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TANT.ALUM SP-ALLATION .AND FISSION INDUCED BY 34o MEV PROTONS 

Walter Edward Nervik 
Ra,diation.Laboratory and Department of Clhemistry 

University.of Cali:fornia,.Berkeley, California 

April 7,1954 

ABSTRACT 

Tantalum metal was irradiated with 340 Mev protons-in the 184-inch 

cyclotron~ Nuclides formed as spallation and fission products durin,g 

the bombardments were separated chemically, .. identified, and their 

formation cross sections calculated. Avery broad fission peak which 

extended frommass.20 to mass 132 was observed. -The IllB.ximum fission 

yield occurred in the region of.the nuclide x:r83 an,d analysis.of a 

set of contour curves .fitted to the data.indicated that either yl66 

166 · . . 11 or Lu was "the most probable fissioning nucleus. The total cross 

section for fission was .estimated to be ·4.1 mb •. Comparison of the 

fission data .. of tantalumwith that of ura:nium and bismuth under.the 

same bo1Dbardment conditions .indicated that asymmetric fission was 

'much more probable in tantalum than in. either of the other elements • 

. In the spallation region. it was .. .observed that neutron emission was 

the predominant spallation reaction •. Integration under the spallation 

yield curve indicated that of those ·tantalUm target nuclei which. 

received at. least enough excitation energyto reach the region of· "the 

most probable fissioning nucleus" less.than 1 percent underwent fiss_ion; 

the ·rema.inder·emitted .spallation.fragments. 
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TANTALUM SPALLATION AND FISSION INDUCED BY 340 MEV PROTONS 
' J I 

Walter Edward .Nervik 
Radiation Laboratory and Department of Chemistry 

University of California, Berkeley, California 

April 7, 1954 

I. INTRODUCTION 

Ever since machines became available which would accelerate 

charged particles to high energies considerable interest has been 

shown in the mechanism of fission and the distribution of fission 

products induced by those particles. 

The earliest fission product studies, and the reaction on which 

the most complete data are available, concerned the thermal neutron 

fission of uranium. Principal features of this fission process are: 

l. Predominantly asymmetric splitting of the compound nucleus 

as.shown by the appearance of two peaks in the fission yield versus 

mass curve. 

2. Essentially complete absence of fission products on the 

neutron deficient side of stability. 

3. Extremely steep slopes on both 11 wings" of the fission yield 

versus .mass curve, with no fission products having a mass less than 

72 or greater than 162 being observed in abund~nces greater than. 

10-5 percent of the fission events. 

As the incident neutron energy is increased the shape of the 

fission yield versus mass curve begins to change markedly; parti• 

cularly in the region of symmetrical fission. Engelkem~ir1 ' 2 and 
'' 

co=workers observed that when Pu239 was irradiated with neutrons of 
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approxim~tely 600 kev the yield of Pd
109 w~s 50 percent higher than 

~he yield with thermal neutrons. Turkevich and Niday, 3 bombarding 

thorium with pile neutrons of 2.6 Mev average energy,also observed 

an increase in the symmetrical fission region and suggested that the 

fission process at these energies is a combination of two types, one 

asymmetric and the other symmetric. 

When the neutron energy is increased still further the proba

bility of. symmetrical fiss<ionbecomes even more pronounced •. Spence
4 

has shown that when u235 is irradiated with 14 Mev neutrons, symmet-

rical fissionbecomes one hundred times more probable than with 

thermal neutrqns. Also, this rise in the symmetrical fission yield 

was accompanied by a decrease in the yields of those nuclides .which 

lay at the peaks of the thermal neutron yield curve; i.e., the yield 

of Mo99 was about 15 percent lower at 14 Mev than with thermal 

neutrons. 

This increase in the symmetrical fission probability at higher 

excitation energies has also been observed in charged particle 

bombardments. Newton, 5 irradiating thorium with 37.5 Mev alpha 

particles, showed that the symmetrical fission yield is almost equ~l 

to that for asymmetrical fission and that the deep minimum in the 

yield curve for the thermal neutron fission of tf35 had practically 

disappeared. Here the compound nucleus is the same ·for both particles 

so that direct comparison of the two yield curves is justified. When 

bombarding energies are increased to extremelyhigh values (i.e., 

uraniu,m with 380 Mev alpha particles
6) symmetric::al fission predomi-· 

nates and the yield versus .mass curve shows a single peak with no 

perturbations for asymmetric fission. 

" .. 
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This single symmetrical fission peak has also been observed when 

elements lighter than uranium or thorium were bombarded with very 

high energy particles. Goeckermann and Per~n,7 bomba,rding bismuth 

with 190 Mev deuterons, observed this type of fission :peak. In 

a,ddition, they noted that the maximum of the symmetric fission :peak 

corresponded to a mass less.than half the mass of the target nucleus. 

Their conclusion was .that twelve nucleons-had-evaporated before 

fission .occurred. Furthermore, the peaks of their isobaric chain 

yields indicated that most of. the chain yield for a given mass 

number was concentrated in the nuclide having the same neutron to 

:proton ratio as the fissioning nucleus. 

Progressing .still farther down the :periodic table, fission has 

been observed for a number of medium weight elements. Batzel and 

Seabqrg,8'9 irradiating copper, bromine, silver, tin, and barium with 

veryhigh energy :protons, separated activities which lay in the region 

of the :periodic table corresponding to roughly symmetrical fission for 

each of these elements. Proof that fission and not spallation of 

alpha :particles was actually occurring in these bombardments was based 

• 
:primarily on the observed thresholds and calculated energetics of the 

.reactions involved. .Thus the calculated threshold .for the spallation 

reaction cu
6

3(:p,:p3 SO:)Na
24 

was about 170 Mev while the threshold for . n . 

the fission reaction cu63 + :p = Na24 + K39 + n was approximately 50 
24 . 

Mev. Since Na was :produced in 70 Mev :proton bombardments of copper, 

.the conclusion was drawn that it mue;t have been formed by a fission 

:process. 
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Evidence for fission of the medium weight elements in_the 

references Quoted was based on radiochemical separation of only a 

few of the possible activities formed. As part of a program of 

assembling detailed information showing how a single particle of a 

single energy reacts with widely differing target elements iron;10 

. k l ll 8 . 12 "l 13 b" th 14 d . 15,16 nlc e , copper, zJ.nc, sJ. ver, J.Bmu , an uranlum; 

have been bombarded with 340 Mev protons in the Berkeley cyclotron. 

Radiochemical separation and identification of activities formed in 

both the spallation and fission regions was carried out .. These 

data indicate that for the five light elements spallation is by far 

the most prevalent reaction,.with highest yields on the neutron 

deficient side of stability near the t~;Lrget nucleus. In the binary 

fission regi-on the yields are very .low and the yield versus mass 

number curves are .merely a flattened extension of the spallation 

portion of the curve. It should.be mentioned that although yields 

in the fission region for these elements are low they are .measur-

able, and every element below the target element is formed in some 

degree during this type of bombardment. 

For bismuth and uranium, fission is the predol!linant reaction 

and the characteristic single symmetrical high energy fission peak 

is.obtained. In each case the fission peak height and the chain 

yield distributions are such as to indicate initial evaporation of 

nucleons followed by a fission process in which the neutron to 

proton ratio of the fissioning nucleus is preferentially maintained 

in the fission fragments. 

\1 



The present work on tantB;lum was undertaken as part of' this 

over-all program of' 340 Mev proton bombardments •. Tantalum was of' 

particular interest in this series because of its position in the 

periodic table. Because of' ~he mass.def'ect, ato:(Ils of' heavyelements 

like thorium or uranium are stro!lgly exoergic toward fission. 

Light elements like copper are thermodynamically.much more stable, 

·however, and a larger excit~tion energy must be imparted to the 

nucleus,for fission to occur .• The result .is that only a.very small 

fra.ction of reactions in the copper bombardments yield products 

which may be considered as fission fragments. Tantalum lies 

between these two extremes, and while it was expected that the 

total fission cross section.would be low there was So!lle question as 

.to whether or not a fission peak would be discernable. 

It should be noted that in previous work in this program 

spallation data for the five lighter elements was rather complete 

and the fission data meager:,. while for bis:(Iluth and uranium the 

opposite was true. It was hoped that the tantalum bombardments 

would yield enough data on both spallation and fission to enable 

more accurate conclusions on the mechanism of those reactions to be 

drawn. 

II. EXPERIMENTAL PROCEDURES 
,_, 

A. Target Arrangements 

The target material used in this.series of'.experiments con.-

sisted of'.the purest tantalum foil available. Spectrographic 

analysis of the ·metal showed it to be free of any impurities .which 
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might interfere vri th the fission product yields except for 

approximately 0.01 percent of niobium. Spallation yields for 

middle weight elements indicated that this impurity would probably 

affect onlythe neutron deficient nuclides of molybdenum, niobium, 

zirconium, and strontium in the· fission product region of tantalum. 

The remaining fi.ssion product activity and all of the activities in 

the spallation region had to be formed from tantalum in these 

bombardments. 

In order to .meas:ure the absolute cross section of·the spal-"" 

lation and fission products the proton beam moni taring procedure 

developed byFolger and Stevenson15 was followed. One inch diameter 

disks __ were c11t out ()_f 0.;00025 inch aluminum, 0.001 inch aluminum, 

and 0.002 inch tantaiQm foil with the same die to ensure that they 

all had the same area. Surface impurities were removed by washing 

the aluminum disks liln conductivity water and acetone and drying in 

an oven. The tantalum disks.were cleaned in hot concentrated 

nitric acid, rinsed in conductivity water and acetone and dried. 

. 17 
Si-Chang Fung has shown that in bombardments with 34o Mev 

protons a significant fraction of the activity formed in a quarter 

mil aluminum foil may. be lost through recoil but that this loss 

could be minimized by placing one mil aluminum "guard foils~· in 

front and back of the thinner foil. In addition, since recoiling 

atoms from the copper target holder might introduce contaminating 

activities in the region of copper into the tantalum target foils, 

a two mil tantalum "guard foil" was placed in front and back of the 

tantalum target foils. Thus the target "sandwich" consisted of one 

'' . 

il 
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mil Al guard, quarter mil Al monitor, one mil Al guard, two miLTa 

guard, Ta target (usually three two mil Ta disks), two mil Ta guq.rd, 

one mil Al guard, quarter mil Al monitor, and one mil Al guard. The 

sandwiched disks -were aligned exactly, clamped firmly in_the copper 

target holder, and trirmned about a quarter inchfrom the face of 

the target holder. A scale diagram of this ''Thin ~arget" arrange-

mentis shown in Figure·l. 

After bombardment the monitor foils were weighed andc"mounted 

and their decay followed. The 15 hour activity of Na24 could 

easily be resolved from the decay curve. Since -the formation cross 

section for the Al27 (p ;3pn)Na 24 . reaction was known,. the cross 

sections for the, spallation and fission products in tantal11ffi could 

be calculated. 

