K capture decay is f@llqwed by the emission of a 00485 Mevvgémmé ray. 
We failed to see thésé conversion electrons in our spectrometér

studies, but the conversionlcoefficient reported by these authoré

is so small that they could have been overlooked in these experiments.

Zircopnium 89.--If a purified zirconium fraction from prbtonf
bombarded niobium is allowed to decay for several days, it is found

that 78 hour»Z\r89 is the predominant activity remaining after repuri-

_fication, ‘By this time the other zirconium activities have decayed

out with the exception of ZrB8, which because of its long half-life
and inefficiently counted x-radiation contributes only a few percent

to the total radiation at this time.
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vparyier‘free 289 samples were examined in the spectrometer. 4
Fermi-Kurie.plot of the positron spectrum gave a value of 0,910 + 0.0IO.Mev,

This value is lower than the value of 1,07 Mev obtained by Overstreet,

.Jacobson, and Hamilton.by aluminum abgorption.

Four groups of conversion electrons were observed, corresponding
to gamma ray energies of 0.027 + 0,001, 0,396 + 0.004, 0,917 + 0.005,
and 1,27 + 0,01 Mev, Thé electron spectra of the last three gamma
rays are shown in Figure 34. It is apparent that the decay scheme. of

Zr89 is complex, although it seems probable that a single positron

transition occﬁrs_to a level about 1.31 Mev above the ground state of

Y89, and that this excited state decays either by the emission of

0,396 and 0,917 Mev gamma rays in cascade, or by 1,27 and 0,027 Mev

gamme. rays in cascade.

Yﬁtriuﬁ 86,-—If a purified zirconium fraction is allowed to
decay for about a aay ahd then repurified, no more of the mass 87
chain daughﬁers are formed, Subsequent removal of én ytitrium fraction
after the remaining zirconium had decayed for another day yields con-
siderable Y86 positroﬁ~activity, which decays with a half-=life of
14.6 + 0.2 hours.®” Less than 0.1 percent of the yttrium activity is
due to Y88. The nuclide Y86 was discovered by Castﬁer72 in bombard-
ments of strontium isotopes. Lead absorption experiments indicate a
hard gamma ray of l.4 Mev.67
A Fermi-Kurie plot of fhe positron spectrum of Y86 ig showm in

Figure 35. The data are corrected for instrumental distrotion according

to Owen and Primakoff.l7 Two components are present in about equal
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.intensity, with maximum energies of‘l,80 + 0,02 and 1,19 + 0,02 Mev,
There are not sufficient data on the ﬁigh energy component to estab-
lish its shape, gut the low energy group appears to be forBidden.
The comparative half-life of the low,eﬁergy positron (ft4106) indi-
cates a first forbidden transition, while the specﬁral shape suggests
a spin changé of two units and a change of parity. Accordiﬁg to the
theory of forbidden 5pectra,73974 dividing ihe ordinates of the plot
of the 1ow energy component of FigureVBS by al/2 should yield a straight
“line if the}transition is of this type. The factor a = ( -1) + (&, -€)%,
with € the energy in units of mocz, arises from the uniqﬁe energy
dependence of the transition,' Figure 35 shows such é correcfed plot,
and it is seen that a straight line;dées result. _

~ The faétor c= (& - 1)2;+;10/3(€2 - l)(eb ~€)2 + (& -€)4 gave
a poor f£it, Conformity to this factor would have indiééted_a second‘
forbidden transition with a spin change-of.three units and no change
in parity. |

Intefnal conversion coﬁversion'lihes weré soughﬁ,.but ﬁone were

seen. Hdwever, the samples were'ofbcomparatively Tow intensity, and
the presence of gamma radiation other than a hard‘l,A_Mev gamma ray

seen in lead absorption experiments cannot be ruled out.
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