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Some New Neutron Deficient Radioactive Isotopes of the 

·Rare Earth Region 

Harry G. Hicks 

ABSTF.ACT 

:Neutron deficient radioactive isotopes of neodymium, promethium, terbium, 

holmium, thulium, hafnium, tantalum, and rhenium have been prepared by cyclotron 

bombardmen·t employinr. he)ium ions, deuterons, protons and fast neutrons from the 

60-inch cyclotron of the Crocker Radiation Laboratory of the University of California. 

Their radiation cbaracteristics and half-lives have been measured. rm.ss al-

locations hav3 been determined by chemical identifice.tion, and by cross-bombardment 

and yield techniques. 

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

bombardments of tantalum with the 184-inch cyclotron. 

The production and properties of these new isotopes are suMmarized in Table I. 
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Table I(Cont 'd) 

Isotope Type of Half-Life Energy of Radiat;ion in Mev Produced 
Radiation Partie les Y-rays by 
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Some New Neutron Deficient Radioactive Isotopes of the 

Rare Earth Region 

Harry G. Hie ks 

I. Introduction 

Good radiochemical separations of the majority of the rare earth elements 

tad heen impossible before the application of ion exchanf"e resins to this 

1 
problem • Cyclotron bombardments could now be undertaken to characterize their 

hitherto unknown neutron deficient radioactive isotopes with comp1.ete c:onfidence 

in the speed and certainty of chemical identification. A systematic series of 

bombardments was undertaken to identify these isotopes in order to further the 

knowled~e of neutron deficient isotopes and to allow interpretation of reactions 

with hif"h eneri'=y particles on elements of hie;her atomic number. 

The best veneral. method of approach appeared to be the bombardment of the 

elements of odd atomic number; for wi tL 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 a,3n, a,2n 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 considerations, 

proton reactions on the adjacent element (Z + 1) would permit the identification 

and allocation of the remaininf. nuclides. 

"'Nhen sufficient knowledp:e of the ref.ion 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 dau~hter activities. 

Vnryinr: bombardment times enabled the detection of nuclides ranf.ing in 

half-life from 20 minutes to r.reater than one year. 
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II. Experimental ~thods 

A. Bombardments 

The most desirable tar~et material in a bombardment is the metal because 

of its ease of manipulation. This was only possible with tantalum, tun~sten 

and rhenium. The rare earths and hafnium necessarily must be bombarded as oxide~. 

VJhen comparatively larr-e amounts of the tarret element oxides were avail-

able, r;nnroximately one hundred milligrnms of the oxide was spread on a grooved 

coDper plate. The oxide was wetted with sodium silicate solution as an adhesive 

and dried under an infra red heat lamp. Additional protection was afforded by a 

0.0002 inch tantalum foil over the target. Targets so prepared have withstood 

over one hundred microampere-hours of 20 Mev deuterons without loss. 

In all cases where relatively small amounts of the tarret materials were 

available, ten to twenty millirrams of the finely powdered oxide were similarly 

mounted on a small ~rooved platinum boat which was silver soldered to a water 

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 Mev deuterons, 10 Mev protons and fast neutrons from the 60-inch Crocker 

Labora"~ory cyclotron. To reduce the energy of the beam incident on the target, 

sui-'-·able thicknesses of tantalum foil were placed over the tarret. The mass 

thickness in rnr/cm
2 

of the tantalum foil was obtained from curves by Rossi and 

Jones from tl,e theoretics. 1 data of Aron, Hoffman and Vlill iams. 

· Tantalum foil was bombarded with 200 Mev deuterons from the 184- inch cyclo-

tron. 

B. Chemical Separations 2 

The problem of chemical separations is divided into two reneral 

cater"ories; the separation of hafnium, tantalum, tunrsten and rhenium from them-
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selves and from the rare earth ele~ents, and tl,e separation of the individual 

rare earths. Assume a bombardment of tnntalum with 400 iVIev helium ions to 

illustrate chemical separations. 

1. Isolation of R8re Earth Fraction 

Tantalum was dissolved in hydrofluoric acid with nitric acid 

beinP: added dropwise. The fluoride ion was then complexed with boric acid and 

cerjum III solution added to carry the rare earth activities. ·The rare earth 

fluoride was precipit~ted with additional hydrofluoric acid. The separation of 

the individual rare earths is discussed on pa~e 10 et. seq. 

2. Separation of Rhenium 

The eYcess nitric acid was destroyed with hydrazine sulfate 

after the addition of carriers for hafnium, tunr,sten a.nd rhenium. Rhenium was 

completely precipitated from the boilinl'" hydrofluoric acid solution as the sulfide 

with hydro~en sulfide which was then dissolved in sodium hydroxide und hydror,en 

peroxide, and sea venf.ed with ferric hydroxide. The solution was made at least 

6N in hydrochloric acid, and the sulfide precipitBted from the boiling- solution. 

In cases where contamination mi~ht follow throuqh this procedure, the sulfide was 

heated in a still with sulfuric acid to metathe•lize Ue sulfide to the volatile 

oxide. The distillate was collected in water, acidified, and the sulfide repreci-

piteted. 

3. Separation of Tunrsten 

After the filtrate was boiled to expel hydroren sulfide, hydro-

chloric acid, solid ammonium thiocJranate, metallic mercury and solid boric acid 

were added in that order to the boilinr solution. This procedure produced an 

apple green thiocyanate complex of tungsten which extract0d quantitatively into 

ethyl acetate. The organic layer was washed with 6N hydrochloric acid tv:ice and 

evaporated. Just before dryness was reached, one cubic centimeter of 6N hydro-
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chloric acid containinr two or tJ,ree drops of 30% hydrorcn peroxide was added. 

This destroyed the tunrsten blue and precipi be ted the trioxide. 1he washed tri-

oxide was dissolved in concentrated sodium hydroxide and centrifuged to separate 

from any mercury carrying throu~h the procedure. Tungsten oxide was reprecipitated 

from a boilinf solution by the addition of concentrated nitric acid and a drop of 

wettinr avent. The trioxide was washed, dried and weil!hed for chemical yield 

measurements·. 

4. Sepa~ation of Hafnium
3 

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 boilinp-. This ensured the solution of any/\ present 

and afforded an additional separation from tun~ston and rhenium. ~is precipitate, 
ammonium . 

after vrashinr with concentrated/\: hydroxide, was dissolved in hydrofluoric 

acid. The solution was adjust3d to 3N in nitric nnd hydrofluoric acids and 

barium nitrate added. The radiochemically clean barium hafnium fluoride was 

precipitated, washed, and dissolved in hot .8N nitric Ecoid whict had been saturated 

with boric acid. The hydrated oxide was precipitated with ammonium hydroxide, 

i?nited to the dioxide and wei~hed for chemical yield measurements. This pro-

cedure does not separate hafnium nnd 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 potassium tantalum fluoride by the addition of an excess of satur-

ated potassium fluoride solution. This precipitate was dissolved in BN nitric 

acid saturated with boric acid, e.nd th·e hydrated oxide precipitated with ammonium 

hydroxide. The hydrated oxide was i~nited and weiphed as Ta
2
o

5 
for chemical 

yield measurements. 
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Tho cerium III fluoride was we-shed :md dissolved in SN nitric 

acid saturated with boric acid. The hydroxide was precinite.ted with ammonium 

hydroxide, wnshod, dissolved in nitric ncid, zirconium holdback up:ent added 

und the cycle repeated. Three such cycles were sufficient to ensure complete 

purification in n:-:arly 100% yield. A small amount of lanthanum (1.0 mg) wo.s 

added to tho final solution in stronp.: nitric acid, ::md tho cerium oxidized to the 

IV oYidation state with sodium bismutha te. The cerium wr,s then removed by pre-

cipitr:.tion of the cerium IV phosphatcl from 3N nitric e.cid solution. 'l'he lt~nthanum, 

with the rare e.o.rth activities, was rGcoverod as the fluoride which was then con-

verted to the chloride for subseauent septuPtion of the individual rare earth 

activities on ion exchr.nge resin columns. 

7 I "' h n . C l l . on .t:ixc a nr·e .!\.9S~n o umns 

Tho first step in column sepantion wns the careful adjustment 

of the rare of'.rth cl1loride solution to about O.lN in hydrochloric acid. 'I'he 

rHre e~:.rth ions were then adsorbed on r. small quantity of the ion exchanre resin 

end transferred to the top of a resin column. 

A complexinp arent for the rare er.rths, amonium citrate, was then passed 

throur-h the column under strictly controlled conditions. The individual rc.re 

er'.rths pass down the column with diffGr?nt rates; lutecium being the first to 

appear in the elu8te, followed by ytterbium, thulium, erbium, etc., in succession. 

To determine the characteristics of column separations 8nd optimum separr·.tion 

conditions, mete ro amounts of inactiv0 rare earths Elnd rndioncti ve tracer Y91 

were used. 'l'he former were determined spectroscopicnlly4 e.nd y 91 by its rcdio-

activity (Fig. 1). 



Fig. I Standard rare earth elution 
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50 x 0.4 em Dowex-50 column. Flow rate, 0.08 ml/cm2/min. 

Sampling: time 15 minutes; eluate volume in milliliters is 0.282 

x sample number. 91 
Y was measured by its radioactivity, other 

rare earths spectroscopically. Terbium is estimated since the 

cyanoren bands obscure the terbium lines. Eluting: agent is 

citric acid ad jus ted to· pH 3 .05 with armonium hydroxide. 
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All column separations w0re mnde using Dowex 50
5

, an aromatit; 

hydrocarbon polymer containinf- many nuclear sulfonic acid groups. The resin was 

supplied as the sodium form in colloidal o.rrrlomerates, Bc.tch 19891 M. The 

e-rrunonium form of ~.:he resin was prepared by stirrine: with saturated ammonium 

chloride solution; excess ammonium chloride was removed by water washin~. The 

resin was graded so that t:;e settling time of the selected particles was less than 

five minutes for five centimeters in water at room tempernture. The lenr:;th of the 

preliminary resin column was 50 em., with a diameter of 0.4 em. In subsequent 

runs, it was found that 20 em. x 0.4 em. and 20 em. x 1.0 em. columns rave 

excellent separation. 

