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Some New Neutron Deficient Radioactive Isotopes of the

"Rare Farth Region
Harry G. Hicks
" ABSTRACT

Neutron deficient radioactive isotopes of neodymium, promethium, terbium,
holmium, thulium, hafnium, tantalum, and rhenium have been prepared by cyclotron
bombardment employing helium ions, deuterons, protons and fast neutrons from the
60-inch cwclotron of the Crocker Radiation Laboratory of the University of California.

Their radiation characteristics and half-lives have been meagured. Moss al-
locations have been determined by chemical identification, and by cross-bombardment
and yield techniques.

A limited number of éhese have been observed as products from 200 Mev deuteron

bombardments of tantalum with the 184-inch cyclotron.

The production and propérties of these new isotopes are summarized in Table I.
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Table I
Isotope Type of Half-Life Energy of Radiation in Mev Produced
Radiation Particles Y-rays by
nat?®  x 3.3£0.1 days Pr-d-3n
pnl?t g 4.1%0.1 hours 1.2(g") Pr-o-n
™% K67,y 5.1%0.1 days 0.15,0.2-0.4(e”)  L,K x-rays Bu °l-g-2n
0.23,1.2
TH1%% K,e ,8", 17.220.3 hours 0.13,0.5(8") L,K x-rays Eutolog-3n
: Y(p-?) 2.6 (%) 1.3 Euld3-q-n
Tb155 K,e ,Y 188 days 0.1(e7) L,K x-rays Eu153-a—2n
1.4
wl% gt 5.0030.05 hours 1.3 LK x-rays  Eu " -g-n
Hols4 8 3421 minutes 0.95 Dy-p-n
10782 xe”,p" 6052 days A.12(e”) Th-a-n
0.7(8")
o T80 16ly -ty 4.5%0.1 hours 0.09,50.6(e”) L,K x-rays  Dy-p-n
~2(8*) 1.1 To-a-n
or 2n
m. 166 + + -
Tm K, ,6 ,Y 7.7-0.1 hours 0.24(e”) ~1 L,K x-rays Ho~-g-3n
R~ (2=)2.1(8") 1.7 Er-p-n
Tm167 K,e ,Y 9.620.1 days 0.21(e") L,K x-rays Ho-a-2n
0.22,0.95 Er-p-n

Ta-d-5z,16a
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Table I(Cont'd)
Isotope  Type of Half-Life Energy of Radiation in Mev Produced
Radiation Particles Y-rays by
Tt 58 K,e”,Y,8" 8522 days 0.16(e") L,K x~reys Ho-a-n
0.5(8") 0.21,0.85  Er-p-n
5 - -
Hf17o K,e ,Y 7052 days 0.3(e") L,K x-rays Lu-p-n
. 0.35 Lu-d-2n
Tal”® K,e ,Y, 8.020.1 hours 0.12,0.18(e”) L,K x-rays Lu-a-3n
B-(?) >1(B~?) 2 Ta-d-p,6n
177 - + - ’
Ta K,e ,¥Y 2.50-0.05 days 0.11(e™) L,K x-rays Lu-a-2n,3n
~_l.4(weak) Hf-p-n
Ta=~d~p,5n
12178 B7,Y 15.420.2 days 1.4 Very weak  Lu-a-n,2n
Hf-p-n
75179 K,e ,Y >100 days Lu-g-n
Hf-p-n
182 - R j
Re Kor IT, e , 12.7-0.2 hours 0.16(e ) L,K x-rays  Ta-a-3n
Y,4 (?) ~1(p~?) 0.4,1.8 W-p-n
182 - + -
Re K or IT,e , 64.0~0.5 hours 0.11,0.27(e" ) L,K x~rays Ta-a-3n
Y 0.22,1.5 W-p-n
183 - -
Re K,e ,¥ 120 days 0.16(e”) L,K x-rays Ta-a-2n
: 1.0 W-p-n
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Some New Neutron Deficient Radioactive Isotopes of the

Rare Earth Region
Harry G. Hicks

I. Introduction

Good radiochemicel separations of the majority of the rare earth elements
L.ad been impossible before the application of ion exchanpre resins to this
problemi. Cyclotron bombardments could now be undertaken to characterize their
hitherto unknown neutron deficiént radioactive isotopes with complete confidence
in the speed and certainty of chemical identification. A systematic series of
bombardments was undertaken to identify these isotopes in order to further the
knowledge of neutron deficient isotopes and to allow interpretation of reactions
with hirh energy particles on elements of higher atomic number.

The best general. method of approach appeared to be the bomberdment of the
elements of odd atomic number; for with the exception of europium and promethium,
they exist as single stable isotopes. Helium ions on these elements (Z) at 38
Mev and below, produce the Eiéﬂ’ 3132 and a,n reactions only, for all the
products of the a,p....n tvpe of reaction are stable isotopes. When these product
isotopes (Z + 2) had been allocated by cross bombardment and yield consideratiohs,
proton reactions on the adjacent element (2 + 1) would permit the identification
and allocation of the remaining nuclides.

When sufficient kndwledge of the repion had been obtained in this way,
it would be possible to bombard the elements of even atomic number with helium
ions and allocate product isotopes from dauchter activities.

Varying bombardment times enabled the detection of nuclides ranging in

half-life from 20 minutes to grester than one year.
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II. Experimental ethods

A. Bombardments

The most desirable tarret material in a bombardment is the metal because
of its ease of manipﬁlation. This was only possible with tantalum, tunrsten
and rhenium. The rare earths and hafnium necessarily must be bombarded as oxides.

When compératively large amounts of the tarpet element oxides were avail-
able, anoroxiﬁately one hundred milligrams of the oxide was spread on a grooved
conper plate. The oxide was wetted with sodium silicate solution as an adhesive
énd dried under an infra red heat lamp. Additional protection was afforded by a
0.0002 inch tantalum foil over tﬁe target. Targets so prepared have withstood
over one hundred microampere-hours of 20 Mev deuterons without loss.

In all cases whére relatively small amounts of the tarpet materials were
available, ten to twenty milligrams of the finely powdered oxide were similarly
mounted on a small grooved platinum boat which was silver soldered to a wgter
cooled copper holder. Tantalum foil was wrapped around the boat and holder as
additional protection.

Bombardments of many target materials have been made with 38 Mev helium
ions, 19 lMev deuterons, 10 Mev protons and fast neutrons from the 80-inch Crocker
Labora“ory cyclotron. To reduce the energy of the beam incident on the target,
sul*able thicknesses of tantalum foil were placed over the tarpet. The mass
thickness in mg/bmz of the tentalum foil was obtained from curves by Rossi and
Jones from the theoretical data of Aron, Hoffman and Williams.

+ Tentalum foil was bombarded with 200 Mev deuterons from the 184-inch cyclo-
tron.

B. Chemical Separations2

‘The problem of chemical separations is divided into two peneral

caterories; +the separation of hafnium, tantalum, tungsten and rhenium from them-



UCRL~-298
Page 8

selves and from the rare earth elements, and the scparation of the individual
rare earths. Assume a bombardment of tantalum with 400 iev helium ions to

illustrate chemicel separations.

1. Isolation of Rare Earth Fraction

Tantalum was dissolved in hydrofluoric acid with nitric acid
beine added dropwise. The fluoride ion was then complexed with boric acid and
cerium II1 solution added to carry the rare earth activities. The rare earth
fluoride was precipiteted with additional hydrofluoric acid. The separation of
the individual rare earths is discussed on page 10 et. seq.

2. Separetion of Rhenium

The evcess nitric acid was destroyed with hydrazine sulfate
after the addition of carriers for hafnium, tungsten and rhenium. Rhenium was
completely precipitated from the boiling hydrofluoric acid solution as the sulfide
with hydrogen sulfide which was then dissolved in sodium hydroxide and hydrogen
peroxide, and scavenged with ferric hydroxide. The solution was made at least
6N in hydrochloric acid, 2nd the sulfide precipitated from the boiling solution.
In cases where contamination mirht follow throush this procedure, the sulfide was
heated in a still with sulfuric acid to metatheeize thke sulfide £o the volatile
oxide. The distillate was collected in water, acidified, and the sulfide repreci-
pitated.

3. Separation of Tungsten

After the filtrate was boiled to expel hydrogen sulfide, hydro-
chloric acid, solid ammonium thiocyanate, metallic mercury and solid boric acid
werc added in that order to the boiling solution. This procedure produced an
apple green thiocyanate complex of tungsten which extracted quantitatively into
ethyl acetate. The organic layer was washed with 6N hydrochloric acid twice and

evaporated. Just before dryness was reached, one cubic centimeter of 6N hydro-
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chloric acid conbaining two or tlree drops of 30% hydropen peroxide was added.

This destroyed ﬁhe tungsten blue and precipiteted the trioxide. the washed tri-
oxide was dissolved in concentrated sodium hydroxide.and centrifuged to separate
from any mercury carrying throurh the procedure. Tungsten oxide was reprecipitated
from a boiling solution by the addition of concentrated nitric acid and a drop of
wetting arent. The trioxide was washed, dried and weighed for chemical yield
measurcmentse.

4. Separation of Hafnium3

The tantalum and hafnium in the aqueous layer were precipitated

as the hydrated oxides by the addition of an excess of boric acid, ammonium’
mercury
hydroxide and subsequent boiling. This ensured the solution of anyy present
and afforded an additional sepération from tun~sten and rhenium. This precipitate,
ammonium .

after washing with concentrateda: hydroxide, was dissolved in hydrofluoric
acid. The solution was adjustzd to 3N in nitric and hydrofluoric acids and
barium nitrate added. The radiochemically clean barium hafnium fluoride was
precipitated, washed, and dissolved in hot .8N nitric acid whick had been saturated
with boric acid. The hydrated oxide was precipitated with ammonium hydroxide,
ignited to the dioxide and weighed for chemical yield measurements. This pro-
cedure does not separate hafnium and zirconium, however, there was no evidence

of zirconium activities noted.

5. Separation of Tantalum

Tantalum was precipitated from the fluoride solution as radio-
chemically pure potessium tantalum fluoride by the addition of an excess of satur-
ated potassiumvfluoride solution. This precipitate was dissolved in 8N nitric
acid saturated with boric acid, a2nd the hydrated oxide precipitated with ammonium
hydroxide. The hydrated oxide was ignited and weirhed as Ta205 for chemical

yield measurements.
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6. Rare Earth Separation

The cerium III fluoride was washed and dissolved in 8N nitric
acid saturated with boric acid. The hydroxide was precinitated with ammonium
hydroxide, washed, dissolved in nitric acid, zirconium holdback agent added
and the cycle repeated. Three such cycles were sufficient to ensure complcte
purification in n-arly 100% yield. A small amount of lanthanum (1.0 mg) was

added to the final sclution in strong nitric acid, 2nd the cerium oxidized to the
IV oxidation state with sodium bismuthéte. The cerium wes then removed by‘pre-
cipitation of the cerium IV phosphate from 3N nitric acid solution. lhe lenthenum,
with the rare earth activities, was rccovercd as the fluoride which was then con-~
verted to the chloride for subseaquent sepafation of the individuel rare earth
activities on ion exchenge resin columns.

: 5 . 1
7. Ion Exchanre Resin Columns

The first step in column separation was the careful adjustment
of the rare carth chloride solution to about 0.1N in hydrochloric acid. The
rare earth ions were then adsorbed on & small quantity of the ion exchange rssin
end transferred to the top of a resin column.