After several "Thin Target" bombardments had been .evaluated it 

became apparent that not e~ough activity.was being formed in tne 

fission product region for good .statistica~ counting and accurate 

resolution of the gross decay curves. Recourse was taken to the 

"Thick Target 11 arrangement.in which a stack, usually six, of two 

mil x 0. 25 inch x L 75 inch tantalum target foils was wrapped in 

\one-thickness of two mil Ta guard foil and clamped in a.copper 

target holder·in such a manner that the proton beam traversed the 

0.25 inch dimension.of the target. -Nickel was· used as the '"internal 

monitor" on. each of the thick target bombardments. Since the cross 

section for the reaction Ta181(p,fission)Ni
66 

had been calculated 

from the thin target bombardments, the cross section for all.of the 

fission products could be obtained by comparing their activities to 

66 .that of Ni • 



-11-

,!,;· 

C5 ~pper target holder 

.----
~ 

L-

8( 
\ 

'~ 
'---

t-

' Target foils I 
c::::::J lJb3 

I _s 

1 Proton beam 

a. Thin target arrangement 

.----75 
ypper target holder 

8 
Target foils 

_.5 

r--
\..._...1 

~~~~ I 
c::::::J 1 o o 1 

1 Proton beam 

b. Thick target arrangement 

MU-7382-

Figure l. Target foil arrangements. 



..• 

!· 

-12-

B. Treatment of the Target After Bombardment 

After data from preliminary experiments M.d been assembled it 

became apparent that chemical treatment of the target after bomb~rd-

ment had to .be governed by several eq_ually important factors: 

1.. Fission product cross sections -were extremely small, being 
~4 . 

approximately 10 that of the spallation cross sections. Thus 

radiochemical purification factors .of about 107 were req_uired between 

the fission product -activities -and those in .the spallation region (W, 

·Ta, Hf, and the rare earths). 

2. Activities of every element below the rare earths were 

pre~ent in comparable yields. Radiochemical purification factors .of 

approximately 104 were req_uired between each of the fission product 

elements and all of the elements below the rare earths. 

3. Tantalum is a notoriously difficult metal to get in solution. 

It will dissolve easily only in a mixture of concentrated hydroflu~ric 

acid and concentrated nitric acid. Chemical separation procedures all 

had to begin with this·HF ... HN0
3 

solution. 

4 .. Activity levels of the fission products, even with the thick 

target arrangements, were so low that the original target solution 

could not.be separated into aliq_uots. Thus all of the elements which 

were to be .separated in one bombardment had to .come out of the entire 

original target solution. 

With these factors in mind, the radiochemical separation proce-

dures were developed. Exact procedures.for each element .will be 

described subseq_uently;; but in general the target .material was 
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dissolved ~n concentrated HF-HNo3._ Accuratelyknown quantities, 

usually 10 .mg·; of the elements to be separated were added and the 

elements separated and purified. AssumiNg complete exchange between 

the active atoms and the inert carrier atoms in the original solution, 

the weight .of the carrier recover.ed at the completion of the purifi-

cation would determine the fraction of the original activity recovered. 

In several elements special steps-had to be taken to.ens'l:U'e complete 
' .... 

exchange •.. In others_, where there was danger of the active atoms being 

adsorbed on the walls of the lusteroid cones in which 'the target was 

dissolved before the inert .carrier could be ~dded, the carrier had to 

be added.before the target was dissolved. In any case the carriers 

were added as soon as practicable. 

The final purified compound was transferred wet to.a tared 

2 
aluminum dish which had a depression of 1 em area to define the area 

of the final compound. After drying and-weighing, a drop of dilute 

clear lacquer was placed on the precipitate and dried. This material 

did not contrihq.te significantly to the mass of the sa.mple and Y.et 

served to bind the sample in place during :the subsequent counting 

operations. Those compounds which could not be dried adequately. in 

aluminUm. were first ignited in porcelain or platinum crucibles and 

the dried powders transferred. to the tared aluminum dishes. -For 

counting purposes the· final weighed samples were fastened to 2 mm 

.thick aluminum mounting plates which held the dishes. in a fixed 

position and were constructed to fit the shelving arrangement-of 

the yarious.counters. 



C. Chemical Procedures 

Obviously, when. radiochemical .separation procedures are being 

.developed for a .fission yield study of' this ~type;. the separation 

techniq_ues commonly in use :will be adapted wherever possible. Thus 

some .of' the procedures given here are but slight.modif'ications .of' 

well-known operations. In a .m;ll!lber ,of' cases, howeverl the separation 

reg_ui:rements were such that previously published procedures were 

either completely inadeq_uate or impossibly impractical •. New separ

?-tion techniques had to be·devised. Therefore the procedures for 

tungsten, · hafn,ium, ~rconium., tantalum, the rare earths, indium, 

rhodium, cesium;. rubidium, potassium, ch"rcimium, and magnesium 

represent-either major.modifications .of' existing procedures or 

completely new.ones developed especially for these bombardments. 

The primary req_uirement for these chemical procedures is maximum 

purity in a minimum time. In addition, since the thick targets 

usually had from three to.five·hundred roentgens of activity at a 

distan,ce of' two inches. when the chemical steps were begun,. the 

q_uestion of' minimum exposure for the.chemist had to be considered. 

When possible,. the -spallation products (Ta, Hf, rare earths) .were 

separated first in order to lower t;;he general activity level, then 

the desired elements were separated. Scavenging agents for any but 

the spallation.elements were seldom added until the desired .element 

had been .removed from the ·target .solution. AJ-1 chemical separations 

(at least until the activity decreased to a safe level)'were per

formed with three foot long tongs passed through slots in a four inch 

thick lead brick wall, the whole b').lilt into a standard ventilating 
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hood. When necessary because of especially high activity levels, oper-

ations behind the lead wall were observed by means of strategically 

placed mirrors. 

Sodium:--The Ta target was disso:Lved in concentrated·EF-HNo
3 

and 

sodium carrier added. Cerium carrier was added to precipitate the 

rare earth fluoride and hafnium and barium carrier to precipitate 

BaJifF6 . The precipitates were centrifuged, the solution made-18 _!!in 
( ' . . 

H2so4 and.tantalu.m extracted .with di=isopropyl ketone •. The aqueous 

layer was evaporated to dryness in a platinum_vessel, the residue 

dissolved in waterJ copper carrier added, H2S passed.through the_ 

solution; and the acid-insoluble sulfides centrifuged. After boiling 

to destroy_ the H2S, .. Ba,.sr, and Fe carriers were added, _the solution 

made basic with NH40R, (NH4) 2co
3

_added, and the ammoniacal insoluble 

hydroxides and carbonates centrifuged. Nickel was precipitated with 

dimethylglyoxime and sep~rated by. f.iltration •. Concentrated ·mm
3 

was 

.added and evaporated almost to.dryness. Concentrated perchloric acid, 

potassium, rubidium; and ces.ium carriers were added and evaporated 

almost to dryness. The solution was_chilled and Na .leached out of the 

perchlorate precipitate with ice cold ethyl acetate.. Water was added 

to the ethyl acetate and evaporated almost to.dryness. Zinc uranyl 

acetate solution was added; chilled, and the sodium zinc uranyl acetate 

precipitate centrifuged. The precipitate was dissolved in a .. minimum 

volume of concentrated HCl and ice cold.isopropyl alcohol saturated 

with HCl gas was added. The NaCl was washed with HCl-saturated iso-

propyl alcohol and dissolved in H2o. The CuS, Fe(OH)
3 

scavenges were 

repeated. Concentrated HClo4 was added., evaporated to dryness, heated 

•. 



... 

·until.any annnonium salts·hadbeen destroyed, and the resid11e dis

solved in water. The sodium zinc uranyl acetate and sodium chloride 

precipitations were repeated. The final NaCl-precip:itate was washed 

three times with HCl=saturated isopropyl alcohol, dried at 115° .C 

and weighed as NaCl. 

Magnesium~--Magnesium carrier was added to the tantalum target 

solution. Cerium carrier was added and the rare earth fluorides 

centrifuged, -the solution made 18 N in H2so4 , and tantalum extracted 

with di=isopropyl ketone.. The ag_ueous layer was evaporated almost to 

dryness and the residue dissolved in water. Iron carrier was added, 

the solution made basic with NH4oH (the volume had to be large or 

magnesium would have carried down on the ferric hydroxide), and the 

ammoniacal insoluble hydroxides centrifuged. Copper carrier was 

added and the basic insoluble sulfides precipitated with·H2S. The 

solution was adjusted to pH 4 with acetic acid, l mg Ca,.Sr, Ba 
_carriers and l ml.of saturated oxalic acid solution added, and the 

acid insoluble oxalates centrifuged. The oxalate scavenge was 

repeated twice. The solution was evaporated almost to dryness, 

concentrated HN0
3 

added and boiled to destroy c2o4=. Diluted with 

water, the solution was made basic with NH40H, (NH4)2HPo4 solution 

added, the magnesium ammonium phosphate precipitate centrifuged and 

washed with dilute ammonia. The precipitate was dissolved in a 

minimum volume of concentrated HCl, diluted to approximately 0.1 M 

and-passed through a .2.nnn x 10 em Dowex-50 cation exchange resin 

column. (Magnesium was adsorbed and the phosphate passed through.) 

The column was washed with water.and the magnesium stripped off with 



6 N HCl. ~e Fe(OH)
3

, CuS; and Cac 2o4 scavenges, the :phosphate pre~ 

cipitation, and the column separation were repeated. The final 6 N 

HCl solution was evaporated almost to dryness, diluted with water, 

centrifuged. The ·precipitate was twice washed with water, twice with 

ethanol, ignited at 1300° F and weighed as Mg2P20T 

Potassium:--Potassium and cerium carriers were added to theTa 

target solution, the rare earth fluorides centrifuged, the solution 

_made 18 _!i in H2so4, Ta extracted with di-isopropylketone, and the 

aquebus layer evaporated almost to dryness in a' platinum vessel. The 

residue was dissolved in :water, Cu carrier added, H2S passed in, and 

the acid insoluble sulfides centrifuged. After boiling to expel H2S, 

Fe, Ba, Sr carriers.were added, the solution made basic with NH40H, 

(NI~)2co3 added and the basic insoluble hydroxides and carbonates 

centrifuged. Nick~l was precipitated with dimethylglyoxime and the, 

solution filtered. Concentrated HNo
3 

was added and evaporated almost 

to dryness. Rubidium; cesium carriers, concentrated HClo4 were added 

and evaporated almost to dryness. T4e cooled perchlorate precipitate 

was washed with ice cold ethyl acetate and heated to expel excess 

.ethyl acetate. -After the KClo4 was dissolved in water and the CuS 

and Fe(OH)
3 

scavenges repeated, the solution was evaporated to dryness 

and heated to vaporize ammonium salts. Concentrated HClo4 was added, 

evaporated to dryness, .cooled, and the residue washed with ice cold 

ethyl acetate. The perchlorates were dissolved in wat_er and the 

solution passed through a 10 mm x 7 em Duolite C-3 phenol formaldehyde 

type cation exchange resin column which was in its acid form (K, Rb, 

• 
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and Cs were adsorbed). After washing the column with water, potassium 

was eluted with 0.1 M HCl solution. With this acid concentration 

potassium would be eluted first, rubidium and cesium being far behind. 

Evaporating the potassium fraction to dryness, concentrated HCl04 was 

added and evaporated almost to dryness again. . Cooled,. the precipitate 

was washed three times._ with ethanol, dried under a heat lamp and 

weighed as KClo4• 

Chromium:--Chromium and cerium carrierswere added to theTa 

target solution, the rare earth fluorides centrifuged, .the supernatant 

made approximately 8 N in HCl, and Ta extr~cted with di-isopropyl 

ketone. The aqueous layer was evapo.rated to dryness, cooled, concen-

· trated HClo4 added, and chromium distilled in ... a stream of HCl gas, 

the distillate being collected in ice cold water. To the distillate 

H2o2 and Fe carrier were added, the solution made basic with NH40H, 

and the basic insoluble hydroxides centrifuged. After neutralizing 

the solution, Ba carrier was added and the BaCro4 cent:dfuged. The 

BaCro4 was dissolved in HCl, As, Sb, and Pd carriers added, H2S; 

bubbled, and the acid insoluble sulfides centrifuged. The BaCro4 

.was transferred to a distilling flask, Ru carrier· and concentrated 

HCl04 added, and the solution heated to expel. the Ruo4. After 

cooling and neutralizing the solution.with NR40H, Ba .carrier was 

added and the BaCro4 precipitate centrifuged. The precipitate was 

transferred into a separatory funnel, ethyl ether, 30 percent H202 

were added, and the blue chromium complex extracted. Chromium was 

back extracted with dilute NH40H. The solution was scavenged with 

Fe(OH)
3

• After neutralizing, Ba ca,rrier was added~ The BaCr04 was 
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centrifuged, washed twice with water, twice with ethanol, dried at 

110° c, and weighed as BaCro4 , 

Manganese;=-The target was dissolved in the presence of the man= 

ganese carrier, Cerium carrier was added1 the ra:te earth. fluorides 

centrifuged, the solution mad~ 18 N in H2so4J_tantalum extracted 

with di-dsopropyLketone, andthe a<lueous layer evaporated almost .to 

dryness, After the residue had been dissolved in 1 !1 HNo
3

, a slight 

excess of KBrq
3 

was .added, the solution boiled to coagulate Mno2, 

centrifuged, and the precipitate washed with 1 !1 HNo
3

, The Mn02 was 

dissolved in concentrated HCl and.the concentrated HCl solution 

passed through a 2 mm x 5 em Dowex A-2 anion exchange resin column, 

· The ~Cl solution was evaporated almost .to drynesB, diluted to 1 t! in 

HCL Silver carrier was added and the AgCl precipitate centrifuged, 

. Copper_ carrier was added, H2S passed·, and the acid insoluble sulfides 

centrifuged, After evaporating the solution almost to dryness, HCl 

_was destroyed-with HNo
3

, the ·solution diluted to -1 !:1_: in 1£N03' an 

excess of Na2Bio
3 

added_; and the solution boiled to .oxidize ·Mn+3 to 

Mn04 , Iron carrier was added, the solution made basic with NaOH and 

the ba,sic insoluble hydroxides centrifuged, After making the solution 

1 _!1 in HN0
3

, Mno4 was .reduced with oxalic acid,. excess Bro
3 

added, 

.the solution boiled until Mn02 coagulated, and Mn02 centrifuged, The 

anion exchange column, -AgCl, CuS scavenges, the bismuthate oxidation, 

the Fe(OH)
3 

scavenge, the oxalate reduction, and the Mno2 precipitation 

were -repeated, The Mn0
2 

.was dissolved in dilute ·HNo
3 

plus H2o 2, ,··:;_:; 

diluted further, Mn02 reprecipitated, .centrifuged, _washed twice with 

water; twice with acetone, ignited in a procelain crucible at 900° F 

!;I 
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Iron:-.,Ironand cerium carriers were added _to theTa target 

solution, the rare earth fluorides centrifuged, the solution made 

18 !·in H2so4, -Ta extracted with di=isopropyl ketone, and the aqueous 

layer evaporated almost to dryness. The residue vas dissolved in H20, 

made basic with NH40H, the Fe(OH)
3 

precipitate centrifuged and washed 

with dilute ammonia. T.heFe(OHJ)
3 

was dissolved in concentrated HCl, 

diluted to 7. 5 !i in HCl ;. the 'Fe extracted with isop:vopyl ether, and 

the ether layer washed with '7. 5 N HCl. After Fe had been back 

extracted into buffered acetic acid-acetate solution, Mo, Ga,Sb, Sn, 

and Ge carriers were added; the solution.was made basic with NaOH, 

centrifuged, and the Fe(OH)
3 

washed with dilu,.te ·NaOH. The Fe(OH)
3 

was dissolved in 3! HCl; Mo1 Ga; Sb, As, Ce carriers .were added, H2S 

passed in, and the acid insoluble sulfides centrifuged. The solution 

was made basic with NH40H, centrifuged, and the Fe2s
3 

precipitate 

washed with dilute NH40H. The 'Fe2s
3 

was dissolved in concentrated 

·HNo
3

, scavenged with wo
3

, made basic with NaOH, and the 'Fe(OH)
3 

centrifuged •. The ether extra'ction and Fe(OH)
3 

precipitation were 

repeated twice with the final Fe(DH)
3 

precipitate being washed twice 

with dilute NH40H, ignited in. a platinum crucible at 900° F and 

weighed as Fe2o
3

• 

Cobalt:-=Cobalt and cerium carriers were added to theTa target 

solution;-the rare earth fluorides centrifuged, the solution.made 18-N 

in H2so4, Ta extracted with di-isopropyl ketone.)l and the aqueous layer 

evaporated almost to dryness. The residue was dissolved in.water, Fe 

carried added, mad.e basic with NH40H, and the Fe(o:a:)
3 

precipitate 

centrifuged. Hydrogen sulfide was passed in,. the CoS was centrifuged 
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and washed with dilute·NH40H. The CoS was dissolved in concentrated 

HCl,. boiled to expel -H
2
S, . concentrated HCl added, and the solution 

· passed through a 2 mm x 5 em Dowex A-2 column, after which the resin 

was washed with concentrated HCl. Cobalt was eluted with 3 ~- HCl, 

·_the eluant diluted to l !_i in HCl, Ag carrier ad,ded and the AgCl 

precipitate centrifugeq. Iron was addedj. made basic with NH4on, and 

the Fe(QH)
3 

centrifuged. Hydrogen splfide was passed in, the CoS 

.precipitate centrifuged and washed with dilute NH40H. Cabal t sulfide 

was dissolved in concentrated HCl; boiled to evaporate the ·H2s, 

diluted to 0 .l N .in HCl, a large excess of KCNS added_, and Co 

extracted-with. a l:l m:f.xture of amyl alcohol:ether. Cobalt was back 

extracted into 6-,!NH46H, H2s jlas passed in, and the CoS centrifuged • 

. The anion exchanf,Se colwnn separation was repeated. T.he 3 !! IfCl 

solution was evapor1;l,ted just to.d.ryness__, Go dissolved in water;; 

buffered with acetic acid ... acetate_, a .large excess of fresh concen-

trated Kl'W2 solution added, and tb.e solution centrifuged. The 

precipitate was washed twice with water,_ twice with acetone, dried at 

_110° C for twenty m.inutes and weighed as x
3
co(No2 t·6H20. 

Nickel~ -=Nickel and c-erium carriers·•;were added to the Ta target 

sol1,ltioh, the-rare earth fluorides centrifuged, the solution made 

18 _!! in -H2So4' Ta .extracted with di=isopropyl ketone, and the aqueous 

layer_evaporated almost to dryness. The residue was dissolvedin H20, 

Fe carrier added, .the solution .made basic with NH40H, and Fe(OH)
3 

-· 

_centrifuged. bimethylglyoxime was added and . the nickel .dimethylglyoxime 

precipitate was filtered and washed with dilute NH40H. The precipitate 

was_dissolved.in concentrated HNo
3

, boiled to destroy Mm,ethylglyoxime, 

.. 
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HN03 destroyed with HC1 1 diluted, Ag carrier added, and AgCl centrifuged~ 

Cu carrier was added, H2S passed .in, and CuS centrifuged, After H2S had 

been expelled by boiling_,. Fe carrier was added,. the solution made basic 

with NH40H, and Fe(OH) 3 centrifugedo Palladium carrier was added, the 

solution adjusted to pH 3 -with HCl, dimethylglyox.ime added, and the pal-

ladium dimethyJ.,glyoxime filtered, after which the solution_was made basic 

with NH40H and the nickel dimethylglyo.xim.e filtered, The AgJJl, . C'llS, 

Fe( OH) 
3 

scavenges and the nickel di.methylglyo.xime precipitations were 

repeatedo The final nickel dimethylglyo.xime was washed twic;e with water, 