9. 
6 Scpe. rP. tion of RarP Earths 

The rare eRrths were precipitated ns the hydroxides, washed 

n.nd dissolved in a minimum of dilute hydrochloric r.cid. The pH was adjusted be-

wreen the limits of 0.5 and 1.5 with hydrochloric acid only thus keeping the ionic 

strenr.th of the solution at a minimum. This solution we.s then aritated with about 

0.2 ml. of resin while standin~ in a hot water bath. This trentmont continued 

for about 15 minutes. Longor contact would permit excessive diffusion of the 

ions into tho interior of the arrlomerates ~ith subsequent slow elution and poor 

separation. 

This resin vrP.s tLen trans:r.:rred to the top of the resin column, and tho eluting 

arent passed through. 

The elutinr arent 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 unnecessary. It is very 

importent for p-ood sepr-,r~tion that the ionic strenf'th be held to H minimum, hence 

these precnutions. 
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The flow rete was approximately 0.03 milliliter per square centimeter of 

column area per minute. Viitr n column of diameter 0.4 em. and rop size of 0.03 

ml., this flow rete corresponded to one drop in three Etnd one-hRlf minutes, r.nd 

npproximated equilibrium conditions very closely. 

The clur.te wns colL:cted in 10 x 75 mm. rimless frlass tubes plnced in n per-

fora ted turntable, which could be rota ted automatice.lly at various time intervals, 

to plnce succe";ding tubes under the column. Sr.mples were normally collected for 

15 minutes. Aliquots were tr.kcn with micropipettes o.nd eva pore ted on stn in less 

st·:?el disks for countinp-. Mecro amounts of rare earth clements were determined 

by spectrop:raphic f'nnlysis of e.liquot portions. To estimate the degree of sepa-

ration achieved, the amount of rare earth thus determined was plotted against 

sample number. In all column runs, samples collected before the elution of one 

11 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 

ap-ent. After a thorouP"h washinr with water, the c)lumn was arain ready for use. 

R . 6 
10. ecovery of Kare Earths 

After separation on the column, the rare earths were recovered 

by evaporation of the citrate solution with nitric and perchloric acids and sub-

sequent ifnition. The rare earth residue was then extracted with hot nitric 

acid and the hydroxide precipitated with a~monium hydroxide. If the solution 

contained only trace amounts, a small amount of lanthanum was added as a carrier. 

11. Further General Column Discussion6 

In a;1dition 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 em. 

diameter columns, the maximum capacity corresponded to approYimately ten milligrams 
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and one hundred millil"rams of re.re earth oxide respectively. When the starting 

materials contained sirnificant amounts of other rare earth impurities such that ' 

purification prior to bombardment was necessary, a 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 em. and 1.0 em. diameter column runs, 

the amount of citrate flowinr through unit cross-sectional area bein~ kept constant. 

The Prorress of any particular inactive rare earth throur.h the column could 

be checked bv usinr: radioactive tracer for a neighborinr. heavier rare earth • 

.After elution of the activity, the sample numbers of the desired inactive rare 

earth were estime.ted from the s+:anderd elution curve, Fig. L Aliquots of the 

se.r1ples were then examined spectroscopically to allow the pure rare earths to be 

isolated. 

The standard elution curve shown in Fig-. 1 was obtained with inactive 

materials and y9l tracer. It should be noted that while the lutecium and ytter-

bium peaks were very close top:ether, aliquots from peak sar·ples he.ve no detectable 

lines of each other or any other rare earth in their spectra. Thus samples of 

these neip-hboring 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 Fif.. 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 inactive 

carriers of lutecium, ytterbium, erbium, and dysprosium added as references and 

determined spectroscopically. 

12. Separation of Three Tracer Components 

A further example of a column separation 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 bhe peaks. The activities 
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Column separation of thulium activities from Ho + a bombardment. 
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Fig. 3 
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Column separation of rrre earth spallation products from 

200 w~v deuteron bombardment of tantalum. 
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shown in Fir• 3 were spallation products, obtained by the bombardment of tantalum 

with 200 Mev deuterons from the 184-inch cyclotron. Lanthanum was used as a 

carrier for these radioisotopes. A study of the radiation characteristics and 

decavs of peak samples revealed no evidence of contamination. 

13. Separation of Europium 

Europium has been purified prior to, and recovered after born-

8 bardment by a modification of McCoy's method The europium in 6N hydrochloric 

acid was reduced to the divalent state by boiling with zinc amalgam. Other rare 

earths were precipitated by carbonate-free ammonia using cer1um as a carrier. 

After centrifugying, the supernatant was withdrawn, the europium oxidized with 

ozone, and then precipitated with ammonia. This procedure was repeated with both 

fractions to insure complete separation. 

14. Rare Earth Oxide Bombardments 

~ihen 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, r:old, mercury, copper, zinc and g:all ium activities oo uld conceivably 

have been contaminants from the mounting, it was necessary to separate the rare 

earth activities from these elements. 

The rare earth oxide was dissolved in hot concentrated nitric acid and the 

insoluble silica residues 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 co. 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 

comin~ from the target. 

Holdback agents for all possible contaminants were added and the fluoride 

precipitated in 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 

hydroxide. Two more such cycles were repeatad and the final hydroxide dissolved 

in a minimum of concentrated hydrochloric acid, and transferred to a one cc. 

volumetric flask. Aliquots were then taken with micropipettes for countinr:, column 

separation and v1eirhinr to determine chemical yields. Yields were determined by 

precipitation of tbe oxalate, followed by ir.:nition to the rare earth oxides and 

weighinp:. 

C. Radioactive Measurement 

MeAsurements were made with end-on Gei~er-Mllller counters which had 3 

mg/cm2 .mica windows and were filled with 10 em. argon and 1.0 em. alcohol. Varia-

tions in counter efficiency were taken into account by the use of a ux2 standard. 
64 

The scaling circuit used was of conventional type,scule of~~ith 1.2% per thousand 

counts per minute coincidence corrections made. A crude b·:·ta-ray spectrometer 

of low resolution enabled the distinction of positive e.nd negative electrons end 

served as a check on absorption measurements. 

1. Absorption measurements
9 

Radiation characteristics of radioactive nuclides were deter-

mined by means of lead and aluminum absorptions of their radiations. Aluminum 

absorptions were taken in the conventj_onal manner, and the re.nre of electrons 

has been taken as the minimum absorber thickness required for total absorption, i. 

e., aluminum plus air rap plus window. Feather analyses were used to determine 

the ran~e of beta 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 was interpreted as the difference between the measured E~)~c:-_ 

tromap:netic radiation and the extrapolation to zero absorber of the harder back-

{?'round. 
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Lead absorptions were taken in low reometry enabling the utilization of ab­

sorbers up to 45 e/cm2 between the ti'TO beryllium absorbers. The absorber im-

mediately above the sample was thick enou~h to remove all particles coming from 

the sample, and the second, just below the counter window, was thick enourh to 

remove all secondary electrons, so that only x-re.ys and Y-rays were counted. A 

thick beryllium absorber was placed just below the sample to aid in minimizing 

scattering effects. It was found that when there was a hE',rd Y-ray, the lead half-

thickness as measured in the conventional lead cape, exceeded the mass half-thick-

ness for very hard Y-rays ( ,_17 r/cm2 ). For this reason, e.ll lead absorptions 

were carried out with a counter surrounded by as little !IlD. tter as possible to 

minimize scattering effects. This "unshielded" arranfement gave reproducible 

results upon changinR" counters whereas those acsorptions taken in the conventional 

lead shielding rave half-thicknesses for a 1.1 Mev Y-ray varying from 17 g/cm2 to 

29 g/cm
2 

usinr different counter tubes. 

2. Snmples 

Samples for counting were mounted on ~lass microscope cover 

slides. Where a minimum of b2cckscatterinp: was required, as in the measurement of 

the ratios of electrons to electromagnetic radintion, samples were mounted on 

mica of mass thickness ~1 mg/cm2 • 

3. Counting Efficiencies 

Countinr efficiencies of L x-radiation in the counters used 

were calculated from the absorption in the t:ras; for Y-radiation from 20 Kev to 

0.5 ~~v, a countin~ efficiency of 0.5% was assumed, with one percent per Mev 

the rea fte r • 

4 • Ce 1 i brat ion 

For quantitative countinr, the counter geometry was calibrated 

by the use of a wei~hed ux
2 

standard. 
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In order that a cross-section cou~d be calculated, the counter 

~eometry had to be calibrated in terms of disintegrations per minute. 'Ihis was 

done by counting a wei~hed sample of uo
2 

through 30 mg/cm2 of aluminum absorber. 

This allowed only the ux
2 

beta to be counted. Knowing the number of ux2 disin­

terrations in the uo
2

, the ~eometry could be calculated after appropriate correc­

tions for absorption in the sample, counter window end air ~sp, and added absorber. 

All decay points were corrected for vnriation of counter efficiency by count-

inf" aP'D.inst an unweif"hed ux
2 

standard and corrected to an arbitrary value of 1000 

counts per minute of this ux
2 

standard. This entailed merely the dividing of the 

decay count by the averafe value of this ux
2 

standard before and after counting, 

and multiplyinl! the quotient by 1000. This unweis::hed stande,rd was counted ngainst 

the weidJed ux
2 

standard and the geometry corrected to the arbitrnry standard 

of 1000 counts per minute of the unweighed standPrd. Counts so corrected corres-

ponded to 8.7 percent feometry in disintegrations per minute in the second shelf, 

2. Dec~y Sc~emes 

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 disinte;rations 

in the sample. 

In order to determine what fraction of the measured K x-radiation arose f'rom 

the capture process, a rourh decay scheme for each isotope must be p1stulated. 

It is realized that the ratios leadinr 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 tl:ese isotopes must be assia:ned by relative yield measurements, the 

use of such rou~h schemes was justified. 
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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, a very small mass of high 

specific activity was mounted on mica of surface density of 1-2 m~/cm2 • An 

aluminum absorption was taken in e. 7 percent geometry. Backscattering corrections 

were assumed to be small and hence neglected. The electrons were corrected for 

absorption in the air p:ap and counter window by extrapolation of the resolved 

absorption curve of the electrons. The ener~ies of these electrons have been 

given with thes:e 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 rap, and counter window by extrapolation, and for 

the Auger effect. The fluorescence yields were obtained from Compton and Alli-

10 son , and were assumed to be equal to those of K x-rays of compare.ble energies. 

The counts as corrected were then divided by the Auger coefficient. 