A complexing arent for the rare earths, armonium citrate, was then passed
through the column under strictly controlled conditions. The individual.rare
eerths pass down the column with differgnt rates; lutecium being the first to
appear in the eluate, followed by ytterbium, thulium, erbium, etc., in succession.

To determine the characteristics of column separations and optimum separction
conditions, macro amounts of inactive rare carths and radioasctive tracef Y91

91

were used. The former were determined spectrosoopically4 and Y'© by its redio-

activity (Fig. 1). .
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Standard rare earth elution

50 x 0.4 cm Dowex-50 column. Flow rate, 0.08 ml/%mz/hin.
Sampling time 15 minutes; eludate volume in milliliters is 0.282
x sample number. Y91 was measured by its radioactivity, other
rare eérths spectroscopically. Terbium is estimated since the
cyanogen bands obscure the terbium lines. Eluting agent is

citric acid adjusted to pH 3.056 with armonium hydroxide.



104

103

_m> 3LANIN /SLNNOD

\

Tb

§

Ho

Tm

Yb

Lu

100

10.0

31vN13 XY 001/ HLMV3 3Y¥VH SWVHOOHOIIW

80 100 120 140 160
SAMPLE NUMBER

60

40



UCRL-298
Page 11

8. Preparation of Resin

All column separations werc made using Dowex 505, an aromatie
hydrocarbon polymer containing many nuclear sulfonic acid groups. The resin was
supplied as the sodium form in colloidal apglomerateé, Bateh 19891 M. The
ammonium form of the resin was prepared by stirrineg with saturated ammonium
chloride solution; excess ammonium chloride was removed by wabter washing. The
resin was graded so that the settling time of the selected particles was less than
five minutes for five centimeters in water at room temperature. The length of the
preliminary resin column was 50 cm., with a diameter of 0.4 cm. In subsequent
runs, it was found that 20 cm. x 0.4 cm. and 20 cm. x 1.0 cm. columns gave
excellant separation. |

9. Scperation of Rare Earths6

The rare earths were precipitated as the hydroxides, washed

and dissolved in a minimum of dilute hydrochloric acid. The pH was adjusted be-
tween the limits of 0.5 and 1.5 with hydroéhloric acid only thus keeping the ionic
strength of the solution at a minimum. This solution wes then agitated with about
0.2 ml. of resin while standing in & hqt water bath. This treatment continued
for about 15 minutes. Longer contact would permit excessive diffusion of the
ions into the interior of the agpglomerates with subsequent slow elution and poor
separation.

This resin wes then transferred to the top of the resin column, and the cluting
agent passed through.

The eluting agent employed was 0.25 M citric acid solution accurately adjusted
to pH 3.05 with ammonium hydroxide. Care was taken to approach this value from
the acid side so that readjustment with acid is unneéessary. It is very
importent for rood separetion that the ionic strength be held to a minimum, hence

these precautions.
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The flow rete was approximately 0.03 milliliter per square centimeter of
column area per minute. Witk a column of diameter 0.4 cm. and rop size of 0.03
@1., this flow rate corresponded to one dfop in threc and one-half minutes, and
approximated equilibrium conditions very closecly.

The clunte was collceccted in 10 x 75 mm. rimless plass tubes placed in a per-
forated turntable, which could be rotated automaticelly at various time intervals,
to place succezding tubes under the column. Scmples were normally collected for
15 minutes. Aliquots were taken with micropipettes and evaporated on stainless
“stoel disks for counting. Mecro amounts of rare carth clements were determined
by spectrographic analysis of aliquot portions. To estimate the degrece of sepa~-
ration achieved, the amount of rare earth thus determined was plotted against
sample number. In all column runs, samples‘colleptcd before the elution of one
"free column voluma" were discarded.

After the completion of a column run, any residual activity or rare earth
was stripped from the column with 0.25 M ammonium citrate of pH 7 as eluting
aéent. After a thorourh washing with water, the co>lumn was acain ready for use.

10. Recovery of Hare Barths®

After separation on the column, the rare earths were recovered
by evaporation df the citrate solution with nitric and perchloric acids and sub-
. sequent ignition. The rare earth residue was then extracted with hot nitriec
acid and the hydroxide precipitated with ammonium hydroxide. If the solution
contained only trace amounts, a small amount of lanthanum was added as a carrier.

11. Further General Column Discussion®

In addition to strict control of the conditions mentioned
above, it was also important for successful separations that the capacity of the

resin for adsorption of rare earth ions not be exceeded. For the 0.4 and 1.0 cm.

~diameter columns, the maximum capacity corresponded to approrimately ten milligrams
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and one hundred milligrams of rare earth oxide respectively. When the starting
materials contained significant amounts of other rare earth impurities such that »
purificetion prior té Bombardment was necessary, & larger column Which had a
capacity for about one gram of rare earth oxide was used? The drop rate was

scaled up from the values used on the 0.4 cm. and 1.0 cm. diameter column runs,

the amount of citrate flowing throﬁgh unit cross-sectional area being kept constant.

The progress of any particular inactive rare earth through the column could
be checked bv using radioactive tracer for a neighboring heavier rar2 earth.

After elution of the activity, the sample numbers of the desired inactive rare
earth were estimated from the s*anderd elution curve, Fig. 1. Aliquots of the
semples were then examined spectroscopically to allow.the pure rare earths to be
iisolated.

The standard elution curve shown in Fip., 1 was obtained with inactive
méterials and Y91 tracér. It should be noted that while the lutecium and ytter-
bium peaks were very close topether, aliquots from peak sarples heve no detectable
‘iines of each other or any other rare earth in their spectra. Thus samples of
these neighboring elements can be obtained where the separation factor is at
least one thousand to one.

A typical elution curve of a bombarded sample is shown in Fig. 2, where
the dotted line shows the distribution of radioactivity produced by 38 Mev helium
ion bombardment of holmium oxide. The solid lines show the distribution of inactiwe
carriers of lutecium, ytterbium, erbium, and dysprosium added as references and
determined spectroscopically.

12. Separation of Three Tracer Components

A further example of a columnseparation is shown in Fig. 3,
when rare earths were present in tracer quantities only. In such cases, separa-

tion is generally cleaner and with less "tailing" of the peaks. The activities
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Pig. 2 Column separation of thulium activities from Ho + a-bombardment.
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Fig. 3 Column separation of rere earth spallation products from

200 Mev deuteron bombardment of tantalum.
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shown in Fig. 3 were spallation products, obtained by the bombardment of tantalum
with 200 Mev deuterons from the 184-inch cyclotron. Lanthanum was used as a
cerrier for these radioisotopes. A study of the radiation characteristics and
decavs of peak samples revealed no evidence of contamimation.

13. Separation of Europium

Europium has been purified prior to, and recovered after bom-
bardment bv a modification of McCoy's methoda. The europium in 6N hydrochloric
acid was reduced to the divelent state by boiling with zinc amalgam. Other rare
earths were precipitated by carbonate-free ammonia using cerium as a carrier.
After centrifugying, the supernatant was withd}awn, the europium oxidized with
ozone, and then precipitated with ammonia. This procedure was repeated with both
fractions to insure complete separation.

14. Rare Earth Yxide Bombardments

"hen the rare earth oxides were bombarded, the rare earth chem-
istry formerly employed was modified. Since sodium silicate was used as a binder,
and platinum, gold, mercury, copper, zinc and gallium activities could conceivably
have been conteminants from the mounting, 1% was necessary to separate the rare
earth activities from these elements.

The rare earth pxide was dissolved in hot concentrated nitric acid and the
insoluble silica résidues removed. Then the hydroxide was precipitated with

ammonium hydroxide which reduced the volume of the material so that chemistry

could subsequently be carried out in 15 cec. lusteroid and centrifuge test tubes.
The hydroxide was then dissolved in 3N hydrochloric acid and silver nitrate added
so that the silver chloride would mechanically carry and hold down any refuse

coming from the target.

Holdback agents for all possiblé contaminants were added and the fluoride

_bfégipzfézéd—&h the hot by hydrofluoric acid. The washed fluoride was dissolved
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with the nitric-boric acid mixture, and the hvdroxide precipitated with ammonium
hvdroxide. Two more such cycles were repeatsd and the final hydroxide dissolved

in & minimum of concentrated hydrochloric acid, and transferred to a one ccC.
volumetric flask. Aliquots were then taken with micropipettes for counting, column
separation and weirhing to determine chemical yields. Yields were determined by
precipitation of the oxalate, followea by irnition to the rare earth oxides and
weighing.

C. Radioactive Measurement

Measurements were made with end-on Geizer-Mliller counters which had 3
mg/bmz.mica windows and were filled with 10 em. argon and 1.0 cm. alcohol. Varia-
tions in counter efficiency were taken into accoun£ by the use of a UX2 standard.
The scaling circuit used was of conventional type,soalé ofﬁgith 1.2% per thousand
counts per minute coincidence corrections made. A crude bcota-ray spectrometer
of low resolution enabled the distinction of positive and negative electrons and

served as a check on absorption measurements.

1. Absorption measurements9

Radiation characteristics of radiocactive nuclides were deter-
mined by means of lead and aluminum absorptions of their radietions. Aluminum
absorptions were taken in the conventional manner, and the range of electrons
has been taken as the minimum absorber thickness required for total absorptién, ie
e., aluminum plus air gap plus window. Feather analyses were used to determine
the range of bets particles. After an aluminum absorption, beryllium just suf-

ficient to absorb all electrons present was interposed between the sample and

- counter. Aluminum absorbers were placed between the beryllium absorber and the

sample until the electromagnetic absorption curve was completely determined.
The amount of L x-rays wes interpreted as the difference between the measured elec-_
tromapnetic radiation and the extrapolation to sero absorber of the harder back-

ground.
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Lead absorptions were taken in low reometry enabling the utilization of ab-
sorbers up to 45 g/bm2 between the two beryllium absorbers. The absorber im-
mediately above the sample was thick enough to remove all particles coming from
the sample, and the second, just below the counter window, was thick enough to
remove all secondary electrons, so that only x-rays and Y-rays were counted. A&
thick beryllium absorber was placed just below the sample to ald in minimizing
scattering effects. It was found that when there was a hsrd Y-ray, the lead half-
thickness as measured in the conventional lead casge, exceeded the mass half-thick-
ness for very hard Y-rays ( “.17 g/bmz). For this reason, 11 lead absorptions
were carried out with a counter surrounded by as little matter as possible %o
minimize scattering effects. This "unshielded" arrangement gave reproducible
results upon changine counters whereas those akserptions taken in the conventional
lead shielding pave half-thicknesses for a 1.1 Mev Y-ray varying from 17 g/bmz to
29 g/’cm2 using different counter tubes.

2. Samples

Samples for counting were mounted on glass microscope cover
slides. Whefe a minimum of bhackscetitering was required, as in the measurement of
the ratios of electrons to electroﬁagnetic radiation, samples were mounted on
mice of mass thickness ~.1 mg/bmz.

3. Counting Efficiencies

Counting efficiencies of L x-radiation in the counters used
were calculated from the sbsorption in the sas; for Y-radiation from 20 Kev +o
0.5 Mev, a counting efficiency of 0.5% was aséumed, with one percent per Mev
thereaftef.

4, Calibration
For quantitative counting, the counter geometry was calibrated

by the use of a weirhed UX2 standard.
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D. Calculations and Corrections

1. Calibration
In order thet a cross-section could be calculated, the counter

geometry had to be calibrated in terms of disintegrations per minute. This was
done by counting a weighed sample of UOZ through 30 mg/bmz of aluminum absorber.
This allowed only the UXZ beta to be counted. Knowing the number of UX2 disin~
terrations in the Uoz, the geometry could be calculated after appropriate correc-
tions for absorption in the sample, counter window and air rep, and added absorber.

