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Radiochemical and Spectrometer Studies
of ‘Some New Nuclear Isomers Prepared
* by Cyclotron Bombardment

Hirdaya Behari Mathur
Radiation daboratory and Department of Chemistry
University of California, Berkeley, California .’

October 5, 1954

ABSTRACT

This dissertation concerns the preparation and &dentification of
some new nuclear~isoﬁeﬁs-of various nuclear types; The results.are
discussed in relation to the prédictions of the independent’particlé
shell-model of’the nucleus°

A detailed study of the decay schemes of 05127 and 05125 revealedr
e 127

branéhing decay to isomeric levels in the odd-mass isotopes Xe and

125

Xe . .E3 transitions of 75 seconds and 55 seconds, respectively, were

observed., By bombardment of zirconium, niobium, yttrium and silver tar-

gets in the 184-inch cyclotron it was possible to produce and study the

89 89

. . . m
isomeric pair Nb and Nb 7,

In addition to the study of odd-mass number isotopes, information

was obtained on previously unreported even-mass number isomers. A

90

detailed Study of the radiations of Mo revealed the pfesence of the new

odd-odd isomers, 24-second oo™ and 10-millisecond Nbo 2

, in addition
to the ground state, 14.6-hour Nb” .

Isomeric levels in even-even nuclei are rare but in the study of.
14 .6~hour Nb9o a delayed state of 2.2-Mev decéy energy has been estab-
lished in the even-even. nucleus ngo°

New nuclear data unreldted to isomerism is included on some

isotopes of cesium, xenon and iodine.
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‘Radiochemical and. Spectrometer Studies -
of Some New Nuclear Isomers Prepared
- by Cyclotron Bombardment
. Hirdaya Beharl Mathur
Radiation Laboratory and Department of Chemlstry
University of California, Berkeley, California

- October 5, 1954

I. .INTRODUCTION

The experimental work described in this thesis has to do with the
preparation, identification and study of new .examples of nuclear isom-

erism. Because the results corroborate the predictions of the nuclear

“shell model it is desirable‘invthis introductioﬁ to discuss briefly the

presént status of ‘the subject‘of nuclear isomerism'and the application
of the shell model to it.

The first case of nuclear isomerism was discovered by Hahnl in 1921

"when he found the radicactive substénce UZ which was isoﬁopic and iso-

"~ baric with the well-known UXZ, but which differed from it with respect

to half life and the radiations emitted.,

This example of isomerism remained unique for many‘yeafs, but with
the discovery of artificial radiqactivity in 1934, and especiéllj the
wide enlargement of the field by the éroductipn of many hew'radioactive
substanées by cyclo?fon and pile bombardments, the possibility of
investigating new examples of nuclegr isomerism arose. The first esta5='-
iished case was that of Br8o‘inVestigatéd by Kurchatov 93 §£.2 and Fermi
and co-ﬁérkers,3 in two recent reviews of_isomerismu’5 the list of

known cases had grown to a total of- from 100 to 200.
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" .The first attempt to pro&ide a theoretical basis'fof isomeriém was
made by von Weizsgckér6'who first sugéested that fhe nuclear isomeric
states decayed intO‘one'another by-gamma_emissipn and that the long
delay in this process wasAaccéunted for by large changes in angulaf
momentum accompanying the decay. .This suggestion has pro;ed to be

correct and considerable theoretical work has gone into the quantitative

development of the idea. The goal of theory has been the calculation of

the half life of such a transition, given the magnitude of the spin
change; thé‘mass number, the énergy ahd thé nature of the radistion,
;ifgoy yhether.elect?ic or magnetic; A felationship given by Axel and
Dancoff7vwas used for sévefélvyears but has recently been replaced by
a more éafisfactory equation provided by Weisskopf,s’g The Weisskopf

formula for electric transitions as given by Goidhaber and Sunyaru is,

AL (28T + DB (4T + )2 1 p3peATL g

Trsec T 2(AL + 1) . | 32 0 2AT <1_W > me?
T ~'=‘the half life in seconds |

Tsec o
Al - = spin change
p" = puclearlradius ; 0,532Al/3
W ='transition_énergy in units of m02 = E/m02
E = transifion energy in electron volts .
A “= mass number.

To obtain the magnetic transition probability the above equation is

supplemented by

(IY)AIImagnetiC'= (IY)AI, electric | 5,11A?/3 :

¥

L
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The importance of the Weisskopf formula has induced Mdntalbetgilo to
construct a nomogram of it to facilitate its application.

In addition to the emission of electromagnetic radiation it is possi-
ble for a nuclear isomer to deactivate by the process of internal conver-

sion. An orbital electron may be ejected to carry off -the energy of

.excitation, The competition between this process and gamma emission is

expressed by the conversion ccefficient which 1s defined'as the ratio of
the number of electrons so ejectedvto the -number of quanta of electro-
magnetic radiation emitted. The calcglation.df internal conversion
coefficients is capable in principle of rather-exaét treatment»sgnce
nuclear wave functions are not involved. An extensive table of ‘K-shell
coefficients‘calculated by machine methods.on the Mark-I calculator of

the Computation Laboratory of Harvard University has been published by

vRose;gghgi,ll These tables show values of the K-shell conversion

coefficients for transition energy greater than 150 kev for the first

: 5 electric 'and magnetic multipoles. The K-shell conversion coefficients

for lower gammavenergies and L-shell conversion coefficients are being
calculated for later publication. These'tables a;e impértant because
the conversion coefficient is a seﬁsitiVe function of energy, multipole
order and étomic number. The value of the con&ersion coefficient is
therefore a valuable clue to the nature of an isomeric transiﬁion°

The exiétence of isomerism implies the occurrence of nearby nuclear
-energy states differing greatly -in angular monentum. An adequaﬁe theory
of isomerism must explain the occurrence of such states. It has been
eétablishéd that the spin-orbit coupling, single-particle model of

13

Mayerlz'and of Haxel,‘Jensen, and Suess™ ~ allows predictions which agree
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closely with the experimental results in a high percentage of cases,
particularly for odd<A isomers.
This model predicts that isomerism should occur'only'in‘certain

"islands,"” namely those nuclei in which the number of the odd neutron or

~odd proton Is somewhat lowerithan one of 'the magic numbers--50, 8?, or
1126. .Since the stability of the megic numbers is presumably due to the
fact thatbtheispin orbit coupling splits levelS“wiﬁh‘lafge“angular
-momenta in éuch a way as to lower appreciably those of high j, the levels
-of high spin occur just before the magic numbers in éompetitibn with the
iléwest»spins of the previouS'sﬁellc Thus, in particular, islands of
isoﬁérism injoddrnucléi should occur when the o0dd neutron or odd proton
" is between 39 and 49 or between 63 and 81, or.between about 100 and 125.
When - the -odd-neutron or odd-proton number lies between' 39 and 49
the competition is between the g9/2 and the pl/z orbi’cé° The' spin change
of 4 and a change in parity predicts an Mk transition. Many such
. transitions have been observed. In addition, in this region some E3
transitions are 'also found'but only in cases in which more than one
nucleon. (or less thanvoné hple) occupies the 9/_2‘:'orbit° 'Kurathlu and
‘I‘almi-15 have shown that several particles in a 9/2 shell are able to
. " .couple theif spins ‘in various wéys so that instead of a j value of 9/2,
a resultant of 7/2+ may be expected.
.Likewise, in the second island between 63 -and 81, many isomers of "
Mh type aré observed -but- only in odd-neutron,nuclei; The shell model |

Y

predicts low=-lying h and s orbits of almost équal energy.

11/27 %43/2 1/2
'The isomeric transitions. in this region, therefore, decay from the

to the d3/2 state, giving an M4 isomer, and in cases where the

hll/z
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ground state has been known to have a spin of 1/2 the isomeric transition
is followed by a second gamma. ray corresponding to.the transition from

 orbito "In some cases the d '_orBit_slips~in between

She 4. to the s i

RV 4~ 1/2 5/2

the hli/z and,d3/2 Qrbits, introducinhg thereby the possibility of 'an E3
isomer correspondlng to the trans1t10n‘hll/2 éé&dS/Zo This may be
followed by an additional M1 transition from G5z = da/p OF o0 E2
transition from d5/2 - 81/2’ according as the ground state is d3/2 or

S1/2° | |
The Mayer single-particle model then makes possible predictions of

groups of nuclides in which isomefism may be -expected and the.multipole
order of the radiations involved. Hence, in order to comparé experi«
mental results with the theory it is important.to determine the multi-
pole character of the radiatgonn This can be done in ﬁhree ways.

Comparison of the half 1ife of the transition with the predicﬁious
of the Weisskopf8’9 lifetime~energy relationship discussed above for
various multipole orders is one approach. A secoﬁd épproaéh is to
determine the cdnversicn coefficient and to compére it with the accurate
-values gﬁﬁenvby Rosé=§§!§£,ll for various multipblé types. Experimentaily’
this is a difficult measurement because fhe_absolute'measurement”of low-
energy .Auger electrons or low-energy x-rays is invbivedd Furthermore,
in the case of the measurement of. x~rays the fluorescence yield must be ,
known and for many elements'this‘has’ngt been accurately measured.

A third method of estimatingbthe multipole character is the measure-
ment of the ratio of conversion in the K shell and in the various sub=
shells. The "K/L ratio™ can be easily and accurately measured for many
cases by comparing the intensity of the K and L conversion lines measured

in a beta-ray spectrograph. This ratio depends upon the multipolé
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character, the energy and the nuclear charge Z. - Wﬁén the computational
program of ‘Rose ‘and co-workers' is completed, accﬁraiéfValues-of pre=
dicted K/L ratios will be available., In the meantime since rather
unreliable theofetical and nonrelativistic curves on'K/L_cohversiOn ratios
“are 'available at present, Goldhsber and Sunyarh recommend the use of
empirical curves. By plotting all available K/L ratios against ZZ/E
they found that all transitions which héve the same multipole order
(determined by lifetime-energy relationship or conversion coefficient
data) lie on the same curve and thus define the order for the. particular
c1j1rve° Hence in many cases it is possible to determine‘the:spin change
. and parity from the measured K/L ratios:

.The;striking'success that the single-particle model of Mayer has
had in predicting isomerism and nuc%ear'spectroséopic configurations
for odd-mass number nuclides has made it a universally used basis for‘
’-predictions of these .and related properties in all types of muclei. The
déta on odd-odd and even-even nuclei, however, are not so readily
explainable.

. - In .the case of the odd-odd nucleus, according to the rules set forth
by=Nordheim,%é-configuration;-of the 0dd neutron and of the odd proton
are the same as in an odd-A nucleus with the same number ‘of nucleons in
the odd-particle group,‘ There wili be a coupling of neutron and.proton
‘groups and each will contriﬁute to‘the.resulting_nuclear spin. The ' v {
manner in.whicﬁ this grouping take; place is not very well understood
at present, but the Nordheim rﬁles indicate that spins of odd-odd
nuclei are often very large. It is possible to account for isomerism in

most odd~odd nuclei in which it has: been Obsérved put there is
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no "systematics" of isomerism in such cases to permit much in the way

of prediction.

There are only a hendful of well-established examples'of‘isomérs

among the even=-even nuclel and these examples are HflSOm’ szozm, PbZOhm

and Pb206m° It is, therefore, not possible to draw any definite conclu-

)

sions regarding the systematics of nuclear'configuratiOn in the case of
even~even isomers. Goldhaber and SunyarlL in their article oh classifi=-
cation of'nuclear.isomers made the important obse?vation that the first
excited state of even-even nuclei is 2+, the ground state being assumed
to be O+ ih all cases so far known. 1In a recent article on the.excited
states of‘evenue&envnuclei G- Scharff»Goldhaber}Y has shown that out of
68 cases examined, 66 have the first excited state of spin 2 and even
parity. In summarizing the obsefvations on evenéeven nuclei, d;.Scharff—
qudhéber has given tﬁe empirical rule that for tﬁe n:th excited state

I < 2n. There are only a few exceptions to this rule. Hence one would
not expect isomers with AL > 2 in even-even nuclei.