This left only the K x-rays and Y-radiation uncorrected. These appeared in 

aluminum absorption measurements as a strait:eht 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 resolution 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 Au(T.er effect as above. The to tal 

mass thickness of beryllium used varied from two to three grams per square centi-

meter. The ratio of K x-rays toY-rays, as measured, 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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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 values were then divided by their respective count-

ing efficiencies. Dividing all values by the number of K x-ray quanta thus cal-

culated e:ave the final ratios upon which cross sections were calculated. If there 

existed means of producinr a K x-ray quantum other than capture, i.e., a conversion 

electron line, tl'-·is amount was subtracted from the K 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 

example is shown below for the reacbon Ho 165 (a,3n)Tm166 . 

The ratios for Tm166 are: 

e 1 : e
2 

: ~+ : K x-rays : y 

0.05 :0.003:0.004: 1 0.3 

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

K/Y = 0.92 as measured 

K 'i 0.92 

1.92 
X 9200 = 4400 

dis/sec = 4400 x 100 x 100 x 1 X 100 X 100 X 1000 X 100 
at sa tu- 0.'5 8:7 60 84 65 s- 90 
ration 

a b c d e f g h 

a = measured counts/minute 

b = counting efficiency 

c = p-eometry 

d to convert to counts/second 

e = saturation of bombardment 

f decay since end of bombardment 

X 100 X 100 
80" 95 

i j 



g and h = chemical yield factor 

i = Auger coefficient 

j = contribution from capture 

He++/second = 5~3 x 1:3 x 1016 

11.7 X 3600 
ro n 

k = microampere-hours of bombardment 

1 number of He++ per microampere-hour 

m = number of hours bombarded 

n = seconds per hour 

Atoms/cm2 
0 

20.5 X 10- 3 
X 

p 
6.02 X 1023 

189 0.7 
q r 

p = Avo gad r0 ' s number 

q = 1/2 molecular weight of Ho 2o3 

r = area of target in cm2 

a-= disintegrations/sec at saturation 
. 2 

atoms/em x He++/second 

III. Discussion of Results 

A. Neodymium Isotopes 

UCRL-298 

Pat:Ce 20 

The isotope Nd141 has been reported11 to have a 2.5-hour half-life and to 

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

d . 11 b 2 11,12,13 d 11,13 . 1 praseo ym1um , y n, n an Y,n react1ons on neodymium, and possib y 

3 . 11 12 a d,H reaction on neodym1um ' • Chemical separations were not made. 

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

The 2.5-hour activity h~s been characterized in more detail and allocated to 
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Nd141 , while a new isotope, Nd140 has been observed by Pr-d, 3n reaction (Table II)· 

This isotope decays b,, orbital electron capture to form the 3.5 minute positron­

emitting Pr140 • In bombardments, spectroscopically pure Pr 6o11
7 

was used. 

Table II 

Isotope Type of Radiation Half-Life Energy of Radiation Produced 
Particles Y-ray by 

Ndl40 K + 3.3-0.1 days Pr-d-3n 

Ndl41 K, p+ (2%), y 145!3 minutes 0.7(@+) K x-rays Pr-d-2n 
1.05 Pr-p-n 

1. 145-Minute Nd141 

Measurements of the radiation characteristics were made on unseparated 

praseodymium which had been bombarded with 10-Mev pro tons. The proof of the 

chemical identity by the standard ion-exchanf!e resin column procedure generally 

used was almost impossible, since the neodymium fraction leaves the column only 

after about two days. A 4 em x 0.4 em column was therefore used, with conditions 

of flow, elutinp: agent, etc. the same as before. Althour:h the separation of 

neodymium, and praseodymium is unsatisfactory from the chemical standpoint, these 

fractions leave the small column in about 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 Pr142 

activity formed by the d,p reaction was estimated, corrections for decay from a 

reference time beinr made for both activities. The ratio decreased rapidly in 

samples following the 11 break throur:h" of active material showing that the 145-

minute activity elutes before praseodymium. Further, spectroscopic analysis 
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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-minut;e neodymium is, the.refore, fairly certain. 

On other bombardments, the gross deca~r was followed throurh eight half-lives, 

the hardY-radiation, throu~h six half-lives, and the positron decay,(Fig. 4), 

followed on a crude beta-ray spectrometer, also through six half-lives. The half­

life is 145 + 3 minutes. 

The radiations consist of positrons, x-rays, andY-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 Fip-. 5. The range of the electron, 245 mg/cm2 (o.7 Tlev) agrees with the value 

of the positron energy measured on the crude beta-ray spectrometer. The lead 

absorption (Fi~. 6) shows electromagnetic radiations of half-thicknesses 

39 mg/cm
2

(38 Kev), "-'4.5 g/cm
2

(o.5 Mev), and/vll.5 g/cm2 (1.2 Mev). The soft 

component agrees well with the K x-radiation of praseodymium, while the low 

abundant 0.5· Mev Y-ray is almost certainly annihilation radiation. 

From the measurements, the following ratios were calculated: 

• 
0 7 M ~+ •• K 0 u • ev t' x-rays: .5 111evY 1.2 :Mev Y 

0.02 1 0.02 0.02 

It is clear that this isotope decays by orbital-electron capture with approxi­

mately 2% positron branching. The hardY-radiation probably arises from an 

excited or metastable state of the daughter nucleus followin~ 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

tion Pr
141 

(p,n)Nd
141 

with 10-Mev protons, assuming one K x-ray quantum represents 

one disintegration by orbital electron capture. 
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. 140 141 Pos1tron decay of Nd {A) and Nd (B) from Pr + d bombardment 

taken on crude beta -ra v s pect rome te r • 

• 
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141 Aluminum absorption of 145-minute Nd from Pr + p bombardment. 

K x-ray and '\'-ray background (A), 0.7 Mev positron (B). 
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- 141 
Lead absorption of 145-minute ~d from Pr + p bombardment. 

1.2 Hev Y-ray (A), 0.5 Uev Y-ray (B), K :x-rays (C). 
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2. 3.3 Day Nd
140 
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In the column separated neodymium fraction from Pr + d bombardments, a new 

long-lived activity was observed. The half-life, measured through seven periods, 

is 3.3 : 0.1 days. The aluminum absorption (Fig. 7) shows a hard electron, 

range 1150 mg/cm2 (2.4 Mev) with K :x-ray and Y-ray background. The lead absorp­

tion (Fir. 8) shoWs components of half-thicvnessesj 40 mr/cm
2 (38 Kev), 4•6 ~cm2 

(0.5 wev), if one assumes that there is a small Rrnbunt of a hard Y-:ray of h0.lf• 

thickness 11.6 r/cm
2 

(1.2 •j•ev). 

The following ratios of electrons to electromagnetic radiation were obtained 

from the measurements: 

+ 
2.4 Mev ~ K x-ray 0 • 5 M.c v Y : 1 . 2 Mev Y = 

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 ~~v. The positron energy arrees well with that reported for the 

3.5-minute Pr
140

• 
14 

The observed rsdiations of the 3.3-day activity are c::msistent with the 

isotope, Nd
140

, decaying by orbital electron capture, in equilibrium with its 

3 5 . t 't 'tt' p 140 d ht • -m1nu e pos1 ron-em1 1ng r aug er. The observed 0.5 Mev Y-radia tion is 

undoubtedly annihilation radiation; the harder Y-ray may be associated w~th 

. 140 140 
elthcr Pr or Nd • From the ratio of positrons to K x-radiation, it follows 

140 
that the dau?hter Pr activity is not a pure positron-emitter, but decays also 

by orbital electron capture, about two-thirds of the Pr140 disintegrations pro-

ceeding by this process. 

A rapid chemical separation of prrseodymium was attempted. 15 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 lN acetic acid. The neodymium oxide which dissolves preferentially 
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140 
Aluminum absorption of 3.3 day Nd from column separated 

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

backf>:round (A), 2.4 .. 1ev positron (B). 
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Fig. 8 
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f 3 "' 140 Lead absorption o .3 day 1~d from column separated neodymium 

fraction of Pr + d bombardment. Postulated 1.2 ~ev Y-ray 

(A), 0.5 L1ev Y-rav (B), K x-rays (c). 



qr. ·· .. 

'<';. 

! . 