All decay points were corrected for variation of counter efficiency by count-
ing arainst an unweighed UXZ standard and corrected %o an arbitrary value of 1000
counts per minute of this UX2 standard. This entailed merely the dividing of the
decav count by the average value of this UX2 standard before and after counting,
and multiplying the quotient by 1000. This unweiched standard was counted against
the weirked UXZ standerd and the geometry corrected to the arbitrary standard
of 1000 counts per minute of the unweighed stenderd. Counts so corrected corres-

ponded to 8.7 percent geometry in disintegrations per minute in the second shelf.

2. Decry Sclemes

For simplicity, it was assumed that the orbital electron cap-
turing isotopes studied here decayed by K electron capture only. Therefore, the
amount of K x-rays counted should be a measure of the number of disinteyrations-
in the sample.

In order to determine what fraction of the measured X x-radiation arose from
the capture process, a rough decay scheme for each isotope must be prstulated.
It is realized that the ratios leading to these schemes may be in error by factors
of two or more because of the crude techniques employed; however, it was felt that
because many of these isotopes must be assirned by relative yield measurements, the

use of such rourh schemes was justified.
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3. Corrections
In an attempt to make the ratios of the various radiations as nearly

representative as possible, many corrections were employed. When ratios between
electrons and electromagnetic radiation were desired, alvery smgll mass of high
specific activity was mounted on mica of surface density of 1-2 mg/bmz. An
aluminum absorption was taken in €.7 percent geometry. Backscattering corrections
were assumed to be small and hence neglected. The electrons were corrected for
absorption in the air ¢ap and counter window by extrapolation of the resolved
absorption curve of the electrons. The enerries of these electrons have been
given with these corrections added. Their counting efficiency has been taken as
one.

L x-rays were corrected for absorption in beryllium employed in conjunction
With aluminum absorptions, air gap, and counter window by extrapolation, and for
the Auger effect. The fluorescence yields were obtained from Compton and Alli-
sonlo, and weré assumed to be equal to those of K x-rays of compareble energies.
The counts as corrected were then divided by the Auger coefficient.

This left only the X x-rays and ¥Y-radiation uncorrected. These appeared in
aluminum absorption measurements as a straight line background after the L x-rays
and electrons were completely absorbed. The ratio of the K x-ray to Y-rays was
obtained from lead absorptions.

After resulution of the lead absorption, the various components were extrapo-
lated to zero lead absorber. They were subsequently corrected individually for
absorption in the beryllium employed and for the Auger effect as above. The total
mass thickness of beryllium used varied from two to three grams per square centi-
meter. The ratio of K x-rays‘to Y-rays, as wmeasured, was used to determine the
number of counts per minute of each present in the electromagnetic background of

the aluminum absorption.
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4, Final Ratios

These corrected values were the counts per minute of each type of elec-
tron and electromagnetic quantum that would have been measured if the sample were
inside the counter tube. The Qalues were then divided by their respective count-
ing efficiencies. Dividing all values by the number of X x-ray quanta thus cal-
culated egave the final ratios upon which cross sections were calculated. If there
existed means of producing a K x-ray quantum other then capture, i.e., a conversion
electron line, tris amount was subtracted from the X x-rays in the final ratio
and only that remaining fraction of K x-ray counts was used to compute a cross
section.

5. Cross Section Calculation

The calculation of an approximate cross section is now possible. An

examplé is shown below for the reaction Holes(a,zn)Tmlss.
The ratios for Tm166 are:
€1 ¢ &y B+ : K x-rays ¢+ ¥
0.06 :0.003:0.004: 1 s 0,3

counts per minute of K + ¥ in 8.7 percent geometry = 9200

K/? = 0.92 as measured

k¥ 99 9200 = 4400
1.92
dis/sec = 4400 x 100 x 100 x 1 x 100 x 100 x 1000 x 100 x 100 x 100
at satu- 0.5 8.7 ®0 84 65 5 90 80 95
ration
a b c d e f g h i J

a = measured counts/minute

b = counting efficiency

¢ = peometry

d = to convert to counts/second
e = saturation of bombardment

f = decay since end of bombardment
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g and h = chemical yield factor

i = Auger coefficient
j = contribution from capture
. k 1
He**/second = 5.3 x 1.3 x 10°°
11.7 x 3600
m n
k = microampere-hours of bombardment
1 = number of He'' per microampere-hour
m = number of hours bombarded
n = seconds per hour
-3 P 23
Atoms/cm? = 20.5 x 10 L §:02 x 10
189 0.7
q r
o = grams of Hozo3
p = Avogadre's number
q = 1/2 molecular weight of HoZO5
r = area of target in.cm2

g = disintegrations/sec at saturation

atbms/bmz x He'" /second

7= 1.1 barns.
III. Discussion of Results
A. Neodymium Isotopes
. 141 11 .
The isotope Nd has been reported™ to have a 2.5~hour half-life and to

emit 0.78 Mev positrons. The activity was produced by proton bombardment of

praseodymiumll, by n,2n11’12’13 and Y,nll’l3 reactions on neodymium, and possibly
a d,H3 reaction on neodymiumll’lz. Chemical separations were not made.

In the present work, chemical separations were made by ion exchange columns.

The 2.5-hour activity heas been characterized in more detail and allocated to
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Ndl4l, while a new isotope, Ndl4o has been observed by Pr-d,3n reaction (Table II).
This isotope decays b orbital electron capture to form the 3.5 minute positron-

7
emitting Prl4o. In bombardments, spectroscopically pure PrsQ11 was used.

Table II
Isotope Type of Radiation Half-Life Energy of Radiation Produced
' Particles Y-ray by
Ngl40 g 3.320.1 days Pr-d-3n
yat4l K,8"(2%), v 14523 minutes  0.7(8%) K x-reys Pr-d-2n

1.05 Pr-p-n

1. 145-Minute Nal4l

Measurements of the radiation characteristics were made on unseparated
praseodymium which had been bombarded with 10-Mev protons. The proof of the
éhemicalvidentity by the standard ion-exchange resin column procedure generally
used was almost impossible, since the neodymium fraction leaves the column only
after about two days. A 4 cm x 6.4 cm column was therefore used, with conditions
of flow, eluting agent, etc. the same as before. Although the separation of
neodymium, and praseodymium is unsati;factory from the chemical stendpoint, these
fractions leave the small column in asbout 12 hours, a time short enough to allow
detection of the 145-minute activity. Such an experiment was made for a Pr + d
bombardment. The ratio of the 145-minute activity to the 19.3-hour prl4?
activity formsd by the d,p reaction was estimated, corrections for decay ffom a
reference time being made for both activities. The ratio decreased rapidly in

samples following the "break through" of active material showing that the 145-
£ ¢ £ g

minute activity elutes before praseodymium. Further, spectroscopic analysis
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showed that the 19.3-hour activity followed the
praseodymium, while in the first active sample where the 145-minute decay was ob-
served, praseodymium was below the limits of detection. The chemical identity of
the 145-minute neodymium is, therefore, fairly certain.

On other bombardments, the gross decay was followed through eight half-lives,
the hard Y-radietion, through six half-lives, and the positron decay, (Fig. 4),
followed on & crude beta~ray spectrometer, also through six half-lives. The half-
life is 145 - 3 minutes.

The radiations consist of positrons, x-rays, and Y-rays. No negative electrons
were observed. The aluminum absorption curve of the 145-minute activity from
Pr + p bombardment, corrected for decay during the time of measurement, is shown
in Fir. 5. The range of ﬁhe electron, 245 mg/bm2(0.7 Mev) agrees with the value
of the positron energy measured on the crude beta-ray spectrometer. The lead
'absorption (Fig. 6) shows electromagnetic radiations of half-thicknesses
39 mg/bm2(38 Kev), ~u4.5 g/bmz(O.S Mev), and Avs11.5 g/bmz(l.z Mev)., The soft
component agrees well with the K x~radiation of praseodymitm, while the low
abundant 0.5 Mev Y-ray is almost certainly annihilation radiation.

From the measurements, the fbllowing ratios were calculated:

0.7 Mev B+:.K x-rays: 0.5 lev Y ¢ 1.2 Mov Y =
0.02 : 1 : 0.02 : 0.02

It is clear that this isotop; decays by orbital-electron capture with approxi-
mately 2% positron branching. The hard Y-radiation probably‘arises from an
excited or metastable state of the daughter nucleus following electron capture.

From the measured K x-ray intensities, together with data on chemical yields
and bombardment, a cross section of 2.5 x 10.2 barns was calculated for the reac-

141
(

tion Pr p,n)Nd141 with 10-Mev protons, assuming one K x-ray quantum represents

one disintegration by orbital electron capture.



UC-L-23¢
Page 22a

14(‘( 141

Fig. 4 Positron decay of Nd A) end Na""7(B) from Pr + 4 bombardment

taken on crude beta-rav spectrometer.
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Pig. 5 Aluminum absorption of 145-minute Nd141 from Pr + p bombardment.

K x-ray and Y-ray background (A), 0.7 ifev positron (B).
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141

Fip. 6 Lead absorption of 145-minute Nd_4 from Pr + p bombardment.

1.2 Mev Y-ray (&), 0.5 Hev Y-ray (B), K x-rays (C).
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2. 3.3 Day Ndl4o

In the column separated neodymium fraction from Pr + d bombardments, a new
long-lived activity was observed. The half-1ife, measured through seven periods,
is 3.3 £ 0.1 days. The aluminum absorption (Fig. 7) shows a hard electron,
range 1160 mg/'cm2 (2.4 Mev) with K x-ray and Y-ray background. The lead absorp-
tion (Fig. 8) shows components of half-thicknesses; 40 mg/bm2(38 Kev), 4:6 g/bmz
(0.5 Mev), if one assumes that there is a small amount of a hard Y-ray of halfs
thickness 11:6 g/bmz (1.2 wev).

The following ratios of electrons to electromagnetic radiation were obtained
from the measurements:

2.4 Mev ﬁ+ : Kx~ray : 0.5 Mev ¥ : 1.2 Mev ¥ =

0.2 : 1 : 0.2 :+ 0.01

Examination of the electron radiations on the crude beta-ray spectrometer
showed that the hard electrons observed in the aluminum absorption were positrons
of energy 2.4 Mev. The positron energy agrees well with that reported for the
3.5-minute Pr140. 14

The observed radiations of the 3.3-day activity are consistent with the
isotope, Ndl4o, decaying by orbital electron capture, in equilibrium with its
3.5-minute positron-emitting Prl4o daughter« The observed 0.5 Mev Y-radiation is
undoubtedly amnihilation radiation; the harder ¥Y-ray may be associated with

. » O .
either Prl4 or Ndl4o. From the ratio of positrons to K x-radiation, it follows

140

that the daurhter Pr activity is not a pure positron-emitter, but decays also

140 disintegrations pro-

by orbital electron capture, about two-thirds of the Pr
ceeding by this process.