In thg experimental work reported in,this thesié an aétempt was made
to find new examples of nuclear isomerism. The single-particle model was
used as an aid in selecting likely nuclides for preparation and study and
for interpretation of the details of fhe isomerism when fbund° The |
nuciides to be examined were prepared by bombardment of various targets
in the 184-inch cyclbtron of the Radiation Laboratory and fhey were

purifled by radiochemical separation techniques. Some new experimental

techniques were developed to handle the special prleems encountered,

particularly in handling radioactive gases, and these are'discussed in a

-special sectiodn.
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In the case of odd-A nuclides isomerism was detected in Xe , Xe ;

and Nb89; The results are a clear demonstration of the value of the shell
~- model in such cases. These examples ‘are discussed in detail in Sections II
and III below, |

An interesting case of isomerism in an odd-odd nucleus was found in
the case of‘Nbgo° Here-a cascade 'of two isomeric transitions involving
. three distinct isomeric levels was found: This work is discussed in
Section IV, ‘
‘ As mentioned above? only a very few even-even nuclel show isomerism
involving ad jacent levels with spins diffefing by more than 2. In the
,'preSent study such a transition in an even-even nucleus appears to have
been measured. This is.the 2.30-Mev trénsition in the decay of 14.6-hour
Nbgo to‘Zr9O; This case 1s discussed in Section V.

During the course of the work a number of pfeviously unreported
nuclides were investigated. These nuclides were not found-to exiét in
isomefic forms but the information on their decay properties is worth

' reporting. The nuclides in this group which include Xelzl’.xélzg and

Xelzs-are-diSCussed in Section Vi.

- Experimental techniques are discussed in a final Section VII.

‘II. STUDIES OF NEUTRON-DEFICIENT ISOTOPES OF CESIUM -AND OF THE
E3 ISOMERS Xel2Tm AND Xel25m PRODUCED BY THEIR DECAY
‘This- section deals with.a study. of nuclear isomers of -odd-mass num-
ber where the isomerism is the result of an odd neutron' just below the -
élosed shell .of 82 neutrong° - The odd-niass isotopes of xenon are quite

interesting in this respect. The Mayer model predicts’ that hll/z’ sl/2
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. tion on Cs

“15-

and d states will lie close together in the neutron number region just

3/2

below 82, Hence long-lived M4 transitions are to be expected, and in

. 135 133 131 129
fact XeBl s X679 p Xe77 and Xe75
has been thoroughly reviewed by Bergstr8m°l8

127 125
73 and Xe?l

‘show such isomerism. This situation

'In the present work isomerism in Xe was studied. Here

it was found that the Mi transition type had given way to an E3 type

because the d_ . level, which in higher mass isotopes had been located

5/2

higher than the hll/? 5/2

level is permitted by the shell model but in its present form the theory

level, had dropped below this level. The @

ig incapable of stating whether or where the crossover of the hll/Z and

d levels should occur.

5/2

Because the half lives of the E3 transitions are considerably shorter

than those of the M4 type it was considered desirable to look for the

expected isomers in the decay of cesium parent activities. Hence the

127 125

neutron~deficient isotopes Cs and Cs were prepared by'(a,xn)

bombardment of iodine, purified radiochemically, and subjected to detailed

27 127m

study. Previously existing data on C_sl and on Xe were considerably

extended as will be discussed next.. The previously unféported activities

125 125m were found. During the course of the work: new informa-

123

Cs and . Xe

30

and Cs -was accumulated.. This provided no data on

isomerism and is reported but briefly at the end of this section.

A. The Radiation of,Cé127 and the Isomer-Xe127m

Fink, Reynolds and Tem.pletonl'9

reported Csl27 to be a'p05itron emitter
with a half life.of 5.5 hours. The mass assigrment was madé by the identi-

fication of the 3h=day Xe'lz7 daughter. More recently Wapstra, Verster and
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'BoelhouwerzozhaVe studied the gamma rays”ovas127 by scintillation spec~

trometric methods and hame reported gamma rays of 410 + 20 and 125 t 5 kev,

In ou"‘xper 'ents we noted that the ces1um fractlon of ‘a calc1um 1od1

target bombarded with 60~Mev hellum ions in the 184 inch cyclotron was a
mixture of 30-minute Cs 30, 6,25;hour'Cslz7'and 31~hour Cs129. Even
immediately after the bombardment, the major activity was 03127 and if the
isolation of cesium were delayed a few hours past the end of the bombard-
ment more than 90 percent of the GM activ1ty was 051270

. The ‘mass assignment was checked by a run in the tlme-ofmflight mass
, spectrometer;?l' This was done with the help of Dr. Maynard C. Michel whok
used the instrument described in the section on in‘str‘um.entso Decay curves
taken‘with‘akGM counter using mass-separated Cslz7skowed no deviation from
a half life of 6.25 * 0.1 hours in more than 4 half lives. This half life
is somewhatilonger'than that given by Fink, et a&.l9 Negligible 6.25~hour
‘activity ‘vas collected'at neighboring mass posi'tions°

127

‘The positrons of Cs were studied in the beta-ray speCtrometers
briefly. de5cr1bed in a later section. The runs vere nbt made with mass-
separated act1v1ty because sources of sufficient inten51ty could not be
prepared, -The presence of a small amount of Cs' 9, however, caused:no
difficeulty - in the interpretation of data on unseparated cesium,fractlons
isolated a-few hours after bombardment. Our best runs were obtained on a
lens spectrometer, Figure 1 shows_the Fermi-Kurie plot-of the positron
spectrum. - The most énergetic COmponent has an energy of 10063ci:0310 Mev,
‘ The ‘presence of numerous conversion electrons complicates the resolutlon

of the gecond component and the value of 685 kev (378 kev lower in energy.

than the first component) is uncertaln to perhaps 25 kev. This leaves

20

de

Y
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1.063 Mev

Fig. 1.

32

MU-T7067

Fermi-Kurie plot of high energy portion.
of Cslz7”positron spectrum. Resolution
of a second component after correction

for conversion electrons is shown.
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unresolved the question whether the prominent 406-kev gamma ray observed

in the scintillaéion spectrometer (see below) connects the xeeT energy

vle;els feacﬁéd.ﬁy'theSe two pdéitron groups,‘
‘Pigures 2 and 3 show the gamma spectfum of 05127 as defermined on &

scintillation spectrometer. There are prominent gamms rays of energies

of 125 and 406 kev as well as a large 30-kev peak of xenon x<radiation

from the electron capture decay of Cs1'27° The small amount of 510-~kev

annihilation ragiation by éomparison with this peak indicatég a low

B+/EC ratio (<1/15). The ratio of the 406-to 125-kev gamma radiation

after correction for counting efficiency is ébout 8.

- Figures 5 and 4 show the converéionielectron'spectrumhof 05127 as
studied on the magnetic double~focusing spectrometer and the lens spec:
trometer, respectively. In Table l the energies of the electrons, the
conversion shell and the energy of the corresponding gamma rays are given.
The K and 1 lines of ‘the 125- and 406-kev gamma rays are identified.
Conversion electrons of 3 or more gamma rays of lower intensity are
» present but the assignmént of K and L lines is uncértain, Nothing further
was learned.abgut this group since their inteQ§ity was so low that no
further data was obtained in the scintillation spectrometer or the
_coinciéence spéctrbmetezf°

127

The gamme-gemma coiﬁcidenge studies on Cs gave the following
resultsqv Thé 125-kev. gamma radiation is not in coincidence with the
406-Kev gamma radiation. It is in coincidence with 30-kev x~radiation g
and with hho~£e€ gamms, radiationov ?he intensity of the lattef was low

enough to explain why it was not seen in the straight gamma runs. The

406-kev radiation was not in coincidence with 1d5-<kev radiation, but was:
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Energy of

Conversion Electrons of (

\
Cs“"27

Tdentification of . Gamma ray.energy ' . )
electrons conversion (kev) K/14M ratio
(kev) shell
23.6 Auger electrons (KIL) - -
26.8 Auger electrons (¥KLY) - -
32.0 " Auger electrons (¥XY - -
56.8 K conversion (%) - -
90.0 K conversion
_ }' 125 7.9
119 L'conversion T
134 K conversion (%) 169 (12) -
161 K conversion (2) 196 (2) -
249 K conversion (%) - ' :
| } 285 (7) -
280 L conversion (7) : :
328 'K conversion (%) 363 (2) -
370 K conversion 3 o
f 406 6.3
400 L conversion

»
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in coincidence with 30-kev x-radiation, In.COincidence experiments in

which annihilation radiation was selected'by the gate crystal, coincidence

peaks were obse;ved at 125 and 406 kev, ‘ ‘ S
These findings in connection with the iﬁfor@ation derived from the

' ieomer studies to be described next were employed in the construction of

“ the proposed decéy scheme shown in Fig. 10 (see page 31). Following
127 |

Wapstra22 we designate the ground state of Cs as 4 We .have

S Sy
included a 280-kev gamma ray in Fig. 10 to'connect.thelg,_(/2 endlds/z
levels, fhe electron lines_at 249 and 280 kev (see Table 1 and Fig. 5)
may be the conversion electrons of this transition but the gamma intenm
‘sity was too low for resolution from the scintillation spectrometer
curves. In the coincidence studles the 125~-to 280~kev coincidence to be
expected from Fig. 10 was looked for but ﬁnfortunatel& iﬁ Qas4completely
obseured by & large spurious 125- to 280-kev coincidence resulting from
Coﬁpten scattering of .the LO6-kev gemma ray.

‘A number of preliminary experiments made it evi@ent that the decay
of 08127 to the 75-eecond ieomeric state of Xe127 was slight if it took
'place at all. This ieomer had been reported by Creutz 23333323 who had
- bombarded iedide targets with 5- to 6-Mev protbhs to make Xe127;by the
" (p,n) reaction. In the volatile fraction removed from the target these
workers had fouﬁd two activities of 34 % 2 days and 75 * 1 seconds,

. 1
respectively, and assigned both to Xe 270

N
<

Studies of the conversion electrons emitted by the 75-second isomer
had shown 3 groups of 91.k4, 140 and 170 kev, respectively. (A permanent
mégnet spectrometer with photographic emulsion detection was used.) The

first was ihterpreted as the K line of a 125-kev gammazray and the last
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two as the X and L lines, respectively, of a 175~kev gamma ray. Secondary
x~radiation :eSulting‘from the conversion of theSe.éamma'rays was also
observed.

We were able to observe this isomer in the decay of Csl27 in the

127

following manner. An active'sample of -carrier-free Cs was evaporated
on>a metal disk and placed in the depression of the slide of the apparatus
diagrammed in Fig. 6. The‘greased_tight;fitting slide was pushed in until
the cesium sample was located in the 1.5-inch diameter chamber 0.25=inch .
deep, drilled in from the top §f the block. ThiS'chamber‘Was covered with
a 0,1l-mil foil of aluminum to prevent losé of xeﬂOn° After a growth |

period of 3'minﬁtes the-Cs127

‘sample was withdrawn. Recoil daughter atoms
of Xe127 and_Xe127m ejected from the cesium source plate auring the growth
period remained in the closed chamber and their radiations were exémined |
with a sodium iodide crystal mbunted immediately above the chamber. The
whole assembly was housed in a Z—iﬁch thick lead castle. The gamma spectrum
was determiﬁed.with‘afSO»channel aﬂalyzer'making runs at about 1 minute
intervals for lO'br 15 minutéso

Figure 7 shows the spectrum of the recoil activity obtained immediately
'after the growth period; Two gamma rays of 125- and 175-kev energy are to be
noted as well as xenon X x-rays. Since the'decay.of'all 3 peaks followed
a 75~sécond decay line (éee Fig. 8) there is little doubt that this is the
same activity as<that observed‘by Creutz' g§_§£,23 It was e;tablished
more securely that this isomer was the product of the decay‘of~Cslz7'by
°piotting the yield of the isomer in a 3~minute.gfowth period as a function
of time a£ which the "miikiné" t.ook plaée. The half life of 6.1 hours so —

obtained (as shown in Fig. 9) confirms ‘the genetic relationship.
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‘A small amount of long-lived recoil activity remains after decay of

127m° If all of this is assigned to 34-day Xelz7, the

the 75-second Xe
branching of Cs 2! to 34-day Xe 2! and to T5-second Xe o (™ is estimated
to be in the ratio of-~104/1.