'. ' ' 
~~~ " 

~: ~ 

''"· 

·•·. . .. . 
'• 

? .. t• I • I •; ' 
0 

·:.. t~· .... 

~:.~~~-: .. : 

~ ~ ~.-'"'·· . '-/ 

~- f-! ~. -
\> 
f: .• 
·. ~~ . . . : . 

., .. · 
( .. '• ... 
t'.. ' 

.. 

'. 

.·''100 

: ,. 

z· 
0 
(/) 
(/) 

::?! 
(/) 

2 
<{ 
0::, 
...... 

1.0 

0.1 

c 

0 

.. 

0 

A 

" 
10 20 30 40 50 60 

2 g /em LEAD ABSORBER 



UCJ(L-298 
Pare 24 

was recov0red es hydroxide for c::>unting:. The pruseodymium remains largely in the 

residue insoluble in acetic acid. Al thouP"h the chGmical separRti on achieved is 

unsatisfRctory, the activity of the neodymium fraction has been observed to grow, 

showinf! the formation of a dru -h~cr activity. The half-life of the daughter 

12 
~; ppeF.trs ~o be :,bout 1. 5-minutes, somewhat shorter than the value reported for 

3. Discussion 

Additional ·evidence for the allocation of the 3. 3-day activity to Nd
140 

hns been obtained fron yields in the deut0ron bombardment of praseodymium. It 

was ['<ssumed that 0.6 of the measured K x-radiation rcpresent.::d one disintep:ration 

of Nd 140 . The cross section for production of the isotopes Pr
142

, Nd
141

, and 

Nd140 ar-:: '"ivan in TPble III; the yields of Pr1 '~ 2 were calculat~d from tl!e 

~easurcd beta activity. 

Table III 

Cross Sections in Br rns for Deuteron Reactions m Praseodymium 

Hulf-Life Deuteron Energy Reaction Isotope 
19 Hev 9 Mev 

19.3 hours 0.06 0.1 d,p Prl42 

145 minutes o.~ 0.9 d,2n Ndl41 

3.3 days 0.08 d,3n Ndl40 

B. Promethium Isotopes 

The tvro promethium isotor:>es summarized by Table IV were f'JrMed in th{; bJm-

bardmont of prnseodymium with helium L1ns of 38, 31, nnd 19 Hev cn'erg:y. 



Table IV 

Isotope Type of Half-Life Energy of 
Radiation Partie les 

Pml43 K,Y, (~- ?) 350 days 0.7(p-?) 

Prnl44 B+ + + 
I 

4.1-0.1 hours 1.3 ~ 

1. 350 day Pm143 

Redic.tion 
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in Mev 
Y-rays 

L, K x-rays 
0.95 

Produced 
by 

Pr-a-2n 

Pr-a-n 

A lonf>:-liv:::d promethium activity has been previously reported by Wu and 

~16 11,17 
Segre in the helium ion bombardment of praseodymium, and by Kurbatov et. al. 

in the deuteron bombardment of neodymium. 

This activity has been confirmed and has been shown to be a promethium 

5 
isotope by ion exchantre resin column separation. Bombardments of column separated 

praseodymium were made with various enerf"ies of helium ions. The decay hc.s been 

followed throurh one half-life, and a vo.lue of 350 days obtained. A study 

of the rndia tions has shown har.d negative electrons of r~no-e 220 mg/cm2 aluminum 

(0.7 Mev) and soft electromag:netic radiation of half-thickness of 5.5 mg/cm2 

aluminum (5.8 Kev) (Fi~. 9); electromagnetic radiation of half-thicknesses 

50 mg/cm
2 

lead (42 Kev) and 9.5 r/cm
2 

lead (0.95 Mev) (Fig. 10.). The following 

ratios were obta i.ned from these measurements: 

0. 7 Mev e L x-rays K x-rays 0.95 Mev Y 

0.005 0.2 1 0.3 

The isotope thus ap!Jears to decay by orbital electron capture with part of 

the disintegrations loading to an excited or metastable state of the duughter 

nu leu '"'-e h d lc t ld b b t t · 1 18 · · f 1 1 c s. J.u nr c c ron cou. e a e a po.r 1c e arlsJng rom a ong- ived 

isomer of the 4-hour pnsitron-emittor which decays hy beta and orbital electron 

capture branching. 
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Aluminum absorption of 350 day Pm143 from Pr +~bombardments. 

K x-ray andY-ray background (A), 0.7 Me; electron (B), L x-rays 

(c). 
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Lead absorption of 350 day Pm
143 from Pr + a bombardment. 

0.95 Mev Y-ray (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 beinf" given in Table 

V. From these values, which are compatible with an a.,2n reaction, allocation of 

the isotope to mass 143 seems reasonable. While the isotopes of odd Z, even A 

are usually lon~er-lived than neifhboring isotopes, an additional reason for the 

very lon~ life of this isotope ma~r be the fact that Pm143 has eighty-two neutrons, 

presumably forminf- a closed she1119 and increasing stability. 

2. 4.1 hour Pm
144 

In all helium ion bombnrdments of praseodymium, a short-lived activity was 

observed in addition to Pm143 • The cross sections for 38, 31, and 19 Mev 

helium ions (Tnble V) agree with production by~ reaction, and the isotope has 

been allocated to mass 144. The half-life, followed throurh eight periods, is 

+ 
4.1 - 0.1 hours. The radie.tions, all of which decay with the same half-life, 

consist of positrons, rRnfe 600 mg/cm 2 aluminum (1.3 Mev; Fig. 11), with K x-ray 

or Y-ray be.ckground. The re.diations have been studied on a crude beta-ray spec-

trometer; no negative electrons were observed, but only a positron spectrum of 

endpoint corresponding to 1.3 Mev. 

If a countinr: efficiency of 0.5% is assumed for K x-ray or Y-ray bnckground, 

the ratio of positrons to electrons is l:l suggssting pure positron emission. 

Table V 

Cross Sections in Bnrns for l 1elium Ions on Praseodymium 

Half-Life 38 Mev 31 Mev 19 Mev Probable Reaction 

350 day 0.05 0.1 l a.,2n 

4.1 hours 10-5 0.02 a,n 

Pml42, the product of the a,3n reaction was not detected. It has a half-life 

ei th·:r less t:'lan 20 minutes or very long. 



Fig. ll 
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144 Aluminum absorption of 4 hour Pm from Pr + a. bombardments. 

K x-ray, andY-ray background (A), 1.3 Mev positron (B). 
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Europium prepared by amalgam reduction method
8 

and by ion exche.no:e resin 

column1 .was bombo.rded witt 38, 31, Rnd 19 Msv helium ions to produce the four 

new terbium isotopes summarized in Table VI 

Type of 
Isotope Radiation 

Tbl53 K,e-, y 

K,e-, Y 

Table VI 

Half-Life Energy of Radiation in Mev 
Particles Y-rays 

6.1!0.1 days O.l5(e-) 
0.2-0.4 

17.2:0.3hours O.l3,0.5(e-) 
2. 6 (f.+) 

5.oo!o.05hours 1.3 

1. 153 5.1 dny Tb 

L, K x-rnys 
0.23,1.2 

L,K x-rays 
1.3 

L,K Y-rays 
1.4 

L,K x-rays 

Produced 
by 

151 
Eu -a,2n 

Eu15l 3 -a, n 
Eul53-a,n 

153 
Eu - a,2n 

153 Eu -a,n 

A 5.1 day activity was found in high yields in 38 and 31 Mev helium ion 

bombardments of eu:oopium. It was followed through 9.6 half-lives (Fig. 12) to 

rive a value of 5.1: 0.1 days. Aluminum absorption (Fif. 13) shows two elec­

trons, nmge 32 m~/cm2 (0.15 Mev) and 80-120 mi!=/cm
2 

(0.2-0.4 Mev), soft electromag­

netic radiation of half-thickness 7 mg/cm
2

(6.3 Kev), and hard electromagnetic 

radiation. Lead absorption (Fig. 14) shows three components of half-thicknesses 

60 mg/cm
2

(46 Kev), 570 mg/cm
2 

(0.23 Mev) ~nd 11.6 g/cm
2 

(1.2 Mev). The 6.3 Kev 

and 46 Kev radiations correspond to Land K x-radiation of p:adolinium respectively. 

The following ratios were obtained from these measurements: 
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Gross decay of 5.1 day Tb 153 (B) and 188 day Tb 155 from..Jilu +a 

bombardment. 
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Fig. 13 Aluminum absorption of 5.1 day Tb153 from ]u + a bombardment. 

K x-rav and Y-ray bsckground (A), 0.2-0.4 Mev electron (B)-. 

0.15 ~ev electron (C), L x-rays (D) . 
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153 Lead absorption of 5.1-day Tb from EU + a bombardment. 

0.23 IJev 'Y-rav (A), 1.2 Mev Y-ray (B), K x-rays (C). 
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0.22 Mev Y 1. 2 Mev Y == 

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 more excited states of the dauP"hter nucleus; one K x-ray 

quantum is assumed to represent one disintegration. The orir:in of the hard elec-

~ron is not obvious. 

2. 154 17.2 hour Tb 

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 r-ive a value of 17.2! 0.3 hours. The ~ross.and Y-decays 

(Fi~s. 15,16) also showed a 17 hour half-life. 

Aluminum absorption (Fig. 17) shows electrons of range 28 IIlf/cm2 (o.l3 111fev) 

and /"'\....1300 mf!/cm2 (0.8 Mev), soft electromagnetic radiation of half-thickness 

7 mg/cm
2 

(6.3 Kev) and hard electromagnetic radiation. A positron of range cor-

responding to 2.6 ~v was found on the crude beta-ray spectrometer. The ratio 

between total ne~ative electrons and positrons was determined by measuring the 

ratio of areas under each curve, (cf. Tm166 and Fi~. 26). The lead absorption 

(Fin:. 18) showed two components of half-thicknesses 60 mf./cm2 (46 Kev) and 12.2 

g/cm
2 (l. 3 Mev). The two soft quantum radiations correspond with L and K x-ray 

enerr.ies of ~adolinium. Annihilation radiation is in teo low abundance to be seen. 

The following ratios were obtained from these measurements: 

0.13 Mev e 0.8 Mev e + 2.6 Mev p : L x-rays : K x-rays 1. 3 Mev Y-rays 

0.1 0.02 0~004 0.3 l 0.03 

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 d9uo-hter nucleus. 

According to Wilkinson's postulates concerninr stable isotopes 18 , the hard 



Fir:. 15 

UCRL-298 
Page 28a 

15 6 ( 154 ( ) Gross decay of 5.0 hour Tb C), 17.2 hour Tb B , and 5.1 

day Tb 153 (A) from Eu + a bombardment. 
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. 156 
Electromagnetic decay of 5.0 hour Tb (C), 17.2 hour 

(B), and 5.1 day Tb
153 (A) from Eu + a bombardment. 

154 
Tb 
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!''i.e:. 17 Aluminum absorption of 17.2 hour Tb 154 from Eu + a bombardment. 

K x-rays and Y-ray background (A), 0.8 Mev electron (B), 0.13 Mev 

•electron (C) L x-rays (D). 
/ 
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Lead absorption of 17.2 hour Tb154 from Eu + a bombardment. 

1.3 ~ev Y-ray (A) 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 t:te capture process, 2% by beta-branchinf", and 0.4% by positron 

emission. 0.9 K x-ray quanta ha,re been assumed to repres~mt one disintegration 

br orbital electron capture. 

3. 188 day Tb
155 

After the decay of the 5.1 day activity from E~ bombardments, a. long­

lived activity was observed (Fir. 12). It has been followed throurh one half­

life to p:ive a value of 188 days. Aluminum absorption (Fig. 19) showed a soft 

electron, ranl!e 14 mg/cm2 (0.1 Mev), soft electromap:netic radiation of half-thick­

ness 7 mg/cm
2

(6.3 Kev) and hard electromagnetic radiation. A lead absorption 