twice with ethanol, dried at 110° C and weighed as nickel dimethylglyoximeo 

Copper~·-Copper and cerium carriers were added to theTa target 

solution, .the rare earth fluorides centrifuged1 -saturated KF solution 

added, and the K2Ta.F
7 

precipitate centrifugedo ciron carrier was 

added, the solution made basic with NH40H, and the Fe(OH)
3 

precipitate 

centrifuged, The solution was adjusted to pH 1 with HCl; H2S was 

bubbled through, and the CUS centrifuged and washed with 0.4 M HCl, 

The CuS was_dissolved .in HNo
3

, boiled to destroy sulfide., Fe, Ba 

carriers added, the solution made basic with NH4_0H; (NH4 )2co
3 

added, 

and .the ·Fe( OH) 
3 

and Baco
3 

precipitates centrifugedo The solution _was 

made 0,1 !'I with HCl, so2 passed in to reduce copper, KCNS added, and 

CuCijS centrifuged, The precipitate was dissolved in HNo
3

, neutralized 

withNH40H1 KCN,-Cd} As carriers added, H2S passed in, and the sulfide 

precipitate centrifuged, The solution was acidified, boiled to remove 

the HCN, made 3 !'I in HCl, H2S passed in, and the CUS.centrifuged, -The 

precipitate was dissolved in HN0
3

, scavenged with AgCl, ~:Fe(OH) 3 , and 

Baco
3
,. and .the CuCNS precipitation .repeated., The CuCNS .was dissolved 



in HN0
3 

and .the_CuCNS precipitation repeated. The final precipitate 

was washed twice with water, twice with ethanol, dried at 110° C and 

_weighed as CuCNS. 

Gallium: •.'"'Gallium and lanthanum carriers were -added to the Ta 

target solutibn, -the rare earth f'luo:r'ides centrifuged,. concentrated 

KF solution added_,. the K2TaF
7 

precipitate centrifuged; washed with 

water, and the washings combined with the original solution. The 

supernatant was :made 7! in E;Cl; gallium was extracted :with di~iso.:. 

propyl ke'tone and back .extracted with water. The aqueous layer was 

adj11sted to the -yellow brom cresol purple end point with NaOH, pH 5.5 

acetic a.cid-acetate -buffer was 'added, and the Ga( OH) 
3 

precipitate 

centrifuged. The hydroxide was dissolved in.dilute HCl; Cu added, 

-H
2

S passed in, and the CUS precipitate centfifuged. After H2S-had 

been removed byboilingj the Ga(OH)
3 

precipitation was repeated. The 

precipitate was dissolved in .6 N HCl,, Ga extracted with isopropyl - '· 

·ether, back extracted_into waterJ and the Ga(OH)
3 

precipitation 

repeated. The hydroxide was dissolved in dilute acid, oxine-acetic 

acid solution added_, digest.ed at 60° C, centrifuged, and the precipi

tate washed twice with water, twice with ethanol, dried at Jt•0° C and 

weighed as gallium~8 hydroxyquinolate. 

Arsenic~ - .... Arsenic and cerium carriers _were _added to the Ta target 

solution, the rare earth fluorides centrifuged, formic acid added, and 

the solution heated until HN0
3 

had been redu,ced. The solution was 

made 6!! in HCl, H2S passed in; the As2s3 
precipitate centrifuged, and 

washed with 6-N HCl saturated with H2S. The As2s3 .was dissolved in 

_concentrated NH40Hj Te, Sb, Sn, Ge carriers were added, and any 

'-' 

!.'' 
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precipitate centrifuged. The solution was made 6.!! inHCl, H28 

passed in, and the As28
3 

precipitate centrifuged. The As283 was 

dissolved in.concentrated NH40H, transferred to.a glass still; Ge 

carrier; concentrated !ICl, and KCl0
3 

crystals were added and the 

Gec14 distilled. To the residue saturated CuCl in concentrated HCl 

was .added, the AsCl3:w:as distilled in a stream of HCl and the 

distillate was collected in !Lee cold concentrated HCiL -:ijydrogen 

sulfide was passed into .the distillate, the .A.s28
3 

precipitate was 

centrifuged and washed with 6 N HCl. The GeCl4 and Asc1
3 

distil

lations and the As28
3 

precipitation were repeated. The final As28
3 

precipitate was washed twice with 6.!! HCl, twice with water, twice 

with ethanol, dried at lrJJ0° C and weighed as As28
3

. 

Bromine:--The Ta.target was dissolved in the presence of Br 

carrier in a distillation flask. When the target was.dissolved 

additional Br carrier was added and the solution was heated in a 

stre!:j.ID of air to .complete the distillation, the distillate being 

trapped in 0.5 ~ Na2so
3 

solution. The distillate was made l M in 

HNo
3

, heated to Q.estroy. 8o
3
=, I= carrier and 0.1,!:! Na.N02 solution 

_added, and r 2 extracted with cc14• Potassium permanganate sol11tion 

was added and Br 2 wa.s extracted with cc14 and back extracted into 

water containing enough 80
3
- to reduce the Br.2 • The I 2 and Br2 

extractions were repeated twice. The last 80
3
- solution of Br was 

made l Min HN03' heated .to destroy so3=, Ag carrier added, the AgBr 

. centrifuged. .·The precipitate was washed twice ·with l ,!':! HN03. twice 

-with water, twice with ethanol, dried at liL0° C and weighed as .AgBr. 



Ruqi~dium: -c·Rubidium carrier was added to the Ta_ target solution. 

The potassium chemistry up to . the point where the K~ . Rb 7. and Cs per-

chlorates are placed on the D11olite C-3 cation exchange resin column 

was repe:;tted. The activity was eluted with0.3/M ECl solution. Potas-. ..-=.... . 

sitUn. came off quickly and could be discarded; rubidium came off next; 

and _cesium trailed .. fa,r behind. The rubidium fr:;tction. was evaporated 

almo$t to .dryness,. concentrated HClo4_ added_, evaporated almost to .dry

ness, _cooled, and.the RbClo4 precipitate was washed four times with 

ice cold ethyl ac·etate-'. dried 1,llld,;er a. heat l.8J1I.P and weighed as .RbClQ4 • · 

Strontium: --~trontiwrr and cerium carriers were added to: the Ta 

target_solution_, the rare earth fluorides centrifuged, H2so4 adde~, 

and the srso4 precipitate was centrifuged and washed with dilute 

~2so4 • The SrS04 precipitate was .metathesized twice with an Na2co
3 

... 

N~OH solution;; centrifuged; and washed with dilute Na
2
co

3 
.solution • 

. TJ:le Srco
3 

precipitate was dissolved in a minimum volume of dilute HNOy 

ice cold red fuming :tmo
3

_was added, and the Sr(mo
3

)2 precipitate was 

ce!'ltrifuged •. The precipitate was dissolved in water_, Fe carrier added, 

.the solution made basic with NH
3 

gas (Co2 free) andthe·Fe(OH)3.scavenge 

centrifuged. Ammonium carbonate was added the the -srco
3 

precipitate 

centrifuged. The .S:r(No
3

)2 precipit:;ttion; the -Fe(OH)
3 

scavenge, and the 

sreo
3 

precipitation were repeated. The sreo
3 

was dissolved in dilute 

mm
3

, Ba carrier was added_, the solution buffered to pH 5 with acetate, 

Na2cre4 solution added,, and the BaCr04 centrifuged. The -BaCro4 

precipitation was repeated twice •. The solution was.made basic with 

NH4oH, (NH4)2co
3 

solution added., and the Srco
3 

-precipitate centrifuged. 

The precipitate was dissolved .in dilute ENOy, the Srco
3 

precipitation 



repeated, and the Srco
3 

washed four times with dilute NH40H; dried at 

110° C, and veighed as sreo
3

. 

~irconium~~-Zirconiumj Hf, and Ce carriers were added to the Ta 

targei:,.solution,.the rare earth fl.uorides.centrifuged, the solution 

cooled in an ice bath, and ice cold saturated Ba(No
3

)2 solution was 

added dropwise with constant stirring. The BaZrF6 precipitate wa:s 

centrifuged and washed with ice cold watero The ptecipitate was dis-

solved in ice cold saturated H3Bo
3 

plus concentrated HNo
3

, the solution 

made basic with NH40H, and the Zr(OH) 4 precipitate was centrifuged and 

washed with dilute NH40H. The hydroxide was dissolved in 1 ~ HN0
3

, Zr 

extra:cted .into 0.4 !1 thenoyltrifluor;'acetone (TTA)-benzene solution, 

arid back extracted into 5 percent NH4HF2 solution. Saturated H
3
Bo

3 
was .added to the aq_ueous la~er,. the solution made basic with NH401I, 

and the Zr(OH)4 centrifuged. The hydroxide was dissolved in 1 -~ HF 

and the BaZrF6 and the Zr(OH)4 precipitations repeated. At this point 

Zr should have been purified from everything except Hf. The hydroxide 

was dissolved in 3 11 HCl04; heated to break up colloids, and passed 

through a 5 mm x 20 em Dowex~50 cation exchange resin column (Zr and 

Hf were both adsorbed). . The column was washed with water, then 50 mL 

of LOO !!_ H2so4 was passed through,· Zr being removed. -Hafnium remained 

on the column. The eluant was made basic w.ith NH40H and .the Zr(OH)J+ 

precipitate centrifuged. The zr.-Hf ion exchange solumn separation was 

repeated three times (four column separations in all) o The final 

hydroxide precipitate was dissolved in 3,!! HNOy H3Po4 added, centri

fuged, the precipitate washed twice with. 3 !i HNo
3

, twice with acetone, 

ignited at -900° F, and weig_h.ed as -ZrP20T 



Molybdenum: --Molybdenum, tungsten and cerium carriers were added 

to the Ta target solution, the rare earth flu,or'ides centrifuged, 

saturated KF solution added,. the K2TaF
7 

precipitate centrifuged,. 

washed with water, and the washings returned to the original solution. 

Iron carrier was added, the solution .made basic with NH40H, and the 

Fe(OH)
3 

centrifuged. Copper carrier was added; H2Spassed in, and 

the CUS scavenge centrifuged. The "solution was adjusted to pH 3, 

heated, H2S passed in, ,the Mos
3 

precipitate centrifuged,. and washed 

with pH 3 solution saturated with H2S. The S'Lllfide was destroyed 

with concentrated m~o3 , diluted, adjusted to the red .methyl orange 

end point .with NH40H, buffered with acetate, AgNo
3 

added, and the 

Ag2Moo4 precipitate centrifuged. The precipitate was dissolved in 

concentrated NH40H.and the Fe(OH)
3 

and CuS scavenges and the Mos
3 

and Ag;f1o04 precipitations were repeated. The final Ag2Moo4 precip

itate was wasned twice with water, twice with ethanol, dried at 

0 
110 C, and weighed as Ag;f1o04. 

Rutheniumt-"-Ruthenium and cerium carriers were added to theTa 

target solution, the rare earth fluorides centrifuged, the solution 

IDade 6 ! in HCl, Ta extracted with di-isop:topyl ketone, and the 

aqueous-layer evaporated almost to dryness. Concentrated HClo4 was 

added and Ruo4 distilled in an air stream,. the distillate being 

collected in ice cold 6 N NabH. Ethanol was addedto the distillate, 

boiled, _centrifuged, and-the ruthenium hydroxide washed with dilu,te 

NaOH. The precipitate was dissolved in concentrated HCl, evaporated 

almost to dryness, and the distillation and hydroxide precipitations 

repeated. The hydroxide was dissolved in l N HCl and.ruthenium -. 

... 
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reduced to the metal with magnesium chips, .excess Mg being destroyed 

with HCl. The me~l was centrifuged, washed twice with water, twice 

with ethanol, dried at 110° C and weighed as Ru. 

Rhodium~-=Rhodium; palladium and cerium carriers were added to 

the Ta target solution, .the rare earth fluorides centrifuged, the 

solution_was made ice cold, 4 percent-Nai solution added, and the 

-Pdi2 precipitate centrifuged.· Twenty percent Nai solution was added, 

the solution was boiled for 15 minutes, and the Rhi
3 

preCipitate 

centrifuged. The Rhi
3 

was dissolved in concentrated H2so4 , fumed 

almost to dryness, cooled, diluted to 0.5 ! 1 the solution passed 

through a 2 mm x 5 em Dowex:=50 cation exchange resin column, . and the 

resin washed with H2o. The sulfate eluant solution was adjusted to 

pH 5, a large .excess of KN02 was added, and after boiling fo.r 5 

minutes; the K3Rh(N02)6 precipitate was centrifuged and washed with 

water. The rhodinitrite was dissolved-in concentrated HCl04 and 

evaporated almost to dryness. The HClo4 fuming was repeated four 

times, after which the residue was dissolved in water and passed 

through a 2 mm. x 5 em Dowex=50 column (Rh was adsorbed), and the 

resin washed with water. Rhodium was eluted with hot 2 !'! HCl, the 

eluant diluted _to 1 _!!_HCl and Rh reduced to the metal with Mg chips, 

excess Mg being d.estroyed with HCl. The metal was washed twice with 

water, -twice with ethano1 7 dried at 110° C and weighed as Rh. 

Palladium~==Palladium and cerium carriers were added to theTa 

target solution, the rare earth fluorides centrifuged, the solution 

made 18! in H2so4 .)' Ta extracted vrith di=isopropyl ketone, and the 

aq_ueous layer evaporated almost to dryness.- The residue was 



dissolved in water, Fe c·arrier was added, the solution made basic 

with NH40H, and the Fe(OH)
3 

centrifuged. The solution was adj.usted 

to pH 2 with HCl, Ag carr.ier was added, and the AgCl centrifuged. 

-Nickel carrier and dimethyle:;lyoxime were added and the palladium 

dimethylg1yox~e filtered and washed-with 0 .• 1! HGl. . The·precip-

itate was dissolved in concentrated Hl'f0
3 

and boil~d to destroy the 

. dimet,hyl.g1yox:ime. The Fe( OH) 
3 

.and AgCl scavenges and the palladium 

dimethylglyoxime precipitation wer.e repeated twice. The final 

. palla,dium dimethylglyoxime precipitate was washed twice ·with water, 

twice with ethanol, dried at 110° .C, and weighed as palladium 

dimethylg1yoxime. 

$ilver:--The target was dissolved in the presence of Ag carrier, 

-~Cl added, and .the Agel precipitate centrifuged and washed with 

dilute HCL _The AgCl was dissolved in 6 ·,!! NH4oH, Fe c~:J,rrier was 

~:J,dded, and the Fe(OH)
3 

centrifuged. The·Fe(OH)
3 

scavenge was 

repeated. Hydrogen sulfide ·was passed in, and the Ag2S centrifuged 

an:d.washed with dilute ·NH40H. The Ag2S was dissolyed in concentrated 

NH4oH, baLLed to destroy. the sulfide, diluted,;. HCl added, and the AgCl 

centrifuged. The ·Fe(OH)
3 

scavenge and the Ag
2
S and AgCl precipitations 

were repeated twice. . The .. final AgCl precipitate was washed twice 

with 1 ~ HNOy twice -with ethanol, dried at 110° C and weighed as AgCl. 

Cadmium;--Cad.mium and cerium c~:J,rriers were added to theTa target 

solution, the rare .earth fluorides centrifuged, . the solution made 18 N 
. ~· 

in H2so4 , Ta extracted with di .... isopropyl ketone, and the aqueous layer 

evaporated almost to dryness. The residue -was.dissolyed in water, Fe 

carrie~ was added, . the solution made basic with l\iH40H, and the ·Fe( OH)
3 

li 

.,. 
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centrifuged, Hydrogen sulfide was passed in, the Cd.S centrifuged, 

and washed with dilute ~xr4oH. The precipitate was dissolved in .2! 

HCl, Cu carrier was added, H2S passed in and the CuS precipitate 

centrifuged. The solution was boiled to .expel excess H2S, Zn 

carrier was added, and the solution was passed through a .2 n:rrn x 5 em 

Dowex A-2 anion e]:Cchange column (Cd was adsorbed), and the resin 

washed with 0.1 M HCl, .Cadmium was eluted with 1.5! HzS04, H2s was 

passed .through the eluent, .centrifuged~ and Cd.S washed with L5 _!! 

H2so4, The anion exchange column.separation (withou~ Zn·holdback 

carrier)' was repeated, The final H2so4 eluant was adjusted to pH 4 

with w 4oH, boiled)> (NH4)2HPo4 solution added, and the precipitate 

centrifuged, washed twice with water,_twice with .ethanol, dried at 

110° c, and weighed as Cd(NH4 )Po4 •H2o, 

Indium~--Indium and cerium carriers were added to theTa target 

solution, the rare earth fluorides centrifuged, the solution made 

18 !'! in H2so4 , Ta extracted with di-isopropyl ketone, and the ag_ueo1.1s 

layer evaporated al~ost to dryness, The residu~ was dissolved in H20, 

made just basic with NH40H, and the In( OH) 
3 

centri.fuged. The precip

itate was dissolved in HCl, Sn, Sb, Te, Se, Ga, w, .and Hf carriers 

were added, the solution ma?-e basic with NaOHJ .and In( OH) 
3 

centrifuged, 

The hydroxide was dissolved in 7,5 ~ HCl. Indium was extracted with 

di-isopropyl ketone and back extracted into water. Tin, Sb, As, Cu 

carriers were added, H2S passed in and the a.cid sulfides centrifuged. 

The solution was boiled to expel H2S, made basic with NaOH, and the 

In(OH)
3 

centrifuged. The precipitate was dissolved in 7.5 !f HCl, Fe, 

Ga carriers were added and extracted with isopropyl ether, Indium 



was.extracted with di-isopropyl ketone and back extracted into water. 

':['he aqueous layer was made basic with NH4CiHJ and In(OH)
3 

centrifuged. 

The hydroxide was dissolved in very dilute HC1 3 and the solution was 

passed tl::\rough a 2 mm x 5 em Dowex-50 cation exchange column. The 

resin .was washed with water and. In eluted with 3,!1 HCL The .eluant 

was made bas.ic with NH4 OH, . the In( OH) 
3 

centrifuged, . washed four times 

with dilute l\TH4:0H; ign,ited .in a platintl,ID. crucible at 8oo0 c, and 

weighed as yellow ]:n
2
o

3 
. 

. T.ellurium: "":""Tellurium; .. selenium and . cerium catriers were added 

to the Ta.target solution, the rare earth fluorides were centrifuged, 

H2s was passed in, . the TeS2 centrifuged and washed with 6 _!'! HCl. The 

TeS 2 was disso~ved in concentrated HN03' .. evaporated almost to dryness, 

the residue dissolved in 6 ,!'! N.aOH, and scavenged with F€(OH)
3

. The 

.supernatant was made 3 ··!! in HCl., so2 was passed in, the Te centri

fuged, and washed with water. The precipitate was diss;o.lved in 

concentrated HN03; evaporated to dryness, dissolved in concentrated 

HCl, so2 passed in, and the Se centrifuged. The solution was diluted 

to 3 ·! in HCl; .so2 passed in,. and Te centrifuged. The ferric hydrox

ide scavenge and the so2 reduction was repeated tw.ice. '!'he final Te 

precipitate was.washed twice -with water, twice with ethanol, dried at 

11.0° .c and.weighed ~s Te. 

Cesium;--Cesiu:m carrier was added to theTa ta~get solution. The 

p:otassium chemistry up to. the point where K, Rb, and Gs percb.f.orates 

are ·placed on the Duoli te C•3 ea tion exchange resin column was 

followed. The activity w-as eluted with 0.3 ·1'! HCl until.all of the 

potassium and rubidium ll..ad been removed, and then .Cs was eluted with 

., .. 

.. 

.• 



.. 
-· 

-32-

6 'N HCl. The cesium fraction was evaporated almost to dryness, concen-

trated HClo4 was_ added and evaporated almost to dryness, cooled, and 

the CsCl04 precipitate washed four times with ice cold ethyl acetate, 

dried under a heat lamp and weighed as CsClo4 . 

Barium:--Barium and Ce carriers were added to theTa target solu-

tion, the rare earth fluorides centrifuged, ~2so4 was added, the BaS04 
centrifuged, and washed with dilute H2so4. The Ba.So4 was.metathesized 

twice with NaOH-Na2co
3

. Ba,rium carbonate was dissolved in dilute HN0
3

, 

ice cold red fuming HNo
3 

was added, and the Ba(No
3

)2 centrifuged. The 

precipitate was dissolved in water, Fe carrier was added, the solution 

made basic with NH
3 

gas ( C02 free), and Fe( OH) 
3 

centrifuged. Ammonium 

carbonate was added and Baco3 ~centrifuged. The :Ba(wo
3

)2 precipitation, 

the ferric hydroxide _scavenge and the Baco
3 

precipitation were repeated 

once. Barium carbonate was dissolved in water, Sr carrier was added, 

the solution was buffered at pH 5 with acetate, Na
2
cro4 solution added, 

and the BaCro4 centrifuged and washed with dilute acetate buffer. The 

BaCro4 was dissolved in a minimum volume of 6! HCl, ice cold 5:1 

solution of concentrated HCl:ether was added, the BaC12 centrifuged, 

and washed with ether reagent. _The precipitate was dissolved -in water, 

the BaCro4 precipitation was repeated, and the final precipitate was 

washed twice with water, twice with ethanol, dried at-110° C and weighed 

as BaCro4. 

Cerium:--The Ta target.was dissolved in the presence o:f Ce and 

La carriers. The rare earth fll,lorides were centrifuged, washed with 

water, and dissolved in saturated n3Bo
3 

plus concentrated mro
3 

solution. The solution was made basic with NH40H_and the rare earth 
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hydroxides centrif~ged and washed ~ith dilute NH40H. The precipitate 

was dissolved. in HCl and the fluori<;le and hydroxide precipitations 

repeated. The hydroxide was dissolved in 6 !f HNo
3

, solid (NH4) 2s2o8 

and AgNo
3

.were added, and Ce was extracted into 30 percenttribut;y-1 