In their summary 6f nuclear isomers Goldhaber and SunyarLL listed

127m

. B . o A . . 3 o . .
Xe as 'an E3 isomer with 175-kev gamma ray indicated as a hll/z‘dS/Z

transition. They preferred to reinterpfet tentativély~the 9l-kev
-electrons observed originally by Creutz gggg;a23 as L electrons of ‘a
96-kev d5/2_sl/2 E2 transitioﬁ, rather than as K electrons of a 125-kev
ﬁran’sition° Their reason for this reassignment was the nonqbsérvation of
Lvelectrons of the 125-kev gamma ray which should havg prominent K/L ratio
(~1 to 2) for a 125-kev E2 tr‘aﬁsition° More reéently Wapstra, Verster
'and'Bgelhouwerzo in discussing the lZSbkev radiation prominent in thé
decay of'Cs127 stated that it was probably identical with the secbnd

2°m

transition in the decay of T75-second Xe; and that the 125-kev gamma

127

ray represents an ML transition going to the d ground state in Xe s

3/2-
Our result seems to confirm this interpretation. The K/L#M ratio of 7.9

obtained by us for the 125~kev gamma ray in the decay of 05127 is of the
correct magnitude for ML and much too high for 'an E2 tadiation.
The'Xelz?m results have been incorpOratéd in the‘decay scheme of
Fig. 10.
The _longermlived'.Xe127 formed in the decay of-Cs127 is the 34-day

“~

xenon activity studied by Bergs’terl8 and several other workers. To get @

larger samples for study than were available by decay of our Cs127

127

samples, Xe127

was prepared by the (p,n) reaction on I in the form of
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potassium iodide and by isolation of xenon by the gldw-discharge method

described in a later section.

Bergster18 studied the eleétron spectrum_of mass-separated'Xé127
in Jetail and reported gamma rays at 56, 145, 170 and 200 kev. His
scintillation spectroﬁetric studies could not resolve the gamma rays of
energies 145, 170 and 200 kev, but he found an additional gamma réy of
_ 365 kev, the conversion electrons of which were not detectable with the
beta spéctro;neterc

127

The scintillation spectrometer studies on Xe
L 127

were repeated.
Figure 11 shows the gamma épeétrum of Xe obtained by a sodium iodide
crystal spectrometer coupled to a 50-channel diffeerential-pulse analyzer.
Photcpeaks at 56, 170, 200 and 368 kev were observed in agreement with
Bergs%f&m. The small peak'at'YS kev is due to lead x-rays produced by
the lead castle enclosing the sodium iodide-photomultiplier assembly,
while the peak ét 110 kev is due to backscattered radiation of the most
‘prominent gamma peak, at 200 kev, in the gamma spectrum of'XelZY° The
_ganma ray of 145 kev wés not detectabie in the gamma spectrum because
of its lOW'intenéity, but in our gamma-gamma coincidence studies (see
below), a.prominent peak‘at:th kev in addition to that at 170 kev was
: obtained in the coincidence spectrum, when the gamma ray selected by the
zate waé 56 kev (see Fig. 12).

The gamna - gamna. coincidence studieg established that the 56-kev €

garma ray was in coinc;dence with 145- and 170-kev gamma rays, and with

w2

28-kev iodine x~-rays, as suggested by Bergster by the fact that the

sun of the energies of 145 and 56 kev is 201 kev. 1In agreement with this,

.

the 200-kev radiation is not in coincidence with 56~ -and 145-kev gamma
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radiations, but is in coincidence with the 170-kev gamma ray and the

‘28-kev iodine x-radiation. Quantitative studies indicate'that 56~-kev

radiation should be below 1lh5-kev radiation, while 170-=kev radiation
should 11é higher than 200-kev radiation. For example, in the study of

170~ to 200-kev coincidénce the ratio of coincidence pulses to gate

‘pulses was greatly increased when the gamma ray selected by the gate

crystal is changed from 200 to 170 kev. The 368<kev gamma ray is in
coincidence with only 28-kev iodine x-radiation and with no other gamme
rays. Because most of the coincidence measurements were straightforward

the curves are not presented. 'Ianigw-lZ, however, the gamma spectrum

in coincidence with the 56-kev gamma ray is shown because it indicates .

that the 145-kev gamma ray is clearly evident. This gamma ray was not
resolved in the gamma curves of Fig. 11. All coincidence results are

incorporated in the decay scheme of Fig. 10.

B. The Radiations of Cs'2” and the Isomer Xeoom

In the bomberdments of calcium iodide with helium ions a new positron

activity of 45-minute half life appeared in the cesium fraction when the

energy of the bombarding helium ions was raised to 100 Mev, One hour

after the end of bombardment this new activity accounted for more than

80 percent of the GM activity in the cesium fraction, most of the rest

129

being 6,25=~h0ur‘Cs127 and a small amount of 3l-hour Cs . When the xehon

daughter activity was separated and deposited by the‘glow;discharge
method on metallic counting foils, a GM counter showed the presence of &

> and 3h~day‘Xe1270 This suggested that the

125

mixture of 18-hour'XelZ

45-minute activity was Cs and the assignment was confirmed by mass
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sep’aratidh° -A'GM-decay curve of'ﬁhe.méss 125 fraction isolatéd with the
.help of'Dr.‘M° C. Michei in the tiﬁe~ofwflight‘mass ;eparatér showed a
straight:line decay of hS.i i minﬁteS‘from'an initial couhtinglrate of
18;000 tO‘lesévthan 100 cbunté per minute. The couﬁting efficienqy of o

125 was very low in,thelGM'tube

the l8=h6ur électron_capture daﬁghter Xe

‘but when the sample waézpiaced in a “nuéleométerﬁ wiﬁdowless methane-

flow pfoportiénal counter a decay line of 18-hour half life was obsefved,
It was possible to detefmine the enefgy of the szt energetic posi-

125

tron group of Cs by running a cesium éample in the double-focusing

.beta;ray spectrometer starting about 1 hour after‘the bombardment because
this posifrOn‘energy wéS'greafef than that of C8127o Figure 13, which
Shoﬁs a FefmiuKurie'plét of the high energy region, indicates that the
énergy of the Cslzs‘positrons ié 2.05 * 0.02 Mev. Because'of the presence
of Cs127 no attempt was méde to éésolve out lower enérgy cdmpOnents.

The gamma sbectrum.of Cs125 (see Figs. 14 and 15) shows a gamma ray
of 112 kév in addition to annihilation radiatioﬁ,aﬁd 30~kev xenon x~rays.
No gamma rays of higher energy were observed. The large abundénce of
x-ragys as compared with the gamma rays suggests thét Cs125 decays prominently
by electron capture but the electrOn'capture/positrOn brancﬂing ratio was

127

‘not determined. As in the case of Cs

25 .

, gamma-gamma coincidence studies

were carried ocut on Csl It was observed that the 112-kev gamma ray

is in coincidence with K-radiation and also with annihilation radiation.
The ‘conversion electron spectrum was not studied in detail but the =

. energy of the 1l2-kev gamma ray was checked by measurément of. the K and

L conversion lines. The K/L retio was determined as 3.6. This may be

s
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somewhat in error since the time spent in obtaining the data made neces-
sary rather large half-life .corrections.

.It is believed that the liz-kev transition is the d5/2hd3/2 transi-

125 127

tion in Xe analogous to the 125-kev transition in Xe ', From Golds

"haber ‘and Sunya'r'slL empirical curves one would expect a K/L ratio of ’
7 to 8 for an M1 transition of this energy.

" At the suggestion of Dr. Ingmar Bergstrfm we made a search for an

iéomer'of-Xe125 because his study of the systematiés of the odd-mass

xenon isotope,lB‘aS'well as those of‘Goldhaber and Hill,s'indicated the

125

probability of a short-lived E3 isomer in Xe very similar to that in

127

Xe . By ﬁerforming experiments analogous totthose described above in

the Xelz7m case we have been ‘successful in the séarch for this isomer,

125

but because the interference from 18-hour Xe was much greater than

thaf from 34-day Xe127 in the earlier study, the results are not quite
‘as clean=cut.

Carriér-free cesium samples isol;ted within 1 hour of thelend of:

{

bombardment frem calcium iodide targets bombarded with 100-Mev protoné

were ipserted ih_the depression of the slide of Fig. 6 and pushed intg

the inner recoil collection chamber for l-minute growth périodé. {
!

i

Immediately after the cesium source was .removed the gamma spectrum of' thé '
xenon daughter recoil activity was studied with the sodium jodide SOﬂc%annel
analyzer. The registers were photographed with a Leica c¢amera at 12-second
intervals over -a period of several minutes without disturbing the count
switch. By subtraction of the dial readings of one negative from that

of the ngxt the‘;pectrum during_any particular l2=-second period could be

‘reconstructed. The upper curve of Fig. 16 shows the spectrum integrated

2

~
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over the first 1 minute, while the lower curve shows the spectrum of the
second minute's run. It is seen that gamma rays of 75, 110, 187 and
"2Lhs kev as well as 30-kev x-radiation are present.

As shown in Fig. i? the'areés ﬁnder the x=ray peak, the T5=kev peak
and the 110-kev peak decay intially with a half'life of 50 to 60 sec-
onds and this decay in all likelihood iS'correcﬁly assigned to Xelzsm°
(The longer-lived component in the curves of Figo 17 is based on points
‘not shown,) éért of the radiation at these energies and most or all of
it at 187 and 245 kev is due to 18-hour Xe'?” as will be discussed.

We are inclined to the view that the 110-kev peak is identical with
the 112-kev peak of Figs; 14 and 15 and that it repreéents the M1
transition, d5/2_d3/2, following a 55-second E3 transition, hll/zbd5/2°
The T5=-kev radiation nay be this E3 radiation as indicated in Fig. 18,

" but we -cannot entirely exclude the possibility that this i$ fluorescence
radiation from the lead shielding and that the true Ejkradiafion is
hidden in the region above 110 kev. | |

One difficulty in the further -study of the isomer is the low—ﬁranching
25? Thié'branching ratio was
| 125

ratio for its production in the deeay of Csl

estimated by comparing the amount of 187-kev gamma radiation of Xe with

125m.

' the ‘amount of 110-kev gamma radiation of Xe with suitable corrections

for half life and for the length of the growth period. Making the assump-

tion of one 187-kev geamma ray per decay .of Xe125 the branching decay of
cs1? to xel?™ 15 ~1073,
A good part of the information on the decay of"Cslz5 and,XelZSm is

summarized in the.proposed decay scheme of Fig. 18. It can be observed
5 la7

that the decay schemes of Cs'12 and Cs are very similar.

k>
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125 25

is identical with

18,24

'The longer-lived Xe formed in the decay of Csl
the l8ahour-a¢tivity mass~separated and characterized by Bergstrém.
We repeated Bergstr¥m's scintillation spectrometer studies (but not his

125

conversion electron studies) using Xe samples isolated by the glow=

125 samples.

discharge method from decayed Cs
Figure 19 shows the gamma spectrum determined in the scintillation
spec£rométéf. Definite photopeaks were observed at 56, 187 and 243 kev
in agreement with Bergstrdm. The small pesk at 110 kev is pfobably
Compton radiation from the lB?mkeV gamma, ray. No annihilation radiation.
was observed. In the coincidence spectrometer it was established that
the 56~ and 187-kev gamma rays are in coincidencelas'Was Suggésted by
Bergstrfm by the fact that the energies sum to 243 kev. -In agreemént with
this the 243-kev gamma ray was not in coincidence with thé 56~ or‘187~kevv
gamma_ré,ys° The 56-kev gamma ray must lie higher than the-187~kev gamma
ray because the ratio of~coincide£ée pulses to gate pulses increased
greatly when the gamma ray seiected'by the'gate Was.chanéed from 187 to
56 kev. The 96- and 106wkev'gamma rays whose conversion electrons were
dbsef&ed by‘Bérgster were too low in intensity to observé in.-ourac‘oinci-s=
dence stﬁdieso We can set an upper limit of 2 pércent for these gamms
rays capared with the 187- and 2#3;kev gamma rays when the latter are
applied to the gatihg.éiréﬁif, These results have'been’incbrp?rated in

the decay scheme shown in Fig. 18.
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C. Cesium 123

In calcium~iodide'targetsfbombarded with-helium dions of 130 Mev a
new cesium actiVityvof'6_minute'half life was produced élong with

N 125 . _ 127 | .
k5-minute Cs . A #mall amount of 6.25-hour Cs is also produced. When
the x%enon daughter’actiyjﬁy/grown in during a S5-minute period was isolated
~and deposited'on'thin metallic counting foils by the glow-discharge
method and followed for decay in a GM counter, a mixtute of 1l.8=hour

© 123

- Xe and .18~»hou_r‘Xelz5 was observed. When this procedure was repested

after complete decay of the 6-minute cesium parent, only 18-hour Xe125

123

waé isolated and no 1.8-hour Xe . éctivity was observed 'in the decay. of
the isolated xencdn dauéhter sample. This-iaentifies the 6-minute cesium
activity as cs123, Annihilation radiation of'6~hinute half lifé was
‘promineént in scintillation spectrometer curves'taken on the cesium fraction
shortly after the bombardment indicating that 05123'décays at least iﬁ
part by positroﬁ eﬁissiOn° Because of the.shorﬁ half-life of 05123, no

vdetailed study wés carried out.