(Fif!. 20) showed two components of half-thicknesses 60 mg/cm2 (46 Kev) and 12.7 

g/cm2 (1.4 Mev). ~he two soft components avree with the energy of gadolinium L 

and K x-rays. The following ratios were obtained from these measurements: 

0.1 Mev e L x-rays K x-rays 1.4 Mev Y 

0.4 o. 2 1 0.3 

The isotope probe. bly decays by orbital electron capture to two or more ex-

cited ste.tes of the daughter nucleus. 0.6 K x-ray quanta are assumed to repre-

sent one disint~gration by orbital electron capture. 

4. 156 5.0 hour Tb 

A short-lived activity was observed in bombardments of europium with 19 Mev 

helium ions. Measured throue:h n~ne half-lives (Figs. 15 and 16). The period 

was 5.0! 0.1 hours. Aluminum absorption (Fir. 21* showed only a hard electron, 

I 2 , ) range 600 m~,cm (1.3 Mev , soft electromagnetic radiation, half-thickness of 

2 
7 mg/cm (6.3 Kev), and hard electromagnetic radiation. Study of this isotope on 

a crude beta-ray spectrometer showed only the presence of 1.4 lvJev 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 &o.ctivity. The 
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Aluminum absorption Jf 188 day Tb 155 from Eu + a bombardment. 

K x-rays andY-ray backp-round (A) 0.1 Mev electron (B), L x-ravs 

(c). 
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Lead absorption of 188 day Tb155 from Eu + u bombardment. 

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



1000------~--------~------~------~--------~------~--~ 

90 

80 

70 

60 

50 

40o-

z 
0 30 
(/) 
(/) -
~ 
(/) 
z 
<{ 
a::: 

A I-

~ 

20 

B 

10 ~------~------~------~------~------~------~~--~ 
0 5 10 15 20 25 30 

2 g /em LEAD ABSORBER. 



Fip.-. 21 

UCRL-298 
Page 29o 

Aluminum absorption of 5.0-hour Tb 156 from Eu + a bombardment. 

K x-rays and Y-ray backo:round (A), 1. 3· Mev positron (B), L x-rays 

(c). 
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approximate ratios obtained from the aluminum absorption, assumin;:r all x-radiation 

to be annihilation radiation, are as follows: 

L x-rays K x-rays Y-rays 

0.25 0.13 l 0.25 

The isotope thus appears to decay 20% by positron emission. ~ince ny156 

. 156 
is known to be beta stable, Tb should shaw negative beta particle branching. 

Since this has not been observed, a long-lived ne~ative beta particle emitting 

18 isomer must be postulated • For cross-section calculations, it was assumed that 

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

5. Discussion 

151 153 Europium has D~o stable isotopes, Eu and Eu , therefore, usin~ 38, 31 

and 19 I~v helium ions, one should see activities from five mass numbers, Tb 152 

to Tb156 . Only four activities were seen, leadinr to the conclusion that 

Tb152 is too short-lived (less than 20 minutes) to be observed. Table VII 

shows the measured cross sections in barns. 

Table VII 

Half-Life Energy of Helium Ions Probable 1'&3. s s 
38 'Mev 31 l\llev 19 Mev 

5.1 days 0.4 6 X 10-3 3 X 10-4 153 

17.2 hours 1.2 2 X 10-3 6 X 10-5 154 

188 days 5 X lo-2 2 X 
. -3 
10 2 X 10-5 155 

5.0 hours 8 X 10-4 156 

At 31 and 19 Mev, the sum of the ,cross sections fall far short of one barn, so 

it appears that there are probb1y undetected isomers of these masses. The assign-

ments were made in order to be consistent with the variation of cross section with 

energy, and the !"enerality that in this region, positron emitters of elements of 



odd atomic number are of even mass number. 

D. 20 21 
Holmium Isotopes ' 
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Three new activities of holmium (Table 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-rays by 

Hol64 B-.Y 34~1 minutes 0.95 Dy-p-n 

Hol62 K,e -.~ 
- 60:2 days O.l2(e-) Tb-a.-n 

0.7(~-) 

H l60,161K - ~+ y 4.5!:0.1 hours 0.09,)0.6(e-) L, K x-rays Dy-p-n o ,e , , 
.. .,_.,z ( B+) 1.1 Tb-a-3n or 2n 

1. 34-minute Ho 164 

An activity of 47-minute half-life produced by fast neutron bombardment of 

holmium has been reported in an early paper by Pool and Quill 10 . · 

The 34-minute beta active isotope here described was produced by short born-

bardments of very pure d~rsprosium oxide with 10 "'iev protons. Identification of 

the activity with holmium has not been proved by chemical separation, but no 

activities due to known dysprosium isotopes have been observed, and longer-lived 

activities from the same bombardment have been shown to follow holmium chemistry. 

The decay has been followed for both electron and electromagnetic radiation. A 

half-life of 34 !: l minutes was obtained through ei~ht half-lives of the fross 

decay (Fir.:. 22) and four half-lives of the Y-decay. The aluminum absorption curve 

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

the sample durinr the time of measurement, and the contribution of the lon~er-
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. 164 160 161 Gross decay of 35 m1nute Ho (B) and 4.5-hour Ho ' (A) 

from Dy + p bombardnent. 
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Aluminum absorption of 35 minute Ho
164 

from Dy + p bombardment. 

K x-ray and Y-ray backp:round (A), 0. 9 Mev beta (B). 
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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 mp:/cm2 aluminum (0.9 Mev). A Feather analysis of the curve gives an energy 

of 0.95 Mev. If a counting efficiency of one percent is assumed for the Y-radiation 

there is on~ Y-ray quantum oer beta particle. No evidence has been found for any 

conversion electrons, either in aluminum absorptions, or on the marnetic counter. 

2. 4.5-hour Ho 160• 161 

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

holmium fraction from both Tb + a 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 f!ross (Fig. 22) and electro-

magnetic radiations have been followed for decay to five a value of 4.5:!:0.1 hours 

throup:h six half-lives. The aluminum absorption curve (Fig. 24) shows hard elec-

tromap:netic radiation, soft electromagnetic radiation of half-thickness 8.5 

mg/cm
2

(6.8 Kev), hard electrons of ran!':e .>200 me:/cm2 ( ;··0.6 Mev) and soft elec-

2 trans of ran<:"e 12 mg,lcm (0.09 Mev). Examination of the electrons on the crude 

beta-ray snectrometer demonstrated the presence of posi trans of maximum energy 

about 2 Liev, l>ut only in about one-hundredth the y'eld of hard electrons of energy 

about l Hev and mean enerry about 0. 3 Mev. The hard electron radiation comprises 

only a few percent of the total radiations measured in the aluminum absorption. 

The lead absorption curve (Fig. 25) shows components of half-thicknesses 

60 mg/cm
2 

lead (45 Kev) and ll.O r:/cm2 lead (1.1 •ilev). 
I 

The two soft electromag-

netic radiations aCJ"ree 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 = 
0.3 0.005 l l 1 
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Fig. 24 Aluminum absorption of 4.5minute Ho 160 •161 from Dy + p bombardment. 

K x-rf!.y and Y-ray background (A). )0.6 Mev electron (B), 0.09 

Mev electron (C), L x-rays (D) 
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L d b t · f 4 5 h H 
160

' 
161 

f Dy b b d t ea a st"rp 1on o • our o rom . + p om a r men 

1.1 Mev Y-ray (A), K x-ray (B). 
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It seems reasonable to assume that the activity decays by orbital electron 

capture; since the positrons are only about one hundredth of the hard electrons, 

,_ l f b t t. 1 b h. . f th · t · H 160 ( 18 ) Wr1icr1 mav arise rom e a par 1.c e ranc l.nf! 1. e 1.so ope 1.s o • 

·rhe branchinr; 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. 
162 

60-day Ho 

After the decay of the 4.5-hour isotope a lonp--lived activity was seen in 

the Tb + a. bombardment. The gross decay was followed throup:h six half-lives to 

rive a value of 60 :!: 2 days. The aluminum absorption (Fig. 26) shows two electrons 

of rc,n~es 15 mg:/cm
2 

(0.1 Uev) and 250 m~</cm2 (0. 7 Ilev), Feather ranre 300 ~g:/cm2 

(0.8 Uev); and electrol'!l8gnetic radiation of half-thicknesses 9 mg/cm2 (6.5 Kev) 

and 1700-1800 mg/cm
2 

(50 Kev). The soft radiation corresponds to dysprosium L x-

rodiation while the half-thickness value for the harder electromagnetic component 

indicates thnt it is probably nearly all dysprosium K x-rays. The followin~ 

ratios were obtained from the absorption measurement: 

0.1 Mev e L x-rays K x-rays 

0.12 0.13 1 1 

Er
162 

is known to be a beta stable isotope, therefore it seems reasonable that 

the hard electron is a beta particle. The beta-brr<nching ratio is then 11%, as-

suming one K x-ray represents one disinterration by orbite.l electron capture. 

E. Thulium Isotopes 6• 20 • 21 

The three new thulium isotopes sumdarized in Table IX hcwe been pn~pared by 

cyclotron bombardment. 
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Aluminum absorption of 60-day Ho 162 from Tb + a bombardment. 

K x-ray andY-ray back1uound (A), 0.7 Mev beta (B), 0.1 Mev 

electron (C), L x-rays (D). 



100 

10 

z 
0 
C/) 
C/) 

::E 
C/) 

z 
<X 
0:: .... 
~ 0 

1.0 

\'. D 

~-· --· ----------

c 
0 

8 

0.1~~----~------~~------J-------~--~----~------~--~ 
0 50 100 150 200 250 300 

ma/cm 2 ALUMINUM ABSORBER 



Isotope Type of Radiation 

Tml66 + - ( - ) K, ~ ,e , Y p ? 

167 
K,e -Tm ,Y 

Tml68 K,e - ,Y,~ -

Table IJ 

HEtlf-Life Ena~gy of 
Particles 
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Page 34 

Radiation in Mev 
Y-ray 

7.7'!o.l hrs 2.l(q+)0.24(e-), L, Kx-rays 
:-J(f1-?) 1.7 

9.6!0.1 duys o.2l(e-) L,K x-rays 
0.22,0.95 

+ 85-2 days O.l6(e-) L,K x-rays 
0.5(~-) 0.21,0.85 

1. 7.7 hr Tm166 

Produced 
by 

Ho-a-3n 
Er-p-n 

Ho-a.-2n 
Er-p-n 
Ta-d-5z, l6a 

Ho-a.-n 
Er-p-n 
Tm-n-2n 

The radiations of this isotooe consist of positrons, several enarries of nega-

tive olectnns, L find K x-re.diation, and very hard Y-radbtion, all of which decay 

with the same hc.lf-life, 7.7:!:0.1 hours. The rross deco.y of' the isot~pe was fol-

lowed throup:h eig-ht hHlf-1 i ves. (Fiv. 27) 

Exuminntion of the isoto;.Je on the crude beta-r~:~y spectrometer proved the 

presence of positrons. Fig,. 28, Curve A, shows the mensured distribution, with 

end point corresponding to 2.1 i'ffev maximum ener:>:y. The decay of the posi trans, 

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

