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-ABSTRACT

390

Mo’ produced by Nb93(p,hn) reaction in the 184-inch cyclotron was -

found to decay by emission of positrons of maximum energy 1.15 + 0.1 Mev.
The gamma spectrumvshbws two prominent gamma rays of 120 and 250 kev in
energy. The K/L conversion ratios of the two gamma rays are 3.6 * 0.2

and 5.2 * 0.2, respectivel&. Garma-gamma coincidence studies indicate

90

that both the gamma rays in Mo are delayed. The 120 kev transition is

found to have a half-life of 24 * 3 seconds, indicating thereby the

presence of a new isémer, Nb9om° The delay in 250 kev state is some-

6

where between 5 x 107" to 0.1 second.

90

The 1k4.6-hour Nbgo formed in the decay of Mo emits positrons of

maximum energy 1.7 + 0.1 Mev. There are three gamma rays of 140 kev,

1.14 and 2.2 Mev in the gamma spectrum of 7°. Coincidence studies show

that the 140 kev and 1.14 Mev gamma rays are in coincidence with one

‘another and with the annihilation{radiation while the 2.2 Mev gamma ray

is delayed.

4

TThis research was performed under the auspices of the United.States
Atomic Energy Commission. -

*on leave of absence, Department of Chemistry, University of Delhi,
Delhi, India. :
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I. INTRODUCTION

This paper deals with a study of the radiations ofMo90 and of the
niobium isomers Nbgo anvabgom formed in its decay. Mo9o has been

studied previously by Diamondl who prepared it by proton bombardment of
90

niobium in the Harvard cyclotron. Diamond reported Mo t0 be a posi-

[
tron emitter with a half-life of 5.7 * 0.2 hours. The mass assignment

90

was made by identification of 1k4.6-hour Nb formed in its .decay. He

reported positrons of maximum energy 1.4 Mev and gammi raYs with eﬂérgies

of 1.0, 0.24-0.26, and 0.1-0.13 Mev.
90

and also

carried out a detailed study of the gamma'rays of 14.6-hour Nbgo pre-

At Diamond's suggestion we extended the study of Mo

viously reported by Boyd.2 During the course of our work, we found
positive evidence for a previously unreported nuclear isomer and incom-

plete evidence for two cthers.

=
-

TThis research was performed under the auspices of the United States
Atomic Energy Commission.

*On leave of absence, Department of Chemistry, University of Delhi,
Delhi, India.
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ITI. MOLYBDENUM-90
90 produced by the bombardment of'Nb93
90

In.our experimemts witm Mo
with 80 Mev protons in the 18l-inch cycldtron,-we found Mo’  +to have
positrons of maximum energy 1.15 % 0.1 Mev. Figure 1 shows the positron
endpoint as determined by an anrhracene cryetal spectrometerf . _ '

90

aFigure 2 shows the gamma spectrum of Mc as determined by-a‘sodium
iodide crystal-photomultiplier aseemcly coupled to'a SOnchannel |

_ differential_palse‘anaiyzer, There are twc ganma rays of 120 and.ZSQ kev
energy in a&dition to the annihilation_raaiation, The small peak at

65 kev is due to the platlnum x—ra&s prcduced by the platlnum backlng on
which the sample was mounted. Using the values glven by Kahn and Lyon3
for the countimg efficiency as a functlon‘of energy of a scdium iodide
crystal 1.5, 1nches 1n dlameter and l inch thlck we assumed a countlng
efficiency of 100 percent for the 120 kev gamma rays and 60 percent for
250 gevbgamma rays,rand fopnd the two gamma rays to be in almost equal
abundance. We were not able to detect the.preaence_qf l,Mem gamma rays

90

in a freshly prepared sample of Mo-

90

, though a gamma ray of 1.1l4 Mev did v 'S

appear later. as Mo~ decayed tova909

J
Conversion electrons of the 120 and 250 kev gamma rayS'Were also A

measured by a magnetlc doublemfocu81ng spectrometer, Flgure 3 shows

the spectrum thus obtalned . The K/L conversion ratles of 120 and 250 kev

gamms rays were determined to be 3.6 * 0.2 and 5.2 * 002, respectively.