D. Cesium 130

Following the preliminary'studies'of Risser -and Smith,25 and of Fink,
Reynolds and Templetdnl9 on a 30-minute cesium activity produced in
bombardments .of iodine with low=energy helium ions, & careful étudy of the
radiations emittéd by this activity was carried cut by Smith, Mitchell and
Caird326_'There is little doubt that this activity is produced By an (&,n)
reaction and hence the niass assignment is correctly assigned to mass number

130. Nevertheless, it is probably.worth recording the confirmation of this

-assignment by the use of.a mass{spectrograph‘
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. Iodine in the férm of'calcium iodide was bombafded wifh 20-Mev helium
'ions in the 60-inch cyclotron. The‘éesium fraction was isolated in a
| carrier-free form within 1 hour of the ‘end’ of the bombardment and with the
help of Dr. M. C. Michel of ‘this laboratory it wéé;run in the time-of-flight
' mass spectrometer., The 30mmiﬁute activity was collected in the 130-mass

position.

89m 89

ITI. STUDIES ON THE ISOMERIC PAIR-Nb ANb Nb

After the study ﬁf nuclear isomerism in xenon 1sotopes Jﬁst discussed
an attempt was made to look for 1somér§ in ,the nuclei near the closed |
shell of 50 protons or‘neﬁtrcns, bécauseAthe singlé—fartiéle model
predict; tﬁo'ioﬁest-lying lgvels in,the.stafes'gg/z-agd pl/z'differing
in spin by k4.

LeQineland"Hyde27 of fhis iaboratory, during the coufse of their
study of neutron—deficiént iSOtopes of‘nio£ium‘produced by proton bombard-
ment ‘of zirconium metal with 4O-Mev protdné, obtained ev{dence.for'a new
niobium activity of half llfe of 1.9 hours. The‘GM—decay-curves on the
niobium fraction 1solated from the target within an hour of the end of
the -bombardent’ihdicated that more ?han-80‘percent of the activity was
of 1.9-hour half life,‘moét of the rest béing(lho6fhour Nb90 and a small

.89

amount of longer-lived activity, pringiﬁally:79bh6ur”zr- ‘from the decay

8 . , N c
of Nb 90 Measurements in a beﬁa—ray spectrograph of “1ow resolution showed

that this 1.9-hour activity consisted of protons of ‘about 3-Mev energy.

8 : -

The isolation of T9-hour Zr 9 activity from the purified niobium fraction

proved the presence of'Nb89-parent<activity° Quantitative milkings of the
, 89

zirconium daughter activity showed that the Nb ‘half 1ife was about 2 to 4



@

89

hours and hence Nb 7 ‘was identified with a 1.9~hour nearly 3«Mev

| positron.

Per'Kofstad28 during the course of hié studies on the spallation
products produced by bombarding silvéf metal with 340-Mev protons, also
isolated a niobium activity Of 1.9-hour half life and 3«Mev positrons. In
the present study very similar results were obtained by studying the niobium
fraction isolated from nioblum foils bombardéd with 90-Mev protons or from .
yttrium oxide tafgets‘bombgrded with 60~ to 100-Mev helium ions. In every
caée the two chief activities were lo9~hour‘Nb89 aﬁd lko6mhour’Nb906 " The

89

ratio by activity. of Nb - to M2° vag roughly the same (nearly 2/6) in

each case,

A. Cemme-Ray Studies Establishing the Isomerism -

Niobium 89 has 41 protons and according to the single-particle shell
model is likely to exist in the states g9/2 or pl/z, suggesting the possi-
ble occurrence of an M4 isomer. The g9/2 pl/2 level separation for the
odd~-mass isomers of niobium in the mass region 91 to 97 is given by Fig. 75

>

of a review article on nuclear isomerism by Goldhaber and Hill.

89

They
suggest that this separation in Nb™ is very sligﬁt and the decision as
to which spin state is the ground state is quite uncertain, vConsequently,

one might expect the upper state of‘Nb89

to deactivate predominantly by ,
positron.emission rather than by gamma emission. Zirconium 89 is knowm to
exist in two isomeric forms by virtue of its 49 neutrons which:gives it én\
odd neutron immediately below fhe SOmneutrOn shell, The upper state ié the
pl/2 state and it has a half lif¢ of 4.4 minutes. Its predominant decay

+

is by emission of a 588_kev-gamma'ray to the ground state (see Fig. 20).
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~This ground state‘of spin pl/z decays with a half life of 79 hours to
l3~second Y89m; A pair of isomers occurs again at Y89 because of the
odd proton below the 50-proton shell., The Y89m (g9/2)-decays by emission
of a 910~kev gamma ray to a stable Y89 (pl/z)u
Knowing these facts it was possible to design experimentslto check
for the expected isomerism in Nb89, Thése expériments ;onsisted chiefly
in the,eiaminatiqn of the iirconium daughter activity milked from niobium
~ for the 588-kev gamma radiation of'Zr89m'and the 910+<kev radiation of Y89°
This vas ddne‘shccessfully with the aid of & sodium iodide-photomultiplier
combination coupled to a 50=-channel pulse—heighf analyzer.
A BMﬁil nicbium foil ﬁas bombarded'for 1 hour'with 100+Mev protons.

After diésolving the foil in an HF-HNO, mixture, LaF_, was precipitated

3 3

several times to remove zirconium and yttrium activity. After the last
écavenge precipitation an 8-minute growth period was allowed to pass and
Laf ., was precipitated and quickly separated to remove zirconium which had - -

3

grown in, The'LaF. was placed in the scintillation spectrometer and data

3

were taken on the gamma sp66trum.fof 1 minute with the purpose of obéerving

89m

the 4. heminute Zr activity, if present. The registers were then reset

end data were taken again for l‘minute; -Figure 21 shows the series of

89

' curves thus obtained, The 288-kev gamma radiation of Zr - and the

910-kev gamma radiation resulting from the decay of Zr89 to Y89m are‘plainlyb

evident., The activity in the 588-kev' peak after correcting for coinci=

dence losses in the mechanical registers decayed with a half 1life of

h o+ 1 minutes.

89m

After complete decay of Zr the gamma spectrum obtained corr@éﬁéﬂ@g@

to the annihilation radiation and the 910-kev gamma radiation expected of
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- Fig.-21.. Gamma -spectrum of .Zr
_1ated“from‘Nb89 after an 8-minute -

 gamma ray of Zr.
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89 ona 2% is0-
growth period. Cﬁrve 1l is a 1l-minute

run started 8.2 minutes after an

A87minute”éfowth.period.' The -588-kev

89m

'isnplainly visible.

_ Sﬁéceeding l-minute runs show the rapid

decay of this-l4.h-minute activity.
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& semple of'Zr89'(see Fig., 22). This activity decayed with the proper
79mhour'half life, ASubseqpeﬁt experiments in which the niobium was given
more extensive purification and the zirconium was iéolated b& preciﬁitaa
tion of barium fluozircqpate gave the same results.

In a careful series of-meaéuremenﬁs taken of activity isolated after
2-minute growth periods it was possible to determine the atom raﬁio of
Zr?gm and'Zr89 formed from the-decay of niobium. This was done by integrat-
ing under the photopeaks and making suitable corrections for half life
and counting efficiency; The counting efficiency of the 588*kev gamma,
”ray was taken as 12 percent and the total conversion coefficient as
0;076°29 The counting efficiency of the 910-kev gamma ray was taken as
7.3 percént and K conversion was considered negligible. The atom raﬁio
ﬁbtéined was 1.2 i‘OfS X 10‘2, showing that the major decay was going to

89
the gg/z—ground state of Zr ~.

This atom ratio was determined for zir-
conium daughter fractions isolated after Z—minute growtﬁ periods at various
" times from 1 hour after bombardment up to 8 hours after bombardment. Theré
appeared to be ho significant change in the ratio during this time which.
was éaken as an indicatidn that the half life of;Nb89 (pl/Z) is close to
that of Nb89 (g9/2

The whole series of'méaSurements was repeated on a different bombard-
ment of ‘nicbium. The same atom rétio within an experimental error'éf
‘abou£n30 percent was oﬁtained‘and this ratio underwent. no significant'
change in a series of mllklngs coverlng a 6-hour period after the bom=~
bardment. | |

It was considered desirable to know whether the Nb89 (pl/z) to

N‘89 (g9/2) ratio was different in a sample prepared by a different method.
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For this purpose the niobium fraction of‘é silver target bombarded with
340-Mev protons was studied. After a ROhminute'bombardment the target was

dissolved in 10'M HNO Niobium was coprecipitated on MnO2° This precipi-

30
tate was dissolved in 12 M HC1 and contacted with di-isopropyl ketone to
30 ,

extract the nicbium. After niocbium was backextracted into water and

gvaporated to dryness it was taken up in a mixture of 10 M HNO, and HF.

3
Zircorium daughter activity was removed periodically by addition of zir-
eonium and barium carrier to precipitate barium fluozirconate, Scintilla~ _

tion spectrometer curves on zirconium fractions so isolated after brief

89m

growth periods showed the 588-kev radiation of Zr ~, and the annihilation

radiation and 910«kev radiation of Zz‘89o The atom ratio of:Zr89m to-Zr89

was again obgerved to be constant for the activity milked at l=hour

intervals for a pefiod of 5 hours. A significant-differencé, however, in’
thig ratio from that obteined from niobium bombardments was found. In the
niobium isolated from silver spaliation targets the‘observéd atom ratio

3

wes 3 x 10 , or a factor of b lower. This difference is_believed to be
well outside the experimental error.

As a further check'the»same ratio was measured in a similar manner on. .
2 niobium sample prepared by bombardment of zircoaiumémetél,foil with the
32 =-Mev protOn heam of the Berkeley 1inear acce1erator; In this case an
.atom.raﬁio pf about 2.6 £ 0.5 x lOuz was oObtained which is_a:f@ctorﬂbf
appréximately 2 greater than in the samples isolated from’niobium targets
and & factof’of about 9.greater'ﬁhan in the silver bombardment case.

Tﬁe gamms, spectrum of the purified niobium fraction was run at a time

89

when more than 3/& of the activity was'Nb , and on sSamples purified

90

24 hours later when Nb” was the chief activity. A comparison of the two,
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spectra showed that Nb89 did Aot emit any gamma rays in addition to the
annihilation radiation and the only gamma rays in both spectra were those
- of Mo © reported by Boyd and'Ketelleoa;..The'588~kéy5gamma ray was not
intense-enough in comparisén with the 510-kev annihilation radiation peak
for it to be observed. If'Nb89m decayed chiefly by isomeric transition,
a prominent gamma ray'of less than 300 kev should have been observed.
During the gourse~of these gtudies considerablé data on tﬁe radiations
of‘Nbgo were obtained,' This will be reported in Section V.
The positron endpoiﬁt energy was_determined‘by.using-an anthracene
crystal-photomﬁltiplier combinationr.coupled to a 50-channel pulse ana-
lyzero-.Figure 23.shdws a typical endpoint determination of 2.85 * 0.10 Mev A

89

for the Nb - Zr89 transition. .It was established that these positrons

decayed with a 2~hour half life.

B. .Carbon‘Idn Bombardments

In addition to the bombardments mentioned above Nb89 was prepared in

a novel way by the bombardment of bromine with accelerated carbon ions.
This was done in the'60~inchjcyc10tron using a beam of hextuplicately

32

charged carbon ions, The carbon ions in the beam have -a continuous spread
>Of energy with a maximum energy of 120 Mev. Sodium bromide powder wrapped

in thin tantalum foil was bombarded to carry out the reactions:

\

1 8
o 3587 R e )
12 81 8 ., 1
6C + 35Br -> )+le + )“‘On o ~N:

@

After bombardment the sodium bromide was dissolved in lOlE HNO3'and '

extracted with CCly to remove bromine. The MnO, was precipitated'to remove

e |
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riobium. The~Man was ‘dissolved in 12 ‘M HC1 and from this solution niobium

was. extracted with di-isopropyl ketcne. Backextraction bf'the‘hiobium into -

water completed the purification. Resolution of a GM-decay curve extrapo-

lated back to the end of the bombardment showed 5/6 of the activity to be

1.9-hour Nb89'and 1/6 to. be 1¥,63h6ur-mb9o. The atom ratio, assuming egual .

counting -€fficiéncies, is 0.7. Gamma analysis within 2 hours of ‘the end ‘of
the bombardent'shpwed the gamma rayS‘of'Nbgo'and'no others. Gamma analy=

89m

sis of zZirconium daughter fractions sho#ed the -910+~kev gamma ray of Y .