hr,lf-lives in both Ho + a and Er + p bombardments. 

On the "nefrntive sweep11 of the crude beta ray spectrometer, two groups of nega-

tive electrons Wi.lre observed (Fig. 28, Curve B) both of which decayed with 7.7-

hours hhlf-life. While the lower energy peak probE<bly represents a single con-

version electron, the second pr:roup of harder electrons hRs a much broader distri-

bution of enerP'ies, and may be a mixture of sevcrfll C'X.v~:rsion electrons which the 

.simple instrument is incflpnble.of resolvinf· The mnYimum enf:rp:y of this {!roup 
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166 167 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 + a bombnrdment. 
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Crude beta-ray spectrometer distribution of positrons (A) and 

( ) 166 H electrons B of 7.7-hour Tm from o + a bombardment. 
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corresponds to., l Mev, while the averf\f"e enerr.y is ahout 0.5 Mev. 

The aluminum absorption of an infinitely thin sample is shown in Firure 29. 

The electromagnetic background was determined after the removnl of all electrons 

by a 1400 m?/cm2 beryllium absorber. No L x-radiation was observed here, ~lthough 

a direct bervllium nbsorption of the 7. 7 hour activity surrests this to be present. 

The £->.bsorption curve shows electrons of r[mges 70 mg/cm2 and r-,,.,..960 mr/cm 2 aluminum, 

corresponding respectivelv to 0.24 and-...2 Mev; the hRrder radiation is a complex 

mixture of positive and nerative electrons. Lead absorption of the electromagnetic 

r£Ldiations (FiP.'· 30) shows two components of hnlf-thicknesses 80 mp.:/cm2 and 14.3 

g/cm
2

. The energy of the former, 50 Kev, a~rees well with the value for erbium 

K x-radintion. 

An approximnte rntio of positive to neP"ative electrons was obtained by 

measuring the areas under the curves (FiP'. 28) from the crude beta-rcy spectrometer. 

The rs.tio of both the soft and hFrd groups of 2lectrons to the gross electromag-

netic radiation was obtrdned from aluminum absorption mef'tsurements with appropi"ia te 

cerrections. The following: approximate rrttios vrere obtained from these measure-

ments: 

0.24 Mev e 1 Mev e 2.1 Mev~+ K x-rnys 1. 7 Mev Y 

= 0.05 0.003 0.004 1 0.3 

· The very complex rRdia tions can be attributed to orbi tr,l electron cupture in 

Tm
166

, leadinl! to excited or metastable levels of the daughter nucleus. Electrons 

arise from converted Y-ray transitions between the vnrious levels or between 

these r.nd tho ground ste.te. Positron emission me? f':O to nn excited level of the 

dnuP"hter nucleus, or directly to the ground stnte. Since the ratio of electrons to 

K x-ro.dic.tion is only 0.05, approximrtely 95 percent of the K x-rrys must arise 

from orbital electron capture, rnd it is assumed thflt 0.95 K Quante. repr2sent one 

disintcrration. Thus, the brnnching ratio for disintegration by positron emission 

is about 0.5 percent. 
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Aluminum absorption of 7.7-hour Tm166 from Ho + a bombardment 

K x-ray and Y-ray background (A), complex hard electrons (B) 

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

1. 7 Uev Y-ray (A) and K :x-rays (B). 
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It should be noted thnt the wide distribution of hnrd ne~·ctivc ·_,lcctrons ob-

serw~d (Fif. 28, Curve B) could be due to C\ continuous bt:tr: spectrum of maximum 

enerf"y r.bout 1 Mev flrisinf. from beta brnnchin£r in rm166
, since it is very possible 

that Yb 166 is an unreported str~ble isotope of low D.bundnnce. 
18 

If the hard nerativc electrons of Tm166 
nrc n beta pe.rticle spectrum, thv 

d:isintep:re.tion by bote. emission is approximr t.ely 0.4% of the,t by orbital 2le:.ctron 

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

2. 167 9.6 day Tm 

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

a residual activity consistinp: of 9.6! 0.1 day and 85! 2 day components was 

observed in the column separated thulium fraction. The rross decay of the 9. 6 day 

activity was followed through ten, and Y-radiation, throu~h 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 day activity from Ho + a bombardment is shown in Fig. 

32. The electrons have a. rang-e of 52 mg/cm2 aluminum, correspondinf to 0.21 Mev. 

The electroma,c-netic r'<diation consists of four cor.1ponents of half-thic:·nesses 

7.5 mg/cm
2 

aluminum, 80 mg/cm
2 

lead, 770 mg/cm2 lead, and 9.6 g/cm2 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 Land 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 stell. The conversion coefficient is 

about 2. 

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

0. 21 Mev e L x-rays : K x-rays 0.22 Mev Y 0.95 Mev Y 

= 0.3 0.2 l 0.1 0.01 

Assuming that K x-radiation arises from the production of the conversion 
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167 168 Gross decay of 9.6-day Tm (B) and 85 day (A) Tm from Ho + a 
1 

bombardment. 
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167 
Aluminum absorption of 9.6-day Tm from Ho + a. bombardment. 

K x-ray and Y-ray bEtckground (A), 0. 21 Mev electrons (B), 

and L x-rays (C). 



z 
0 
(f) 
(f) 

~ 
(f) 

z 
<I: 
cr: 
1-

~ 0 

100 

1.) 

' 

A 

0.1 ~--------~--------~----------~--------~------~~----------~----0 10 20 30 40 50 60 

mg /cm2 ALUMINUM ABSORBER 



Fig. 33 

UCRL-298 
:t'age 36c 

167 Lead absorption of 9.6-day Tm from Ho + a bombardment. 

0.95 Mev Y-ray (A), 0.22 Mev Y-ray (B), K x-rays (c). 
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electrons, then 0.7 K x-ray quanta probably represe~t one disintegration by orbi-

tal electron capture. 

This ·isotope has also been produced by the bombardment of tantalum with 190 

Mev deuterons from the 184-inch cyclotron. The reacti~n producinf the isotope 

is desicnated Ta-d-5z,l6a. 

3. 85 day Tm168 

After the decay of the 9.6-day isotope, a small residual activity of long-

life (Fir. 31) was found in the column separated thulium fractions from the Ho + a 

bombardments at 38 Mev. In order to study this long-lived activity, 80 mg of 

pure holmitim oxide was bombarded with 19 Mev helium iohs for 54 microamper~hours. 

The decay of electron and electromarnetic radiations of the isotope have been 

followed through three half-lives to ~iva a value of 85 : 2 days. The aluminum 

absorption curve (Fi~. 34) shows electrons of ranges 29 .mg/cm2(0.l6 Mev) and 

. 2 -
150 m~/cm (0.5 1\1ev). The soft electromagnetic radiation corresponding to L x-ray 

enervies was determined after removal of electrons by beryllium. The lead absorp­

tion (Fig. 35) of hard radiation shows components of half-thicknesses 77 mg/cm2 

(49 Kev), rv750 mg/cm2 (0.21 Mev), and 8.8 g/cm2 (0.85 Mev). The first of these 

corresponds well with the value for erbium K x-radiation. From these measurements, 

the following approximate ratios were obtained: 

0.16 Mev e 0.5 •<~ev e L x-rays K x.-rays 0.21 Mev Y : 0.85 Mev Y 

::: 0.15 0.02 0.2 l 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-nws arise from conversion, then about 0.75 of the observed K 

x-radiation may be considered to represent one disinter-ration by orbital electron 

capture. 

Since the 85 day activity is allocated to Tm168 , the possibility of beta 
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Aluminum absorption of 85-day Tm168 from Ho + a bombardment. 

K x-ray and Y-rRy background (A), complex hard electron (B), 

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

0.85 Mev Y-ray (A), 0.21 Mev Y-ray (B), K x-rays (C). 
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branchin~ exists, and the 0.5 Mev electrons observed are probably beta-radiation~8 

With the previous assumptions regardino: K x-rays, then about two percent of the 

disintegrations would proceed by beta-emission. 

The 85-day isotope has also been observed in bombardments of erbium with 

10 Mev protons and thulium with fast neutrons. In both cases, the 127 day Tm170 

. 1 f d Th 1 tt . t d t h y d" t• 22 d th d 1s a so orme • e a er lS repor e o, ave no -ra U'- 10n , an e x an 

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 riven 

in Table X. The relative yields of the isotores at various enerr.ies are si~nifi-

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~ reactions. 

Table X 

Enerp-y of a-particles in ivfev Probable Probable 
Activity 38 31 19 Reaction Isotope 

7.7 hours 1.1 5 X 10-4 Ho-a-3n 166 

9.6 days 7 ,0-3 X ~ 0.1 10-3 Ho-a-2n 167 

85 days 10-4 3 X 10-3 0.2 Ho-a-n 168 

The yields of the three isotopes in Er + p bombardments are in agreement with 

the above allocations. Correctin~ the observed yields for isotopic abundances of 

the erbium isotopes, the isotopic cross sections for all three cases, assuming the 

-2 reaction, are close to 2 x 10 barns. 

. 175 175 3 for the reect1on Lu. (p,n )Hf • 

This cross section value was obtained 
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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. 

F. 70-day Hr175 (3 ) 

In the hafnium fraction from the bombardments of column separated lutecium 

with 19 Mev deuterons and 10 Mev protons, a sinr:le radioacti~rity with half-life 

of 70 + 2· days has been observed. No evidence of zirconium contamination or shor~-

lived activities has.been seen. 

An e.luminum absorption curve of an "infinitely thin" sample mounted on mica 

is shown in Fig. 36. The lead absorption curve (Fir.. 37) was measured in an un­

shielded counter. Tne radiations consist of electrons, range 82 m~/cm2 (0 .3 Mev); 

electromagnetic radiations of half-thickness 14.5 mg/cm2 aluminum (8.2 Kev), 

100 mg/cm2 lead(55 Kev), 2.2 gjcm2 lead (0.35 Mev), and 13.3 r/cm2 lead (1.5 Mev). 

The enerries of the two soft electromagnetic components correspond well with those 

to be expected for the Land K x-radiation of lutecium. The 0.3 Mev electron cor-

responds to the energy expected for conversion of the 0.35 Mev Y-ray in the K-

shell. 

The followinP-: ratios were obtnined from the above measurements: 

0.3 Mev e L x-rays K x-rays 0.35 Mev Y 1.5 Mev Y 

0.1 0.1 l 0.2 0.05 

The isotope thus probarly decays by orbital electron capture, mainly to the 