We are indebted to Dr. T.- 0. Passell for help in running the beta ray

spectrometer.
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With the help of Dr. F. Asaro and Mr. F. 8. Stephens we carried out

90

gamma -gamma, coincidence studies on Mo” and obtained the following re-
sults. Putting 510 kev annihilation radiation at the gate, we did not
observe any coincidences either with 120 or 250 kev gamma rayé. Simd-
larly, by using 120 kev gamma rays, no coincidences were observed with
either 250 kev gamma rays or the annihilation radiation. Likewisé-we

got no coincidences with 120 kev gamma.rays or the annihilation radiation
when 250 kev gamma rays were put at the gate. The‘nonexistence of
coincidences between 510 kev annihilation radiation and the two gamma
‘rays of 120 and 250 kev, coupled with the fact thét there are very few

90

x-rays in Mo’ , indicates that both the gamma rays are delayed.

III. THE 24-SECOND ISOMER, Nbo ™

The gamma-gamma coincidence studies suggested the existence of an

% The ground state of Nbgo is the 14.6=hour : -

activity previously studied by Boyd,z’h Kundu and Pool,5 and Jacobson

isomeric state of Nb

and Overstreet.6 We were successful in isolating a 24 * 3-second

90 90

activity formed in the decay of Mo A carrier-free sample of Mo
of high specific activity was placed on shelf one of our scintillation
counter for a l-minute growth period. The crystal was not grounded and
carried a potential of 500 volts negative with respect to the sample.
The sample was then quickly withdrawn and the recoil daughter aﬁoms of

Nb9om and Nb9o collected from the molybdenum source during the growth
period were counted. The gamma spectrum was determined by a 50-channel

differential bulse analyzer. Figure 4 shows the gamma spectrum of the
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recoil activity immediatély after the groﬁth period. The gamma spectrum

90

of Mo”~ is also shown in the same figure for comparison. The readings
of the register at the péak of the 120 kev gamma ray were taken every
0.2 minute for a Z-minute‘pefiéd'without disturbing the count switch,
and from the anéiysis of the data a half-life of 2k * 3 seconds was |
obtained for the recoll activity (see Fig. 5).

'The'fact that this Zh-second'acfivity‘is the product of ‘the decay

of Mo9o

was further confirmed by plotting the yield of the recoil
acfivity in a l-minute'éfdﬁth ﬁeficd as a functién of time at which the
milking was done. . A half4life of 5 hours was obtained for the molyb-
~denum parenﬁras shown in Fig. 6, confirming thereby the géﬁetic rela~
tionship. |

The 24<second iéémer ﬁés'prdQéd'to be a.niobium aétivity in,the.
following manner. From the work of Huffman, Eﬁh2£°;7 Kraus e‘md'D{Ioou:'e'8

9

and Hicks, Stévenson and‘Gilbert it was knoyn that niobium and
molybdenum form complexes in strong hydrothoric acid which are strongly
adsorbed Qntanion exghange_resinsf On reinvestigation we;fduﬁd that a
mixture of molybdenum and nicbium in 6;M_HCl is adsqrbéd by Dowex—l, a
strong,base quaternary amine polymer. NiobiumAcan be élutgd with

5> M HC1 but molybdenum is strongly held at this hydrqchloric acid con-

90

centration. Mo activity in 6 M HC1 solution was run through a
b em x 0.5 c¢m column of Dowex-~1 previquslyvequilibrated with 12 M HC1.
The molybdenum on %hevcolump was washed free of niobium activity with

> M HC1 and after a growth period of 1 minute, niobium formed by decay

during this period was quickly stripped from the column by 5 M HC1,

Q

N
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collected in a 2 ml lusteroid cone and studied in a scintillation counter
for the determination of the gamma spectrum. The spectrum showed the
presence of 120 kev gamma rays aecaying with a half-life of 24 * 3 sec-
onds, thereby_further establishing that the 24-second activity was a
nibbium aétivity;

From the lifetime—enefgy relationships pf‘Goldhaber and Sunyarlo

this 24k-second activity must be either E3 or M3.