- No attempt was made to search quickly foruzr89m9

C. Discussion

The -experimental data are beést summarized by the decay scheme of
Fig. 20, .This scheme' is incomplete because the energy separation of the
Nb89 states, and the identity of the higher state, has not been determined.
The small ratio of'the'Nb89m to Nbsgzin,the samples we were 'able t¢ prepare
-maderit impractical to get the energy separation by the resolutien of the
-fositraﬁ,spectfum into tﬁo compénents. From the systematics of'the'
_'pl/z-égg/-2 separation_q_uotedpre‘vioujsly5 it is e¥pected that this separa=
tion in Nb 9 is quite small and hence the isomeric'transitidn.bran?hing
must be slight. By preparing very active samples and looking for the
electrons of a highly converted Mi trensition. in the O- to 200-key range
with,a.prégision spectrometer it might be'poss1b1e to learn this energy
separation. |

.Figure 24 differs from a very similar scheme présented'by-Diamond,33

who independently has carried out a study of these isomers, only in that

he assigns a half life of 0.8 hOur'tO'the~pl/z level. Thié“wéé.done on

N
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8 showing the main .
configurations of the proton (left) ’
and neutronSv(right). The 89/2 proton

-in-A stabilizes the even-even core in

a g%oz configuration. The transition
AC 1is:delayed because of the necessity
of rearrangement of the neutron core to
produce two -p]/p neutrons.in C. B is
indicated with a mixed neutron config-

l/z_configurafcion

« probably predominates. Hence the

transition BA would be delayed..
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the basis of a series of quantitative timed.milkings of~zifeonium daughter
'activity-carried‘out in much the -same manner ‘as deecribed in'this report
except that the determination of the relative amounts of U .lh-minute Zr89m
and 78-hour'Zr89'activity“was done by the resolution ¢f a deeay-Curve
taken on a scintillation counter without pulse-~height analysis. Because
our data are based only on the activity in the 588~ end 910-kev gamma
peaks we feel they eare somewhat more trustworthy.

As mentioned above ‘the atom ratio of:Nb89 (pl/z) to Nb89 (g9/2)fwas
constant over arperiod of several hours for nibbiuﬁ.samples'preparéd from
niobium,‘silver and zirconium targets. This is inconéistent with the
half life of 0.9 hour reported by Diamond'for Nb 89 (pl/2 .It is not
clear why the two methods give dlfferent results, although a slight cons-
tant contamination of the zirconium milkings with improperly resolved
niobiuﬁeactivity-could account for it. |

34 graphs the log ft value for ‘the 2.85«Mev positron

From Moszkowski’'s
transition,Nb89 (g9/2) - Zr89 (39/2) is 6.1 which is considerably higher
" than that expected (5.0 £ 0.3) for an allowed transitlon. -If the unknown
Nb89m#Nb 9 separation is neglected, the log ft value of the .

Nb89m,(pi/2) - ergm (pl/z) transition is 5.65 which is still somewhat
.highergthan expected. These‘two transitions can be added to a growiné

list of apparént exceptions to the usual rules of beta decay discussed by
&e—Shalit and fGoldhaber,35 For example, the‘wellaestabliehed | -
Zr89.(g9/a T 8 " (g /2)7tran51t10n has & log ft value of 6.1 and Siml=

larly, the' tran51t10n Zr om (pl/z) - Y (pl/z) has a log ft value of

6.85. These and other examples are dlscussed by @e—Shalit and Goldhaber35

~/

K-

. who give an explanatlon in terms of ‘a rearrangement of nucleons in the

even-even core of an odd-A nicleus. ' o o O'



cation of the 14.6-hour Nb

'Mo9

-61-

Following their development the decay scheme of Fig. 1 can be redrawn

in the form of Fig. 2k. ' :

IV. STUDIES ON Mo’C AND TEE NEW TSOMERS Nb°OL, wpoO"2

The persistence of islands of isomerism near the closed shell of 50
or‘82 particles irrespective of the fact whether they are odd-A or -even-A
nuclei,'suggests that the even-A isomers are‘élso likely to occur in the

same region as odd=A isomers because to ‘a first.approximaticn the

- individual configuratidns of the proton or meutron are not influenced by

90

Cne another. In this section isomerism in the odd-odd nucleus Nb will |

be discussed.

90

Diamond36'at Harvard University had studied Mo” prepared by proton

90

bombardment of -niobium. He reported Mo”~ to be a positron emitter with a '

half life of 5.7-'% 0.2 hours. The mass assignment was made by identifi-
, 50 ‘ A

formed in its decay. - He reported positrons

of maximum energy of 1.4 Mev and gamms rayé at energies of 1.0, 0.2k to

9,26, and 0.1 to 0.13 Mev. The-Mogo has 42 protons and 40 neutrons -and

90

which has 41 protons and 49 neutrons.

90

decays by positron emission to ' Nb

According to the shell model the odd proton and the odd neutron in Nb

“may exist in the state‘gg/2 or Pl/z’ suggesting thereby the possibility

of ‘an isomeric state. With this purpose in view, a detailed study of

0 90

and the 1% .6-hour Nb” was undertaken. During the course of this

90

work it was indeed found that Nb” . exists in isomeric states; in fact

three such stateé were established.
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" A. Molybdenum 90 -

In our experiments with Mo90 produced by the bombardment of Nb93zﬁith

90 to have positrons ”

© 80-Mev protqnsrin the 184-inch cyclotron, we found Mo
of ﬁaximum energy of 1.15 % 0.1 Mev. Figure 25 shows the positron end-
pgint<as determined by an -anthracene cr’y'stal‘spelctrometer°

'Figure 26 shows the gamms spectrum of Mbgo‘as determined by a sodium
-1lodide crystalwphoﬁomultiplier’assembly~COupled to a SO—chahnel differ-
ential=pulse analyzer. There are two gamma rays of 120~ and 250<kev energy
in addition to the annihilation radiation. The small peak at 65 kev is
‘due to the platinum x=-rays produced by the platinum backing on which the
saﬁple‘was mounted. Using the values given by Kahn and Lyon37 for the
counting efficiency as a function of energy for a sodium iodide crystal

1.5 inches in-diameter and l-inch thick, we assumed a counting efficiency
of 100. percent for 120-kev gamma rays and 60 percent for 250-kev gamma

rays and found -the two gamma rays to be in almost egual abundance. This
calculation does not allow for:aonversiﬁn;Wﬁihh,;aSHWillfbereen,;is
,éppreciable, No l-Mev gamma fadiation‘Waé aétected in,a‘freshly prepared

Sampleiof'Mo9O

90

,, although a gamma'ray of 1.14 Mev did appear later as

90

Mo” " decayed to Nb” ",

Conversion electrons of the 120~ and 250~kev gamma rays were also
measured by a magnetic double-focusing spectrometer. Figure 27 shows the
spectrum thus obtained. The-K/L conversion ratios of 120+« ana'ZSOﬁkev

gamma rays were determined to be 3.6 * 0.2 and 5.2 * 0.2, réspectively.

Gamma-gemms coincidence studies were carried out with_Mo9O with the
following results. With BloekeV'annihilétiOn radiation or 16.5<kev A

X-rays at the ‘gate, no coincidences were obaérved with 120~ or 250~kev
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-gamma.rﬁyég_ Similarly, by using 120-kev gamma rays, no coincidences were-
‘observed with either the 250-kev gamma ray or the annihilation radiation.
Likewise we obtained no coincidences with the 120-kev gamma ray or the
annihilation radiation when,the-ZSOmkev éamma ray was put at the gate. The
‘nonexistence -of coiﬁcidences between 510~-kev annihilaticn radiation or
16.5~kev niobium x-rays and the two gamma rays of 120- and 250-kev indi-

cates that both the gamma rays are delayed.

B. The 24-Second Isomer, Nb90m1A

The gamma-gamma coincidence studies suggested the ekistence of an
isomeric state of'Nb9o in addition to the ground state of Nb997~the
39

1k .6-hour activity previocusly studied by Boyd,381Kundu and Pool,~” and

Jacobson and Overstreet,no Experiment soon showed that a 24 * 3 second

90

activity was formed in the decay of Mo~ . An intense»carrief—free

90

sampie of Mo”~ was placed on the top shelf of our scihtillatién counter
for a l—minute‘growth_périod, Thé‘aluminum front cover on the sodium
iodide crystal was not grounded and it carried a potential.of 500 volts
‘negative with respect to the sample. Tﬁe sample was‘then}quickly withe~
drawn and the recoil.daughter'étoms Of Nb90m1 and Nb9o collected from the
‘molybdenum source during the growth period were counted.' The 'gamma
spectrum was determined by a 50-channel difﬁeréntialnpulse'analyZe?q
Figure 28 shows the gamms spectrum of the recoil activity immediately

90

after the‘grthhipefiode.T@e gamma, spectrum of -Mo is also shown in the
game figure for comparison. Theé readings of the register at the peak
of the;lZOﬁkev'éamma ray were taken every 0.2 minute for a 2-minute period

witpou;'disturbing-the‘c0unt switch;aﬁd from the analysis of the data a

-
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AN

half life of 24 * 3 seconds was obtained for the recoil activity (see
Fig°‘29), )

The fact that this 24-second activity is the product of the decay of
'Mogo was further'cdnfirmed by plotting the yield of the recoil activity in
a l-minute growth period as a function of ‘the time at which the milking
was done. ‘A half life of 5 hours Waé obtained for the molybdenum parent
as shown in Fig. 30, confirming thereby the genetic relationship.

The Zh—seCOnd isomer was proved to be a niobium activity in_thé
following manner. From the work of Huffman EE‘E;@,Rl Kraus and'Moore,42
and Hicks, Stevenson and Gilbert,u3 it was known that niobium and molyb-
denum form complexes in'strong HC1 which are‘strOngly adsofbed.On anion-
exchange resins. On reinvestigation it was found that a mixture of
molybdenum and nicbium in 61M_HCl isladsorbed_by Dowex-1, avstrongwbase
qﬁaternary amine po_lymer° Niobium caﬁ be eluted with 5'@_301 but molyb~
denum is strongly held at this HC1 cgncentratidn, The ngolactivity in
6;& HC1 solution was run through a 2- x 0.5«cm column of bowex~l previously
equilibrated with 12'M HC1l. The molybdenum on the column was washed free .
of niobium7activitY‘with 5 M HC1 and, after a growth period of 1 minute,
niobium formed by decay during this period was quickly stripped from the
leumn by 5'M HC1, collectéd'in,a 2 ml lusteroid cone and studied in a

scintillation ¢Qunter for the determination of the gamma specﬁrum,v The
SPéctfum showed thé presence -of 120-kev gamma rays decaying with a half . >
"life-of 24 t.3L§¢conds,;thefeby fﬁrther'establishing that the 24-second
acti&ify was a niobium activity. .

If the 2h-second half life-and the 120~kev energy are substituted into
the-MOntalbettilo.anogram of Weisskopf's formula the predicted half lives
for various type transitidns-are‘~10d§jsecond for E2, ~2 x lOmlL second for

\
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‘M2, 2 seconds for E3, 200 seconds for M3, ~100 days for Et and ~30 years
for M, From this it seems clear that the multipole order is 3.

_When this multipole assignment was checked by the K/L ratio method and
the K~shell conversion coefficient method discussed in the introduction,
however, the resulis wreréanomalous° The dbserved‘K/L ratio is 3.6, which
is higher by a factor of :about 2 than the empirical #urVes of Goldhaber
and Suhyar would Suggest for an E3 transition and in closer agreement
with the predictions for'ap E2 transition. The K/L empirical curve for
M3 transitions is poorly defined but‘the prediction would be a value of
‘about Em

-A.ﬁore serious discrepancy arises in conneétion with the K@canverstH
enefficient,. The curves of RoSe~g§s§iull do not provide values of con=~
version coefficients for gamma energies below 150 kev., An extrapolation
: of thelr curves for‘Z.ﬁ 40 indicates thﬁt'the'eXpeéted’K—shell conversion
coefficient for an E3 transition is of the order of 2 to 4 and somewhat
higher Tor an M3 transition., An experimental measurement of the Kw-shell
coéfficient for the 120-kev gemma ray gave a value of 0.5, far out of line
with the theoretical value and much c¢loser to the value expected for E2
transitions.