f"round state, and e.lso to two or more excited or metas':able levels of the daughter 

nucleus. 0.9 K quanta are assumed to constitute one disintegration by orbital 

electron capture. 

For 10 r:rev protons and 19 Mev deuterons on natural lutecium,the cross sections 

-2 2 are respectively 3 x 10 and 5 x 10- barns. These values are reasonable for the 

~and d,2n reactions. Thus the isotope has been allocated to mass 175. 
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Fir-. 36 Aluminum absorption of 70-day Hf175 from Lu~ bombardment. 

K x-ray andY-ray background (A), 0.3 liJev electron (B), L 

x-rays (c). 
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Lead absorption of 70-day Hf
175 

from .I:.u_.~ bombardment. 

1.5 Mev Y-ray (A), 0.35 Mev Y-ray (B), K x-rays (c). 
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Four new tentalum activities summarized in Table XI have been produced by 

bombardment of lutecium with helium ions and hafnium with protJns. 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 Radiation Half-Life Ener!!v of Radiation in Mev 
Particles Y-rays 

Produced 
by 

+ 8.0-0.1 hours O.l2,0.18(e-) 
~1(~-?) 

L,K x-rays Lu-a-3n 

Tal77 

Ta 178 ~-.Y 

Ta.l79 

Tal80 K or IT e-, 
r~-, y 

+ 2.50-0.05 days 

+ 15.4-0.2 days 

)100 days 

+ 8.00-0.05 hours 

16:2 min 

1.4 

l. 176 8 .0-hour Ta 

r-...12 Ta-d-p6n 

L, K x-rays 
'"''-·1.4 (wea}f) 

Very weak 

K x-rays 
1.3 

Lu-a-2n, 3n 
Hf-p-n 
Ta-d-p,5n 

Lu-a-n,2n 
Hf-p-n 

Lu-a-n 
Hf-p-n 

Ta-n-2n 

Ta-n-2n 

The chemically separated tantalum from 38 Mev helium ion bombardment of lu-

tecium shows the 8.0-hour activity in hi'"h yield. 

The decay of the (!;ross and electromagnetic radiations were followed separately 
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thnugh about eie::ht half-lives (Fir:. 38); after correction for longer-lived 

backvrounds 1 a half-1 i f'e of 8 .o ! 0.1 hours we.s obtained from several measurements. 

In Firure 39 is shown the aluminum absorption of the radiations of the 8.0-

hour activity. Electrons of rang-es --vl9 mg/cm2 (0.12 Mev), ·v40 mr/cm
2

(0.ltl Mev), 

and >400 m?/cm2 ( ) 1 :ivfev) and electromagnetic radiation of half-thickness 16 

mg/cm2 (8.5 Kev) were observed. The lead absorption (Fi~. 40) shows electromaP.­

netic radiations of half-thicknesses 1\...115 mg/cm2 (58 Kev) and 15.5 R"/cm2 (-v 2 

Mev). The following ratios were obtained from the above measurements: 

0 .12 rl.iev e 0.18 Mev~ l Mev e- : L x-rays : K x-rays 

,...,__,1 ,......__, 0.04 rv0.02 : "-..0.5 1 0.6 

The isotope thus prob~:~bly decays by orbi tt' 1 electron c:;pture followed i:;y the 

converted Y-ray transitions from excited or metastable levels of -~he daurhter 

nucleus. The l Iffev electron may be a beta particle. 18 0.5 K quanta were as-

sumed to represent one disintegration by orbital electron capture. 

177 2.5 day Ta 

After decay of the 8.0-hour activity, an activity of 2.5 days half-life has 

been observed; the resolved ?ross decay of the 2.5-day activity was followed 

throud1 eir-ht half-lives, and the decay of the electromavnetic radiation through 

nine half-li~·es to l"'ive a half-life of 2.50 1: 0.03 days (Fip;. 38-, 41). 

In Fi~. 42 is shown the aluminum absorption after contribution (10%) of the 

15-day tantalum activity at the tirr.e of measurement was subtracted. Resolution 

shows an electron of total ranf!e 16 mg/cm2 (O.ll Mev) together with soft electro­

magnetic radiation of half-thickness 16 mg/cm2 (8.5 Kev) and hard electromagnetic 

background. The lead absorption of electroma~netic radiation (Fig. 43) shows 

components of half-thicknesses 120 m11/cm2 (58 Kev) and f'Vl3 r/cm 2 (1.4 Mev). The 

followinP' ratios were obtained from the a hove measurements: 
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Gross decay of 8.0-hour Ta 176 (B) and 2.50 day Ta177 (A) 

with 15.4 day background (C) from Lu + a bombardment. 
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Aluminum absorption of 8.0-hour Ta 
176 

from Lu + a bombardment. 

K x-ray and Y-ray backrround (A), ) 1 Mev electron (B), 0.18 Uev 

electron (C), 0.12 Mev electron (D), L x-rays (E). 
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Lead absorption of 8.0-hour Ta 176 from Lu + a bombardment. 

'"'\....2 IAev Y-ray (A), K x-rays (B). 
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Gross decay of 2.50-day Ta
177 

(C), 15.4 day Ta 178 (B) and 

179 r'-J.20 day Ta from Lu + a. bombardment. 
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177 Aluminum absorption of 2.50-day Ta from Lu + a bombardment. 

K x-ray andY-ray background (A), 0.11 Mev electron (B) and 

L x-rays (C). 
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Lead absorption of 2.50-day Ta
177 

from Lu +a bombardment. 

1.4 Mev Y-ray (i,), K x-rays (B). 
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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 t8ken to be one disintegration by orbital electron capture. 

3. 15-.4-de.y Ta 
178 

The half-life of this isotope resolved from the Lu + a bombardment (Fi~· 41) 

is 15.4 ! 0.2 days throuf!h six half-lives. The aluminum absorption curve (Fig. 

44) shows the radiation to consist almost entirely of hard electrons, ranre 610 

me/cm2 (1.4 Mev). The shape of the absorption curve and the low percentage of 

electromarnetic radiation suggests beta-radiation and allocation to mass 178. (lS) 

The beta-radiation has been confirmed by study of the isotope on the crude beta­

ray spectrometer. The Feather range 770 mg/cm2 corresponds to 1.65 Mev, maximum 

enerp-y. 

Sufficient intensity was not available to allow a lead absorption of Y-

radiati)n, but from the decay of tantalum electromar,netic radiation and 

aluminum absorption measurements, an upper limit of.0.002 YorK x-ray quanta per 

electron is obtained. Assumin~ 1% counting efficiency for such radiation, the 

Y/~ ratio is less than 0.2, which further confirms the desi~nation 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 + a bombardments. 

4. ) 100 day Ta 179 

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

Lu + a and Hf + p bombardments, a long-li1red activity. The half-life at present 

appears to be "-'120 days. 

The aluminum absorption shows electrons, rs.n~e '"V20 mr/cm2 (.0.12 Mev), soft 

?'-
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178 Aluminum absorption of 15.4-day Ta from Lu + a bombardment. 

K x-ray and Y-ray background (A), 1.4 Mev beta (B). 
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electrornap:netic radiation, half-thickness I"\J.6 mg/cm2 and K x-rays or Y-radiation. 

For escimation of yields, one K x-ray quantum was assumed to indicate one disinte-

gra tion. 

A more intense sarple of this activity has been recently prepared by proton 

bombardment of hafnium, and a more detailed report will be published subseq4ently. 

5. 8.0-hour and 16-minute Ta 180 (2l) 

Two activities of half-lives 8.2-hours and 14-minutes have been produced by 

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

Very pure tantalum was bombarded with fast neutrons from Be + d reaction; 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 throu[>:h ten half-lives (Fig. 45) and a value of 

8.00 ! 0.05 hours obtained. A small long-lived background was identified as the 

182 117-day Ta produced by neutron capture. The aluminum absorption curve of the 

ei~Cht-hour activit? (Fip. 46) shows beta-particle-s of ran";e 210 mp/cm2 (0.6 MevL 

Feather ranr:e 238 mo:/cm2 (0.7 Uev) and hard electromagnetic radiatton. The 

lead absorption (Fi~. 47) shows components of half·thickness 115 mg/cm2 (58 Kev) 

and 12.2 g/cm
2 

(1.3 Mev); the enerry of the former corresponds well with the 

energy of hafnium K x-re.diation. From the measurements, the following ratios were 

obtained: 

0.7 Mev ~- K x-rays 1.3 Mev y 

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 brahohing by. beta-particle emission18 is around 11%. 
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180 182 Gross decay of 8.00-hour Ta (B) and 117 da'.r Ta (.c..) 

from Ta + n bombardment. 
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FiF· 46 Aluminum absorption of 8.00-hour Ta 180 fro~ Ta + n bombardment. 

K x-ray Rnd Y-ray bs.ckground (A), 0.7 Mev beta (B). 
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Fig. 47 Lead absorption of 8.00-hour Ta 180 from Ta + n bombardment. 1.3 

MevY-ray (.;.), Kx-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 resolv.ed aluminum absorption 

curve (Fir. 48) of +;he 16-minute activity shows very soft electrons, rPnge 

1"\..20 mr/cm2 (0.12 Mev), hard electrons or beta particles, ranf!.e rvl80 mg/cm
2 

(rv0.6 Mev) tog-ether with K x-ray or Y-ray backg-round. The approximate ratios of 

! 

the radiations are: 

0.12 Mev e 0.6 Mev p K + Y-rays 

'\,...0.2 rv o.os 1 

Since the soft electron was not observed in the decay of the 8.0-hour activity, 

it seems unlikely the t these electrons arise from Y-ray transitions in hafnium 

. following orbit0.l electron capture, and the 16-minute activity may decay, par-

tially at least, by isomeric transition. The hard partie le present sugge-sts a few 

percent branching by beta-particle emission
18 

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 enerry (Table XII), the yield of the most abundant activity in each 

bombardment is taken to be unity. In parentheses are ~iven the approximate cross 

sections in barns. Since lutecium has bvo stable isotopes, tantalum isotopes of 

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

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

L 175 3 d L 176 t' t· 1 u -a- n an u -a-n reac l.•)ns respec 1 ve y. 

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

a,xn reaction since undetected short-lived activities may also be formed. 
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Aluminum absorption of 16-minute Ta
180 

from Ta + n bombardment. 

K x-ray and Y-ray backrround (A), 0. 6 Mev beta (B) 1 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-da:t, and'"Vl20-day activities to masses 176, 177, 178 

and 179 respectively is reasonable; further, these variations and the order of 

magnitude of the yields themselves ay.ree reasonably with those found for helium ion 