A rapid chemical separation of preseodymium was attempted.l5 The mixed
rare earth chlorides were fused with potassium hydroxide at 450° C for periods of

5 to 15 minutes. After extracting the melt with water, the mixed oxides were

leached with 1N acetic acid. The neodymium oxide which dissolves preferentially
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Fig. 7 Aluminum absorption of 3.3 day Ndl4o from column separated

neodymium fraction of Pr + d bombardment. K x-ray and Y-ray

background (A), 2.4 wev positron (B).
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Fig. 8 Lead absorption of 3.3 dav Nd140 from column separated neodymium

fraection of Pr + d bombardment. Postulated 1.2 dev Y-ray

(4), 0.5 tiev Y~-rav (B), K x-rays (C).
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was recovered ss hydroxide for counting. The preseodymium remains largely in the
residue insoluble in scetic acid. Althourh the chemical separation achieved is
unsatisfactory, the activity of the neodymium fraction has been observed to grow,

showing the formation of a deu-hter activity. The half-life of the daughter

12 fo

sppesrs 50 be tbout l.5~-minutes, somewhat shorter than the value reported r

Pr14o.

3. Discussion

s s . . - . 140
Additional evidence for the allocation of the 3.3-day activity to Nd

hns been obtained from yields in the deutcron bombardment of praseodymium. It

was assumed that 0.6 of the messured XK x~radiation representzd one disintepgration

of Ndl4o. The cross section for production of the isotopes Pr142, Nd141, and

Nd140 ar¢ civen in Trble III; the yields of Pr142 were calculated from the
~2gsured beta activity.

Table I11

Cross Sections in Berns for Deuteron Reactions »n Praseodymium

Half-Life Deuteron Energy Reaction Isotope
19 Mev "9 Mev
19.3 hours ' 0.06 0.1 d,p pri42
145 minutes 0.% 0.9 d,2n Ndl41
5.3 days 0.08 - d,3n Nal40

B. Promethium lsotopes

The two promathium isotopes summarized by Table IV were formed in the bom-

bardment of praseodymium with helium ions of 38, 31, and 19 Hev enbrgy.
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Table IV
Isotope Type of Half-Life Energy of Radiation in Mev Produced
Radiation Particles Y-rays by
143 - - o

Pm K, ¥, (7 7) 350 days 0.7(8"?) L,X x-rays Pr-a-2n

0.95
it gt 4.1%0.1 hours 1.3 g | Pr-g-n

143

1. 350 day Pm

A long-lived promethium activity has been previously reported by Wu and
\ L 11,17
Segre16 in the helium ion bombardment of praseodymium, and by Kurbatov et. all.”’

in the deuteron bombardment of neodymium.

This activity has been confirmed and has been shown to be a promethium
isotope by ion exchange resin column separation. Bombardments of column separateg
prascodymium were made with various energies of helium ions. The decay has been
followed through one half-life, and a value of 350 days obtained. A study
of the radiations has shown hard negative electrons of ranee 220 mg/bmz éluminum
(0.7 Mev) and soft electromagnetic radiation of half-thickness of 6.5 mg/bmz
eluminum (5.8 Kev) (Fig. 9); electromspgnetic radiation of half-thicknesses
50 mg/bmz lead (42 Kev) and 9.5 g/bmz lead (0.95 Mev) (Fig. 10.). The following
ratios were obtained from these measurements:

0.7 Mev e : L x-rays : K x-rays : 0.95 HMev Y

0.005 : 0.2 : 1 + 0.3

The ;sotope thus apnears to decay by orbital electron capture with part of
the disintegrations leading to an excited or metastable state of the daughter
nucleus. The hard electron could be a beta particlels arising from a long-lived
isomer of the 4-hour pasitron-emitter which decays by beta and orbital electron

capture branching.
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143

Pig. 9 Aluminum absorption of 350 day Pm from Pr + a bombardments.

K x-ray and Y-ray background (), 0.7 Mev electron (B), L X-rays

(c).
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Fig. 10 Lead absorption of 350 day Pm145 from Pr + o bombardment.

0.95 Mev Y-rav (A), K x-rays (B).
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Assuming one K quantum represents one disintegration by orbital electron
capture, the cross s~ctions for production of the isotope by bombardment with
38, 31, and 19 Mev helium ions were calculated, the values being given in Table
V. From these values, which are compatible with an g,2n reaction, allocation of
the isotope to mass 143 seems reasonable. While the isotopes of odd Z, even A
are usually longer-~lived than neighboring isotopes, an additional reason for the
very long life of this isotonre may be the fact that Pml43 has eighty~two neutrons,
presumably forming a closed shell19 and increasing stability.

2. 4.1 hour Pml44

In all helium ion bombardments of praseodymium, a short-lived activity was
observed in addition %o Pm143. The cross sections for 38, 31, and 19 Mev
helium.ions (Table V) apgree with production by a,n reaction, and the isotope has
been allocated to mass 144. The half-life, followed through eight periods, is
4.1 1 O.1 hours. The radiations, all of which decay with the same half-1life,
consist of positrons, range 600 mg/'cm2 aluminum (1.3 Mev; Fip. 11), with K x-ray
or Y-ray background. The rediations have been studied on = cfude beta~-ray spec-
trometer; no negative electrons were observed, but only a positron spectrum of
endpoint corresponding to 1.3 Mev.

If a counting efficiency of 0.5% is assumed for K x-ray or Y-ray background,

the ratio of positrons to eleetrons is 1:1 suggesting pure positron emission.

Table V

Cross Sections in Barns for ielium Ions on Praseodymium

Half-Life 38 Mev 21 Mev 19 Mev Probable Reaction
350 day 0.05 0.1 1 . a,2n
4.1 hours 10™° 5 x 1075 0.02 a,n

Pm142, the product of the q,3n reaction was not detected. It has a half-life

either less than 20 minutes or very long.
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Fig. 11  Aluminum absorption of ¢ hour Pml44 from Pr + o bombardments.

K x~ray. and Y-ray background (&), 1.3 Mev positron (B).
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20,2
C. Terbium Isotopes ’ 1
Buropium prcpared by amalgam reduction method8 and by ion exchense resin

columnl,was bombardaed witk 38, 31, and 19 Mev helium ions to produce the four

new terbium isotopes summarized in Table VI

Table VI
Type of :
Isotope Radiation Half-Life Energy of Rediation in Mev Produced
Particles Y-rays by
o123 K,e™,v 5.120.1 days 0.15(e") L, K x-rays Eu151~a,2n
0.2-0.4 0.23,1.2
%% k,e”,p*,v  17.2%0.8hours 0.13,0.5(c7) L,K x-rays - But°l-g,3n
(8-?) 2.86(R*) 1.3 Ful53wq,n
Tb155 K,e ,¥Y 188 days 0.1(e”) L,K x-rays Eulss-a,va
1.4
%6 gt 5.0050.05hours 1.3 L,K x-reys  Eur®®.q,n

1. 5.1 day T3

A 5.1 day activity was found in high yields in 38 and 31 Mev helium ion
bombardments of euvopium. It was followed through 9.6 half;lives_(Fig. 12) to
rive a value of 5.1 T 0.1 days. Aluminum absorption (Fig. 13) shows two elec-
trons, range 32 mg/bm2(0.15 Mev) and 80-120 mg/bmz (0.2-0.4 Mev), soft electromag-
netic radiation of half-thickness 7 mg/%mz(s.s Kev), and hard electromagnetic
radiation. Lead absorption (Fig. 14) shows three components of half-thicknesses
60 mg/bm2(46 Kev), 570 mg/bmz (0.23 Mev) and 11.6 g/bmz (1.2 Mev). The 6.3 Kev
and 46 Kev radiations correspond to L and K x-radiation of padolinium respectivelys.

The following ratios were obbained from these measurements:



UCRL-298
Page 27a

Fig. 12 Gross decay of 5.1 day Tbl55(B) and 188 dav Tp195 from Bu + a

bombardment.
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163 from Eu + o bombardment.

Fig. 13 Aluninum absorption of 5.1 day Tb
N K x-rav and Y-ray bsckground (A), 0.2-0.4 Mev electron (B),

0.15 ev electron (C), L x-ravs (D).

REpeweTTy L
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Fig. 14 Lead absorption of 5.1l-day %% from Bu + o bombardment.

0.23 Mev Y-rav (A), 1.2 Mev Y-ray (B), K x-rays (C).
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0.17 Mev e~ : 0.2-0.4 Mev e : L x-rays : K x-rays : 0.22 Mev ¥ : 1.2 llev ¥ =

0.02 :  0.001 . 0.2 :+ 1 : 0.08 : 0.02

The soft electron corresponds well with the energy expected for conversion of
the 0.22 Mev Y-ray in the K-shell. The isotope probably decays by orbital elec-
tron capture to two or moré excited states of the daurhter nucleus; one K x-ray
quantum is assumed to represent one disintegration. The oricin of the hard elec-
tron is not obvious.

2. 17.2 hour Tbio%

A 17-hour positron activity was observed in all bombardments of europium
with helium ions. The activity was followed on the crude beta-ray spectrometer
for 8.4 half-lives to give a value of 17.2 2 0.3 hours. The ecross and Y-gecays
(Figs. 15,18) also showed a 17 hour half-life.

Aluminum absorption (Fig. 17) shows electrons of range 28 mg/bmz(o.lﬁ Wev)
and 300 mg/cm2 (0.8 Mev), soft electromagnetic radiation of half-thickness
7 mg/cm2 (6.3 Kev) and hard electromagnetic radiation. A positron of ranée cor-
responding to 2.6 “ev was found on the crude beta-ray spectrometer. The ratio
between total negétive electrons and positrons was determined by measuring +the

166 and Fig. 26). The lead absorption

ratio of areas under each curve, (cf. Tm
(Fiw. 18) showed two components of half-thicknesses 60 mg/bm2(46 Kev) and 12.2
g/cm2 (I.S-MEV). The two soft quantum radiations ;orrespond with L and K x-ray
energies of ~adolinium. Annihilation radiation is in teo low abundance to be seen.
The following ratios were obtained from these measurements:

0.13 Mev ™ : 0.8 Mev o : 5.6 Mev B+: L x~rays : K x-rays : 1.3 Mev Y-rays

0.1 : 0.02 ¢ 0,004 : 9.5 : 1 : O.bS
It seems reasonable to conclude that the isotope decays at least 98% by orbi-

tal electron capture to two or more metastable levels of the daurhter nucleus.

According to Wilkinson's postulates concerning stable isotopesle, the hard
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\

Fig. 15 Gross decay of 5.0 hour '.I'b156

154

(C), 17.2 hour Tb (B), and 5.1

day Tb153 (A) from Eu + o bombardment.
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: 154
Fig. 16 Electromagnetic decay of 5.0 hour Tb156 (C), 17.2 hour Tb

(B), and 5.1 day Tb153 (4) from Eu + a bombardment.
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Fig. 17 Aluminum absorption of 17.2 hour Tb15

4 from Eu * o bombardment.
K x-rays and Y-ray background (4), 0.8 Mev electron (B), 0.13 Mev

celectron (C) L x-rays (D).
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15

Fig. 18 Lead absorption of 17.2 hour Tb ¢ from Eu + a bombardment.

1.3 dev y-ray (4) K x-ray (B).
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negative electron might be a beta particle. If this is true, then the isotope
decays  98% by tie capbure process, 2% by beta-branchine, and 0.4% by positron
emission. 0.9 K x-ray quanta have been assumed to represent one disintegration

bv orbital electron capture.
155

i

After the decay of the 5.1 day activity from Eu + o bombardments, a long-

3. 188 dey Tb

lived activity was observed (Fig. 12). It has been followed through one half-
life %o éive a value of 188 days. #Aluminum absorption (Fig. 19) showed a soft
electron, range 14 mg/hmz(o.l llev), soft electromapgnetic radiation of half-thick-
ness 7 mg/bmz(s.s kev) and hard electromagnetic radiation. A lead absorption
(Fig. 20) showed two components of half-thicknesses 60 mg/cm® (46 Kev) and 12.7
g/bmz (1.4 Mev). The two soft components agree with the energy of gadolinium L
and K x~-rays. The following ratios were obtained from these measurements:

0.1 ¥ev e” : L x-rays : K x-rays : 1.4 Mev Y

0.4 : 0.2 1 : 0.3

The isotope probably decays by orbital electron capture to two or more ex-
cited states of the daughter nucleus. .0.6 K x-ray quanta are assumed to reére-
sent one disintegration by orbital electron capture.