phosphate in CC14• · Ceri'l.ini was back extracted into ,a 1 N HCl solution 

containing Na2so
3

• The aqueous layer was.lnade basic with.NH40H, 

Ce( OH)
3 

centrifuged and washed with .dilute NR40H. The precipitate 

was dissolved in·HCl, ·Zr, Ta,. w:, and Hf carriers were ad,ded, and the 

fluoride and hydroxide precipii:;ations, the TBP extraction,.and the 

hyd.roxide precipitation were .repeated. .. The f'inaL hydroxide was 

dissolved in dilute·:ijC1, sa,turated m~alic acid was added,. and the 

precipitate was washed twice with water,. twice with ethanol,.dried 

by, evacuati~~ -iri a dessicating flask and weighed as Ce2(c2o4)
3 

·lOH2o. 

Rare Earths:--The Tatarget,wa,s dissolved in the presence-of 

carriers of all of' the rare earths. that were to be separated and the . . .. • .I 

j f 

rare earth fluorides . were centrifuged and w?-shed. with wa te.r. The 

fluorides were dissolyed in saturated H3Bo3 and .concentrated HN03, 

the solution made basic with NH4o:a, and the rare earth hydroxides 

were centri;fu,ged and wa,shed. with dilute NH4on. The precipitate 

was dissolved in HCl and the rare earth fluoride and hydroxide 

precipitations repeated. 'I'he final hydroxide precipitate was dis,,;. 

solved in a.minimum of HCl, .diluted and transferred to a Dowex-50 

cation exchange resin column. 

Data existing at the time the rare earth separations were begun 

indicated. that use of citrate as an eluting agent wou:J_d probably not 

give sa,tisfactory separations of t]J,e heaYYrare earths in the short 



times required. Therefore, a technique was developed in wh~ch lactic 

acid was used as .the eluting agent. Figure 2 shows one of the 

earliest elution curves obtained by this .method. , On this partic11lar 

run the rare -earths were ·placed in a thin layer on top of a .resin 

colunm 14 :rmn in diameter and 43 em long made up of 4 percent cross 

linked, D6wex~50 res.in of. 250·.;14-00 mesh size. The entire column was 

s1.1.rrounded by. a jacket through which trichloroethylene vapors were 

kept circl:tiliat:tng~-. Lactic acid,. 0.43 !11 .adjusted to .a pH of 3 .4o 

with concentrated. NH40H, was passed through the resin bed at a flow 

rate of 0.35 ml/cm
2
/min and samples were collected at three minute 

intervals. The elution _curve of Figt.rre 2 was .obtained by evaporating 

aliquots from the sample tubes on thin aluminum plates, counting the 

activity on the plates in a Geiger counter and plotting activity 

versus time of the sample. It is well known that elution.rates will 

Vary sharply as a function of tll.e pH of the eluting agent. On most 

.of the tantalum bombardments (where separa,tion of the heavy rare 

earths was desired) the pH was kept at 3.40. On a .number of separ-

ations, however, the pH was changed. Figure 3 .shows how the eluting 

times varied. as a function .of pH. Here the -free column voltliDeS .of 

eluti!lg_agent .required to.reach the elution peak for each element are 

plotted against pH. 

When bomba,rdments were run in wll.ich cross .sections were to be 

obtained, approximately 5 mg of carrier of the desired.element was 

added to the target solution. No weighable amounts of carriers of 

the two adjacent rare earths were added. By this method errors in 

the -chemical yield figures due to cross contamination of'the peaks 

were minilnized. 
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When the column separation had been completed, individual 

elemental fractions were-evaporated to .dryness, the residual lactate 

destroyed with ft!.ming;H
2
so4 and 30 percent H

2
o2 , and the residue 

dissolved in water. The rare earth hydrox;ides were precipitated and 

diss·olved in dilute 1IC1. The .rare earth oxalates were precipitated, 

washed twice with water,: twice with ethanol, ignited at. 1600° F, .and 

weighed as the rare ea.rth .. oxides. 

HafniUill:: '-.•Hafnium and cerium .carriers .were added to the Ta target 

solution; .the rare earth fluorides were centrifUged1 .the solution was 

. cooled and ice cold saturated Ba(No
3

) 
2 

was added dropwise. The BaHfF 6 

pxecipitate was washed with ice cold water. The precipitate was 

dissolved in ice cold saturated H
3
Bo

3 
.and concentrated IDIOy the 

solution .made basic with NH4oH, centrifuged,, and the precipitate 

:washed with wa,ter. The Hf(OH)4 was dissolved in l~ E;F, and the rare 

earth fluoride scavenge andthe BaH:fFE; and Hf(OH) 4 precipitations were 

repeated. The Hf(OH) 4 was dissolved in 3 -~ HC104' Hf was extracted 

with 0.4!:! thenoyltrif'luoroacetone (TTA) in benzene and _back extracted 

into- a 5 percent solution of NH4HF 
2

• Boric acid was added to compJ,ex 

the fluoride,. the solution made basic with NH40H, centrifuged; .and 

.the Hf(OH)4 washed with dilute NH4o:s:. The hydroxide was dissolved 

in 3 ~ H2so4 ~ H
3
Po4 added1 centrifuged_, and the precipitate washed. 

twice with 3 !!_ a2sov.twice with waterJ ~wice with acetone, ignited 

at 1600° F,_ and weighed as HfP
2

Q7" 

Tantalum: --The target was dissolved in HF-"'"BNo
3 

with ,Ge carrier 

added. The -r(3,re earth fluorides were .centrifuged,· Hf and W . carriers 

and satur?-ted Ba(N'o
3

) 2 .solution were added and_the BaHfF6 precipitate 



... 

centrifuged. The solution was made 18 ~ in H2so4, Ta was extracted 

with di-isop:riopyl ketone, and the DIPK layer washed with 18 ~ 

H2so4•2!f HF solution. Tantalum was ~back extracted with dilute 

H
3
Bo

3
. Tungsten carrier was added,. the solution .made .basic with 

NH4oH, and the hydroxide centrifuged and washed with dilute NH40H. 

Ice cold.red fuming ENo
3 

was added, the tantalic acid was centrifuged 

and washed with fuming HN"0
3

• The pr~cipi tate was dissolved in 2 N 

HF and the CeF
3

, BaHfF6 scavenges, the Ta extraction, ,and the 

hydroxide and qcid precipitations were .repeated. The final acid 

precipitate was washed twice with fuming HNo
3

, twice with water, 

twice with acetone; ignited at 1600° F in .a porcelain crucible and 

weighed as Ta2o
5

. 

Turigsten:--The Ta target .was dissolved in the presence of W and 

Ce carrier. The rare earth fluorides were centrifuged, concentrated 

KF solution was added, the K2TaFf preeipi tate .centrifuged.; and the 

solution evaporated to dryness in a platinum crucible. The residue 

was dissolved in concentrated NH40H;, diluted.to 3 .IT and scavenged 

with Ce(OH) 3• The solution.was adjusted to pH 6-7 with HCl; CoCl2 

solution was added, and Cowo4 centrifuged and washed with wat~t. The 

Cowo4 precipitate was digested in 6 ,IT ac1 until the wo
3 

precipitate 

coagulated and turned yellow when the precipitate was centrifuged. 

The wo
3 

.was dissolved in NR40H, the solution was adjusted to pH 6 

with HCl, Hg2c12, and NH4SCN were added, the solution was made 2 _!! 

in HCl, and the green tungsten thiocyanate ,complex was .extracted with 

ethyl acetate. The organic layer was.washed.with 2 ,!'! HCl and W was 

.back extracted into basic oxalate solution. The aqueous layer was 



~cidified with H2so4, o)(:ala,te was destroyed with bromate., the solution 

:was he13,ted untiL the yellow. wo
3 

coa.gulated. and. the wo
3 

was then 

I 

centrifuged.. The wo
3 

was dissolved i~ NH4oH and the CoWQ4 ~nd wo
3 

precipitations were repeatedo The final precipitate was washed twice_ 

with 2 ·~.HCl>_twice with water;: twice with acetonej ignited and weighed 

.II:t • RADIOACTIVE NYCLIPES .OBSERVED 

A. Resql~tion _ qf .. Decay C'LU'ves 

Examination of previous spallation-fission data indicated that 

most qf the indi vidu,al element .fractions from these tantalum bombard-

ments would prt>bably .consist of more thap. one 13,cti ve nuclide. Some 

,of the .elements when purified should. have only one or two activities 

which could easily be separated and identified. In others, notably 
,,·: -

.... tungsten and b.afn,iwn1 it was conceivable that there wquld be five 

active nuclides in the fraction immediately after purification and 

that four daughter activit;ies c9uld 'lgrow in" during the decay of the 

parents_, giving a .nine compone:nt gross decay. curve. It was necessary 

that these multiple component decay curves be resblved into their 

individual activities since the activity of a .nuclide must be used 

in calculating .forml3.tion cross sections. 

In principle the total activity of a given sample may he expressed 

as.a sum of.exponential terms and should be resolvable, one conrponent 

-at a timeo In practice -this is feasible only in relatively simpl·e 

_mixtures _where the half..,. lives of _the -activities invob[ed differ by 

.mo:re ·than a fa.ctqr of two. ·For a t:wo component .decay curve in which 
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the half-lives are comparable, the activities may be resolved 

. ··14 
analytically. by a ''Biller Plot".· In this technique the total 

activity maybe expressed as: 

"A - Aoe-A,l t . A_o-_ -A.2t 
~ - l + -~e ~ 

where A~ andA~ are the initial activities and A.l, A.2 are the decay 

constants of the two components. Multiplying by e +A.zt gives: 

' . . 
A.2t . (A.2 - A.l)t Plotting e.· . L.A. versus e . · . gives a straight line whose slope 

o . A, JL'.. o 
is A}_ and whose intercept on the e 21LAaxis is A2 . 

When the total activity consists of three or more components, it 

is often possible to separate them by counting through absorbers. 

Thus.the components having the·least penetrating radiations.may be 

blocked off and the decay curves of the remaining components maybe 

more easily resolved. Caution must be taken with this technique, 

however; since it is very seldom that all of the radiations from one 

component may be absorbed completely and still allow enough of the 

radiation from the remaining components.to pass. Usuallyonly 90 or 

95 percent of a weak component is. blocked out and this must be taken 

into account in analyzing.the resulting decay curves. 

When the total activity consists of many compOD!=Ilts it is often 

most practical to get . the activity of individual nuclides .by 'imilking" 

their daughter activities chemically and counting them separately. 

The a,ctivity of the parent at the end of bombardment is then related 

to the activity of the daughter at the time of chemical separation by: 
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0 0 A, A, where AJ_, -A2 are the activities .of Pa!ent and/iaughter; 1 anq._ 2 

their decay constants, c2 the counting efficiency of the daughter, 

and t the time frbmthe end of the bombardment to the time of sep 

chemical ·separation.·· .very often when· the total activi-ty cannot be 

resolved.~ by any of the ·foregoing methods, it is possible to separate 

activ~ties byfollowing the decays of the sample on a scintillation 

co~ter. If the decay schemes_are known; it is usually possible to 
'· I 

·- .. identify i~dividual giimma xays and follow their clecay in the midst 

of all other g.9milla.radiation. 
,_.· 

After each element fraction h~d been sepa~at~d an<i' purified1 

'ciec~y- of the , gr'O~S activity . was followed. by. that .means.·_ whfch would 
::·,i" 

give the· most .accurate resolution tor th.e co:rr.!Pohents involved. 

-
1 ~he rever. possible-, s8JJIPies . were co{;:~ ted on ~ Ge1ge~-MUiler' bounter. 

- . 
The counting unit itseif _w\is an end window;.chlorine-argon.filled 

Amp~rex type lboc tube mounted in s~ch a' way that sainples 'cbuid be 

placed in any of f'i ve fixed counti:rlg positions . which ranged' :from 

0 .·46 \,o· 6' •. 81\:!m. :from 'the e~d'of the tuhe. This_ whole assembly 

was housed.i.hside a 2 inch thick lead castl~ to.redlice background 

radiation anci the lead was._ lined with aluridnuin 'to'.miniiDize scatter.-
' ·;, 

ing of radiation from the inner walls of the 'castle •. Wheri used in 

6onj~ction wlth·a-scale of 256 -s~aling unit,- t4is_counter' c()11ld 

handlE{ activities of so to 100 ,ood counts· per minute wi tb.m~t dif-

, - .. ficuity. J At .these liigb coun-fi~g''rates,· however, the time b~.tween 
., .. . .:. '.', 

entry of 'successive beta particle~' irito 'the. sensitive v'cilume of the 



.. 

-42-

Geiger-MUller tube becomes small coropared to the resolving time of 

.. the counting circuit. In order to get the ~ctual. number of particles 

entering the counter, it is then necessary to correct the observed 

counting rate for these coincident events •. There are a number of 

ways of obtaining these coincidence correction factors. The simplest, 

and the one used in these experiments, .involves counting a pure 

sample which has a known half~life (61 hour y90 in this case) while 

it decays from an initial counting rate of over 100,000 counts per 

minute (where the coincidence correction is large) .to a rate of. less 

than 1,000 counts per minute (where coincidences are negligible). 

From the final counting rate and the known decay constant the actual 

rate of each of the initial counts may be calculated. The coincidence 

correction may then be obtained by difference. 

For samples in which the gamma radiation was of interest the 

gamma spectra.were obtained on a 50-channel gamma pulse height 

analyzer. The counting unit in this instrument was a l inch thick 

~ai-Tl activated scintillation crystal used in conjunction with an 

RCA 5819 photomultiplier tube and a 50-channel analyzer. Shielding 

and sample positioning arrangements for this counter were approximately 

the same as for the Geiger-MUller counter. Decay of an.individual 

gamma ray peak :could be followed by counting the sample periodically, 

plotting the gamma spectra, integrating under the desired peak, and 

plotting integrated counts as a function of time. This procedure is 

somewhat inacc'IJ,rate .if.there are a large number of gamma rays present 

which can contribute to the desired gamma ray peak through Compton 

scattering. In general, however, if a peak is.well defined its decay 

maybe followed satisfactorily. 
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··_, '\ .. •::. 
B. Ce.lcu.la.tio~ of Disintegration R~tes. 

Whe~ calculating erosE; sections in a_ study of this kind. it is 
· i .1 • ... ·• _;:_,_. 

necessary that the absolute disintegration rate be obtained for each 
, • :: , 1 . . ~ I ' 'j-

nuclide_ of interest . in e~ch of __ th,e. samples. _The obsET~ved. counting 

rate i,s not equal to the disintegration rate of_the sample but must . . • .. :J ' ,·: ·-! ... 

be corrected for various factors which affe.ct the observed count. 

This may be eXJ;)res·sed by~. 

where D is the absolute disintegration rate, Aobs is the observed 

counting rate, and the factors are as follows~ f , correction for a 

abundance; feff' correction for counting efficiency; fg; geometry 
,·· • ! • •• • . • 

c~rrection; fbks' backscattering correction; fabs' correction for 

air and window absorption; f , correction for selfscattering and ssa 
' -·:. ;.,, ... 

absorption in the sample. Obviously it is desirable that these 

factors be kept as close to unity as is possible. When samples of 

macroscopic size IIDlst be counted in instruments which have less 
'I <C 

than 100 percent geometry, those factors begin differing _rather 
~ - :. 

widely from unity. It is therefore necessary that they be known 

·accurately if precise absolute beta counting is to be achievedo 
. i_.: 

fa~ Correction for Abundance:--When a nuclide decays it is 

quite possible, indeed probable, that the radiation it emits is a 
· .• J_' 

complex mixture. Thus one nuclide may decay by emission of a beta 
.. ,· .. 

particle of a single maxiiiD.lffi energy with no gamma rays; another 
•' ,· -~! • .. • 'I I • :. • 

may decay by emission-of two or more beta particles of different 
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energies and several gamma ray's; while a third may decay by elec'tron 

capture and emission of a large number of gamma rays, each of which 

may or may not be internally converted. The point is that each of 

the components of a nuclide's decay scheme is affected to.a different 

degree by the factors used to convert observed counting 'rate to 

absolute disintegration rate. Whep a nuclide with a complicated 

decay scheme is counted, it is necessary that the abundance cOf each 

Qf the various components of decay be known so that each may be 

corrected separately for each of the factorso The total "counting 

efficiency" or conversion factor for a given.nuclide may then be 

obtained by adding the counting efficiencies of the various campo-

nents of the decay. 

For a .majority.of nuclides observed in this.study the decay 

schemes are known and abundances for modes of decay have been pub

.. 18 
lished. ._ In a number of cases, however, where the nuclide had not 

been studied thoroughly or was.newly discovered in these bombardments, 

abundances were not ava,ilable, When such cases occ1,1rred assumptions 

about the abundances were made. These assumptions .will be stated 

subsequently iri those sections which deal with each nuclide involved. 

·Thus corrections to the calculated cross sections may be made when 

more complete data on abundances become availableo 

feff: Correction for Counting Efficiency:--Radiation' counting 

instruments will usually have different counting efficiencies.for 

different kinds of radiation and will often have different counting 

efficienCies for different energies of the same kind of radiation. 

In these studies it was assumed that 100 percent of betaparticles 



:,.eJ;ltering- t.;he sensitive •VOl'Ume .qf. t:Q.e .Ge~ger~MUJJe~ .tub,e_ wo:q.ld 1?e 
. •.: •. . " ,· ... " ' .. "·"·"r]· ........ -,. •' ... ·.... ,,,,., '.' ... · 

:cgunted~ .. ,~er1:~:-~ys or. -gamiA~ r~y~ Yfyre: ~re~~P:t .c?unting __ effi9-=L.,

encies ip. the GM tu,be, were obta:L1:1e_d frqm ~l:le :,':fO.rk: of,J3tuqier a:q.q. 

. JI;1.1Iles ~ 19 •Th~se efficie:p.cies .:r~.ngep_ frqii1,0.5 perc.er1:t for ~-:-ra;rs, and 

g~~- r~ys below 400 ,kev to 3 ~0 .percent .. :for .3 Mev gamma rays_.: 

. When gamma spectra :were obtained. on ~b,ce ; 50-c,han!lel ga.mma :pulse 

analy:zerJ ~he coun.ting!efficiency as a:funct~on o:f g~ ener:~ was 

20 21 
optained :f;rom the work., by Maguir~ .and O'.l}e,J,ley,,. and Kahn. and Lyon. · 

fg: . Qeometry Cor.rection: -. ... Asimplificat.io!J- is often .possi"\:)le in 

ttrese ·fission .stu,dies •.. ·When the monitQr .foil and the sample are both 

<?,mmted ·:i-!l the same cotmter in the s~e posi tio:r:1 the geometry. factor 

cancels. out o.f tl;le .equations and need not be applied. If the monitor 

ar).d .s~pJe are. counted on different. counter.s or in different geo-

)netrief?, howeverJ the factors ;for. e.El:ch IIll.l:St pe, deter:mirted._,. Tl;lis may 

be done by first co11nting .lfl sample . in. a cou,nt:~r of. ~own geometry, 

then co~ti:n,g in the desired counterJ· .and co,I(IPa:rin,g the two ya.111es. 

FQr tb,e Geiger-Mllller counter a pure carrier-i':ree beta particle 

em~ tter mo'l.lnted on . .,extreme1yt}1in fo~l is_ first younted in .a 4rt 

. counte:rJ . then in the GM counter • A 3 percent geometry has been 
'" • · .. · • • I • • ·.: .. 

rObtai!l,ed -for the, "shelf .2" ·_(!OUJ;lting, a:r;range:merlt in which a, great 

majority of these samples,.were cc;:mnted. , . 

· , , Geowetry correction factors for tJ:J.e gaJ;llii18. ,puls7 analyzer wcere 

t
. .. . . . /\..;.241 d 

obta:;Lned by_ counting the alppa par lc;J-es. f';rom a sample of ,t-Ull .· un er 

52 .perc~nt. geometry J. tb,e.n co~ting . the .60. ~e:v . ga.uum;~. .r:fiY: on .. the ana-

.. , lyz,er. Us_i:q.g an abundance of 0.4 . gamma. rays per 13,lpha p.article,. the . . .. . ' .. .. .. . . 

geom~try. fqr _each shelf arrangement. in. ,the _analy~er _cou:ld_ be. calcu-

lated. 
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fbks: Backscattering Correction Factor:--If a weightless sample 

be placed on a mounting plate which has a macroscopic mass, the 

observed activity will be higher than if there were no mass present. 