IV. SEARCH FOR 250-KEV ISOMERIC STATE

From our gamma-gamma coincidence studies, it was Eoncluded that
both 120 and 250 kev gamms rays were delayed. Since the 250 kev gamma
ray did not occur in the gamma spectrum of the 2h-second isomér, it was
evident that if did not follow the 120 kev gamma transition.

90

It may be that the main ?ositroh decay of Mo’  goes to a level in
which deactivates by a 250-120 kev cascade. The abundance ratios
suggest this since after correction fof crystal counting efficlency the
numbér of 25O and 120 kev photons is’nearly equal and their sum is equal
to the total numbervof anhihilatioh‘photons.‘

90

Chemical separation of niobium from Mo showed only the presence
of 120 kev gamma rays of 2h-second half-life and therefore the half-life
of the 250 kev state is not more than 24 seconds. By performing the
chemical separation rapidly and from the recoil studies, we'estimated

the half-life of the 250 kev tramsition to be less than a few seconds.

Since we were not able to observe any coincidences of 250 kev gamma rays
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with either 120 kev gamma rays or the annihilation radigtion, the half-
life of the 250 kev gamma rays should be'greater than 5 micréseCOnds,
the resolviné time of our coincidence circuit. Estimates of thevhalf—
life of the 250 kev transition from thé experimental lifetimeaeﬁergy
relationships sf'Goldhaber and Sunyar,lo éxcluded the POSSibility of
its being an Mﬁ or Ek transitiOn because the estimated lifetime of v
~30 hours is contradicted by our experimental results. The estimated
lifetime fqr'an E3 or M3 transition is approximately 2 seconds.

Having established the delayrin 250 kev transition to be somewhere
betweenyB'ﬁicroseconds_and_l second, we made use of a_novel device to

narrow QOwh the limit to be less than O.i-sécond, A carrier-free sample

of Mo9O

mounted on a platinum plate was supported on a stand with its
face at é distange of‘abput_O.Sbcﬁ from a moving tape of aluminum or
"paper. Af%?tential aifference of 9QQ_volts wgs‘applied between the

tape and tﬁe_sample,,the negative terminal of the battery being connected
to the tape. Those few recoiling atoms of niobium formed in the decay

.of_Mo9O

which escaped from the source were collected on this tape and
were transported through a scintillation counter. The gamma spectrum
was studied by means of the 50~-channel differential pulse analyzer. The
time taken to transport the recoil'étéms of niobium on thé tape to the W
scintillation counter'could be vafigdrby changing the speed of the driviﬁg
motor. With the sloﬁest speed it tookihearly 5.seCOnds for the fecoils
to reach theAscintillation counter which was at a distance'of 1 foot from

the sample, while at the fastest speed of the motor, the time taken was

about 0.1 second. When the tape was moved at the slowest speed for
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1 minute, we obtained a peak at 120 kev in the gamma spectrum but there
was nObindication of any gamma ray of 250 kev energy. ‘By increasing the
speed phe number of total counts-undef the 120 kev peak was reduced; It
is therefore possible to diseriminate in favor of a shorter hélf—life.

We got no indication of 250 kev.radiation even by increaéingAthe speed
to the maximum and it was cqncluded that the delay in the 250 kev transi=-
tion should be less than 0.1 second and more than 5 microseconds.