4. 5.0 hour Tb156

A short-lived activity was observed in bombardments of europium with 19 Mev
helium ions. Measured through nine half-lives (Figs. 15 and 16). The period
~was 5.0 Z 0.1 hours. Aluminum absorption (Fig. 21* showed only a hard electron,
range 600 mz/bmz(l.S Miev), soft electromagnetic radiation, half-thickness of
7 mg/bmz(S.S Kev), and hard electromagnetic radiatioﬁ. Study of this isotope on
a crude beta-ray spectrometer showed only the presence of 1.4 Mev positrons which
decayed with a 5.0 hour period; no negative electrons were observed for this iso-

tope. Lead absorptions were not taken because of insufficient activity. The

3
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Fie. 19  Aluminum absorption of 188 day Tb155 from Bu + a bombardment.

K x-rays and Y-ray backeround (A) 0.1 Mev electron (B), L x-ravs

(c).
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1565

Fig. 20 Lead absorption of 188 day Tb from Eu + o bombardment.

1.4 Mev Y-ray (A), K x-ray (B).
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156

Fig. 21 Aluminum absorption of 5.0-hour Tb from Eu + a bombardment.

K x-rays end Y-ray backaround {A), 1.3 Mev positron (B), L x-rays

(c).
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approximate ratios obtained from the aluminum absorption, assuming all x-radiation
to be annihilation radiation, are as follows:
1.3 MNev B+ : L x-rays : K x-rays : Y-rays
0.25 H 0.13 : 1 : 0.25

The isotope thus appears to decay 20% by positron emission. Since Dy156

is known to be bata stable, Tbls6 should show negative beta particle branching.

Since this has not been observed, a long-lived negative beta particle émitting

isomer must be postulatedls. For cross-section calculations, it was assumed that

one K x-ray quantum represented one disintegration by orbital electron capture.

5. Discussion

Europium has two stable isotopes, Eu151 andvEulss, therefore, using 38, 31

and 19 llev helium ions, one should see activities from five mass numbers, Tb152

Tb156

to . Only four activities were seen, leading to the conclusion that

152

Tb is too short-lived (less than 20 minutes) to bé observed. Table VII

shows the measured cross sections in barns.

Table VII
Half-Life Energy of Helium Ions Probable lass
38 lev 31 Mev 19 Hev
-3 -4
5.1 days 0.4 6 x 10 32 x 10 163
17.2 hours 1.2 2 x 107° 6 x 107° 154
188 days 5x10°° 2 x10°° 2 x 107° 155
-4
5.0 hours - - 8 x 10 156

At 31 and 19 Mev, the sum of the cross sections fall far short of one barn, so
it appears that there are probbly undstected isomers of these masses. The assign-
ments were made in order to be consistert with the variation of cross section with

energy, and the penerality that in this region, positron .emitters of elements of
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odd atomic number are of even mass number.

D. Holmium Isotopeszo’21

4

Three new activities of holmium (Teble VIII) were observed in a helium ion

bombardment of terbium and proton bombardments of dysprosium.

Table VIII
Isotope Type of = Half-Life Energy of Radiations in Mev Produced
Radiation ~ Particles Y-ravs by
Ho16% BT.Y 341 minutes 0.95 Dy-p-n
H0162 K,e ,B° 60<2 days 0.12(e”) Tb-a-n
0.7(B")
HOIGO’IGIK,e_,ﬁ+,Y 4.520.1 hours 0.09, > 0.6(e") L,K x-rays Dy-p-n
~2(p*) 1.1 Th-a-3n or 2n
164

l. 34-minute Ho™

An activity of 47-minuté half-life produced by fast neutron bombardment of
holmium has been reported in an early paper by Pool and Quilllo.'

The 34-minute beta active isotope here described was produced by short bom-
bardments of very pure dvsprosium oxide with 10 slev protons. Identification of
the activity with holmium has not been proved by chemical separation, but no

activities due %o known dysprosium isotopes have been observed, and lonéer-lived
activities from the same bombardment have been shown to follow holmium chemistry.
The decay has been followed for both electron and electromagnétic radiation. A
half-1life of 34 I 1 minutes was obtained through eight half-lives of the pgross
decay (Fie. 22) and four half-lives of the Y-decay. The aluminum absorption curve

of the 34-minute activity is shown in Fig. 23, Correction was made for decay of

the sample during the time of measurement, and the contribution of the lonrer-
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Fig. 22 Gross decay of 35 minute Hols4 (B) and 4.5-hour HolGO,lGl (4)

from Dy + p bombardment.l
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Aluminum absorption of 35 minute‘H0164 from Dy + p bombardment.

K x-ray and Y-ray background (A), 0.9 Mev beta (B).



100

% TRANSMISSION

0.1
0o

Ll

|

I | I

100

200 . 300 400 500 600
mg /cm? ALUMINUM ABSORBER



UCRL-298
Pace 32

lived holmium activities was subtracted. The lead absorption of the 34-minute
electromagnetic radiation was not measured due to lack of intensity of the

samples. From the aluminum absorption curves, the beta particle has a range of

340 mg/bmz aluminum (0.9 Mev). A Feather analysis of the curve gives an energy

of 0.95 Mev. 1If a counting efficiency of one percent is assumed for the Y-radiation
there is on: Y-ray quantum per beta particle. No evidence has been found for any
conversion electrons, either in aluminum absorptions, or on the magnetic counter.

2. 4.5-hour Holt0,161

An activity of 4.5 hours half-life was observed in the column separated

holmium fraction from both Tb + o and Dy + p bombardments. The radiation charac-

teristics were measured on unseparated bombarded terbium samples; no activities
other than those of holmium have been observed. The éross (Fig. 22) and electro-
magnetic radiations have been followed for decay to give a value of 4.520.1 hours
through six half-lives. The aluminum absofption curve (Fig. 24) shows hard eleec-
tromapnetic radiafion, soft electromagnetic radiétion of half-thickness 8.5
mg/bm2(6.8 Kev), hard electrons of rance  »200 mz/bm2(1>0.6 Mev) and soft elec-
trons of ranre 12 mg/bmz(0.0Q Mev). Examination of the electrons on the crude
beta~ray svectrometer demonstrated the presence of positrons of maximum energy
about 2 HMev, but only in about one-hundredth the yield of hard electrons of energy
about 1 Mev and mean energy about 0.3 Mev. The hard electron radiation comprises
only a few percent of the total radiztions measured in the aluminum absorption.
The lead absorption curve (Fig. 25) shows components of half-thicknesses
80 mg/mn2 lead (45 Kev) and 11.0 g/%mz lead (1.1 sev). Thé two soft electromag-
netic radiations arree with the energies of dysprosium L and K x-radiation.. From
the measurements, the following corrected ratios were obtained:
0.09 Mev e  : total hard electron : L x~rays : K x~rays : 1.1 Mev <y =

003 : 0.005 H 1 H 1 : l
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Fig. 24 Aluminum absorption of 4.5 minute o+ 604161

from Dy + p bombardment.
K x~ray and Y-ray background (A) >0.6 Mev electron (B), 0.09

Mev electron (C), L x-rays (D)
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160,161 fro

Fig. 25 Lead abserption of 4.5 hour Ho m Dy + p bombardment

1.1 Mev Y-ray (4), K x-ray (B).
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It seems reasonable to assume that the activity decays by orbital electron
cepture; since the positrons are only about one hundredth of the hard electrons,
. . . . . . . 160 (18)
which may arise from beta particle branching if the isotope is Ho .
The branchine ratio for beta emission can be only of the order of 0.5% while that

of positron emission can be only of the order of 0.005%.

3. 60-day Hol®%

After the decay of the 4.5-hour isotope a long-lived activity was seen in
the Tb + a bombardment. fhe gross decay was followed through six half-lives %o
%ive a value of 60 - 2 days. The aluminum absorption (Fig. 26) shows two electrons
of renres 15 mg/bmz (0.1 Mev) and 250 mg/bm2(0.7 Mev), Feather range 300 ﬁg/bmz
(0.8 Mev); and electromegnctic radiatipn of half-thicknesses 9 mg/%m2(6.5 Kev)
and 1700~1800 mg/bmz(SO Kev). The soft radiation corresponds to dysprosium L x-
radiation while the half-thickness value for the haréer electromagnetic component
indicates that 1%t is probably nearly all dysprosium K x-rays. The following
ratios were obtained from the absorption measurement:

© 0.1 Mev e : 0.7 Mev 5~ : L x-rays : K x-rays
0.12 : 0.13 : 1 : 1

Er162 is known to be a beta stable isotope, therefore it seems reasonable that
the hard electron is a beta particle. The beta-branching ratio is then 11%, as-
suming one K x-ray represents one disintepration by orbital electron capture.

E. Thulium Isotopes6’20’21'

The three new thulium isotopes summarized in Table IX have been praepared by

cyclotron bombardment.
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Fig. 26 Aluminum absorption of 60-day Hol62

from Tb + a bombardment.
K x-ray and Y-ray background (A), 0.7 Mev beta (B), 0.1 Mev

electron (C), L x-rays (D).
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Isofope Type of Radiation Half-Life ‘Encrgy of Radiation in Mev  Produced
. Particles Y-ray by

Tm166 K,B+,e-,Y(ﬁ-?) 7.720.1 hrs  2.1(87)0.24(e”), L,Kx-rays Ho-a-3n
~1(8-7) 1.7 Er-p-n

1867 - + - ' .

Tm K,e ,Y 9.6-0.1 days 0.21(e") L,K x-rays Ho-a-2n

0.22,0.95 Er-p-n
Ta-d~-5z,16a

7 - 6€ K,e™,Y,B 85-2 days 0.16(e") L,K x-rays  Ho-a-n
0.5(8") 0.21,0.85 Er-p-n

Tm-n-2n

166

1. 7.7 hr Tm

The radiations of this isotope consist of positrons, several enerpies of nega-
tive clectrons, L and K x-radiation, and very hard Y-radiation, all bf which decay
with the same half-life, 7.7%0.1 hours. The gross decay of the isotope was fol-
lowed throﬁﬁh eirht half-lives. (Fig. 27)

Examination of the isotone on the crude beta-ray spectrometer proved the
presence of positrons. Fig. 28, Curve A, shows the mensured distribution, with
The decay of the positrons,

end point corresponding to 2.1 Mev maximum enersy.

(Fig. 27, Curve C) was followed on the crude beta ray spectrometer through six

half-lives in both Ho + a and Er + p bombardments.

On the "negative sweep" of the crude beta ray spectrometer, two groups of nega-
tive elcctrons were observed (Fig. 28, Curve B) both of which decayed with 7.7-
hours half-life. While the lower energy peak probably represents & single con~
version electron, the second group of harder electrons has a much broader distri-
bution of enerpries, and may be a mixture of several corvsrsion electrons which the

.simple instrument is incapable of resolving. The maximum enerey of this group
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166 167

Fig. 27 Gross decay of 7.7-hour Tm (B) and 9.6-day Tm (A), and
positron decay (C) measured on the crude beta-ray spectrometer

from Ho + o bombardment.
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Fir. 28 Crude beta-ray spectrometer distribution of positrons (&) and

6

electrons (B) of 7.7-hour Tm16 from Ho + a bombardment.
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corresponds to, 1 Mev, while the average energy is ahout 0.5 dev.