This increase due to backscattering of beta particles has been shown 

to be a function of the energy of the beta particle and the ·thickness 

and atomic number of the backing materiaL 
22

' 23 For a given .beta 

particle maximum energy and a given backing material fbks will 

increase with increasing backing thickness until a "saturation" 

thickness is reached, after which fbks remains constanto For a given 

beta particle energy and thick backing materials, the fbks will 

increase with increasing Z of the backscatterer. For a saturation 

thickness of a given Z and with varying beta particle energies, t:bks 

will increase from 0 to 600 kev and will remain approximately 

constant for all higher energy beta particleso In order to minimize 

errors due to the application of backscattering corrections almost 

all samples were mounted on aluminum plates thick enough to give 

saturation backscattering for all beta particles involved. 

Since the magnitude of fbks for saturation thicknesses of 

aluminum differs in the two references g_uoted, ·it was necessary. to 

measure the factors.empirically under the geometry used in these 

experiments. Data for several activities used by each of the authors 

plus others which were available in this laboratory indicated close 

agreement with the data of Burtt. Therefqre his correction factors 

were applied for all samples. 

Seliger24 has shown that backscattering corrections for · 

positrons are slightly smaller than for beta particles. His data are 
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. :fr~gmentary, however,- and .could. not be applied wi i:,h.,acc1l.I'aqy to. these 
· .. :: ···- ·' •·· ' ., : ' ' .. ·.,., ·'I I ' • ;. 

sarrwles. Therefore, .when positrqns were encountered, correqtion 
·' ' . ' I '' ' ' ) ·.' 

fS:ctors for beta.pl:l.rticles we:re-used direcyly. 

Beca~se o:f.the marked;di:ffere!).ces in_energy distribution 'Qetween 
' ·.· '. . ' • •,· ', . ,·· ' 'I I 

be-t:,a pa:r,:ticles having a given .maximum e:rtergy ;3-nd conversion elect.rons 

with that same energy, it is obvious t}J.at scatter:i,ngan(iabsorption 
.. ·., __ , 

factors obtained .for beta particles may not be used for conversion 
: .. . . ,· ; ·. . , ·:• . , ,,·I, ·.:• ., ",· ' ·-· ' 

electrons with any a.ccuracy. .Since these fac-:t,ors were not available 
: ~ • : I -

for conversion electrons,. it was, customary to. count. through absorbers 
. 

which would block out the conversion electrons whenever they were 

known or suspected to be present .in the sam_ples. 

Correction for Air and Window Absorption:m-In the 11 shelf . . . ,•. . . . . ., .. ·· . 

2 11 geometry in which most of the samples were counted,_ radiation had 

~o pass through approximately_ 5.8 mg/cm2, of air and mica before 

; , . enteril)g the sensitive volume of the GM tube. This thickness of 

:m,aterial would have a negligible effect on x-rays and gamma rays but 

could easily absorb a significant fraction of beta radiation, 

especiallyof low energy. When a sample containing only one or two 

peta particles was being counted, this effect could be corrected-

for: by running absorption curves with either aluminum or beryllium 

absorbers. Careful extrapolation of the initial portion of t]J_ese 
•:: ,· 

cury:e;s would then give the fraction_of soft radiation absorbed by 

. ai:r and window. A .majority of samples, how~ver, had too many beta 

particles in their decayto allow accurate extrapolation of the 

initial portion of. their absorption curves_. Under such conditions 

.the air and.windowabsorption correction fa,ctors were calculated from 
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·the beta particle aluminum half-thickness .da,ta of :Se.e.~nn-Eggebert. 25 

Cdmparison of correction factors calculated in this .manner wi th.·those 

measured by absorption·on tracer activities of known compositiqn 

indicated close agreement between the two methods... . .·· 

·f 
ssa Correction for Self Scattering and Absorption in the 

· Sample: --When any but a weightless sample is, counted, ·the radiation 

emitted may be scattered or absqrbed by the mass. of the sample itself. 

The size of this effect will depend on the nature and energy of the 

radiation and on the thickness and atomic nlimber of the sample. 

Nervik and Stevenson26 have measured this effect in samples of moder
. 2 

ate thickness (0,·20 mg/cm ) and have shown that scattering may 

increase the observed counting rate of samples of this size by as 

much as 30 percent. For soft beta particles this scattering is soon 

counterbalanced by absorption in the sample and f drops below ssa 

LOO, but for a majority of beta particle energies and sample thick-

nesses in this range the correction factor is greater than one. 

Samples for these self scattering experiments were especially 

prepared to have a uniform thickness over a fixed area. When samples 

are separated from a bombardment target it is usually impossible to 

get an absolutely uniform deposit on the counting plate; the·powders 

or slurries will always tend to collect in small piles or in the 

corners of the dish. In order to minimize errors due to non-uniform 

samples, it was. customary to adjust the sample thickness in such a 

way that the flattest portion of the f versus sample thickness ssa 

correction curve applied. 



Strictly .. speaking,. the self scattering c.orrection ,fae!tors,~~of 

Nerv:ik and. Stevenson.apply. ·only. to the salts.used (NaClartd 1'b(N0
3

)2 ), 

on.saturation :thicknesses of stainless steel. .:,The 'lllos.t ac·curate. data 

may be obtained only by,making specific measurements. on .. each nuc.lide 

of interest in.that chemical form in which it is ·to be separated . . . ' . . . . . -~ •· . . -· .. '"". .. "' 

after the bombardment 0 .,since that. is . obviously •. impractical for the 

·number .of nuclides separated in these ·bombardments, ... the ·available 

data.have been used to .estimate f. .. for those nuclides of interest. ssa 

The correction factors are too .large to be igr:J.ored and these data 

. -- : .. seem to be the most. useful that have been published. 

..... 

C. Calculation of Cross Sections 
i ; •.... 

During a bombardment the rate of change of the number of atoms 
· ..... ·· 

of a given nuclide :maybe expressed as 

dN . :.. dT =· Ino AN' 

·:· '·· J {•'' 

where N is the m,miber of atoms of the nuclide of in,terest,. I is the 

bea,m intensity in .particles per cm2 per unit time; n is the number 
-

2 
.of.atoms in the ta:r;get, o is.the formation cross section in em, and 

A. is. the decay constant for the nuclide. ):ntegration of this 

equation gives 

A.._l'f · .. 
0 = In(l - e.:t.t) 

.'j 

where t is the d11ration of. bombardment~· AN is the absolute disinte-

. gration .rate at the end of. bombardment and inay, be :obtained by correc-

ting the observed counting.rate for chemical yield and for the various 

factors .described in section 2. 
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When.one cross section is obtained by compatison:with an 

aluminum monitor, this equation becomes somewhat simpler; i.e~, 

where (A.N) 1 and (A.N) 2 are disintegration rates of the nuclide and 

Na
24

, w1 and w2 are the weights .. of the target and aluminum foils, M1 

and M2 the atomic weights of the target and aluminum, t-.1 and t-.2 the 

decay constants for the nuclide and Na24 , t is the duration.of 

bombardment, a2 is the formation cross section for Na24 in the 

reaction Al27(p,3pn)Na24 , and cr1 is the desired cross section. 

Do Nuclides Observed* 

Sodium:--Sodium 24 :Was the only activity observed in the sodium 

fraction. Starting with approximately 1,000 counts per minute, the 

gross decay curve went down to background with a 15.1 hour half-life. 

An aluminum absorption curve indicated the presence of a 1.4 Mev 

beta particle while analysis of the gamma spectrum showed a gamma 

24 ray of lo36 Mev, both of which have been reported for Na . 

Maghesium:--The gross magnesium fraction decayed with a 21.2 

hour half-life for over eight half-lives, then "tailed" into a long-·\. 

lived component at 10 counts per minute above background. Aluminum 

absorption curve measurements indicated the presence of a 3 Mev 

beta particle with a softer component also present .. This was· 

*Unless otherwise quoted, disintegration data were obtained from 

Hollander, Perlman, an.d-Seaborg, 18 or the Chart of the Nuclides. 27 
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confirmed by analysis .of the beta spect:rum on a crude beta ray 

spectrometer. The 21.2. hour activity has been._ide~tified ~'s Mi8 , 

decaying by emission of a 300-400 kev beta particle. The 2.30 
28 ·.. 28 

minute Al .is in equilibrium with the Mg ,. parent and decays by 

emission .of a 3 Mev beta particle. The low long-lived tail may be 

attributed to a trace of Be7 which could have followed through the 

'ma~~si.um chemistryo 

Potassium:--The potassium decay curve consisted oftwo campo-

nents which could be sep~rated into 12~4 and. 22;.4 hour half..:lives 

and which have been identified as K42 and K43 o AluminUm absorption 

curves indicated the presence of a beta particle of approximately 

3.5 Mev belonging to the short~lived component and a softer beta 

.C particle of approximately 0 oB Mev with the longer-lived K
43 • 

.. Potassium 42 decays 75 percent by a 3.6 Mev beta particle and 25 

percent bY, a .2 .0 Mev beta pS,:rticle while K
4 3 has beta particles of 

0.~ and 0.~4 Mev reported but with no abundances. In calculating 

_the K43 .cross section, it was assumed that the nuclides decayed 80 

percent by emission of the 800 kev beta particle and 20 percent by 

the .240 .kev beta particle, this assumption being based on the shape 

of the soft components of the absorption curve. Analysis of the 

gamma spectra showed that there·were ·two gamma rays present, one at 

· 375. ± 10 kev and ~;Lnother at 615 ± 10 kev, each of which decayed with. 

approximately a .22 hour half-life. Potassium 43 .has a ga.mma ray, of 

approximately 0,4 Mev. reported, but this energy mea.surement was made 

by. absorbers. It seems probable, therefore, that both the 375 and 

615 kev _gamma rays may be assigned to K43 . When corrected for 
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counting efficiency in the Nai crystal, the two gamma peaks have the 

same abundances, within experimental error. No evidence of the 1.51 

. 42 
Mev K gamma ray was seen in the spectra, probably because of its 

low abundance and low counting efficiency. 

Chromium:--Gross decay of the chromium fraction showed the 

presence of a small amount of a short-lived activity which may have 

been 42 minute cr49 . The curve then tailed into a long-lived compo

nent, part of which may have been 27 day Cr5l and part a longer-lived 

nuclide. The activity level of the chtomium fraction, however, was 

too low for accurate identification of any of these species, although 

gamma rays of approximately those energies·reported for cr51 were 

observed. Cross sections for these two nuclides would be very 

uncertain because of this lack of positive identification and have 

therefore not been included in the tabulated data. 

Manganese:--The gross manganese fraction decayed over 8 half-

lives in a 2.6 hour line, then tailed into a small amount ~f 6 day 

activity, and finally into a very long-lived component at approxi-

mately 10 counts above background. The gamma spectrum contained a 

fairly large number of gamma ray peaks; some of which could be 

. 56 52 
assigned as those reported for 2.6 hour Mn or 6.0 dayMn • 

Since the possibility of the appearance of Compton scattered peaks 

was so great, the complete identification.of either spectrum or the 

unequivocal assignment of all peaks in the observed spectrum was 

quite impossible. From the peaks identified and the observed half

lives, however, it seems that Mn52 and Mn56 were present in high 

purity. The long-lived tail may have been 310 day Mn54 or possibly 
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a small amount.of impurityin t4e sample; the activity level was too 
. ' . . . . i . ;' : ·: ' ~ ,. :: ... . i '• :' ' , 

low for iden:tification. 
•.;·_ ' 

Iron: --The iron fraction ,de(!ayed ~n a stra~gb.t ~i!le with a half-
- . \ . . \ 

live of 46 days. Initial activity of tpese samples was_ approximately 
. . ' ' . . .. .' . ' . : -~ . . . ' ~ ' 

1,500 counts per minute after ~ .. 2 hou:r_·, tqic~ ,tar~e~ bpmb~rdment. On 

... several. bombardments in which special pains were taken to ensure an 

iron fraction purified from all possible contamination, no trace was 
. . . . - . . ' . . 

6o 
... , !:;.~en .. of any activity :which could be assigned to the 8.4 hour 'Fe 

)L: :·•' 

.. which has been r~ported. If this nuclide had been ~.orrectly re.ported 

~ r::in th_e literature, and if it were to have a counting efficiency com-

. parable. to that of 46. day. F~59 , it should have. been formed in suffi-

cient <giUantity in these bombardments to be. easily seen and identified . 

. +.t :woul~ seem,. therefore, tha:t the mass assignment of Fe 
60 

in the 

literature is incorrect. 

Cobalt:~-An ?-Ctivity whic}J. dec~?-yed over 9. half'-_lives with a half

. life -of J-.65 ho11::r:-s was present in the cobi;tlt fraction. The gross 

decay curve then tailed over into a very long-lived component (>60 
- ~ • ' • • • J •• ' 

days) at approximately 50 counts above 1??-ckground. Aluminum absorp-

tion curves showed a beta particle of apprpximately 1.1 Mev to be 
_; . 

present in the 1.65 hour component. Cob1:1,lt 61 is reported to decay 

55 percent by a 1.45 Mev.beta particle and 45 percent by a 1.00 Mev 

betaparticle, and it should not be expected that an absorption curve 

would separate them. 

Gamma spectra .showed the presence of annihilation radiation and 

.a gamma ra-:r of approximately 830 kev in _the long-lived 

cobalt fraction. The 72 day Co5
6 , 270 day.co57, and 72 

tail of the 

. . '58 
day,,co· each 
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dec~y by positron emission, while-Co56 has a gamma ray of 845 kev and 

'8 
co5 a ~amma ray of 810 kev. Therefore abundances of these nuclides 

could not be obtained from the gamma spectra. Since it was equally 

impractical to separate these activities on the low counting GM decay 

curve, their cross sections have not been included in the final 

tabulation. 

Nickel:--A two.component decay curve of·2.56 hour and 56 hour 

activities was obtained in the gross nickel fraction, corresponding 

to Ni
6

5 and Ni66 respectively. Aluminum absorption curves taken 

after the short-lived Ni65 had decayed showed a hard component of 

approximately 2.7 Mev and a softer component of approximately 0.3 

Mev. A 2.63 Mev beta particle is reported for the 5.1 minute cu66 , 

daughter of Ni
66

. In calculating cross sections, it was assumed that 

Ni
66 

decayed 100 percent by emission of the 300 kev beta particle. 

Copper:--Nuclides of 12.9 and 60 hour half-lives were the only 

ones detectable in the copper fraction. ;:'rhese were assumed to be 

64 ' 6 
Cu and Cu 7 , respectively. No evidence was seen of the ·neutron 

deficient 3.3 hour cu61 although purified samples were counted less 

than 6 hours after the end.· of bombardment . 

. Gallium:--The gross gallium decay curve contained two activities; 

of 5.0 hour and 14.3 hour half-lives, which were definitely resolvable. 

In addition, there was a small amount of a short-lived activity which 

may. have been .20 minute Ga7° but which could not be identified accur-

ately because of the relatively l~rger amounts -of other activities 

present. Since purification of the gallium fraction took slightly 

more than two hours (or six half-lives of Ga70 ) fromthe end of 
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bombardment, a large part o:f this original activity decayed before 
,···-

the fraction could.be counted. Aluminum absorption curves confirmed 

the presence of a beta particle of approxi~tely 1.5 Mev which was 

associated;with the 5 hour activity. The two activities seen are 

- - 72 73 
assumed to be 14.3 hoU-r Ga - and 5.0 hour Ga • 

Arsenic:--After decay of short-lived activities was complete, 

the gross arsenic fraction decayed to background with a 17.5 day 

half-life. When this activity w~s subtracted from the gross curve a 

curve was obtained which could not be visually resolved into straight 

compone~ts. Assumi~g that tre second c~rye consisted of 26.8 hour 

As76 and 39 hour As 77,- however, --an analytlc::al "Bil~er Plot" was used 

-to separate the activities. Aluminum absor,ption curves could not be 
. . . . . : 

~sed in this case to_idert~fy individual n"Uclides but did show beta 

.particles of approximately th~se energies r,~ported for- As 74 , A~76 , 

and As77 . 

Bromine:--Resolutio:n of the gross decay curve of bromine gave 

activities of three half-lives: 2.4 hour, 4.4 hour, and 35 h<;mr; 

where the decay was followed from an initial count of approximately 

16,000 counts per min1.1te down to 10 counts above background. Alum-

inumabsorption curves showed the presence of beta particles of 

approximately 1"8 and 0.6 Mev. No gamma spectra were taken since 

equipment was not available when these bombardments were run. On the 

basis of these data, the activities were assumed to be 4.58 hour Br80 

' _ - so· 82 
in equilibrium with the 18 minute Br , 35.9 hour Br , and 2.4 hour 

Br83. 
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Rubidium:--The rubidium fraction decay curve consisted of a 

small amount of activity of approximately 5 hour half-life, and a 

mixture of activities having half-lives of approximately 20 days. A 

'· 
Biller Plot was used to separate the long-lived component, assuming 

. - 86· . . ·. 84 
that it was made up of 19.5 day Rb and 34 day Rb . Since there 

. 81 . 82 
was a good possibility that 4.7 hour Rb and 6.3 hour Rb could 

have been fqrmed by spallation of the niobium impurity in the target 

the short-lived component of the rubidium curve was ignored in cal-

culating cross- sections. Using a value of 0.1 percent as niobium 

impurity in the tantalum target, and estimating a cross section of 5 

millibarns for the reaction Nb93(p,5p5n)Rb84, it is estimated that 

niobium could have contributed no,more than 5 percent of the cross 

84 
section actually observed for Rb • Of all the activities reported 

84 
here, the Rb should have had the greatest error due to niobium 

present in the target materiaL 

Strontium:--The gross strontium fraction decay curve was resolv-

able into 9.7 hour and 38 hour activities and a-long-lived component 

which had a half-life greater than 30 days. Aluminum absorption 

curves showed the presence of hard beta particles such as those 

reported for 9.7 hour sr91
0 The 38 hour activity was presumed to be 

sr83 , but since this nuclide is in the region of highest yields in 

the spallation of niobium its cross section is not included in the 

tabulated data. When all of the short-liyed components had had time 

to decay, yttrium was milked from the strontium sample, the strontium 

was :remounted, and decay of both samples .was followed. The repurified 

strontium fraction decayed with a 54 day half-life and aluminum 
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absorption curves showed the presence of the 1.5 Mev beta particle 

reported for sr89 , while the yttri'lliD fraction decayed with ap:groxi-

mately 60 days and also conyained a beta particle of 1. 5 Mev. The 

61 day y91 should ~ave grown in fr~m 9.7 hour .Sr9l and cross sections 

for sr9i were calculated on that basis. 

Zirconium;-:,..Activities with half-lives of l7hours, 80 hours, 

and approximately 65 days could be resolved in the zirconium gross 

decay curve. ·Aluminum absorption curves showed the presence of beta 