The overall efficiency for collection of recoils by this method is
quite.Small (<0.01 perqent) but by using very intense carrier-free
sources we had no‘difficulty in coellecting a few hundred counts per
minute of the 24-second isomer and hence should have had no trouble in
chleqting-enough of the 250 kev state for identification if its half-

life were greater than 0.1 second.*

V. THE RADIATIONS OF 1k4.6-HOUR Nb°

90

to be a positron emitter with a maximum energy

5

Boyd2 reported»Nb

of approximately 1.7 Mev while Diamond,l and Kundu and Pool” have reported

‘the positrons to have a maximum energy of 1.2 Mev. Boyd and Ketelleu re-

ported three gamma rays of energies 140 kev, and 1.14 and 2.23 Mev in Nbgq

In our determination of the posifron endpoint of‘Nbgo by means of an
anthracene crystal spectrometer coupled to a 50-channel differential
pulse analyzer, we obtained a value of 1.7+ 0.1 Mev for the positron

90

endpoint as shown in Fig. 7. The gamma spectrum of Nb is shown in

*Some ‘more recent work by Mathur, Larsh, and Hyde indicate that the half-

life is about 20 milliseconds.
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Fig. 8. There are three gamma'rays of energies 140 kev, 1.14% and 2.20 Mev
in additicn to the ‘annihilation radiation. Taking into account the
counting efficiency of the sodium iodide‘crystal for the three energies,
the ratios of their abuddanCes'are:1/2,8/1,7.
Coincidence measurements made on the gamma rays of 20 showed that
the 140 kev and 1.14% Mev gamma rays are in coincidence with each other '
and with the annihilation radiation. From the quantitatiye data the
indication is that the 140 kev transition lies above the 1.1k Mev gamma
ray. This is in keeping with the expectations from the systematics of

90

the first excited state of even-even nuclei since in Zr”  one would

expect the first excited state to be greater ‘than 1 Mev.l'l 'The 2.20 Mev
“gamma, ray showed no coincidences with 140 kev or 1.14 Mev gamma rays or
the annihilation radiation. Since Nb9o has very few x-rays, this result
suggested the poss1b111ty of a delayed transition 1nvolv1ng the

2. 20 Mev level in ngo. From a Nb9

sample zirconlum‘was prec1p1tated as
barium fluozirconate and did.not-sﬁow‘any gamma ray of 2.20 Mev in its
gamme speetrﬁm. Byvperforming this separatioh'rapidly and counting the.
resulting safium fluozirconate precipitate in a'scihtillation ceunter,'we
can fix the delay to be less than 1 mlnute.

We hope by further squdy to“establlsh conclu51vely whether the
2.20 Mev gamma ray is delayed since there are but a very few well=- estabeﬂ
' lished examples of delayed transitions 1ﬁ even-even nuclei. Almost the

only cases are Hl0180m pp 2020 szoum’ and Po2O0™.
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VI. EXPFRIMENTAL PART

90

-Cyclotron Bombardments.a—During‘the course of this work, Mo’ was

produced by Nb93(p,hn)M090 reaction by bombarding N3 (100 percent

‘abundance) in the form of S-mil'foil.' Protons of 80 Mev energy from the

18k -~inch cyclotron were used for bombardment.

In addition to the reacfion mentioned previously; Mo9o was also
prepared ih éfnovél way by the bombardment of bromine with accelerated
nitrogen ions. This was done in the 60-inch cyclotron using a beam of
heituplicafely charged nitrogen‘ions.lz' The nitrogen ions have a con-

tinuous spread of energy with a maximum of 140 Mev. Sodium bromide

wrapped in & thin tantalum foil was bombarded to carry out the following

-reactions:

1k 81

: | | 91, 1
A BT > MO+ hn

IR 81 L. 90 .1
AT+ 35Br —=> Mo”4+ 5. .

At the end of the bombardment the activity in the molybdenum .

fraction was about 9/lO‘Mo91 and 1/10 Mo2C .

90

-In some cases Nb was produced by the bombardment of 5 mil zirconium

foils with 20 Mev protons in the Berkeléy linear accelerator. In

20 was also produced by bombarding silver foils with 340 Mev

protons in the 184-inch cyclotron.