The aluminum absorption of an infinitely thin sample is shown in Figpure 29.
The electromagnetic background was determined after the removal of all electrons
by 2 1400 mg/bmz beryllium absorber. No L x-radiation was observed here, although
a direct bervllium absorption of the 7.7 hour activity suggests this to be present.
The absorption curve shows electrons of ranges 70 mg/bmz and ~\~860 mg/'cm2 alumipum,
corresponding respectivelv to 0.24 and ~,2 Mev; +the harder radiestion is a complex
mixture of positive and negative electrons. Lead absorption of the electromagnetic
rediations (Fir. 30) shows two components of half-thicknesses 80 mg/bmz and 14.3
g/bmz. The energy of the former, 50 Kev, agrees well with the value for erbium
K x~-radiation.

An approximate ratio of positive to nerative electrons was obtained by
measuring the areas under the curves (Fir. 28) from the crude beta-roy spectrometer.
The ratio of both the soft and herd groups of zlectrons to the gross electromag-
netic radiation was obtained from aluminum absorption measurements with appropriate
cerrections. The following appnroximate ratios vere obtained from these measure-
ments :

0.24 Meve : 1 Meve : 2.1 Mev 8 : K x-rays : 1.7 Mev ¥
= 0.05 : 0.003 : 0.004 : 1 : 0.3

" The very complex radiations can be attributed to orbitsl electron capture in

Tmlse, leading %o excited or metastable levels of the daughter nuclsus. Electrons
arise from converted Y-ray transitions between the various levels or between
these a2nd the ground state. Positron emission mev #o to an excited level of the
deurhter nucleus, or directly to the ground state. Since the ratio of elcectrons to
K x-radiation is only 0.05, approximetely 95 percent of the K X-reys must arise
from orbital electron capture, snd it is assumed that 0.95 K quanta represent one
disintegration. Thus, the branching ratio for disintegration by positron emission

is about 0.5 percent.
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Fig. 29 Aluminum absorption of 7.7~hour Tm166 from Ho + o bombardment
K x-ray and Y-ray background ( A), complex hard electrons (B)

0.24 Mev electrons (C).
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Fig. 30 Lead absorption of 7.7-hour Tm166 from Ho + a bombardment.

1.7 Mev Y-ray (&) and K x-rays (B).
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It should be noted that the wide distribution of hard nerstive olcctrons ob- -
served (Fig. 28, Curve B) could be duc to a continuous beta speetrum of maximum
enerry rbout 1 Mev arising from beta branchine in Tm166, since it is very possible

166 is an unreported stable isotope of low abundance.1

166

that Yb
If the hard nepative electrons of Tm are a beta perticle spectrum, the
disintegretion by bete emission is approximstely 0.4% of that by orbital zlcctron

capture. The branching by beta and positron emission is thus almost the same.

2. 9.6 day TmiO'

After decay of the 7.7 hour isotope from both Ho + a and Er + p bombardments,

a residual activity consisting of 9.6 2o day and 85 e day componeﬁts was
observed in the column separated thulium fraction. The pross decay of the 9.6 day
activity was followed through ten, and Y-radistion, throusrh nine half-lives
(Fig. 31). The samples were studied on the crude beta-ray spectrometer, no posi-
trons being observed. The aluminum absorption curve of an infinitely thin, column
seperated sarple of the 9.6 dav activity from Ho + a bombardment is shown in Fig.
32. The electrons have a range of 52 mg/bmg aluminum, corresponding to 0.21 Mev.
The electromarnetic rodiation consists of four components of half-thicinesses
7.5 mg/cm2 aluminum, 80 mg/’cm2 lead, 770 mg/bmz lead, and 9.6 g/%mz lead (Fig. 33),
corresponding respectively to 6 Kev, 50 Kev, 220 Kev, and 0.95 Mev. The two soft
radiations agree well with the energies of erbium L and K x-radiation. The conver-
sion line corresponds well with the expected energy of an electron arising from
conversion of a 0.22 Mev Y-ray in the K sheil. The conversion coefficient is
aboutVZ.

From the above measuremeﬁtS, the following corrected ratios were obtained:

0.21 ilev € : L x-reys : K x-rays : 0.22 Mev ¥ : 0.95 Mev Y
= 0.3 : 0.2 : 1 ¢ 0.1 : 0.01

Assuming that K x-radiation arises from the production of the conversion
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Fig. 31 Gross decay of 9.6-day Tm167 (B) and 85 day (&) ™88 from Ho + a
!

bombardment.
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Fig. 32 Aluminum absorption of 9.6-day Tm167 from Ho + a bombardment.
K x-ray and Y-ray backeround (A), 0.21 Mev electrons (B),

and L x~rays (C).
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Lead absorption of 9.6-day Tm167 from Ho + o bombardment.

0.95 Mev Y-ray (&), 0.22 Mev Y-ray (B), K x-rays (C).
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electrons, then 0.7 K x~-ray quanta probably represent one disintegrafion by orbi-
tal electron capture.

This isotope has also been produced by the bombardment of tantelum with 190
Mev deuterons from the 184-inch cyclotron. The reaction producine the isotope |

is desimnated Ta-d-5z,16a.

5. 85 day Tm'°0

After the decay of the §.6-day isotope, a smallvresidual activity of long-
life (Fig. 31) was found in the column separated thulium fractions from the Ho + a
bombardments at 38 liev. In order to study this long-lived activity, 80 mg of
pure holmium oxide was bombarded with 19 Mev helium iohs for 54 microempere- hours.
The decay of electron and electromagnetic radiations of the isotope have been
followed through three half-lives to give a value of 85 e days. The aluminum
absorption curve (Fig. 34) shows electrons of.ranges 29.mg/bm2(0.16 Mev) and
150 mg/bmz(o.s Mev). The soft electromagnetic radiation corresponding to’L x-ray
enerpies was determined after removal of electrons by beryllium. The lead absorp-
tion (Fig. 35) of hard radiation shows components of half—thicknesses 77 mg/bmz
(49 Kev), 750 mg/om?(0.21 Mev), and 8.8 g/em®(0.85 Mev). The first of these
corresponds well with the wvalue for erbium K x-radiation. From these measureﬁents,
the following approximate ratios were obtained:

0.16 Mev e : 0.5 “wev e : L x-rays : K x-rays : 0.21 Mev Y : 0.85 Mev ¥
= 0.15 ' 0.02 : 0.2 : -1 : 0.2 - : 0.8

The energy of the soft electrons agrees well with that to be expected for K
shell conversion of the 0.21 Mev Y-ray. The conversion coefficient is about 0.8.
Assuming that K x-rays arise from conversion, then about 0.75 of the observed K
x-radiation may be considered to represent one disintegration by orbital electron
capture.

Since the 85 day activity is allocated %o Tmlss, the possibility of beta
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Fig. 3¢  Aluminum absorption of 85-day Tm168 from Ho + a bombardment.
K x-ray and Y-ray background (A), complex hard electron (B),

0.16 Mev electron (C), L x-rays (D).
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Fig. 35 Lead absorption of 85 day Tm168 from Ho + a bombardment

0.85 Mev Y-ray (A), 0.21 Mev Y-ray (B), K x-rays (C).
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branching exists, and the 0.5 Mev electrons observed are probably beta-radiation].'8
With the previous assumptions regardine K x-rays, then about two percent of the
disintegrations would proceed by beta-emission.

The 85-day isotope has also been observed in hombardments of erbium with
10 Mev protons.and thulium with fast neutrons. In both cases, the 127 day Tm17o
is also fo;med. The latter is reported to have no Y-radiationzz, and the x and
Y-radiation observed in the thulium fraction decays with a half-life of 85 days.
The allocation to mass 168 on the basis of reaction yields is thus confirmed.

4. Discussion

The cross sections for the formation of the three thulium isotopes are given

in Table X. The relative yields of the isotomes at various energies are sienifi-

cant, and allow allocation of the 7.7 hour, 9.6 day, and 85 day activities to

masses 166, 167 and 168 respectively on the basis of a,3n, a,2n and a,n reactions.

Table X
Enerpgy of a-particles in iev Probable Probable
Activity 38 31 19 Reaction Isotope
7.7 hours 1.1 5 x 1074 -- Ho-q~3n 166
-3 -3
9.6 days 7 x 10 0.1 10 Ho-a~2n 167
-4 -3
85 days 10 3 x 10 0.2 Ho~-a~n 168

The yields of the three isotopes in Er + p bombardments are in agreement with
the above allocations. Correcting the observed yields for isotopic abundances of
the erbium isotopes, the isotopic cross sections for all three cases, assuming the
psn reaction, are close to 2 x 10'2 barns. This cross section value was obtained

for the resction Lul75(p,n)Hf175. 8
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No evidence of thulium activities of half-life shorter than those reported

has been observed in Ho + a and Er + p bombardments.
el 75 (3)

F. 70-day ‘

In the hafnium fraction from the bomba;dments of column separated lutecium
with 19 Mev deuterons and 10 Mev protons, a single radicactivity with ﬂalf—life
of 70 ¥ 2 davs has been observed. UNo evidence of zirconium contamination or shortes
lived activities has been seen.

An 2luminum absorption curve of an "infinitely thin" sample mounted on mica
is shown in Fig. 36. The 1eaa absorption curve (Fig. 37) was meesured in an un-
shielded counter. The radiations consist of electrons, range 82 mg/bmz(O.S Mev);
electromagnetic radiations of half-thickness 14.5 mg/bmz aluminum (8.2 Kev),
100 mg/cm2 lead (55 Kev), 2.2 g/bmz lead (0.35 Mev), and 13.3 g/bmz lead (1.5 lev).
The energies of the two soft electromagnetic componepts correspond well with those
to be expected for the L and K x-radiation of lutecium. The 0.3 Mev electron cor-
responds to the energy expected_for conversion‘pf the 0.35 Mev Y-ray in the K-
shell.

The following ratios weré obtained from the above measurements:

0.3 Mev e : L x-rays : K x-rays : 0.35 Mev ¥ : 1.5 Mev ¥
= 0.1 H 0.1 : 1 : 0.2 : 0.056

The isotope thus probahbly decays by orbital electron capture, mainly to the
pround state, and also to two or more excited or metasable levels of the daughter
nucleus. 0.9 K quanta are assumed to constitute one disintegration by orbital
electron capture.

For 10 Mev protons and 19 llev deuterons on natural lutecium,the cross sections
are respectively 3 x 10~2 and 5 x 10_2 barns. These values are reasonable for the

p,n and d,2n reactions. Thus the isotope has been allocated to mass 175.
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Pig. 36 Aluminum absorption of 70-day Hfl75

from Lu + p bombardment.
K x-ray and Y-ray backeround (4), 0.3 ilev electron (B), L

x-rays (C).
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Fig. 37 Lead absorption of 70-day Hf175 from Lu + p bombardment.

1.5 Mev Y-ray (A), 0.35 Mev Y-ray (B), K x-rays (C).
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G. Tantalum Isotopeszo’ 2l
Four new tzntalum activities summarized in Table XI have been produced by
bombardment of lutecium with helium ions and hafnium with protons. The mass al-
locations have been made by yield determinations in Lu + a bombardments. The 8.0~

hour and 2.5-day activities have also been identified in the tantalum fraction

from bombardmert of 200 Mev deuterons using the 184-inch cyclotron.