particles of approximately 0. 96 Mev. These were probably due to the 
' ' . . .. . 8 

0.91 Mey positrons.of 78 hour Zr 9 • This.nuclide undoubtedly has 

one of the higher cross sections for formation in the spallation of 

niobium; therefore, it is not included in the tabulated data. The 
86 .. ··• .·. ' ' .. 

17 hour activity could be due.aither to Zr or zr97 , while the 
. 88 

long-lived component might have been either 85 day Zr or 65 day 

zr95 . The neutron deficient isotopes, however, would be expected to 

have very much lower counting efficiencies than the beta particle 

emitting.neutron excess nuclides. Therefore,.the assumption has 

been made that all of the 17 hour and 65 day activities observed 

were due to zr97 and zr95,~espectively. The cross sections obtained 

on this basis.then represent upper limits to the true cross section. 

Molybdenum:--The molybdenum decay curve could be resolved into 

t"WO activities with half-lives of 6. 7 and 67 hours. The 6. 7 hour 

isomer of Mo93 would be formed. in very,high yield as ,a spallation 

product of n:i1obium, so its cross section has not been included in 

the tantalum data. Beta-spectrograph curves confirmed the presence 

of the 1. 2 Mev beta particle of 67 hour Mo99 . 
... f 
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... 
Ruthenium:--Ruthenium which was separated immediately after bom-

bardment gave a decay curve which could be resolved into activities 

having half-lives of 4.5 hours, 36 hours, and 51 days. Aluminum 

absorption curves taken 2.5 hours from the end of bombardment showed 

the presence of the l.l Mev beta particle of 4·.5 ho~r Ru105. Cross 

sections for Ru105 were calculated both on its resolution in the 

decay curve and resolution of its 36 hour Rh105 daughter. The 41 

day activity _;as presumed to be Hu103 although its activity l~vel 

was not high enough for accurate identification with absorption 

curves of the beta-spectrometer. 

On bombardments in which all of the 4.5 hour Ru105 had been 

allowed to decay before the ruthenium was purified, the decay curve 

could be resolved into components of 40 days and 2.8 days half-life. 

Presumably the 2.8 day activity was Ru97. Since the nuclide decays 

by electron capture, however, its counting efficiency in the GM 

counter would be both low and uncertain. Therefore decay of these 

samples was also followed on the ~mma pulse analyzer. The 217 kev 

gamma ray reported for Ru97 showed up quite clearly in the spectra 

and it decayed with approximately a 2.8 day half-life. No abundances 

for the 217 kev gamma ray have been reported. In calculating the 

'Ru97 cross sections, it was assumed that 100 percent of the decay was 

with emission of a 2l7.kev gamma ray and, that there was no conversion. 

Thus the value obtained should represent a lower limit on the Ru97 

cross section" 

Rhodium:--The gross decay curve of rhodium could be separated 

into components of 2 hour 16 minutes and 36 hour half-lives. 
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Beta-spectrograph curves showed a beta particle of approximately l Mev 
. ' ' . ·' -~ I >, 

to be as soc ia ted w;ith the short-.li ved activity while a beta particle 
,'' 1. 

of Oo6 Mev was seen after all of.this short-lived activity had decayed. 
:.1' 

The 36 hour 0.6 Mev beta.particle emitter was presumed to be Rhl05. 

No 2 hour 16 minute beta.particle emitter had previously been reported 

for rhodium. A consideration of the chemical separation and purifi-

cation procedure used for rhodium showed that no eleme:r1t other than 

iridium could have been present in the final sample. Iridium activi-

ties could not have been formed in any significant amounts in the 

tantalum bombardments .. Comparison 0f formation cross sections of 

this activitywith those of Rh105 indicated that the nuclide probably 

had a mass greater than 105. 

In order to investigate this new activity further, a series of 

bombardments were run in which uranium was bombarded with 340 Mev 

protons. In one of these t;he target material was bombarded for four 

minutes. Ruthenium was separated within three minutes of the end of 

bombardme:n.t and allowed to decay. Rhodium was then separated from 

both the original target solution and the ruthenium fraction. A 25 

minute Rh107, 36 hour Rh105 , and the 2 hour 16 minute activity were 

seen in the rhodi111Il removed from the original target solution while 

only the 25.minute and 36 hour activities had grown from ruthenium 

parents. The three component decay curve obtained in these bombard-

ments is shown in Figure 4. Special steps were taken in these sep-· 

arations to.ensure that no iridium was present. Assuming the·new 

activity to have the same counting efficiency as Rhl05 these decay 

curves showed the new nuclide to·have a higher formation cross section 

than Rh105 in the uranium. bombardments. 
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Figure 4. Decay curve of the rhodium fraction 

separated from uranium. 
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Gamma spectra were obtained on rhodium samples separated from 

both tantalum and uranium and. indicated a large number of g~ rays 

assoc~ated with decay of the 2 hour 16 min~te activity. Resolution 

of the :pulse analyzer curves makes abundance data very uncertain but 

it seems· probable that gamma .rays of 195 1 .· 225; 510', 630 ,. 715, 1060, . . 

1200, 1260, and 1500 kev are present in the decay scheme of the new 

activity. 

Assignment of a.mass to this new activity cannot be made 

unequivocally. Cross section data on both tantalum and uranium 

indicate that the activity is heavier than Rh105 • The ruthenium 

milking .experiment shows th?-t it i.s not the daughter of a ruthenium 

parent which ha~ a half-.life greater than 1 minute,. Several of the 

gamma rays have energies close to those reported for 30 second Rh106 , 

.but.if we take the maximum gamma ray energy and the beta particle 

energy. we get a ·Q ,value of only 2.5 Mev •. The~reported Q value for 

Rh
106 

is 3.53 Mev and it seems .most unlikely that a 136 minute isome.r 

of Rh
106 

could exist. On the basis of present data it seems.more 

probable that the 136 minute ac¢ivity is an isomer of Rhl07 which is 

not involved in the decay of 4 minute Rtil07. Attempts have been. made 

to separate this nuclide on a time-of-.flight isotope separator but 

they were not .successful because of difficulties in ionizing the 

rhodium samples. 

As part of the uranium bombardments, spectra of gamma rays 

associated with the 25 minute Rhl07 were obtained. These were super-

imposed on the 136 minute and 36 hour activities so that accurate 
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abundances could not be calculated. Gamma rays of 95 ± 5, 145 ± 5, 

305 ± 5, 390 ± 10, and 475 ± 10 kev were observed to decay with 

.approximately a 25 .minute half-life. 

Decay curves of rhodium samples which had been separated from 

the tantalum targets after all 136 minute activity had decayed out 

could be resolved into three components: a large amount of 36 hour 

Rh105 , a small amount .of 4.5 day activity, presumably Rh106 , and a 

long-lived component .of approximately.200 day half-life, :probably 

Rh103 • Decay of gamma spectra was also followed in these samples. 

105 101 ' Both Rh and Rh have gamma rays of approximately 300 kev 

reported, but by resolution of the decay curve of the 300 kev gamma 

ray,.it was possible to obtain cross sections for Rh101 . No abun

dances have been reported for the 300 kev gamma ray in Rh101 , however, 

so in these calculations it was assumed that 100 percent of the decay 

included the 300 kev gamma ray and that no .conversion took place. 

The value obtained is therefore a lower limit to the actual cross 

section. 

Palladium:- ... The only activities observed directly in the gross 

:palladium fraction were the 13.1 hour Pd
10

9 and a small amount of 

activity which could have been 17 day Pd103
0 ~alladium 103 decays by 

electron capture with no gamma rays reported. The amount of 17 day 

activity present was too low to allow counting of x-rays through 

absorbers in the GM tube and attempts to follow decay of the x-rays 

in the pulse analyzer were not successful. 

No· evidence was seen in the gross palladium decay of 5-5 hour 

Pdlllm, . lll 112 Aglll 22 mlnute Pd , or 21 hour Pd • A 7.5 day was 



observed to grow into a target,solution from which all.s.il.ver had been 

.removed inrrnediately aft~r bombardment. On the basis of this inform

ation the total cross sect;Lon for Pd
111 

could be calculated; but since 

both of the Pd111 isomers decay to Ag
111 

calculation of isomer cross 

-sections by this .method .would be. somewh~t uncertain. 

. 113 112 
Silver:--Activities of 5.3 hour Ag , 3.2 hour Ag ,.7.5 day 

Ag
111

, and 210 dayAg
110 

were resolvable in the gross silver decay 

curve" The 7.5 day and 270 .@.;y activities .were easily resolved_, but 

a Biller Plot was necessary to.separate the 3.2 -and 5.3 hour 

• q.c ti vi ties • Absorption curves taken when . the activity was primarily 

111 
Ag showed a 1 Mev beta particle with no . .soft component which 

106 
wouldbe attributed to· conversion electrons from 8.3 day Ag . 

Gamma spectra taken after almost all of the '7.5 day activity had 

decayed and before the gross decay curve became an exactly 270 day 

half-life showed the presence of ganrrna rays of 63,- 154 1 -280, and 350 

kev, all of which have been reported for 40 day Ag105 . .. Cross 

sections for this nuclide were based on the 280 kev peak; assuming 

that the 280 kev ganrrna ray was 2_5 percent abundant and unconverted. 

Gamma spectra taken after most of the 40 day Ag105 had decayed 

showed peaks at 660, 760, 935, and 1400 kev, all of which have been 

110 110 
reported.for 270 day.Ag • Calculations of t!:te Ag- cross section 

.were based on the amount of the 660 kev ganrrna radiation and using its 

. reported.abundance of 100 percent and e/y ratio of 0.0025. 

Cadmium:---Activities of 43 days, 53 hours, and 6.7 nours .were 

resolved in the gross cadmium decay curve, corresponding to .Cdll5m, 

115 107 115 115m . Cd , and Cd · respectively. The Cd and Cd lsomers decay by 

.. 
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emission of beta particles of known energies so cross sections could 

be calculated for these nuclides fairly easily. Cadmium 107 decays 

more tpan 99 percent by electron capture and emission of a 94 kev 

gamma ray so that a .cross section based on raw G:..\1: counts vmuld be 

subject to fairly large errors. Therefore, decay of cadmium samples 

was also followed on the gamma pulse analyzer and cross section 

calculations for Cd107 based on the abundance of the 94 kev peak and 

the reported e/; ratio of 16 • 

. The 57 minute Cd105 could not be identified in the gross cadmium 

fraction because of the large abundance of other activities present. 

In order to determine whether any of this activity had been formed, 

an experiment was run in which silver was removed .from the target 

solution immediately after bombardment. Cadmium 105 was allowed to 

decay for two days, then silver was again removed and purified. Decay 

of this silver sample was then followed to see if any Agl05 had grown 

in from the Cd105 parent. While the gross GM counter decay curve did 

seem to show an activity of approximately 40 day half-life at about 

105 10 counts above background, none of the Ag gamma peaks could be 

identified. Therefore, it must be concluded that Cd105 is .not formed 

in sufficient ~uantities to be detected by this.method. 

115m Gamma spectra taken after most of the 43 day Cd had decayed 

confirmed the presence of the 87 kev gamma ray associated with 470 day 

Cd
109. The activity level was so close to background, however, that 

no very accurate value for the abundance of this gamma raycould be 

determined. Cross sections for this ·nuclide are therefore not 

included in the final tabulation. 



Irtdi"~;~+"'=A long=liyed component of 50~day b.alf=life ~s.pre.sent 

as a tail on . the gross indium decay curve.. ,A.l:w:uinum absorpt,ion curves 

showed the 2 Mev beta particle of 49 da,y In114 to .be in this_activity. 

Shorter.,. lived compon:ents were also prese:nt in the sample but since 4. 3 

hour In109
Y. 5._0 hour In110m, L74 hour In11Jm, ,and 4.5 hour rn115m 

were all expected to be formed in some degree they could not possibly 

be separated in ·the gross GM decay curve. Indium samples were .followed 

in the gamma pul$e analyzer and cross sections_for those nuclides that 

could be identif.ied 'Were 'based on the gamma. spectrum • 

. The 205 kev gamma ray reported :for rn:109 was observed to decay 

with a .4.3 hour half=life. No abu..TJ.dance data .were available for this 

gamma ray; in the calculations it was presumed to be present in 100 

percent abunda.n.ce and to be unconverted. 

- 110m 
The 9 35 and 661 kev gamma rays o:f In . were seen to decay with 

approximately a 5 hour half""life .. Both -are reported to be in 100 

percent abundance. The e/y ratio is 0.005 for the 660 .k.ev gamma ray 

and it was assumed that the 935 k.ev line was also unconverted .. 

An activity of 2.8 -day half.,..life could be separated in the gross 

111 
GM counter decay curve; and was presumed to , be 2 .• 8 day In 1 but 

. since this . nuclide decays essentially. 100 perce11.t by, electron capture 

the GM data were not used in calculating this .cross-section. Gamma 

rays of 247and 172 kev were seen in the gamma spectra and decayed 

with approximately a .2.8.day halfblife. 111 In In · the 172 and 247 kev 

gamma r.;a.ys are 100 percent abundant and have conversion coefficients 

of 0. 12 a:nd 0 • o64 7 respectively, 



Tellurium:--The gross decay of the tellurium fraction could be 

separated into~activities having half-lives of 2.8 'hours, 4.5 days, 

117 119 '121 and 17 days, corresponding toTe . ,.Te , and Te 1 respectively, 

No data.were available for the abundance-of the 2.5 Mev positron 

117 reported for Te •. In .the calculations .it was assumed that this 

nuclide-decayed 100 percent·by_emission,of a positron, with a 28 

hour $bll7_daughter decaying 100 percent by electron capture. 

Cesium: ... -Activities having half-lives of 6 .• 2 hours, 31 hours, 

and 34 days were the only ones detectable in the gross c.esium decay 

. curve. 127 129 127 These would correspond to Cs ,.cs , andXe , respectively . 

Gamma spectra showed the presence .of the 65, 125, and 416 kev 

.28 127 gamma rays reported· for Cs and they were seen to decay with 

approx:ima.tely a .6 hour half-life. The 57.kev gamma ray reported for 

127 Xe was observed as part.of the 34 day component~ Since the positron 

abundances in cs127 have not been reported, the cross. section calcul-

127 127 ations for Cs .were based on the 57 kev gamma ray in its Xe 

_daughter. Here the nuclide decays 100 percent by electron capture and 

it.was assumed that there·was one 57 kev gamma .ray per disintegration. 

129 The 31 hour Cs decays completely by electron capture, therefore 

the gross GM decay data .could not be used in.calculating its cross 

section. Wapstra29 has reported ga.mma rays.of 385 and 560 kev as 

belonging to this .nuclide •. Gamma spectratakeh on the gross cesium 

fraction after all of the 6 hourcs127 haddecayed showed the presence 

of ga.mma_rays.of.375-± 10 and 585 ± 20 kev, each of which decayed with 

a 31 hour half-life •. In addition, the 375 kev peak was deformed in 

such a wa,y as to indicate the -presence of a small amount -of a gamma 



·ray_ of approximatel,y 4.20:± lO.kev'. ·Correcting the 375,.420 and 585 

kev. gamma rays for counting :efficiencies -of' 4.2,, 34J and 17 percent, 

respect;tvely;. the gamma .ray abundances are in the approximate 'ratio 

129 The Xe daughter has a gamma ray -of'· 40 kev 

reyqrted, and it is ·possible that it and the 375 kev gamma ray are in 

coincidence while the ·1t20 kev gamma ray is .a crossover transition .• 

The '40 kev gamma ray is very. highly converted; however, so that it 

wo-uld be easily missed in-the gamma spectra. 

The 375 and 420.kev peaks could not:be easily resolved in the 

gamma spectra. In calculating cross sections for Cs129 -the combined 

peak was -used. It was .assumed that these gaJnm.a rays were unconverted 

and were present in 82 percent of tlj.e disintegrations of cs129 . 

No evid~nce ce11ld be seen -of either the 9. 6 day.'Cs131 , or 7 day 

132 ' ' . Cs ·in tP,e gross .GM decay curve4 Each of these nuclides decays by 

. electron captur-e, -Cs131 with no gamma ra:ys~ a~d cs132 with a gamma 

' 27 
ray of 685.kev. They would therefqre have avery low counting 

efficiency in the GM counter. A g~a peak was observed at .approxi~ 

±nately 680 kev1 .but it was _not in great enough abundance for a good 

half.,life to be .obtained. 

' 129 ' 
Barium; -"'Activities corresponding to .2.0 hour Ba ; 2~4 day 

, Ba
128

, and 12 day :&1131 were observed in the gross baril,lll decay curve .. 

. Ahnninum !ibsorption curves taken when :b.he :2 ~4 da,y activity was predom

inant 'showed the presence of a beta particle of appro~imately3 .Mev, 

presu.m.ably_ the J.O Mev positron emitted by the cesium daughter of 

:Bi:t:128 ~: Gaimna spect±-a· take:h when. the 12 day activity was predominant 

showed ·the·-122, 214,. 241,. 370~ and 494 kev gamma.rays .reported. for Ba
131

• 



In calculating cross.sections for Ba128 the decay scheme of 

30 128 Lindner was used. According to these data, 2.4 day Ba. decays 

100 percent by electron capture while its 3.8 minute cs128 daughter 

decays 71 percent by emission of a 3.0 Mev positron and 29 percent 

by electron capt~re • 

. Barium 129 was assumed to decay 100 percent by the 1.6 ·Mev 

positron reported by. Fink and Wiig.3l 

Barium 131 decays completely by electron capture; cross .sections 

for this nuclide were calculated on the number of cesium x-rays seen 

in a single channel gamma pulse analyzer using a Nai crystal. 

Cerium~--Activities having half-lives .of 6.3 hours, 16 hours, 

and 72 hours were resolved in the cesiJ,lllldecay curve. -These were 

assumed to be Cel33, ce134 , and ce135, respectively. There was also 

.a long,..lived tail of very low abundance (less than 10 counts per 

minute) which may have been due to 36 day Ce1~1 , bu.t the activity 

.level was.too low. for an accurate half-life to be determined. -Alum-

inurn absorption curves.taken 5 hours after bombardment showed the 

presence of beta radiation of approximately 2.4 Mev, probably the 2.7 

Mev positron reported for the 6.3 minute La134 daughter of ce134 . IDu 

calculating cross sections for the cerium isotopes, the data on decay 

energies and abundances.by.Stover32 were used. 

The·Re~.re Ee~.rths~·-After several bombe~.rdments in which the heavy 

rare earths were separated and their decay followed, it became 

apparent that published data on the neutron deficient isotopes of 

these elements was quite incomplete. A program was then begun to get 

more accurate mass assignments, half-lives, and decay characteristics 



of.isotopes of these elements-formed in the tantalumbombard.ments. 

In general, . the :procedl!.res used in this program were as follows: 1. 

·The heavy rare earths were separated after a low leveL bomb~rd.ment 
' . • \1 

and their gross decay followed •. This gaye an indication of the half-

:J_ives.and approximate abundances of the activities present in each 

element •.. 2. ·High level .bombardments were run in which attempts were 

8 
made to -have at least. 10 . counts per minute of e1:1-ch nuclide present 

after chemical purification •.. The chemical ste;ps were carried out 

_essentially_carrier,.,free (usually.about-20 micrograms of carrier were 

added) •. After the elements had been chemically separated the activities 