Radiochemical Procedures.--For the isolation of molybdenum, the

niobium foils were dissolved in a mixture of concentrated HNO3 + HF and
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the solution‘WaS'evaporafeﬁ'to'dryness. ‘The residue was then taken up

in 6 ‘M HC1, centrifuged to reméve Nb265¢an§ molybdenpm;waS_éxtracted
from the supernatant with an equal volume‘of=diethyl ether. The extrac~-
tion was repeated thrice. Ether from the three:extractions'was evaporated
, : N
over 5 ml of distilled water which was then satu;ated with hydrogen '
chloride gas and the‘resulting solution was run through a & cm x Q.S cm @
‘column_ofibowexfl anion exchange resin previously'eqﬁilibrateﬁ'w;th
concentraped.hydrochloric“abid, The rééin'coltmﬁ was then washed free
of niobium with 5 M HC1 folldwing which ﬁhe molybdenum activity was
eluted from the colum with 1 M HC1. |
In:the nifrogen ion bombardmept, sodium brOmide“was_diséblved in
67M'HCl'and‘molybdenum.was extracted with diethyl'etheri Thereafter, the
chemiCal'procedure wasvthe same as that deSéribed in the preceding
' paragraphf | | \
For the eXtractionvof niobium from zirconium targets, the folls were
diSSblved in‘hydrofluorié acid and aii the zirconium Was"precipitatéd
from the solution as barium fluozirconate byiadding Ba++i: The resulting
solution was Satﬁrated with hydrOCthric'gdid’andfniobium was ethacted
into di-isopropyl. ketone,

The silver targets were dissolyed,in,lO;M'ﬁNO .and niobium coprecipi-

3
: Wi
tated on MnO2 by adding a few drops of a dilute solutioﬁﬁof potassium per-
manganate and heating the solution in a water bath. The-frecipitate'of
'MnO2 was dissolved in concentrated .hydrochloric acid and niobium was

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

by the ketone.
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Alternatively, to the solution of silver in lO-ﬁvHNO3, a few drops

of La(NO was added and the solution was saturated with ammonia gas.

3)2
After centrifuging, the precipitate of La(OH)3 was removed, washed with
distilled water and then saturated with hydrogen chloride gas. The

resulting solutior was run through a column of the anionuexchahge resin

Dowex=-1, the column was washed with concentrated hydrochloric acid a few

times and finally niobium was desorbed from the column with 5 M HC1.

.Beta~Ray Spectrometer.--The spectrometer used was a double-focusing

type of 25-cm radium. It is after the design of Svartholm and Sieg-

bahn,13 and by Shull and Dennison.lh A detailed description of this
15

.Scintillation Spectrometer.~-The gamma ray scintillation spectrometer

used in this work was assembled by A. Ghiorso and A. E. Larsh of this
laboratory. The photomultiplier was a Dumont 62§2 tube coupled to a
godium iodide (thallium activated) crystal, 1.5-inch in diameter and
1-inch thick. The ocutput from the photomultiplier after being amplified
in a preamplifier was fed into a linear amplifier. The final pulse was
then analyzed by a 50~-channel differential pulse height analyzer de-
sigged by Ghiorso and Larsh. Details of this equipment will be given
in a forthcoming publication of Ghiorso and Larsh.

For gamma-gamma coincidence studies, a second sodium iodide-photo-
multiplier assembly in combination with a single-channel pulse analyzer

was incorporated into the above instrument.
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1.15+0.1 MEV

Fig.

CHANNEL

90

Positron endpoint of Mo’~ as determined on an

137
anthracene crystal spectrometer. Cs 3 was used

as a standard. Data taken on a 50-channel pulse
height analyzer.
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Fig. 4 Gamma spectrum of 24-second Nb90m as determined
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90

milkings of Mo” parent sample.
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