Table XI
Isotope Type of Rediation Half-Life Energy of Radiation in Mev  Produced
Particles Y-rays by
176 - - + -
Ta K, e ,¥,(B ?) 8.0-0.1 hours  0.12,0.18(e”) L,K x-rays Lu-a-3n
y1(p™ ?) 2 Ta-d-pén
177 - + -
Ta K,e ,Y 2.50-0.05 days 0.1l1(e ) L,K x-rays Lu-a-2n,3n
~1.4 (weak) Hf-p-n
Ta~d-p,5n
178 - +
Ta B .Y 15.4-0.2 days 1.4 Very weak Lu=-a-n,2n
Hf-p-n
Ta179, K,e-,Y 100 days Lu~a-n
Hf-p-n
180 - o + -
Te K,¥,B (11%) 8.00-0.05 hours 0.7(87) K x-rays Ta~-n-2n
: : 1.3
1 - -
Ta 80 Kor IT e , 1652 min NAD.2 e Ta-n-2n
{3-,Y PVOOG B-

1. 8.0-hour Tal’®

The chemically separated tantalum from 38 Mev helium ion bombardment of lu-
tecium shows the 8.0-hour activity in hich yield.

The decay of the gross and electromagnetic radiations were followed separately



UCRL~298
Page 41

through about eight half-lives (Fir. 38); after correction for longer-lived
backgrounds, a half-life of 8.0 Ioa hours was obtained from several measurements.

In Figure 39 is shown the aluminum absorption of the radiations of the 8.0~
hour activity. Electrons of ranges .19 mg/cm2 (0.12 Mev), ~40 mg/bmz(o.la Mev),
and >400 mg/bmz ( >1 Hev) and electromagnetic radiation of half-thickness 16
mg/bm2(8.5 Kev) were observed. The lead absorption (Fiz. 40) shows electromag-
netic radiations of half-thicknesses m.115 mg/'cm2 (58 Kev) and 15.5 e/bmz(f\/z
Mev). The following ratios were obtained from the sbove measurements:

0.12 ilev €™ 1 0.18 Mev o ; 1 Mev e : L x-rays : K x-rays : 2 iev ¥

0.6

= ~ 1 i~ 0.04 : ~0.02 :M™0.5 : 1

The isotope thus probably decays by orbitel electron capture followed by the

converted Y-ray transitions from excited or metastable levels of the daughter

18

nucleus. The 1 iev electron may be a beta particle. 0.5 K quanta were as-

sumed to represent one disintegration by orbital electron capture.

2. 2.5 day Tall’

After decay of the 8.0-hour activity, an activity of 2.5 days half-life has
been observed; +the resolved gross decay of the 2.5-day activity was followed
throush eirht half-lives, and the decay of thé electromagnetic radiation through
nine half-lives to rive a half-life of 2.50 = 0.03 davs (Fig. 36, 41).

In Fig. 42 is shown the aluminum absorption after contribution (10%) of the
15-day tantalum activity at the time of measurement was subtracted. Resolution
shows an electron of total range 16 mg/bmz (0.11 Mev) together with soft electro-
magnetic radiation of half-thickness 16 mg/bmz (8.5 Kev) and hard electromagnetic
background. The lead absorption of electromagnetic radiation (Fig. 43) shows
components of half-thicknesses 120 mg/bmz (58 Kev) and ~LL3 g/bmz (1.4 Mev). The

following ratios were obtained from the alove measurements:
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Fig. 38 Gross decav of 8.0-hour Ta176 (B) and 2.50 day 777 (A)

with 15.4 day background (C) from Lu + a bombardment.
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Fig. 39  Aluminum absorption of 8.0-hour Ta176 from Lu + a bombardment.
K x-ray and Y-ray backrround (4), H1 Mev electron (B), 0.18 ilev

electron (C), 0.12 Mev electron (D), L x-ravs (E).
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Fig. 40 Lead absorption of &.0-hour Tal76 from Lu + a bombardment.

~2 Mev Y-ray (4), K x-rays (B).
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Fig. 41  Gross decay of 2.50-day Tal'' (C), 15.4 day Tal’® (B) and

420 day Ta179 from Lu + o bombardment.
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Fig. 42 Aluminum absorption of 2.50-day Tal77 from Lu + a bombardment.
K x-ray and Y-ray background (A), 0.11 Mev electron (B) and

L x-rays (C).



TRANSMISSION
o .

%

.0

L 1

20

40 60 80
ma/cm® ALUMINUM

100

120



UCRL-298
Page 411

Fig. 43 Lead absorption of 2.50-dav Ta177 from Lu + a bombardment.

1.4 Mev Y~ray (4), K x-rays (B).
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0.11 Msv © : L x-rays : K x-rays : 1.4 Mev ¥
= ™~ 0.3 t 0,35 : 1 :+ 0.005
It appears that this isotope decays by orbital electron capture followed by
converted Y-ray transitions between metastable levels of the daughter nucleus. 0.7
K quanta were taken to be one disintegration by orbital electron capture.

3. 15+4-day Tal78

The half-life of this isotope resolved from the Lu + a bombardment (Fig. 41)
is 15.4 £ 0.2 days through six half-lives. The aluminum absorption curve (Fig-
44) shows the radiation to consist almost entirely of hard electrons, range 610
mer/cm2 (1.4 Mev). The shape of the absorption curve and the low percentage of
electromapnetic radiation suggests beta-radiation and allocation to mass 178.(18)
The beta-radiation has been confirmed by study of the isotope on thé crude beta-
ray spectrometer. The Feather range 770 mg/bmz corresponds to 1.656 Mev, maximum
energy.

Sufficient intensity was not available to allow a lead absorption of Y-
radiatiosn, but from the decay of tantalum electromagnetic radiation and
aluminum absorption measurements, an upper limit of 0.002 ¥ or K x-ray quanta per
electron is obtained. Assuﬁing 1% counting efficiency for such radiation, the
Y/@ ratic is less than 0.2, which further confirms the designation of the 15.4
day activity as a beta-emitter. The isotope has been observed also in the tan- °
talum fraction from Hf + p bombardments; the resolved decay and radiation charac-
teristics agree with those from Lu + o bombardments. |

4. >100 day Tal79

After decay of shorter-lived activities, tantalum fractions show, in both

Lu + a and Hf + p bombardments, a long-lived activity. The half-life at present

appears to be ~_120 days.

.

The aluminum absorption shows electrons, rance ~.20 mg/bmz (0.12 Mev), soft
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178

Fig. 44 Aluminum absorption of 15.4-day Ta 7 from Lu + a %bombardment.

K x-ray and Y-ray background (A), 1.4 Mev beta (B).
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electromagnetic radiation, half-thickness N\16 mg:,/cm2 and K x-rays or Y—fadiation.
For estimation of yields, one K x-ray quantum was assumed to indicate one disinte=~
gration.

A more intense sarple of this activity has been recently prepared by proton
bombardment of hafnium, and a more detailed report will be published subsequently.

5. 8.0-hour and l6-minute 10,180 (21)

Two activities of half-lives 8.2~hours and l4-minutes have been produced by

. . 23 i .
n,2n and Y,n reactions in tantalum. These activities have now been re-examined.

Very pure tantalum was bombarded with fast neutrons from Be + d resction; the
short-lived activity was studied without chemical separation, but separation was
made for the 8-hour activity.

The decay of the gross and electromagnetic radiations of the longer-lived
activity were followed through ten half-lives (Fig. 45) and a value of
8.00 2 0.05 hours obtained. A small long~lived background was identified as the
117-day Ta182 produced‘by neutrQn capture. The aluminum ebsorption curve of the
eirht~hour activity (Fip. 46) shows beta-particles of ranze 210 mg/bmz (0.6 Mev),
Peather range 238 mq/bmz (0.7 Mev) and hard electromagnetic radiation. The
lead absorption (Fic. 47) shows components of half-thickness 115 mg/bm2 (58 Kev)
and 12.2 g/cm2 (1.3 Mev); the energy of the former corresponds well with the
energy of hafnium K x-radiation. From the measurements; the following ratios were
obtained:

0.7 Mev B~ : K x-rays : 1.3 Mev v =
0.13 : 1 : 0.02

The isotope thus appears to decay predominantly by orbital electron capture.

Taking one K x-ray quantum as representing one disintegration by orbital electron

capture, the brahching by. beta-particle emission18 is around 11%.
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180

Fig, 45 Gross decay of 8.00-hour Ta (B) and 117 dav 10182 (&)

from Ta + n bombardment.
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Fip. 46 Aluminum absorption of 8.00-hour Talﬁo from Ta + n bombardment.

K x-ray and Y-ray background (4), 0.7 Hev beta (B).
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Fig. 47 Lead absorption of 8.00-hour Talso from Ta + n bombardment. 1.3

Mev Y-ray (&), K x-rays (B).
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The short-lived isomer was studied in short bombardments and a half-life of
16 ¥ 2 minutes obtained. This activity is formed in very low yield, the satura-
tion intensity being only about 1% that of the 8.0-hour activity. A rapid
measurement of the aluminum absorption of the mixed activities was made and the
contribution -of the 8-hour activity subtracted. The.resolved aluminum absorption
curve (Fig. 48) of the 16-minute activity shows very soft electrons, renge
N20 mr/bmz (0.12 Mev), hard electrons or beta particlgs, renge ~,180 mg/bmz
(~0.6 Mev) together with K x-ray or Y-ray background. The approximate ratios of

)
the radiations are:

0.12 Mev e~ : 0.6 lev 8~ + K + Y-rays
A0.2 i Nn,0.05 1

Since the soft electron was not observed in the decay of the 8.0-hour activity,
it seems unlikely that these electrons arise from Y-ray transitions in hafnium
following orbital electron capture, and the l6-minute activity may decay, par-
tially at least, by isomeric transition. The hard particle present suggests a few
percent branching by beta-particle emissionle.

6. Discussion

The relative yields of the tantalum isotopes have been estimated for 38, 31,
and 19 Mev helium ion bombardments. In order to show most readily the yield
varietion with energy (Table XII), the yield of the most abundant activity in each
bombardment is taken to be unity. In pérentheses are given the approximate cross
sections in barns. Since lutecium has two stable isotopes, tantalum isotopes of

masses 177 and 178 can be formed by both a,3n and q,2n, and a,2n and q,n reactions

respectively, while isotopes of masses 176 and 179 can only be formed by

Lu175-a-5n and Lu176-a—n reactions respectively.

It should also be noted that such cross sections may not comprise the whole

a,¥n reaction since undetected short-lived activities may also be formed.
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Fig: 48 Aluminum absorption of l6-minute Talso from Ta + n bombardment.
K x-ray and Y-ray backpround (A), 0.6 Mev beta (B), 0.2 Mev

electron (C).
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The variations of the observed yields (Table XII) shows that allocation of
the 8.0-hour, 2.5-day, 15.4-dav, and "\v/120-day activities to masses 176, 177, 178
and 179 respectively is reasonable; further, these variations and the order of
magnitude of the yields themselves agree reasonably with those found for helium ion

bombardments of holmium6.