present were ID1:1-SS. separated on a time-of:e-flight isotope separator·. 33 

Thus.accurate mass -assignments coulclbe made for the activities seen 

in the gross decay of each element •. The time-of,.f'light machine is.not 

a very efficient instrument, however, mainly because of the problems 

involved in ionizing the sample materiaL It was found that only 

nuclides of the four heaviest ra.re-earths_could be made from tantal1liD 

in su.fficient quantities for separation by this method. 3. When 

;po~sible_,.decay characteristics-were obtained on isoto;pically separ1:1-ted 

.sampl,es. ()the:rwise they were.taken in the gross mixture under the most 

favorable conditions. -In those cases where a daughter activity of 

-sufficient],.y .ihong half:-:Life was ·present a .second collJliiil separation 

milking was.run to .confirm presence of the daughter. 

·No information on abundances of gamma rays, positrons, or conver-

sion electrons for most of the rare e~rth nuclides formed in the 

spallation of. tantalum was ava,ilable -in the literature. Rather than 

make assumptions as to the abundance ofthese modes_of decay,.the 
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samples were counted on the Geiger counter. Counts were taken through 

sufficient absorber (972.6 mg .Al/cm
2) to. blo¢k out all beta particles, 

positrons, and conversion electrons but not thick enough to.ab~orb a 

significant fraction of the gamma radiation. In the cross section 

calculations for these nuclides the counting efficiency was assumed 

to be l percent for each activity (or 2 percent for a pare~t and 

.daughter in eg_uilibrium). 

Erbium:--Neutron deficient activities of erbium reported in the 

literature at the time the rare earth program was begun were i-:17 hour 

161 c: 163 165 Er , ~5 hour Er , and 10 hour Er . The gross decay curve of 

erbium could be resolved into activities of 183 minutes and 29 hours 

half~life. No .evidence was seen for any of the three activities 

previouslyreported •. Separation on the time-of-flight instrument 

_showed the 29 hou,r activity to be Er160, while the 183 minute activity 

•was Er
161

• 

Handley and Olson34 have -recently reported Er161 as having a j.6 

hour half-life and a _holmium daughter of 2.5 hour half-life. They 

report gamma rays of 195, 824, and 1120 kev for the parent and 90 kev 

for the daughter. They also report no annihilation radiation and say 

that positrons, if present, constitute only a small fraction of the 

decay. Analysis of the gross.erbium fraction for beta radiation on 

a crude beta-ray spectrometer showed the presence of positro~s of 

1.2 ± O.lMev which decayed with approximately a B:·hour half-life. 

161 . tha No attempt was .made to milk the holmium daughter of Er so . - t the 

•t b 1 t •th E 161 H 161 posl ron may e ong o el - er r or o . 
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160 
The'29-hour .Er· is a:new activity which has.not previously 

been reported .. Decay curves of :.the gross. erbium fraction separated 

: immediately. after • bombardment and isotopically separated Er
160 

both 

showed a straight 29-hour half-life with no growth present. When.an 

erbip,m fraction w:hichhad'been separated immediately after bombardmep.t 

had been allowed to decay for several days, however,;; and a second 

erbium-holmiwn collllil!l separation made, the erbium fraction showed a 

decided growth before decaying with a -straight 29-hour line, while 

the holmium fraction-decayed with ahalf--life of-5.0 hours. (See 

Figure 5·) .Gamma rays of approxima,tely 87,·194j 650, 730, 890, and 

970 kev plus x-rays of 46 kev. were -seen in the holmium fraction. 

They also were seerf to grow into the erbium sample. No gamma rays or 

161 anri:ih·ilation radiation were observed which could be assigned to Er . 

E:andley35 has recently reported a 5.0 ho11r holmium activity 

ha,ving gamma rays of 190, · 710, and 950 kev which was _formed by proton 

bombardments on Dy2o
3

• · The activity was 

·basis of abundance measurements relative 

162 
assigned to Ho on the 

161 
to the 2 .• 5 . hour Ho formed 

in the same bombardments •. From the half-life and gamma spectra 

measurements, it· would see~ that.this_is.the same activity as was 

milked fromEr160 and.that.it actually is Ho160 instead -of :a:o
162

. 

36 . 163 
Jiandley arid Olson . ·have reported a 75 minute activity for. Er • 

No_evidence was seen of this activity in gross erbium .fractions which 

were counted within six hours of the end of bombardment, although it 

may have ·been obscured by the l83.minute Er161 • Attempts to separate 

Er163_on the time-of-flight instrument-and.to.milk it .from any 

possible long-lived Tm163 -parent were unsuccessful •. 
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No evidence of 10 hour Er165 was .seen in the erbium gross decay 

. clJ.rve and attempts. to sep.arate it isotopically were unsuccessful. 

For reasons which will- be explained later,-Er165 should not be formed 

in large enough abundance from .tantalum to .be separated isotopically . 

. The gross erpitm1 decay curve included a 2. 5 ho-qr daughter growing into 

a 3 o l hour parent and a 5 hour daughter growing into a 29 hour parent 

so it .is not surprising that a :relatively small amount of a straight 

-10 hour activity, co'!lld- not -be resolved o_ 

'l1hulil.UT1: ~.,.Neutron deficient -activities -previously, reported .f<;>r 

. ' -166 6 167 - . 168 
thul1um are 7. 7 hour Tm , 9.- day. Tm , and 85 day Tm o In the 

decay_ of the gross. thul.ium fraction the '}o 7 hour and 9.o6 day activities 

co11ld be .resolved. In addition, an activity of approximately.29-hours 

was_seen .. Tl)_e activities were separated isotopically and the-mass 

assigqments of the 7 o 7. ho-ur and 9 .6 day activities were found -to be 
·' .. 

correct. Tl}e 29-hour activity was identified as ;Tml65 .. ·f:.B a. further 

check on this-mass a,ssigr:unent a _sample of thulium_which had.been 

sepa,rated immediately after-bombardment was allowed to decayfor three 

days. A thuliurn.o.erbium_ column separation was_ then run. The erbium 

d f
. 165 

fraction decayed lvith the ·10.2 hour half•life expecte o the -Er 

165 - ' 32 . . - 165 
daughter_ of Tm . . Handley. and Olson [l__aye recently. reported Er 

to !}.ave a haJ,.f-life of-24.5.hourso The discrepancybetween these 

half-lives is probably due to.resolution of the multicomponent decay 

curves in each case. 

1]nequi vocai assignment of gamma ray_ energies was not JTh-"Vle for 

these -n~clides in the gross thulil,l,Ill fraction, Thulium 167 _, however, 

bta . d 'b 'lk' 't " it ~rh167 t Th '7 7 h was -o __ J.ne PU:re ,y IDJ. 1ng l _ rrom .. lL..I;u paren . e -1 o . our 
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166 166 
Tm daughter of Yb · was also present initially. After the 7.7 

166 
ho11r Tm had decayed the sample decayed with a straight 9.6 day 

. half-life. A gamma spectrum taken on this activity showed gamma rays 

of 49, 115, 202, 515 1 and 720 kev to be pre.sent.in relative abundances 

of 1,-0.02, 0.29, 0.09, and 0.18, respectively, after correction for 

counting efficiency in the Nai crystal had been made. This spectrum 

is shown .. in Figtire 6 • 

.. Thulium 166 and Tm167 both have parent ac~iv:Lties of moderate 

half-lives. Since the chemical purification and column separation 

take, apprcximately six hours from the end .of bombardment, cross 

sections for these nuclides could be seriously affected by decay of 

the parents. In those bombardments from which thulium cross sections 

were obtained,.the rare earth fraction was allowed to decay overnight 

before the column sepa,ration was run •. Cross sections for 29 hour 

Tm165 and9.6 day Tm167 thenrepresent.total chain yields for their 

mass numbers. 

No 85 day activity was seen in those tp.ulium samples mounted for 

cross section .counting. In one of the survey bombardments, however, 

when decay of a very active thulium sample was followed, the 9.6 day 

167 . Tm curve was_ seen to tail into a small amount of activity which 

_decayed with approximately an 85 day half--life.. This could have been 

either 85day Tm168 , 129 day Tm170 , or a mix:ture. Assuming that it 

-was all 85 dayTm
168 

-and that this-nuclide has the same counting 

efficiency as Tm167, the cross.section for Tm168 was calculated to be 

. 167 
less than 2 percent as large as that for Tm •. It should be noted 
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that Tm168
_is a shielded nuclide and may,be formed only directly while 

167 ' 
'I'm lies at the end of a .chain of relatively short-lived activities • 

. 166 169 
Ytterbium: ---A .62 hour Yb and 32 day Yb were the only 

neutrqn deficient ytterbium activities reported when the rare -earth 

program was begun. The gross ytterbi~ fraction separated in these 

bombardments gave a decay curve which could be separated into five 

components: an initial74 minute activity, growth.of a .daughter illnto 

a parent having a 57.4 hour half-life., a 9.6 day. line, and a 32 day 

. tail. A copy of this decay curve is .shown in Figure 7. Time-of-

flight separE~,tion of the gross ytterbium activity showed the 57 hour 

activity to be Yb
166 

with the 7·7-hour Tm166 
daughter growing in. 

The 32 day activity was separated at mass 169. 

·The short-lived 74 minute activity decayed too rapidly to .allow 

isotopic separation to be carried out. In an experiment w:here ytter-

bium was chemically separated immediately a~ter bombardment, allowed 

to decay for 24 hours, and a second ytterbium-thulium column separ-

ationrun, the only activities present in the thulium fraction were 

7.7 hour Tm166 and 9.6 day Tm
167 . On the basis of this .milking, the 

74.minute act;i..vityis assigned to Yb167 . No gamma da:ta were obtained 

on this nuclide because of the presence of so ,much other activity. 

Analysis of data taken on a crude beta spectrometer showed apositron 

of 2.4 ± 0.2 Mev to be present and that it decayed.with approximately 

a 70 minute half-life. No abundances were obtained on this p(i)sitrcm. 

166 -Gamma spectra taken on Yb showed gamma.rays of So, 112, 140, 

180, 670, 800, and1320 kev as well as the 47 kev x-;rays to be present 

in the ytterbium-thulium equilibrium mixture. 
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Figure 7. Gross ytterbium decay curve. 
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Lutetium:--The gross decay curve of the lutetium fraction could 

be resolved into activities having half-lives.of 1.7 days, approxi-

mately 7 o5 days, .32 days, and a small amount of a long-lived tail. 

Attempts to separate these act:i,.vities on the time-of-flight isotope 

separator were unsuccessfuL In calculating cross sections for the 

lutetium. isotopes, published data on the half-lives were used. The 

170 1.7 day activity was assvmed to be·Lu o 

8 6 . 171 
The .• 5 day and .7 day half-lives have been . reported for Lu · 

and Lu
172

, respectively, b11t activities with half-lives as similar 

as these could not be resolved in the gross decay curve. Since both 

of these isotopes are essentially shielded nuclides; their, formation 

cross sections are of pa,rticular interest. .. In order to . get an 

approximate value for their cross sections, their combined decay curve 

was treated as a single activity.having.a.half-life of 7.5 uays and 

the resulting cross section value divided in two. This is admittedly 

only an approximation to the actual cross section but since the two 

nuclides have adjacent masses it siooiUd not be too far off. 

Presence of a 32 day activity is somewhat puzzling. Since the 

lutetium-ytterbium separation is a difficult one, it is p9ssible that 

the activity is an impurity of 32 day Yb
169. In these column runs, 

·however, the ·lutetium and ytterbium peaks were well separated; and 

since only the leading edge of the lutetium peak was used, the contam-

ination due to ytterbium may be considered negligible. It seems more 

probable that 32 day Yb169 is growing into. the lutetium fraction as a 

. ·169 . daughter act~vity of. Lu • From the .relative magnit11de of the 32 
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6 ; 6 ·. 169 da,.y an:d L - day. activities, 'the '1.. day activity cou,ld be. the r.u 

p$.rent·o F\lrther work will haye to; 'be done before any more definite 

:mass a;Ssigqmertts can be nJEl,de~ . 

The v'ery. ldng.;.lived fl,Ct;lvi:bies. in the tail .of; the decay curve 

171 173 . 174 could have 'been L6 yea.r tu i ,, L4 year LU: .·.· P- 165 day. Lu . , or a 

mixture of these activitieso_ .Samples .from which cross sections were 

calculated :b.l:).ve not been. followed long enough for accurate identifi-

'cation --of these species so. their cross sections are not included in 

Hafnhtm~;;....,Fiye active neutron deficient isotopes .of hafnium have 

been .reported~ · -1.9 ho{lr Hf170 , 16 ·hour .H:f171 ,_ "'5 year Hf172 , 24. hour 

173 . . . 174' 'Hf · .-, and 70 day Hf • ·In the gr(;)ss decay cwve of the hafnium 

L : ··- fraction acti vi t.:Les having half-lives of "'70 days,;. 8 c 5 days 7 44 ± 2 

hotirs, and ·12 ± 1 hours -we::re sepa;rated.; Analysis of the ga,mma spectra 

~b:owed ·gamma .rfl,ys -6f 122 :!': 10 ,. '275 ± 10 kev and 55 .kev x, .. rays to be 

as.soCia ted with the 44 hour activity. -\.thile ·a ga:tmna .ray .of 17.5 ± 10 kev 

seems~to be -present_in the ·12 hour activity-.. 

The ·12 ho11r activity .is presuma:bly the 16 hour g-7
1 

reported 

... , . 8 . 171 
while the ·. o 5 . day. activity ;Ls its Lu · daughter. Tl1.e short-lived 

half;..lfi'e was obtained after resolution .of three other components .of 

the 'gross decay_ curve so that this ha.lf-life would be·subject ·to 

greater errors thari any O.f the others o .. All .of the hafnium samples 
.,f>: 

ga:ve the st;i.me··half-life -within the errors reported;. howeverj so a value 

'of 12 hours-was-used in the'Hr7l cross section_calculations • 

. ' -The 44 h6u,r activity is .more pu:zzli-rigo ·It· is .uncomfortably close 

to the 52o8 hour half=life reported for Ta177 _and makes one suspect 
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that tantalum may have carried through the chem.i.stry. If this were 

true, however, t4e 8 hour tantalum activities should also have been 

.seen, .but in ·approximately thirty times the abundance of Tal77. ·No 

evide!lce was seen of any 8 hour component. Further, if' a mixture of 

24 hour and52.8 hour activities were present, even in comparable 

abundances,. the decay curve would show a decided bend •. This was not 

the case; the resolved 44 ho11r component was a straight line over 

approximately five half-lives. Although further bombardments will 

have to.be run to clear up this.matter, for the purpose of' these 

experiments,.it was.concluded that the 44 hour activity was actually 

Hfl73 and cross sections were calculated on that basis •. 

Tantalum:--Seven activities of 1;1eutron deficient tantalum 

isotopes have been reported in the literature. The gross decaycurves 

of tantalum samples separated immediately after bombardment could be 

resolved into activities having half-lives of approxiinatelylOO minutes, 

8 hours, 2.:2 days, and a small amount . of a .long-li yed activity. which 

had a.half-life greater than 50 days. No detailed gamma spectra fqr 

these nuclides were available for identification. In the cross section 

calculations the 2.2 day activity was assumed to be 2.2 day Tal77 and 

the 100 minute activity ·Ta178 • The 8 ho11r line was undoubtedly a 

8 Tal 76 8 . 180 mixture of .0 hour and .l hour Ta • Since these could not 

be separated on the gross decay curve their combined total cross sec-

.tionis. tabulated. Decay of the long-lived tail has not been followed 

long enough to.identify the 2]iear half-life repqrted for Ta179 so 

data .for that nuclide have not been .included in the cross .section 

figur.es. 



.. _ :T_urrgsten: --'F~ye aci;.tve neutron_ defi(!ient. t~gst~n isotopes have 

_,been. reported 1 _and :four. of, them haye .acttye -tarrt;alum dg:qghters. In 

th~ tup.g::rten fraction decay cgrvee;- ac;:tivit;Les ht;l.vi:p_g half:-li:ves. of . . . . . ,, .... " .. 

2L 5' _days, 53 , hQurs~ 8 h911rs P -~nd ~pproxima tely-.130 mi;nutes ;. were 

resolved o >The 130 :(llinute actiyity was- pr_obabl.y a mixture of. w176 
and 

v{-:77-. ,;In the cal~ulCJ.tions, eros::;, sections --for these nuclides were 

- .176 - 177 based on the abundances of, thei;r 8.0 hour ['a . and_.53 hour Ta 

daughter activities. 

The 21 o 5 _ day. activity was assumed to -_be -the 21 day w1 78 with its 

·9 ;35 minute Taf
78 

daughter in ~quilibriumo 
4 181 -

No evidence_ was_ seen of_ the 1 0 day- w 1- al-though the tungsten 

decay, curve was followed as clos.e to background as w~;ts practicable o 

--- -· ::·In·· the gross decay. cwve a 140 day activity could not have been 

: ~- :~ 1 

•present _in an>abundance ratio.greater than 10 counts to.2000. counts 

_of the 21.5 day v?-78 • 

N •. RES_UI,TS ANJ) DISCUSSION 

Gross sections, for_ spallation and fission fragrnents.foi'!)led in 

. ·· 340. MEO:!V bombardments -of tantal:u.m are presented in. Table I. Cross 

se_ctions_. for in,di vi qual :nuclides _represent average va,l11es taken from 

a _series of bombardments. and. a:r;-e calculated on the ·_basis of a 10.0 mb 

. 27 24 cross secti-on ,for the reactlon Al (p_dpn)Na . in the al-qminum monitor 

foils. 37 

- , . The average_ error of ,these -cro_ss.,sections :wil_l depend on. •the type 

·of decay involved., For :neutron excess _beta emitting activit:i~s, cross 
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Table I 

Cross Sections 

Cross Section Cross Section 
Nuclide (mb) Nuclide {mb} - -

~a24 0.006 Rb86 0~047 

~ 28 . g 0.0035 Sr89 0.036 

K42 0.0066 .- Sr91 0.016 

K43 0.017 _ zr95 0.027 

Mn52 0.0018 ·zr97 o ... oo42 

Mn56 0.033 . Mo99 0.046 

Fe 59 0.050 Ru97 0.0015 
.·· 61 
Co 0.054 Rul03 0.032 

-~i65 0.038 Rul05 0.0032 

Ni66 0.015 .RhlOl *0.0023 
. 64 
Cu 0.065 Rhl05 0.022 

Cu67 0.054 Rhl07m (0.009) 
. 72 

Ga 0.064 Pdl09 0.0052 

Ga73 0.044 Agl05 *0.027 

As74 0.021 AgllOm 0.029 

As76 0.056 Aglll 0.018 

As77 0.030 Agll2 o.oo64 

Br80m 0.095 Agll3 0.0029 

Br82 0.080 Cd107 0.012 

Br83 0.050 Cdll5 0;,0016 

Rb84 0.078 Cdll5m 0.0027 
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Table I, cont. 
·r 

Cross Section ·' Cross Section 
Nuclide .(rnb:) ·Nuclide (mb) 

'· 
Iril09 *0.0062 Tml65 48.6 

.. .. 110~-,,, .... ~ .. ' -'"16"'."'-'"-:·:::. . . .. . . . .. ~ 

In· · 0.019 . TrD. .. 7, 50~7 
.... :T66 

': :; 

Inl11 
.. 

0.013 Yb · .. ·76 

In 114m o.o21 
'169 

Yb 32.6 

Te 117 .*0.0045 L~170 218 
. 119 
Te *0.011 Lu171,172 63.7 

.Te 121 0.028 Hfl71 67 

Cs127 ·*0.0047 Hf173 130 
. 129 
Cs *0.0022 Hfl75 45 

':sa:l28 0.0041 Tal77 27 

Bal29 *0.0025 
' 178 
.Ta 152 

Bal31 0.013 
',. 176 180 Ta ) -265 

. 134 
Ce 0.019 v(-76 65 

' 135 .ce 0.22 v(-11 30 

Er 160 
.31.3 'v(-78 65 

'•' 

':· 
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sections should be reproducible to ±5 percent. In view of the large 

number of corrections involvedin the calculations, however, an 

average error of no better than ±15 percent can be claimed. For 

·neutron deficient isotopes whose decay schemes, abundances of 

positrons and gamma ra,.ys, and conversion.coefficients are known 

acc~ately, this same limit of error should apply. For those 

nuclides whose decay schemes are not accurately known, and about 

which assumptions were made, the cross sections will obviously be no 

more accurate than the assumptions. Cross sections for nuclides in 

this last category are marked with (*) in Table I and must be regarded 

only as approximations. Neutron deficient electron capture nuclides 

.. whose cross sections are based. on x-ray and gamma counting through 