bombardments of holmium6• 

Table XII 

Tantalum Activity 
Energy of Helium Ions in 
38 31 

8 .0-hours 1 0.09(10- 2) 

2.5 days o.os 1(0.1) 

15.4 days 0.006 

) 100 days 

Mev 
19 

Probable 
Reaction 

175 Lu a.,3n 

175 Lu a,2n 
Lul76a.,3n 

175 Lu a.,n 
Lul76a.,2n 

176 Lu a.,n 

W.ass 

176 

177 

178 

179 

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

proton bombardment of hRfnium agree With the present allocations. The oresence 

of the 8.0-hour Ta 176 is masked by the simultaneous formation of the 8.0-hour 

Ta 180 (Zl) in Hf + p bombardments. 

H. 20 21 Rhenium Isotopes ' 

'rhree new rhenium activities of half-lives 12.7 hours, 64-hours, and 

,---v 120 da~rs (Table XIII) have been produced by helium ion bombardment of tantalum 

and proton bombardment of tungsten and have· been allocated to masses 182, 182, and 

183 respectl·vely The allo t'on f 1 1' d h · t' 't 24 t 184 • ca 1 o a onr-- 1ve r en1um ac 1v1 y o mass 

has also been confirmed. 



Isotope 

Rel82 

Re182 

Re183 

Re184 

Table XIII 
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Energy of Radiation in Mev 
Type of Rediation Half- Life Particles Y-rays 

K or IT -e ,Y 12.7 hours O.l6(e-) L,K x-ravs 
(B-?) (''-..1 (~- ?) 0.4,1.8 

- + O.ll,0.27(e-) L,K x-ra.ys K or IT e ,Y 64.0-0.5 
hours 0.22,1.5 

K,e - "---120 days O.l6(e-) L, K x-rays ,Y 
1.0 

K,e - 8 - 40 days O.l,0.22(e-) 0.17, 1.05 I I ,Y 
o. 86(~-) 

L 182 182 64.0-hour Re , 12.7-hour Re 

Produced 
by 

Ta-a.-3n 
W-p-n 

Ta-a-3n 
W-p-n 

Ta-a-2n 
Vv-p-n 

Ta-a-n 
W-p-n 
Re-n-2n 

In the bombardment of tantalum with 38 l~1ev 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 

a,3n reaction. That the 12.7-hour activity cannot be Re 181 produced by the~ 

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 hi~h yield by 

proton bombardment of tungsten at energies (10 Mev) where the p,2n reaction does 

not occur. Further, the yield of the 140-day w181 (?.S) which would be produced 

th d L t f R 181 f d . th h 1" . b b d t f 1 as e au.P:rl er o any e orme 1n e e 1um :~.on om ar men o tanta urn, agreES 

well with that to bEl expected from the knovm deuteron contamimtion of the helium 

ion beam (( 1%) and the measured cross section (2 x 10- 2 barns) for the Ta-d-2n 

reaction. 
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The g:ro ss decay of this activity, which comprises the bulk of the radio-

activity in the 38 Mav helium ion bombardment of tantalum, has been followed 

throu~h twelve half-lives to ~ive a value of 64.0~0.5 hours for the half-life 

(Fir. 49). The radi~tions consist of several electrons, x-rays, and hardY-

radiati~n, all of which have been followed separately to ~ive this same half-life. 

The aluminum absorption of the radiations is ~hown in Fig. 50. Two electron 

components have been resolved of ranR:es 16 m~/cm2 (O.ll Mev) and 70 mg/cm2 

(0. 27 Mev). The lead absorption. curve (Fip;. 51) shows complex electromar.netic 

radiation of half-thicknesses 140 mg:/cm2 (62 Kev), 550 mr./cm2 (0.22 Mev) and 

13.5 IDf:./cm2 (1.5 Mev) in addition to the soft radietion, hrlf-thickness 21 mg/cm 2 

aluminum (9.3 Kev) from the aluminum absorotion. The two soft components agree 

well with the expected L and K x-radiation of tunrsten. No positrons were de-

tected in a very active sample studied on a crude beta-ray spectrometer. From 

thesa m;:,asurements, tLe following rP tios w· re obtained: 

O.ll Mev e 0. 27 Mev e L x-rays K x-rcys 0. 22 Hev Y t l. 5 IJev Y 

1.4 0.2 l 0.7 0.45 

In view of the very complex nature of the radir tions, it was thought that 

a shorter-lived lower isomer of the 64-hJur 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 tan~alum target after 

solutiJn in nitric and hydrofluoric acids. Then the tantalum was precipitated as 

th~ hydrated oxide by addition of boric acid, followed by ammonium hydroxide. The 

filtrate was evaporated with stronf"' nitric acid and the solution which should 

contain the radioactive rhenium as the perrhenate, was diluted and made alkaline 

with ammonia • If the 64-hour activity produced a lower isomeric dau~"hter, part 
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Gross decay of 64.0 hour Re 182 (B) and 120 day Re 183 (A) 

from Ta + a bombardment. 
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Fi~. 50 Aluminum absorption of 64.0-hour Re
182 

from Ta + a bombardment. 

K x-ray and Y-ray back{';round (A), 0.27 Mev electron (B), O.ll 

Mev electron (c). L x-rays (D). 
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182 ' Lead absorption of 64.0-hour Re from Ta + a bombardment. 

1.5 Mev Y-ray (A), 0.22 Mev Y-ray (BL 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 64-hour activity arise from conversion of Y-

ray transitions from metastable levels in the daughter nucleus following orbital 

electron capture. 

It 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. 182 12.7 hour Re 

In bombardments of tantalum with helium ions, an activity of 12.7 hours half-

182 life was found to accompany the 64-hour Re • The activity was found also in the 

bombardment of tunr.sten with 10 Mev protons. The decay of the ~ross and electro-

ma'\netic radiations from both Ta + a. and W + p (Fir. 52) were followed through 
' 

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

The radiation characteristics were obtained by resolution of aluminum and lead 

absorption curves after subtraction 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 Fie;. 53 and Fig. 54 respectively. The radiations con­

sist of electrons of ranges 35 mg/cm2 (160 Kev) and ,-,.)400 mr/cm2 ("'-'1 Mev); 

and electromafnetic radiations of half-thicknesses 20 mg/cm2 aluminum (9.3 Kev), 

140 mr:/cm
2 

lead (62 Kev), 3.0 g/cm2 lead (400 Kev) and 15 g/cm2 (1.8 Mev). The 

two soft electromal"netic radiations correspond well with tungsten or rhenium L 

and K x-radiation. From the measurements, the following ratios were obtained: 
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Electromarnetic decay of 12.7 hour Re 182 (B) and 64.0-hour 

182 . 
Re background (A) from Ta + a bombardment. 
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Aluminum absorption of 12.7 hour Re 182 from Ta + a bombardment. __ ..._ __ 
K x-ray and "'-ray background (A). 1 Mev electron (B), 0.16 Mev 

electron (c), L x-rays (D). 
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182 Lead absorption of 12.7 hour Re from Ta + a bombardment. 

1.8 Mev Y-ro.y (A), 0.4 :.VIev Y-ray (B), K x-rays (C). 
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160 Kev e : r-...1 Mev e L x-rays K x-rays 0.4 ! 1lev Y 1.8 Mev 'Y 

0.04 0.003 0.5 1 0.25 0.15 

The isotope thus appears to decay,by orhital 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 branchinr by beta disintegration to an un­

reported beta stable osmium isotope18 , Os 182 , 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 isotope. 

l<'or calculation of relative yields one K x-ray is assumed to represent one 

disintegration by orbital electron capture or isomeric transition. 

·4. 120 day Re 183 and 40 day Re 184 

After decay of the short periods in Ta + a, W + p, andRe + n bombardments, 

a long-lived activity remains. A 50 day activity, allocated to Re 184 and decaying 

by both orbital electron capture and beta emission is known, and has been well 

h . d21' 24 c a racterlZe The lonr-lived activity now obtained from fast neutron bom-

bardment of rhenium has a half-life of 40 ! 2 days measured through 2 periods. 

The resolution of the long per:i.od decays from Ta + a and W + p bombardments 

fives also the 40-day half-life (Fig. 55). This is somewhat shorter than that 

obtained by previous workers 24 , but since the decay has been followed through 

several periods, 40 days is cons ide red to be a better value. The mt;asured 

radiation characteristics agree with those obt; jned by others. 

In the rhenium fractions from Ta + a and vv + p bombardments, an activity of 

"-..! 120 days half-life has been observed after decay of the 40-day period. A pure 

intense source of this isotope was ·obta·ined from aged tungsten exit strips which 

had received deuterons, protons, and helium ions from the 60-inch Crocker ~bora-

tory cyclotron. 
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Gross decay of 40 da~r Re 184 (B) and 120-day Re 183 (A) 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 a more active sample, in Fig. 57. The radiations 

consist of electrons, ranEre 35 mr /cm2 (0.16 Mev) and electromarnetic radiations of 

half-thicknesses rv2l mp:/cm2 aluminum (9 .4 Kev ), 140 mg/cm
2 

lead ( 62 Kev), and 

10 ~/cm2 lead (1.0 Mev). On the crude beta-ray spectrometer, only a single peak 

of very soft electrons of..-......0.15 l11Iev enerr;y were observed; no positrons were 

detected in a very active sample. The following ratios were obtained from these 

measurements: 

0.16 Mev e : L x-rays K x-rays 1 Mev Y 

1'\...0 • 4 : ,......__ 1. 1 l Q.l 

The isotope appears to decay by orbital electron capture, with electrons 

arisinv from subsequent Y-ray transitions. The isotope has been allocated to 

mass 183 on the basis of yields (Table XIV) in the helium ion bombardments of 

tantalum; the absence of he.rd elect,·ons or beta particles is also in agreement 

with the present allocation18 • 

5. Discussion 

Because of the complexity of decay schemes, only the relative yields in 

helium ion bombardments at various energies can be considered reliable. These 

w'"re calculated tRking one K x-re.y 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 energies on other elements. 
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Aluminum absorption of 120-day Re 183 from old tungsten-e~it 

stri]!>. K x-ray and Y-rny background (A), 0.16 Uev electron (B), 

L x-rnys (c). 
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183 Lead absorption of 120-day Re from old tun~sten-exit strip. 

1.0 Mev Y-ray (L), K x-rays (B). 
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Half-Life 
38 

12.7 hours 0.5 

64.0 hours 1 

120 days 0.02 

40 days 0.01 

Table XIV 

Helium Ion Energy 
31 19 

0.5 

1 

0.5 0.7 

0.07 1 
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