The'experiméntal.measurement‘WaS‘carried out in this manner, A sodium
iodide crystal covered with s beryllium window was substituted Hr the
usual aluminum covered crystal in the gamma-ray spectrometer. Using this

90

crystal, a sample of Mo was examined foriK x+rays of 16,5-kev ENergy.
A gamma spectrum was taken with the galn settings s8 selected that the
120+kev gamma peak also appeared on the same\scaleo' After correction for

. absorption losses and fluorescénce yield in the x=-ray peak the ratio of

the X vacancies to the number of 120-kev quanta was calculated,
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The-abSOrptiOn,loss was "estinated by usiﬁg the same counter to deter-
mine the L x-ray spectrum of & sample of'Amzul; "The ares under the
unresolved>l7,3~ and l3,5~kev;L X=ray peaks was compared with the area
undér'the 59.9-kev gamma peak., The true relative’abundénceS‘were taken
from the work of Beling, Newton and,Rosel,l"LL A calculation showed that
for this particular L x-ray miifure the absorption loss was 'about 25 per-
cent in thg‘berylliumiwindow.and'magnesium oxide refiector‘around the
éfystal, It was assumed that the absorption loss of the 16.5+kev X~Tays
of niobium was the same. This is1ﬁQt stricétly correct but the error
cannot be more than 50 percent.

: The- fluorescence yield was estimated as 0.73 from the tables of
“Broyles, Thomaé and,HaYnes.b’_5

- With these corrections and assumptions the ratio of K-shell
vacancies to 120<kev 'quanta was calculated to be 1.5. This cannot be
takenvgs the conversicn coefficient Since some of the K rays may be
accounted for by K capture, or by conversion of the 250-kev genma ray,
but it can be.taken‘aS'an.upper'limit, A more. significant measuremeﬁt
was made by collecting some of the 2hk-second activity by recoil on the
case of the crystal in the‘mannér discussed above -and measuring the low=’
energy spectrum 6f this activity. The gamma spectrum .of “the recoil
activity showed that the larger part of the x-ray peak observed in the
Mo90 sample hag to be assigned tOTK:cabture; The estimate of the K-shell
conversion coefficient of the 120—ke§ gaﬁma ray isf&b,S; A
| | This is a real anomaly which has not been resolved. The conversion
coefficient is a factor of-'t to 8 too low for a fransitiOn of multipole
order of 3, while the half lifé*andienergy are in agreement only with a

spin change of this value,

s
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C.. Preliminary Hélwaife Studies on 250-kev Isomeric State Nb90m2

From our gamma~gamma c&inéidencevstﬁdies it'Was concluded that both
the 120~ .and 256~kev gamma rays Were'delayed° - Because the 250~kev gamma - .
réy did'not occur in the gamms sPectrﬁm of the 2l-second 1somer,.it is
4evidéﬁt that thé 250~kev level does not lie below the lZOwkéV level,

90

- It may be that the main positron decéy of ‘Mo goes to a level in

Nb9o which deactivates by a 250~ to 120-kev cascade.
. 90

Chemical separation of niobium from:Mo showed only the presence of
120~kévﬁgamma rays of 24-second half life and therefore thé half life of the
.250ﬁkev stéte 1s not more thah'zh seconds. By performing tﬁe chemical
separation ra?idly, and from furfher recoil studies, we estimated the half
1life of the 250~kev transition to be less than a few seconds, Because

we were not\able té observe any coincidences of Zﬁo-kev éammé‘rays Wifh.
either 120-kev gamma rays or'thelannihilation_radiatidn, the half life

of. the 250-kev gamma, rays should be greater than é microseconds, the
resolving time of the coincidence circuit.

Makiﬁg use of‘Mdntalbétti's;o'nomogfam,the Wéi5sk6pf-predictionS'of
half lives for transitions of various types are as foilOWS: -~lOm8 second
for E2, 1076 seco'ﬁd for M3,~10"2 second for E3, 1 second for M3, 10 hours
for Eb, and 30 days for Mk. Hence égain,the transition type is narrowed
to M3 or E3. | .‘ .

After establishing the delay in the 250~kev tansition to be between
5‘miCrosecoﬁds and 1 secdnd,‘a'nOVel device was used to narrow the ljnqt

to less than'0.1 second. A carrier-free sample of Mo9o

mOuhted_on a
platinum plate was supported on a stand with its face at a distance of

about.0,5~Cm from a moving tape of aluminum or‘paper, -A potential
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difference of 900 volts Wasiapplied between the tape and the sample, the
negative terminal of the battery being connected to the tape° Those few

90

recoiling atoms of - nlob;um formed in the-decay of Mo”~ which escaped from
vthe source were eollected on this tape'énd”were transported through a
scintillation conntern The gamms spectrum.wes studied'by.neans of the
SOwchannei differentialwpulse analyzer. The time taken to transport the
recoil atoms of nidbium en the'tape to the scintillatidn counter could
be varied by changing the speed'of'the driving m.oter° With the slowest
speed it took nearly 5 seconds for the recoils to reech-the scintillation
counter whicn was at\a diétence=of-l foot from ‘the Sanple, while at

- the faetest sPeed of the motor the time taken nas abouf 0.1 second. When
'the tepe‘ﬁES moved at the slowest speed for 1 minute we obtained a peak
at 120 kev in the gamma speéfrﬁm_but there was no indication of -any

gamna rey'of Zéoakev;energy. By increasiné the speed tne'nnmber of total
counts under'the.120~kevvpeek was reduced; It is therefore possible to
diseniminate.in favonnef‘a‘shorﬁer'nalf life. ANO indicatiOH,of 250-kev
radiation waS‘gotten even by increaéing nhe speed to the maximum and it
nas.COneluded that the deiey in the.250~kev transition should be less
than 0.l second and more than 5’micr05econds,.

‘The overall efficlency fofr collection of recoils by this nethod is
Quite small (<§.Ol percent) but by using'very intense Carrier~free sources
there was no dlfflculty in collectlng a few hundred counts per minute of
the 24- second isomer ‘and hence there- should have been no trouble in

c0Llect1ng enough of the 250-kev state for 1dent1f1cation if its half

" life were greater than 0.1 second

W
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D.- -Measurement of Half Life of.N,bgOm

At this point the half 1life of Nbgomz»was considered to be narrowed
to the regiongb}leéeceﬂdfﬁo 5 XIlbf6'secbnd;;»From the'thecfetical pre-
dictions it seemed most likely that the half life should fall in the
millisecond region. Hence an'electronic delayed~coincidence techniqge was
used to search'the_millisecond region. This equipment was assembled by

90

Mr. A. E. Larsh, Gamma radiation from a weak sample of Mo”"~ with a count
rate of 'about 50 counts per minute was detected by a sodium- iodide crystal,
Annihilation radiation was selected by a single-channel pulse-height |
analyzer and the output of the analyzer was fed to the trigger input of a
Tektronix 514D oscilloscope to start s trece across the oscilloscope face.
A second sodium iodide crystal was simultaneously detecting g#ﬁma radia~

g0

tion from the Mo sample. These-signals, after amplification, were fed
to the vertical deflecting system of the oscil.loecope° Signal pulses
arriving in prompt coincidence with the annihilation trigéer pulses.were
displayed as_dots at the start of the trace. The energy of the gamma
radiation was proportional to the amount of vertical deflection on the '
face of the cathode ray tube. Any delayed gamms ray signal pulses or
randomly occurring chance pulses which arrived dufing the .:time it took

the trace to traverse the oscilloscope face appeared as dots at a

corresponding distance from the start of the trace.

A Poloroid Land camera was used to take_ZOmminute exposures of the

scope face, A finished photograph showed three'bands of dots, The
density of dots correepoﬁding to chance pulses of 120~ and 510-kev radia«
tion waS'smail and‘did not decrease across the trace. .The density of

dots corresponding to 250»kev radiation showed a real decrease to a chance

background of ‘25 to 35 percent of the initial density when the trace speed

vas set at 1 cm per h 5 milliseconds.

¢
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The de‘neity of dots in 'the%z5,o~:1£"e'%/ B'é{ﬁd: wa';s‘ plotted on the logarithmic
scale of semilogarithmic'gfaph'peper vefsus the distance (time) from the
beginning of the traces. The chance background was subtracted to show
the true decay curve. Analysis of many photographs gave a value of 10 to
20 milliseconds for the half life of the 250-kev radiation.

In-initial trials.of this method halatron from the base line made the
recording of the desired data almost impossible. Hence .sonie changes from
~the normal operation of the Tektronix instrument were required. The
. normal unblanking'ciréuit was not used,«.InStead, when the positive signal
pulse was fed to the vertical deflection system as mentioned above it
wae simdltaneously fed to an inverter circuit wﬁdch inverted and amplified
the pulse. The resulting negative pulee was fed‘torthe cathode input post
on- the oscilloscope to unblank the trace at the instant a signal
-appeared on the vertical amplifier.

'Tﬁe tables of Rose gzygi.ll‘give precise values of 0.14 and 0.33 for
the K-shell conversion coefficient for‘ah E3 'and an M3 trensition,
respectively. It was not possible to estimate this coefficient experi-

mentally by the method used in-the case of 1\1b9oml

V. THE RADTATIONS 'OF 1k%.6-HOUR Nt°C AND AN ISOMERIC
STATE IN THE EVEN-EVEN NUCLIDE 790

The 1k .6-hour ground state of Wb7© produced as’ the end product of the

decay of'Mo90 was studied oy“severel workers- Boyd38 reported Nb9 to be

a p051tron emitter w1th a max1mum energy of approx1mately l 7 ‘Mev, while

36

Dlamond and Kundu and Pool39 have reported the p051trons to have a

max1mum.energy of l 2 Mev ' Boyd and Ketelle3;-reported three gamma rays

of energies 140 kev, and l.l&"and 2.23 Mev in Nb9qn
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A redetermination of ‘the positron endpoint of Nbgo by means of an
anthracene crystal spectrometer coupled to aISOmchannel differéntialw
pul%e_analyzer'yielded‘a value of 1.7 + 0.1 Mev for the positron endpeint

90

as shown in Fig. 31. The gamms spectrum of Nb”~  dis shown in Fig. 32.
There are three gswma rays of energies of 140 kev, 1.14 and 2.20 Mev

in additicon to the amnihilation vadiation. Taking into account the
counting efficieﬁcy'of the $odium iodide crystal for the three energies,
the retios of their abundances are 1/2.8/1.7.

Coincidence messurements made on the gamma rays of Nbgo showed that
the 140-kev and 1.lh-Mev gamma rays are in coincidence with each other
and with the annihilatiﬁﬁvx%@iationo From the quantitative data the
indication is that the 1MO-kev transition lies above the lolhéMev gammsa,
ray. This is inrkeeping with thé expectabions from the systematics of

90

the first excited state of even~even mucleil since in Zr one would

17

expect the Pirgt excited state to be greater than 1 Mev. The 2.20-Mev

gamma ray showed no coincidences with 1hO-kev or 1,lh-Mev gamma rays or

“the annihilation radiation.

This result Suggested the possibility of a delayed trensition in-

9C

‘ volving the 2.20-Mev level in Zr" although the possibility existed that
ﬁhis level was resched by K;capture decay rather than positron emission.
This possibility was elimingted by showing that the intensity of K x~rays
relative to the lAOwkév peak .was only about 80 percént and hence too low
by a factor of 2 to account fdr_the'2°2~MEv radiation. The x-ray
intensity measurement was made with the sodium iodide crystal with
beryllium window described above;_ Furthermore, a coincidence experi=

ment in which K x-rays were applied to the gate showed no evidence of

an x-ray-2.2-Mev gamma ray coincidence.
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From a Nb90>sémple zirconium was precipitated‘as barium'fluozircenate
and did not:shoﬁ'any gamme, ray of 2.20 Mev in its gamma spectrum. By per-
forming this separetion rapidly, and by immediate counting of the result-
ing barium fluozircbnafe precipitate in a scintillation counter, the
delay was fixed as less than 1 minute.

-As discussed in the.introduction, delayed states are quite rare in
even-even nuclei. It ﬁould be deSifable tc determine more4fully.the
characteristics of tﬁis new exampie. ConsiderableAthought was given to
the problenm of»determining the half life by some’ instrumental method but
,-nb feasible way could be devised with the equipment available. The low;
countiﬁg efficiency of the Z,ZwMEVIradiation in the 1.0 x 1.5<«inch sodium
iodide crystals is a seriocus disadvantage.

Half-iife predietions from the Mpntalbettilo ﬁomogram are as
follows: 10™3 secona for Ez, 10" second for M2, 2 x 10 ‘second for

>

E3, 2 x-10"T second for M3, 8 x 10™” second for Ei, 8 x 10”3 second for
ML, 1 second for E5, and 100 seconds for M5. Because the resolving time
Qf'the coincidence equipment was only about 5 x l0°6 seeond and an. upper
1imit of:60'seconds was set by chemical experiments, the transition type

is '‘narrowed to Eb, M4 or E5.