absorbers will not be affected too greatly by lack of information 

concerning detailed decay schemes. Counting efficiency of a mixture 

of gamma and x-rays differing widely in energy can be somewhat 

uncertain when samples are counted in the Geiger-MUller counter, 

however, so that an accuracy of no better than ±25 percent may be 

claimed for samples counted in this way. 

A plot of cross section versus mass number for those nuclides.in 

Table I is shown in Figure 8. In addition, cross sectio.ns for Be7, 

Li8, and F
18 

which were obtained by interpolation in curves .reported 

by Mar~uez38 are included for reference.· Several features of this 

plot are apparent even at first glance. First,.cross sections for 

fragments in the .fission region differ from those in the spallation 

region by factors as high as 104. Second, although the fission cross 

sections are low, a fission peak is discernable. Third; although 
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there is a fission peak, it, is very small and relatively flat so that 

fragments due to fission may be spread over a very wide range of 

_atomic numbers. 

When the cross sections are plotted on a "chart of nuclides," 

i.e.,.atomic number versus neutron number for all nuclides, this 

apread out.quality.of the fission peak becomes much more apparent. 

Maximum cross f:)ections fOr a given.mass lie fairly close to the main 

line of beta stability for all elements from sodium to indium but 

these cross sections do not differ by much more than a, :factor of ten. 

This compares with "peak to valley"*ratios of approximately 103 for 

both the'bismuth and uranium high energy fission peaks. Attempts to 

make a detailed analysis of this fission peak are hampered by the 

fact that it is so broad and low. If, on the Z versus N plot, a line 

is drawn between all nuclides having the same cross sections, reason

able interpolation being made between adjacent nuclides, curves such 

as those shown in Figure 9 are obtained. If estimates of cross 

sections of stable ·nuclides are now made by interpolation between 

these isobarn lines and summed for each mass number, the solid curve 

of Figure 8 may be drawn. This line will then represent the total 

chain yield at each _mass number. 

Cross ~ections for nuclides in the s~allation region of tantalum 

are shown in the Z versus N chart of Figure 10. Masses for which the 

*The ratio of the total chain yield cross sections at the fission 

peak to those at the minimum in the region between fission and spal

lation. 
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plotted .cross section represents -total yield_for the given nuclide 

·plus all of its precursors a:re designated by ar:r'Qws pointing down the 

chain4 .In the case of Lul7l+l72 and Ta176+18? the swmned cross 

section lisi:;-ed in Table I has been di vid.ed by two and plotted in 

brackets. 

Discussion 

_Inspection .of-these figures leads to several very interesting 

.conclusions. The peak of the fission curve in Figure 8 lies -at 

approximately mass number 83, indicating a nmos.t probable fissioning 

nucleus" paving a mass of 166. From the contour lines -of Figure 9 it 

is.not possible te say that the peak cross section of mass 83 lies at 

atomic n~ber 35 or 36, either one of which seems probable •. Biller, 

14-in hif).work on bismuth, came ·to .the conclusion-that the peaks of 

his chain yields fell_on a .straight-line having _the -same neutron to 

proton ratio .as his .most probable fissio:ning nucleus. Lines drawn 

. ~66 166 166 'th th t t t t" f H T and -x~ 70 .are vn _ e neu ron _ o pro on ra 10 or _ 72 , .._.u
71 

:1 _:.u 

it+cluded inFigure-9. From the fit of these lines to the isobarns 

d •'t t "th r166 166 . 11 - 'bl platte 1. is apparent tha el er H or Lu lS eq_ua y poss1 e 

th t b bl +' • • • 1 -h. 1 Yi 166 h t 1 as__ _ e .. mos pro a _ e .L.lSSlon1ng nuc _ eus w 1 e- _b --as oo ow an 

at9jnic nlliD.ber to fit .the data. Thus. it may be said that the most 
-181 --~--

probable fissioning process is one in which the ·Ta t;;rget atom loses 

sixteen nuclecm;s before the fission process _takes place (counting the 

-incident proton as being emitted also):; and that these nl,lcleons are 

boiled off in the -ratio of 2D5 protons to 13.5 neutrons. Although 

there Uhdoubtedly may be sqme leeway_ in the choice of the most probable 

.. -
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fissioning nucleus, these data.are not inconsistent with Biller's 

results on bismuth, where two protons. and 19 neutrons must be boiled 

off to give the most probable fissioning nucleus, or with the results 

of Folger with uranium, where two protons and approximately 20 

neutrons are emitted. 

From the shape of the total chain yield versus mass number curve 

of Figure 8 three separate areas .may be delineated: first, .the area 

of very light masses (and probably relatively high cross sections) 

which represent small fragments emitted as part of the spallation 

process; second, the fission area corresponding to fragments having 

comparable sizes, or sizes larger than those normally considered as 

being involved in spallatitm reactions; .and third, the area involving 

end products of spallation _reactions in which only relatively small 

particles are ejected from the excited nucleus. It is evident that 

these areas are not very sharply defined for this type of bombardment; 

one cannot say precisely where the spallation process ends and 

fission begins, or where fission ends 8J1d the spallation fragments 

begin. Actually, it is not likely that there is a sharp dividing 

line; the curves undoubtedly overlap to some extent. . For the sake of 

argument, however, let us take the area under the total chain yield 

curve between the two minima in Figure 8 (mass 20 through 132 inclusive) 

as .a measure of the total fission cross section" Upon integrating this 

portion of the curve and dividing by two for a binary fission process 

the total fission cross section.obtained for 34o Mev protons on tantalum 

is 4.1 ± 1.5 mq. This compares with 2000mb for uranium, 15 239 ±30mb 



' 14 -1 ~2 13 
.for bismuth, and approximately 10 -10 mb for silver under the 

same bombardment cohdi tions. 

Note should be-taken of trends that are ·apparent in the distri-

bution of fission prbducts as the at.milic number of the target material 

is . increased. · In silver, and to a -lesser extent copper, . indications 

are that in the fission region no.synnnetrical fission peak is detect-

aple. ··Fission data for these elements are meager 7 (i.e.,· five measured 

cross sections between mass.24 and mass 56 in the silver bombardments) 
/ 

·,so .t~at no detailed infqrmation concerning t:Q.e fisSion region is 

available. . Even if such inforrDation were kx1own>i howeve.r, it seems 

probable that the indefinite extent of the spallation process ~ould 

il.::'C[Q to' make interpretation of the fission data difficu.lt. These total 

· reaction cross section curves .may be considered as a superposition of 

spallat.ion and fission .cross section components and. if spallation 

extends. into the fission .. area .and effect will be to .raise the "wings 11 

of the fission curve; i.e., make it appear as though asymmetric :fission 

were more probable than is . actuallY the case. About .all t}J.a t . can be 

done tn the lighter elements.is to set an upper 'limit to the total 

fission cross section, without any krwwledge about the distribution of 

the fission fragments. 

This.: 1'contamination11 of the fission peak by products which may be 

due to .spallation is ~negligible for bismuth and uranium. Here fission 

is a predominant reaction and the .fission cross section peak heig..h:t is 

such that the ratio between cross sections at tne fission peak and 

those at the minirilwn in the regidn between fission and spallation is 

roughly'-1:}. . For these· elements .the ·conclusion has been drawn that 



binary fission into roughly equal sized.fragments is by far the most 

probable type of fission re1:1ction. 

The "tantalum fission data seem to lie between these two extremes. 

From. the shape of the total chain yield versus mass curve in Figure 8 

we may consider that the fission region extends roughly from mass 20 

to mass 132. There will be overlapping between spallation and fission 

curves at the two extremes .of this region, of course, but it is 

difficult to see how spallation, Le., emission of a long series of 

small particles, .will extend :far enough into the fission region to 

change the shape of the fission curve significantly. It would appear, 

therefore, that the spread-out quality of the tantalum fission peak is 

real and that asymmetric fission is .relatively more highly probable 

than in either bismuth or uranium. As a measure of this tendency 

toward asymmetric fission, let us compare the ratio of the cross sec-

tion for symmetrical fission to .that for a process in which the 

fissioning nucleus splits into fragments having masses. in the ratio 

70:30. 
15 In uranium the 50:50 split is approximately 47 times.more 

probable than the 70:30 process. In bismuth14 the ratio is about 88; 

and in tantalum, 5. These numbers are made somewhat uncertain by the 

steep slopes of the fission curves for bismuth and uranium, but they 

do indicate a trend which suggests an extension of the line of 

reasoning used to explain the change in shape of the double humped 

thermal neutron uranium fission peak as the energy of the bombarding 

particle is increase(i. Here the nuclear shell effects which probably 

contribute to asymmetric fission with thermal neutrons are overpowered, 

as it were, by larger nuclear excitation energies and symmetrical 



fission becomes favored. The fact-that the above ratio is.lower for 
: ~· . . . 

uranium than for bismuth may indicate that the low energy asymmetric 
: :. ·. .j ;; 

fission process is still_important.enough with 340 .Mev protons to 

broaden the uraniwn fission peak somewhat. This interpretation seems 

.reasonable in view.of the fact that.such a wide range of excitation 
.. 

energies !DEl.Y be imparted to the target .nucleus and that even in 

uranium nuclei. excited to about 40 .Mev t}J.e peaks for asymmetric 

fission may be seen. 

}Jo similar asymmetric fission :process. is k..r:town for tantal)..lm, 

however, which c,ouldex:plain the fact that the 70~30 fission process 

is 17 :times more probable in tantalum than in bisml,lth. The small 

magnitude of the tantalum total fission cross sect.ion and the 

calculated height of the potential b9rrier indicate that a.larger 

excitation energy is.required to get tantalum into a fissionable state 

than is necessary for either bismuth or uranium. . From the width of ' 

tliie fission peak fo.r tantahmt, it .may be inferred that these very high 

excitation energies.tend to destroy the fissioning nuclides' prefer= 

ence for rOughly syrmnetrical fission. 

The question naturally ari'ses as. to .why these nuclides .split at 

all, even in the regian of the most probable fissioning_nucleus. It 

seems unlikely th~t there is anything .unique about F..f166 or Lu
166 

that 

would make themfission.more than other nuclei in that portion of.the 

periodic table. . If lutetium or ytterbium were bomb~rded instead of 

--~66 166 ' . ' . 
tantalum one would not expect ru· or LU: · to be the ·"most probable 

fissioning.nucleUs 11 for those elements. Nomajor closed shells are 

present to affect ·nuclear stability appreciably and with these large 

,. 



excitation energies one would not expect- minor shell configurations to 

play a significa!lt part. The 11major fission products 11 (placed in 

CI:Uotes because they are· not much more major.than the minor fission 

products) have three or four neutrons less than the closed shell at 

fifty neutrons so.that if neutron evaporation occurs after fission the 

closed neutron shell mayplay.a significant part.in increasing the 

fission probability. There is no evidence that this shell.effect 

plays an important part in the bismuth or uranium fission processes, 

. however, so it does not seem too probable that it is a . decisive factor 

in tantalum. 

Attempts to interpret fission phenomena .from a .theoretical point 

of view have not been entirely successfUl, particularly for the high 

energy reactions •. A comprehensive treatment .of the fission process in 

terms of the liquid.drop.model has been presented by Bohr and Wheeler~2 

: and later improved by Frankel and Metropolis. 39 Here the nucleus is 

regarded as a· spherical drop of incompressible liquid with surface 

tension arising from attractive forces between nucleons. By appli-

. cation of appropriate forces this spherical drop may be excited .into 

various modes of vibration. If the excitation energy is large enough 

these vibrations will deform the sphere into an ellipsoidal, or, 

finally, into a .dumbbell shaped nucleus. in which the stability. is 

reduced and fission may occur. Although the liquid drop model does .not 

predict the observed asymmetry.of low energy fission, it has been used 

to explain some aspects of the fission process, i.e., the limit of 

stability of nuclei against fission, the threshold energy for fission, 

etc. 
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.. ·4o 
For a. number -of nuclides.it has b.eert sho:wn.empirically that 

the rate· of spontaneous . fis~ion bears ·:s(?me relationship to· . the 

-~fissionabi:LH;y parameter11 ''?P/A :f'rc;nn the ·liquid drOP model~ These 

data apply to unexcited n:uclei, o.f col;lise, . but f'qr this type .of 
2 . . . . . . . . . .. 

reaction a •Z /A .yalue Of approxi:inately 47 is -needed .. for-- "instantaneous 

. . ' --20 . 
fissi.on;,·" i_. e., a. fission half~life of on the order of .10 seconds •. 

-~66 166 . . ·. .· .·. . . . . 
.. For U:C .-or Lu ·. in the tantalum bombardmer1ts1 .where the rate of 

., 

fission -must be :t:ast. to compete ~with. spallation; . the r.,2/ A ,yalw~s are 

·31.2 and-30.4,. respectively. Application .of' tbe, z2
/A .criterion to 

highly excited .nuclei is probably not too justifiable but. the tantal"Um 

data -~dicate that these values .are rar-.too low ror th~ z2 
/A-of the 

VI!excited nucle¥& tQ play_ a large part in determ:iningthe fission 

, ' · · '·. p~oba'bili ty,. 

. . . . ·.·· ... · u 
If the hypothesis .of nuclear transparency suggested by. Serber 

. . 

is essentially correct, incident protons having 340 Mev of energy may 

impart a very wide range of excitation energies. to .a tantal"Um tEI,rget ' 

nucleus. The -pre$ent data suggest that this excitation energy may be 

<LI:ssipS.ted in seve:pal different ways. Ea,ch excited nucl€1ls .may lqse 

energy by emission :of g8Jillll8. rays, by elllli.ssion of nucleons, either 

cha,rgeti or v:ncb.arged,. in a spallation type reaction;. or by fis~ion 

into twoor more ·large fragments. For the lower excitation energies 

the spallation data of Fi!WI'e 10 i'Q.dicate ·that gam:ma ray emission and 

·-neutron boil ... off. (protons -to a .lesser degree) are the only. irirportant 

· cqmpetll).g .reaction~. The fission process does_ not . seem to be signif'i-

cant •. At higher excitation energies, after a fairly. large .number of 

ne1rtrons and -possibly. one or two protoiJ.S hi:we been evaporated, .emission 

.. 

"' 
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.of charged particles and fission ,both be,come increasingly important. 

Even under these circumstances, however, it is interesting to note 

.that the fission process does not playa very large J>art. Let us 

assume for the sake of argument that all of the spallation products 

below mass number 166 had to be formed by a spallation process in 

which they passed through mass .166, i.e., that spallation proceeds by 

emission of single nucleons, at least through mass number 166. Inte

gration of the spallation cross section curve below mass number 166 

and comparison with the total fission cross section should then give 

an indication of the relative probabilities for spallation and fission 

for those tantalum atoms which had at least sufficient excitation energy 

to evaporate sixteen nucleons. Treatment in this manner shows a total 

spallation cross section of about 600 mb below mass 166 as against a 

fission cross section of 4.1 mb. In view.of the .fact that one must 

actually consider a region of fissioning nuclei rather than a pingle 

mass, and i{hat this region should extend to masses higher than 166, 

this ratio .must be regarded as -Only very approximate. As an order of 

magnitude, however, it shows that even when tantalum nuclei receive 

enoug..'l1 initial excitation energy to reach the "region of most probable 

fissiOn 11 less than 1 percent of the nuclides actually do spli_t; the 

rest go on to dissipate their energy by spallation. 

The spallation cross section data of Figure 10 indicate that the 

highest cross sections are for those reactions in which the incident 

proton is not captured and only a few neutrons are evaporated •. The 

probability of a proton being emitted with these first neutrons could 

not be determined because of the stability of hafnium isotopes_in this 
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:region, but from the magnitude o.f the cross section for the production 

of Hf175 it .may be inferred that this 'Probability. is small.com_pt:~.red to 

neutron evaporation. -These data -alsb indicate that spallation-of as 

many as 21 nucleons has a .. cross section lower than_the maximl;!mby only 

a .factor of 7 . 

.. Strictly $pe'aking, by radiochemical techniques it -is pbS Sible to 

detect .. only the end products of spallation reactions and not the 

mechanism by .which those products were formed •. ThUs a reaction in 

which four alpha particles were emitted would give the same nucleus as 

.one in which eight deuterons or eight protons and eight neutrons were 

boiied off. "in tll.e ·tantalum spallation data .some additionai conclu ... 

sions concerning the mode of forrru:ttion of the spallatio·n products may 

be-inferred fr9m a comparison of. the cross sections .for formation of 

Trri.~67 and Tm
168 

o .. In· this 'case ·Tni168 
is a shielded nuclide· and may be 

fo:rined only by~~ spallation. of five protons -and nine neutrons (or· 

--combinations of these) from the target nucleus .•.. Thulium 167, however; 

in addition to. being formed.by direct spallation of five -p:rotonl3 and 

ten neutrons from tantalum, could have ·been formed by beta decay of 

. b f th . :1-. 167 h . . th h. gh Z . · Yb·lb7 L 167 Iilem ers o _ e mass numuer .· . c a~n w:L _ ~ er ·· ... ; ~ .• e .• , _, ill -~ 

Hf167, Tal67, and .w167 
o Since Tni167 and 'l'J168 are neighboring isotopes, 

it is rel:l.sOnaP.le to assume that their cross sections for formation by 
i 

direct-spallation are comparable. In view of.tb,e fact that the observed 

· · t· f 167 · · t 1. r·-·ft t· t. h t f Trri168 th cross sec ~on . or Tm · ~s approx:tma e y . ~ . y :unes . a o · e 

concl"~Jsion naturally follows that most of the ,observed cr,oss.section 

. . . 167 . 
. for the formation of. Tm ,must be due to contributions -of its precur-

sors and that the major portion of the 167. chain yield lies in nuclides 

-~ 
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having atomic numbers greater than 69. Thus a spallation process in 

which fifteen nucleons are emitted will, in a great majority of cases, 

involve emission of eight nucleons as neutrons, i.e o, by a_ reaction 

of the type Ta181(p,p8~d)Yb167, or if a compound nucleus is formed, 

- 181 167 seven neutrons: Ta (p,.7n2a)Yb . Of course, a larger number of 

neutrons (and a smaller number of charged particles) may be emitted 

to give .members farther out on the mass number 167 chain. 
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