Teble XII
. Energy of Helium Ions in Mev Probable .
Tantalum Activity 38 31 19 Reaction Mass
8.0-hours 1 0.09(10-2) Lu175a,3n 176
175

2.5 days 0.05 1(0.1) Lu” "Ya,2n 177
Lul76q,3n

15.4 days 0.006  0.002(2 x 107%) wt%a,n 178
Lul76q,2n

> 100 deys Lul76a,n 179

The yields of the 2.5-day, 15.4 day and >100-day activities in the 10 Mev

proton bombardment of hafnium agree with the present allocations. The presence

of the 8.0-hour Tal76 is masked by the simultaneous formation of the 8.0-hour
Talso (21) in Hf + p bombardments.

H. Rhenium Isotopeszo’ZI

Three new rhenium activities of half-lives 12.7 hours, 64-hours, .and
/120 days (Teble XIII) have been produced by helium ion bombardment of tantalum
and proton bombardment of tungsten and have been allocated to maséeé 182, 182, and
2

183 respectively. The allocation of a long-lived rhenium activity 4 to mass 184

has also been confirmed.
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Table XIII

Energy of Radiation in Mev Produced

Isotope Type of Rediation Helf- Life Particles Y-rays by
Re182 Kor IT e ,¥Y 12.7 hours 0.16(e") L,K x-rays Ta-a-3n
(B~ 7?) 1l (B-7) 0.4,1.8 W-p-n
Rt K or ITeT,¥ 64.0%0.5 0.11,0.27(¢”)  L,K x-rays Ta-a-3n
hours 0.22,1.5 W-p-n
Re 183 K,e™,Y ~120 days 0.16(e™) L, K x-rays Ta-a-2n
100 W-p-n
Rel® 167,87,y 40 days 0.1,0.22(e") 0.17, 1.05  Ta-a-n
' 0.86(B") W-p~n
Re~-n-2n

182 182

1. 64.0-hour Re s 12.7-hour Re

In the bombardment of tantalum with 38 Mev helium ions, two activities of
half-lives of 12.7 hours and 64.0-hours were observed, in addition to the longer-
lived isotopes of masses 183 and 184. The two short-lived isotopes were observed
in the same ratio, but with greatly lowered intensities at 30 Mev, and not at all
at 20 Mev bombarding energy. This observation is consistent with production by
G,3n reaction. That the 12.7-hour activity cannot be Re181 produced by the a,4n
reaction is shown by the constancy of the 12.7-hour to 64-hour intensity ratio,
and particularly by the production of the 12.7-hour activity in hich yield by
proton bombardment of tungsten at energies (10 Mev) where the P,2n reaction does

v i8l »(25)

not occur. Further, the yield of the 140-da which would be produced

as the daurhter of any RelBl

formed in the helium ion bombardment of tantalum, agreas
well with that to be expected from the known deuteron contamin&ion of the helium
ion beam (< 1%) and the measured cross section (2 x 1072 barns) for the Ta~-d-2n

reaction.
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2. 64.0-hour Re182

The gross decay of this activity, which comprises the bulk of thé radio~
activity in the 38 Mecv helium ion bombardment of tantalum, has been followed
throurh twelve half-lives to give a value of 64.020.5 hours for the half-life
(Fig. 49). The radiations consist of several electrons, i-rays, and hard Y-
radiation, all of which have been followed separately to give this same half-life.
The aluminum absorption of the radiations is shown in Fig. 50. Two electron
components have been resolved of ransges 16 mg/bmz (0.11 Mev) end 70 mg;/'cmz
(0.27 Mev). The lead absorption.curve (Fig. 51) shows complex electromagnetic
vradiation of half-thicknesses 140 mg'/cmz (62 Kev), 550 mp:/cmz (0.22 Mev) and
13.5 mg/bmz (1.5 Mev) in addition to the soft radiestion, hp%f—thickness 21 mg/bm2
aluminum (9.3 Kév)_from the aluminum absorption. The &two soft components agree
well with the expected L and K x-radiation of tungsten. No positrons were de-
tected in a very active sample studied on & crude beta-ray spectrometer. From
thesec measurements, the following ratios w-re obtained:

0.11 Mev e  : 0.27 Meve : L x-rays : K x-rays : 0.22 Mev Y 1 1.5 Mev ¥
= 1.4 : 0.2 ANY O | : 0.7 0.45

In view of the very complex nature of the radirtions, it was thought that
a shorter-lived lower isomer of the 64-hour activity might be present - possibly
the 12.7-hour rhenium activity. The attempt outlined below was made to separate
such a lower isomer. |

A carrierless solution of rhenium was prepared from the tanpélum target after
solution in nitric ;nd hydrofluoric acids. Then the tantalum was precipitated as
the hydrated oxide by addition of boric acid, followed by ammonium hydroxide. The
filtrate‘was evaporated with strons nitric acid and the solution which should
contain the radioactive rhenium as the perrhenate, was diluted énd made alkaline

{
with ammonia. If the 64-hour activity produced a lower isomeric daurhter, part
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183 (

Fig. 49 Gross decay of 64.0 hour Re182 (B) and 120 day Re 4)

from Ta + a bombardment.
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Fig. 50 Aluminum absorption of 64.0-hour Relsz from Ta + a bombardment.
K x-ray and Y-ray background (4), 0.27 Mev electron (B), 0.1l

Mev electron (C), L x-rays (D).
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Fip. 51 Lead absorption of 64.0-hour Re182 from Ta + a bombardment.

1.5 Mev Y-ray (A), 0.22 Mev Y-ray (B), K x-rays (C).
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of the activity of the latter could be expected to remain in the III or IV oxida-
tion states, which could be removed by scavenging the solution with ferric
hydroxide. No evidence for such an isomer was observed, and it may be presumed
that the various electrons of the B84-hour activity arise from conversion of Y-
ray transitions from metastable levels in the daughter nucleus following orbital
electron capture.

I4 is somewhat difficult to decide what radiations constitute one disinte-
gration, since x-rays can come from conversion as well as L or K orbital electron
capture. The relative yields at various bombarding energies in Table XIV. were
calculated on the assumption that one K x-ray quantum represents one disintegra-
tion.

3. 12.7 hour Re182

In bombardments of tantalum with helium ions, an activity of 12.7 hours half-
life was found to accompany the 64-hour Relsz. The activity was found also in the
bombardment of tungsten with 10 Mev protons. The decay of the gross and electro=-

macnetic radiations from both Ta + a and W+ p (Fip. 52) were followed through

four and eight half-lives respectively to give a value of 12.7 I 0.2 hours.

The radiation characteristics were obtained by resolution of aluminum and lead
absorption curves after subitraction of the contribution of longer-lived activities
at the time of measurement. The aluminum and lead absorption curves for the 12.7
hour activity are shown in Fic. 53 and Fip. 54 respectively. The radiations con-
sist of electrons of ranges 35 mg/bmz (160 Kev) and .- 400 my/bmz (A1 Nev);

and electromagnetic radiations of half-thicknesses 20 mg/cm2 aluminum (9.3 Kev),
140 mg/bmz lead (62 Kev), 3.0 g/bmz lead (400 Kev) end 15 g/bmz (1.8 Mev). The
two soft electromarnetic radiations correspond well with tungsten or rhenium L

and K x-raedistion. From the measurements, the following ratios were obtained:
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Fig. 52 Electromagnetié decay of 12.7 hour Re182 (B) and 64.0-hour

182
e

R background (A) from Ta + a bombardment.
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Fig. 53 Aluminum absorption of 12.7 hour R6182

from Ta + a bombardment.
K x-ray and Y-ray background (A). 1 Mev electron (B), 0.16 Mev

electron (C), L x-rays (D).
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Fig. 54 Lead absorption of 12.7 hour Re18? from Ta + a bombardment.

1.8 Mev Y-ray (A), 0.4 dev Y-ray (B), K x-rays (C).
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160 Kev ¢ : "1l Mev e : L x-rays : K x~-rays : 0.4 dev ¥ : 1.8 Mev ¥

1 : 0.25 : 0.15

..

0.04 : 0.003 : 0.5

The isotope thus appears to decay by orbital electron capture, although
partial decay by isomeric transition to the 64-hour activity is not excluded.
The hard negative electron observed in the radiation of the 12.7-hour activity may
be a beta-perticle, in which case, the branching by beta disintegration to an un~-
reported beta stable osmium isotopels, Os182, would be approximately 0.3%.
Since no hard electrons were observed in the radiations of the 64~hour activity,
this may be presumed to be a lower isomer of the 12.7-hour isotops.

For calculation of relative yields one K x-ray is assumed to represent one
disintegration by orbital electron capture or isomeric transition.

‘4. 120 day Re183 and 40 day Re184

After decay of the short periods in Ta + a, W + p, and Re + n bombardments,
184

a long-lived activity remains. A 50 day activity, allocated to Re and decaying

by ©both orbital electron capture and beta emission is known, and has been well
characterizedZI’ 24. The long-lived activity now obtained from fast neutron bom-
bardment of rhenium has a half-life of 40 I 2 days measured through 2 periods.
The resolution of the long period decays from Ta + o and W _+ p bombardments
gives also the 40-day half-life (Fig. 55). This is somewha+t shorter than: that
obtained by previous workers24, but since the decay has been followed through
several periods, 40 days is considered to be a better value. The measured

radiation characteristics agree with those obt: ined by others.

In the rhenium fractions from Ta + & and W + p bombardments, an activity of

-

~u 120 days half—life has been observed after decay of the 40-day period. A pure
intense source of this isotope was-obt&ined from aged tuhgsten. exit strips which
had received deuterons, protons, and helium ions from the 60-inch Crocker “abora-

tory cyclotron.
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Fir. 55 - Gross decay of 40 day Re 184 (B) and 120-day Re 185 (1) from

Ta + a bombardment.
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The aluminum absorption of an infinitely thin sample is shown in Fig. 56,
and the lead absorption of & more active sample, in Fig. 57. .The radiations
consist of electrons, range 35 mg/bmz (0.16 Mev) and electromarnetic radiations of
half-thicknesses ~.21 mg/bmz aluminum (9.4 Kev), 140 mg/cm2 lead (62 Kev), and
10 g/bm? lead (1.0 Mev). On the crude béta-ray spectrometer, only a single peak
of very_soft electrons of ~.0.15 Mev energy were observed; no positrons were
detected in a very active sample. The following ratios were obtained from these
measurements:

0.16'Mév e 1t L x-rays : K x-rays ¢ 1 Mev ¥
0.4 : ~vlel : 1 : 0.1

The isotope appears to decay by orbital electron capture, with electrons
arising from subsequent Y-ray transitions. The isotope has been allocated %o
mass 183 on the basis of yields (Table XIV) in the helium ion bombardments of
tantalum; the absence of hard electrons or beta particles is also in agreement
with the present allocationls.

5. Discussion

Because of the complexity of decay schemes, only the rélative yields in
helium ion bombardments at various energies can be considered reliable. These
ware calculated taking one K x-rzy quantum as representative of one disintegra-
tion by orBital electron capture. The results agree in trend with those for

helium ion reactions at the same enBrgies on other elements.
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Fig. 56 Aluminum absorption of 120-day Rels3 from old tungsten-eiit
strip. K x-ray and Y-ray background (A), 0.16 Mev electron (B),

L x~rays (c).
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Fip, 57

Lead absorption of 120-day Re183

1.0 iev Y-ray (A), K x-rays (B).
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from cld %tunssten-exit strip.

.
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Table XIV
Half-Life Helium Ion Energy Probable
38 31 19 Reaction
12.7 hours 0.5 0.5 - a, 3n
64.0 hours 1 1 - a, 3n
120 days 0.02 0.5 0.7 a,2n
40 days 0.01 0.07 1 a,n
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