VI. STUDIES ON THE NEUTRON-DEFICIENT ISOTOPES Xe123, Xelzz,

AND Xel2l AND THE IODINE DAUGHTERS FORMED IN THEIR DECAY

Iy .
Momyer and Hyde,'6 of this laboratory, during the coursé of 'a study
of isotopes of emanation had made use of'the glow=-discharge method to de-~ -
poeit the emanation activities on a metallic wire~er foil. The radioactive

Samples prepared in such a way could be studied in s manner similaf to
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that used for nongaseous samples. This technlque W&S so convenlent that 1t
was thought de51rable to explolt 1ts use fur+her by undertaklng a study

of other gaseous actlvltleso The glow= dlscharge method,whlch is descrlbed
in some defail ih a léter section, has been applied with equal success to
the étudy of xenhn éctivitiesu During the cdurSe of this wgrh‘some infor~
matidnkhah'been COlléctéd on the hﬁclear'properties of'some’neW'neutrOnf
deficient isotopesbof'xehch and the ihdine daughters produced in their
decay. |

123" 122

This section deals with the nuclear properties of Xe , Xe and

Xelzl, and the iodine daughters formed by their decay. Isolation and
study of these iodine isohopes revealed the presence of the known iodine

isotopes of masses 123, 122 and 121. Timed separations of the iodine

daughter isctopes established the genetic relationship of these to 19«

hour'Xe1223 1.8=hour Xet?3

agree with A. E. T:‘Llleylw

and’ ~40=m1nute Xe 210 Because our results

at MCGlll Unlver51ty and ~  B. Dropesky and

E. 0. WllguB at the Unlver81ty of Rochester, we shall not glve compl@te
details of this part of the Work The purpose of this report is te record
some unpubllshed observatlons of the radistions of ﬁhese iéotopes carried

out with a scintillation spectrometer and a beta-ray spectrometer.

A. Xénon 122 and Iodine 122

Potassium iodide -targéts were bombarded for lvhour with 100-Mev
protons. The xenon fraction was isolated 24 hours later and déposited on
aluminum foil as described below., At this time “the xenon activity was
virtually pure Xelzzo'-Decay curves showed a straight line decay of

125

19 + 0.5 hours over more than 5 half lives. The amount of 18-hour Xe

/

’
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is sllght because the (p,3n) reactlon cross section is dovn at this high

proton energy. Separatlon of iodine act1v1ty at thls t1me showed only

the 3. S—minute I act1v1ty originally reported by Marquez and Perlmanh9

50

‘and studled more completely by Young, Pool and Kﬂndu. The p051tron

spectrum of the Xe 122 Il22 mixture mounted on O,l-mll aluminum foil was

studied in the double-focusing beta-ray spectrometern
Figure 33 ie the Fermi-Kurie plot of this spectrum shouing a single’

component with an endpoint energy of 3.12 * 0.04 Mev. The calibration

of the spectrometer was checked with the 1. 97—Mev p051tron of Cs130 26

;'The Xe 2z decays by K capture and the 3,12-Mev pos1tron group is assigned

to the 3.5-minute ilZZ in equilibrium with it. Our p031tron energy
agrees with the 3.08 t+ Q. 1-Mev. value determined by Young, Pool and’ Kundu50

who used“absorption methods.

o Pigure 34 shows the gamma spectrum taken with the sodium iodide
-scintiiletion spectrOmeter. Tne'Only prominent peaks are'a 182;kev
gamma peak, & emaller'gamma peak at 235 kev and the:annihilatiOn gamma.-
ray peak resulting_from the positrons of Ilzz. No gamma rays of higher
“energy were observed. Tne 182- and 235-kev gemma peaks may be assigned
to the decay'of-Xelzz'aS'proved py the curves 'of"Fig° 35. The' upper

curve taken on the Xe122~I122 mixture shows these two peaks while the

lower curve taken on a pure Sample of-Ilzz shows only the Compton.Smear
of the Compton scattered annihilation radiation. This result is not
surprising since Te122 is an even-even nuclide with an excited state at

5'which in all likelihood is-the first excited state, according

568 kev

to the systematics of the excited states of even-even nuclei as dis-

cussed by Scharff—Goldhaber.l7u The conversion -electrons of the 182-kev

gamma ray were- observed (see below).
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B. Xenon 123 =~ Iodine 123

‘When the xenon fraction was separated from the potassium iodide

3

target about 4 hours ‘after the eénd of the bombardment 1.8-=hour Xe 2> ‘and

19~hour Xelzz accounted for the greater part of the activity. It wés
possible :to study the ra&iatibns of Xelz3 in such mixtures, but samples
which were much purer, -although less intense, could be isolated by an
- alternate method; namely, isolaticn of:Xe123

decay of-Cslz3°

daughter activity, from the

.In a previous publicatiohs% it was shown that 6~minute‘Cs123 is

produced by the hombardment of calcium iodide with 130-Mev helium ions.

From cesium fractions isclated quickly immediately after bombardment it

123'activity >90 percent pure by radicactivity.

125

is possible to separate Xe

125

Some 18-hour Xe is present from the decay of 45-minute Cs also

produced in the bombardment. , .

The -decay of the activity as followed in a GM tube showed the

123

. 1.8«hour decay of Xe ‘superimposed on the growth end decay of the

l3~a]:_1.o'ur'3'.l‘23'daughter°

The gamma SPectfum.of-Xe123

electron capture decay Of~Xe123,~a gamma ray of 150+kev energy and a

‘shows ‘a major peak of K x-rays from the
small:peak,Of’annihilatidn_radiatiOnv(not shown) (see Fig. 36). Repeat
rung on the gamma spectrum over . a period of 24 hours showed_the~emergencé 

123 as thémlsoykevrgémma radiation of

of ‘the 159=kev ‘garma peak’> of ‘I
Xelz3,d90ayed, The cngersidn.electréns of these tw0‘gamﬁa rays were

also observed (see bélow),
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A beryllium absorption curve ¢n the positron activity gave a #alué‘
of 1.8 Mev as the éndpoint energy of ‘the positron., The energy of the
+. positron as_thq?mipgﬂjpyﬁthe.anth:acepe,crystalrspectrometer is

1.7 + 0.1 Mev.

C. Xenon 121 and Iodine 121

Xenon samples\iSOIated immediately after bombardment contained a
‘high praoportion of WO minute XelZl. .Todine daughter activity isolated
" from the xenon fraction within 1 hour -of the end of bombardment con-

tained 3.5-minute I122

, 1.5-hour T-2* and 13-hour I'23, but after the
Yapid decay of the IlZZ, the principal activity was'IlZl, A gamma
spectrum of such an iodine sample is shown in_Fién 37..;In addition to
the annihilation radiation a gamma ray of -210 kev is observed; the con-
versidn_electrdns of the gamma ray were also observed as reported below.

49

Marquez and Perlman - had reported conversion electrons of this gamma

ray in phe original,report on the properties of-IlZl°

It was determined that xel? emits positrons by plotting the decay
of'the'annihilation peak of gamma spectra determined on xenon samples
isolated within 1 hour of “the end of the bombardment. A.L4LO * 10-minute
-componént was resolved from this curve.
D;A_COnvefsion'Electrbns of Xe+?l.xet?2.xe 23 Mixture

The conversiocn electrons of ‘beveral of the gamma rays mentioned . 1
‘above were measured in the beta-ray spectrometer using a xenon sample
collected on a 1/4-mil aluminum foil 1 hour after the finish 6f'é 1l-hour

bombardment of potassium iodide with 100-Mev protons. - The conversion-
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electron spectrum was détermined about 2 hours after the end of ‘the

bombérdment (see Fig. 38) and this determination was repeated 5 times

~ over the next Zhhhour périod. .The numbered peaks of Fig. 38 ére listed .
_in Table:zy The -observed half life'and'thé probable -assignment of the

‘ {sotopes 'and conversion shell are listed in Table 2.

VII. EXPERIMENTAL METHODS
‘A. Cyclotron Targets

‘During the course of the work cesium isotopeS'were:prbduced by
1127(G,Xn)05<13l,reactidnS'by bombarding 1127 (100 percent abundance)in
the form of calcium iodide-with.helium_ions, The-calcigm iodide powder
was wrapped in l-mil thick aluminuﬁ_or l/2~mil‘platinumﬁfoil, In the
184 ~inch é&lbtron bombardments.helium ions ranging from 60 fo 150 Mev
were -Obtained by inserting the taréét t0 ‘the correct radial setting.
:Fo?’étudies of‘Csl3o,'calbium iodide was bombarded ‘with 20-Mev helium
ions in the 60-inch &alotron. | |

The'neufrdqédeficiént iéotOpes of xenon were produced by
AI%??(p,xnyXé>123 reactions by bormbarding 1127 in the form of potassium
' iédide with 100-Mev protons in the 184-inch c¢yclotron. -In the studies

.on 34-day Xe127,Samples were made'by the"IlZT(p,n)Xe127

reaction by
bombarding pota§sium iodide with 10-Mev protons in the 60-inch , v
cyciotren or iﬁff&eliineariaécéieféfor. “

Molybdenum 90jactivity was- produced by the Nb93(p,hn)M090 reaction
by bombarding,Nbg3 (100 percent abundance) in the form of 5-mil foii.
Protons of 80-Mev energy from the lBh-inch‘cyélotrdn were used for

-

bombardment .
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-Table 2

Conversion-Electrons of“XelZleXélzzaXe123'Mixture

Peak'  Energy Approximate Assignment Conversion Gamma ray Gamma. ray )
number (kev) Sbserved of parent shell energy energy from

‘half life isotope : seintillation
. spectrometer ~

1 22.2 . khr

2 27.0 . 3 hr ‘mixture ‘Auger = -

electrons

3. 31:.0 . 2hr
4 34,5 0.5 hr o - - -
5 63.2 , b5 mln} Ll | K 9‘5,_ -
6 91 50 min ' L % |
7 97 1.8 hr xet?3 (3) - R s
8 115.5 2.5 hrYy, CK 4148 |

. | | g } xe23 ‘ 150
10 1k 2 hr , © L 147
9 - 128 20" hr 8 K /160 160
11 155 U nr . xel?? ' K 187 182, .
2 180 . 3 cegtels K 212 210

% . '
The limited number of 'points taken and the imperfect resolution of the
. electron peaks made it impossible to observe the growth of ‘this peak

from its l,8~hqpr~pareht.
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~in addition to the reaction mentioned above, Mo” " was also produéed
by the bombardmenf of bromine with accelerated nitrogen ions in the 60-
inch cyeclotron whicﬁ gives a:beamﬂbf hextup;;catgly-charged nitfogen53.
ions which.haVe‘é_éontinuous-épread of -energy with a maximum of 140 Mev.

Sodium bromide wrapped. in thin tantalum foil was bombarded to carry out

the following reactions.

35~ - 42

+ 5n
50_

.Niobium 89 and niobium 90 activi£ies were-produced by the bombardment
of 5-mil zirconium foils with_proﬁons in the Berkele& linear accelerator
or by boﬁbarding silver foils withv3hO-Méy protons in the 184-inch
cyclotron. .In.additiOn, bombardment of'niobiﬁm foils with 100-Mev
protons, br yttriuﬁ oxide powder wrapped in‘;w;il alﬁminum foils with
60~Mev helium ions also producedvniobium acti;ity by the reactions

93(P:PXH)Nb 9L ana Y89(a xn)Nb 5 respectively.

B. 4Radiochemical.Proceddres

Cesium.--The caléium iodide ﬁarget was_dissolvéd in water and, after
placing the solution in ice water, gaseous HC1l wés’péssed in ustil-the
SOlution'Waéisaturated, Several drops of 0.4 M silicotﬁngsfic acid
were added to precipitaté free"Silicotungsfic acid, ThlS pre01p1tate

was centrlfuged from the solutlon,(lt carrled the cesium act1v1ty - The -~

-5111cotungstlc ac1d was dlssolved in 2 drops of water ‘and: reprec1p1tated

: "
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" in HF acid and all the zirconium was precipitated from the solution as

-91"_!
by the addition of3cold'satﬁrated Hél”forrmore purifi'oation° Finally
the silicotungstic acid dissolved in 0.5 ml vater was passed through’
alcmx 4 mm column'of Dowex-50 cation exchange resin. -The cesium .
adsorbed on the resin while the silicotungstic acid passed through. The
resin column was washed free of silicotungstic acid with distilled
water following»whichvthe cesium activity was quickly desorbed from
the column with a few drops of 67M_HClo The cesium so obtained was

54

carrier free, This*procedure‘is described more fully elsewhere.

' Molybdenum,—ﬁFor the isolation oftmolybdenum, bombarded niobium
foils were dissolved in a mixture of concentrated HNO3 + HF and the
SOlution‘vas3evaporated to dryness;' The residue vas taken up in 6 M HC1
and centrifugedutolremove Nb 05, and molybdenum was extracted from the
clear supernatant w1th an equal volume of diethylkether The extrac-
tion'was repeated-thrice° Ether from the three extractions was evaporated

over 5 ml of distilled water which was then saturated With HCl gas. 'The

resulting solution was run through al em x O 5 cm column of Dowex~1

anion-exchange resin previously equilibrated with*concentrated HC1.

- The resin column was then washed free of niobium with 5 M HC1l following

which the‘molyhdenum'activity was eluted from the column with 1 M HC1.

.. In .the case of sodium bromide targets bombarded with nitrogen ions,

the: target was dissolved in 6.M HC1l-and molybdenum was extracted with "

. diethyl ether. Thereafter, the chemical procedure was the same as

47

.described in the preceding .paragraph.

@

Niobium.--In the.case of zirconium targets, the foils were dissolved

-



[’

-h

5

barium fluozirconate'byvadding Ba++c Precipitation of-LaF3 from ﬁhe‘
solution by addition of‘La+3 ion removed yttrium radioactivity from the
solution. Thevresulting solution was saturated with HC1l and niobium
was éxtracted into di~isopropyl ketone, |

. In order to isolate niobium activity from the spallation products

of silver, the silver targets were dissolved in 10 M HNO, and niobium

3
was coprecipitated on MnO2 by adding a few drops of a dilute sclution

-

'of potassium permangante and heating the solution in a water bath. .The

precipitate of Mth was dissolved in concentrated HCl and niobium was:

extracted into di-isopropyl ketone. Part of the manganese was extracted

vby the ketone.,

Alterﬁatively, to the solution of silver in 10 M HNO3, a few drops

were added and the solution was saturated with ammonia gas.

3 .
After centrifuging the precipitate of-La(OH)3 was removed, washed with,

of‘La(NO3)

distilled water and dissolved in concentrated HCl. The resulting solu-
tion was run through a column of'fhe enion-exchange resin Dowex-l, the .
column was washed with concentrated HC1l a feW'times, and finally nipbium

was desorbed from the column with 5 M HC1.:

.C. Glow=Discharge Method

Samples of xenon activity produced in the décay of cesium isotopes
or xenon produced directly by bombardment of iodine with protons were

deposited on thin metallic foils by the method developed-én@'used
46

extensiVely by Momyer and Hyde :forlthe study of isotopesof-émanation°

This method makes use of a glow-discharge tube of the type shown in

Fig. 39.
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‘Figure 40 shows the glass vacuum system used to isolate xenon from

the cyclotron targets. .The base pressﬁre in the manifold was reduced

p)

to 10~ mm mercury by a mercury diffusion:pump and a Cenco. Hyvac

‘mechanical forepump. The potassium iodide target was dissolved in the

‘closed dissolving tube A by introducing water from the dropping funnel.

Because of a highly reduced pressure maintained in the manifold, the

off gases were pumped through trép C cooled by a dry ice-acetone cool-

ing bath which removed water vapor, and through traps D, Eand F

cooled with liquid nitrogen which condensed the xenon.  After 2 or 3

minutes stopcdckjgrwaS'closed'and the total pressure in the entire

system including the glow-discharge tube was reduced to lO'h to

P

107 mmmérc‘ufy° Then that part of the system including traps 2,_@,;5,

- and thé discharge tube were isolated from the rest of the system by

suitable manipulation .of the stopcocks and the xenon activity was
distilled into the discharge tube by placing a liéuid nitrogen cooling
bath on'the freeze-down tip and by warming the traps D, E and F to room
temperature. Thenvstofcockag was closed and the xenon and othér con-
densed material was allowed to vaporize in the glow-discharge tubé.
Usually enough inert vapors were éondensed during this crude fractiona-
inn thét the total pressure in the tube rose to the region 200 to -
1000 micrOns'ﬁercuryn When this was not true air was bled in until
the pressure rose to this value as read on a thermocouple gauge
atkbached to the side tube of the ‘glow-discharge tube. A.dc poteﬁtial‘
of 300 to 800 volts with a limiting résiStor of 50,000 ohms was piaced
across electrodes (see‘Figo 39) to initiate and maintain auglow

discharge in the tube. The xenon atoms were ionized and collected on ,



-98-

A

TO P*UMP (ON
o GAUGE
VACUUM MANIFOLD | €.
( .
GLOW DISCHARGE .
TUBE =
le—Hg MANOMETER

MU-7844

»

‘Fig. 40.. Glass vacuum system used to .

isolate xenon activity.



aluminum foils of O,l=mil thickness clipped to the negative electrode.

A collection time of -about 5 minutes served to affix a variable_pércent~

age (2 to lO‘perqent) of xénon activity on both sides of’this foil., .The
excess activity was pumped:béék into trap F and condensed with liquid
nitrogeno' The‘glow=discharge tube was then removed from the line and
opened., .The xenon activity on the foil remained affixed indefinitely'
unless the foil was warmed‘above room temperature. .It is belie&ed thaf
proper redesign of this method to allow better cooling of the electrodes
during deposition would maké possiblevquanﬁitative collection of tracer
xenon activity. |

.In cases where it was desired to milk xenon activity.from a solu=

tion of cesium activity, the solution of the parent activity took the

- place of the dissolver Vegsel A. The xenon was then swept from the

solution by running a slow stream of air through it, the rest of ‘the
procedure being the same as described above,

.When it was necessary to milk iodine activities from the xenon

- pareént; the glow-discharge tube was replaced by a glass tube sealed

‘at one end. .Xenon was collected in this tube by cooling it in a liquid

nitrogen cooling bath and warming traps D, E and F to room temperature,

.1t was then allowed to sit there for a suitable period and then was

transferred to tfap F cooled by a liquid nitrogen bath by opening the
stopcock G and warming the tube with a dry ice-acetone cooling bath.

Todine produced by the decay of the xenon parent remained in the tube .

- a2t this temperature while xenon was distilled over. .The tube contain-

ing iodine activity was then removed from the line and iodine was re-

. moved by washing the sides with a dilute solution of ammonis.
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D.  ‘Instruments

Time-dfaflight mass-spéctromete%.~-The mass assignment and isotopic .

-separation -reported in.this,réport were done on a timé-of-flight isotope
‘separator in use in this leboratory. An'unpublishea account of the in-

%7 and a full description will

strument has ﬁeen given by Dr. W. E. Glenn
'be published by Drs. M. C. Michel and D. Ho'Templeton56 shortly. The
instrument is a medium-resolution, high-transmission time—of-flighf

mass separator which is used to-collébf samples of radioactive isotopes

in the mass region 65 to 270. ‘The oveflapping of” one mass on adjacent

masses 1s iess than 1 percent of peak intensity. |

-In the case of cesium isotopes, the ion source.was a tungsten
ribbon surface on which carrier-free 05280h waé‘évaporated° ‘The tgngsten
ribbon was heated electrically in the source regioﬁ to pfoduce thermal
ions with a low spread ih energy .

‘For the purpose of collection of active isotopes, the ions are dis-
charged on a platinum counting plate introduced in the colleétion end at
ground'potential, The majority of ions.formed aré of the type M+ which
are nonvolatile when discharged and remain as a thin uniform covering
‘on the metal surface eXpo;ed to the beam. The métal‘plate can thus be
used directly for counting measurements. . ,

It ﬁas thus possiblé to get separated single isotopes of purity n
greater than 99 percent with a yield of from 5 to 10 perceﬁt of the-activim'_

ty placed on the source filament.

It is possible to work rapidly in order to assign short half lives.
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Beta-ray spectrometers.--Two precision beta-ray spectrometers were

used. The first was a 25-cm radius of -curvature spectrometer of ‘the

double~-focusing type proposed by Svartholm and Siegbahn57 and by Shull

' and'Dennison,58 A side-window GM tube was used as a detector. -This tube

had a 0.005-inch platinum central wire; a thin window of vinyl plastic.

supported on a grid of 0.00l-inch tungsten wires and was filled to a

regulated pressure of 8.8 cm with a gas mixture 90 percent argon and

10 percent ethylene. . A more complete description of the instrument is

given in.an unpublished report by O"Kelleyo59 |
. The calibratioﬁ'for negative electrons was checked with .the K line

of the 662-kev gamma ray of»0s137, and the K line of; the 80.1-kev gamma

Il3l . .

ray of . .The transmission of the spectrometer under the ¢onditions

hsed'Was approximately 0.3 percent. For the study of the positrons the
30

calibration was checked with the %,97~Mbv pésitron of Cél . We are

indebtéd to Dr. Thomas O. Passell for major assistance in ‘the use oOf

‘this instrumento'

.Cesium samples for the spectrometer were prepared by evaporating
the carrier-free activity dissolved in:HC1l on gold leaf of 87:ugm/cm2
thickness. .The gold leaf was supported on a brass ring.

127 the results on

-For the study of “the positrons and electrons of Cs
the double-focusing spectrometer were supplemented. by studies carried out

on a magnetic lens-type spectrometer with somewhat lower resolution but

-considerably higher transmission (about 1 percent). This instrument was

made available to 'us through the kindness of the chemistry division of

: ‘the California Research and Development Corporatioh and we are particu-

larly indebted to Mr. James Olsen and Dr. Grover D. O'Kelley -for

'assistance in its use. The cesium samples used in this instrument

A
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were mounted on a single layer of tygon film (about 20 ugm/cmz)

supported by a plastic ring.

Scintillatiocn spectrometer.-<The gamma ray scintillation spectrometer

uséd in this work was assembled by A. Ghiorso and A. E. Larsh of this
laboratory. The gemma detection initially occurred in a 1.5-inch
diameter by l-inch thick crystal of sodium iodide (thallium activated)
-procured from.Harshaw Chemical Company. The photomultiplier coupled to
the crystal was a Dumont=6292 tube. .The mounting of the crystal followed
ﬁethods described by Borkowskif6o COn tﬁe side'of‘the crystal facing the
photomultiplier tube was affixed a quartz disk; avlayer of oil betweén
the quartz ahd the outside surface of'thé tube provided optical coupling.
The other surfaces of the tube were packed into a reflecting layer of
magnesiﬁm oxide. The whole as§embly was mounted in an aluminum-lined
. lead shield on top bf'a standard GM cbunter Swposition shelf assembly.
Incident gamms rays penetrated a thin foil of beryllium (about 150 ﬁg/cmz)
and a thin layer of magnesium oxide (about 1/16 inch) before entering the
crystal.

The cutput pulse from the photomultiplier was amplified in a pre-
amplif&er then in a linear amplifier.' The final pulse is introduced to
a 50-channel differential pulse-height analyzer. The analyzer based on
a novel usé of a 6BN6. as one arm of 'a.gated univiBratOr is a new design m
éf Ghiorso -and Larsh. After pfoper alignment the channel width stability
(ﬁperating at a 5<volt channel width) was better than 1 pefcent:and it
remained so forra period of weeks. Géin and bias ¢ontrols permitted the
inspection of‘any predetermined energy ihter%als'with the full 50‘

channels. .In order to calibrate the apparatus at any particular gain S

’ N
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and bias settings, use was made of the known energies in the gamma,

: Ty
spectrum of various standards such as annihilation radiation from Na 2,

662-kev radiation from 08137,‘6O¥kev radiation from Amznl, 184-kev

35

radietion from U2 , ete. Further'details of this.eQuipment will be

obtainable in a forthcoming ‘publication of Ghioréo and Larsh.6l
The positron énergy ﬁéasuréménfs were made with a l/hmiﬁch thick
anthracehe-crystal used in connection with the above equipment. |
The gamma.-gamma, coincidéncevspecfrémeter‘incbrpofated-the'above

equipment injcombinatidn-With a second single~channel pulse-height

“analyzer. The sémple was mounted between two sodium iodide photomulti-

plier tube detectors. Pulses reéulting from events in the gate crystal

" were.fed to the singlekéhannel analyzer and those corresponding to a .

selected gamma energy interval were used to gate a coincidence circuit.

"Pulses arriving from the second cfyétal in coincidence with these were
‘fed to the 50«channel analyzer. Hence the gamﬁa spectrum in COincidehcé

- with a partidular'gammé ray COuid be determined quickly.
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