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TANTALUM SPALLATION AND FISSION INDUCED BY 340 MEV PROTONS
Walter Bdward Nervik
Radigtion .Laboratory and -Department of Chemistry
-University of California; 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 during
the bombardments were geparated chemically; -identified, and"théir
formation cross sections calculated. A.very broad fission peak which
extended from mass .20 to mass 132 was.observed. . The maximum fission

83

yield occurred in the region .of . the nuclide'Kf and. analysis of a

set of contour curves .fitted.to the data indicated.that either Hfl66

166

or Iu was "the most probable . fissioning nucleué." The total cross
section .for fission was estimated to be 4.1 mb. .Comparison .of the
fiséiqn data .of tantalum with that of uranium and bismuth under.the

same bonbardment 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 indicatéd.ﬁhat of those tantalum target'huclei which
received.at.least enough.exéitation;energy,to,reach the region of: "the
most probable fissioning nucleus" less than i‘percent‘undefwent fissioﬁ;

the remainder emitted spallation. fragments.
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TANTALUM.SPALLATION AND FISSION INDUCED BY 340 MEV PROTONS
Walter Edward Nervik _
Radiation .Iaboratory and Department of Chemistry - -
‘University of California, Berkeley, California

April 7, 1954

I. INTRODUCTION

Ever since machines became available whichhwould-écée;erate
vchérged partiéles to high energies éonsiderable iﬁtereét‘has_been
shown in the mechanism of fiésion:and the distribution of fission
products induced by‘thosé particles. |
| ‘The earliqst fission producf sfﬁdies, and theireactionvon which
the most‘complete-data are'available; concerned ‘the thermal neutron
fiésipn of uraniumo. Principal features of this fission process are:

1. Predominantly aéymﬁetric splitting of the-cémpound nucleus
stshown‘by the_appearance of twb peaks in the fission yield wversus
mass.cque; | | o

2, Essentiaily complete‘abéenée of fission_ﬁroducts on the
-neutron‘deficient.side.of stability. | | | j

3. .Extremely,steeé siépes on both "%ings" of the figssion yield
Versus mass cﬁrve,.with no fission_products.having.a,mass.less than
'72_orlgreatgr than 162 being observed in:abundancesigreéter than.
.10_5 percent of the fission evenfsow “

As the incident neutron energy is inéreasedlthershape of”the
fission yieldrversus.mass curVe-begins to change ﬁarkedly, parti—

cularly in the region of symmetrical fission. Engelkemeirl’2

239

and

co-workers .observed that when Pu was irradiated with neutrons of
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approximately 600 kev the yield of pat®?

was.50>percent higher than
ithe -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,the7neu£ron energy is increaseavstill further thé proba-
bility.of,symmetricalvfissibn_becomes.even'more pronounced. ,Spencé
has shown that whenU235 is irradiated with 14 Mev neutrons, symmet-
ricai fission“becomes one hundred times more probable -than with
thermal neutrons. Also, this .rise in the symmetrical fission yield
was accoﬁpanied.by,a decrease in the yields of those nuclides which

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

.ova999 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

5 irradiating thorium with 37.5 Mev alpha

bombardments. Newton,
particles, showed that the symmetrical fission yield is almost equal
to that for asymmetrical fission and that the deep minimum in the

yield curve for the thermal neutron fission of U235vhad 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 extremely high values (i.e., 9

uranium with 380 Mev alpha particles6) symmetrical fission predomi--

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

perturbations for asymmetric fission.



[
-

b

This single symmetrical fission peak has also been.observed when

elements lighter than uranium or thorium were bombarded With very

T

high energy‘particleso Goeckermann and Perlman, bombarding bismuth

with l9O Mev deuterons, observed this type of fiSSion peak, In
.addition, they noted that the max1mum of the symmetric fiss10n peak

vcorresponded 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 peaksnof 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

Seaborg,sa’9 irradiating copper, bromine, silver, tin, and barium with

very high 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 fiss10nvand not spallationvof
alpha particles was actually occurring,in these bombardments was based

primarily‘bnvthe observed thresholds and calculated energetics of the

.reactions involved. Thus the calculated threshold for the spallation

,_reactionCu6.3(p,p3n9<3(,)1\1[a21L was about 170 Mev while the threshold for

the fission_reaction cu63 + D = Na24 + K39 + n was approximately'SO

Mev., .Since'l\IaZ)va was produced in 70 Mevrproton.bombardments of copper,

.the conclusion was drawn that it must -have been formed by a fission

Process.,
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Evidence for fission of the medium weight elements in the
vreferencés iﬁoted‘ﬁasnbased on”radiochémiéal separétion.of only. a
few of the.pdssible aétivities formed; As part of a program of N
assembling detailed information showing how a single particle of .a

' ‘ . W
single energy reacts with widely differing target elements_iron;lo ¥

13 b-ism.uth,llL and uranium}5’l6

nickel,ll"copper,8 zinc,lz,silver,
have75eén_bombarded with 340 Mév protons in the Berkeley cyclotron.
‘Radiochemical separation aﬁd.identificatioﬁ,of activities formed in
both the spallation and fission regions was carried out. .These
‘datavindicate-that for the five light eléments spallation_is-by,far
the most prevalent reaétion,,with highest yields on the neutron
deficient .side of stability near the target nucleus. In the binary
fiésioﬁ_fégion the yields are very low and the yield versus mass
n@mbervcurﬁes are merely a flattened extension of the spallation
portion Qf the curve. It should be mentioned fhat although yields
in thenfissioﬁ,region.for'these elements .are low they are measur-
able, and éveryveleﬁent below the target element is formed in some
degreé during this type of bombardment,.

For bismuth_and uranium, fission is the predominant reaction
.aﬁdrthe.characteristic single symmétrical high energy fission peak
is.obtained; In”eéch casé the fission peak height and the chain
yield distributionsﬂarevéuch as to indicate initial evaporation of
nucleoﬁs followed by,a.fission,process in which the neutron. to
proton ratio of the fissioning nucleus is preferentially,maintained ¢

in the fission fragments.
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The present work on tantalum 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_positionvin the

periqdic'tableov Because of .the mass defect, atoms of heavy. elements

-l1ike thorium or uranium are strongly exoergic toward .fission.

Light elements like copper are thermodynanﬁcally,mugh more stable,

-however, and a larger excitation energy must be imparted to the

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

vfraction 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 some 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 bismuth.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.  EXPERIMENTAIL PROCEDURES

A, Target Arrangements -

The target material used in this.series of experiments con-
sisted of .the purest tantalum foil availeble.  Spectrographic

analysis.of the metal showed it to be free of any‘impurities,which
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might interfere with the fission product yields except for
approxiﬁately 0.01 percent of nicbium. Spallétion yields for
middlé-weight élements‘indicated,that.this impurity would probably -
affec£<bhly,the neutroﬁ deficient nuclides of molybdenum, niobium,
zirconiﬁm, and strontium in the fission product.region of ﬁantalum°
Thé.remaining fission product activity and all of thé activities in
thé épallation_region.had to be formed from tantalum in these
‘bombardments .

in,order to measure -the absolute cross section of -the spal-=
létion aﬁd figsion pfoducts the proton beam monitoring procedure

15

déveloped by Folger and Stevenson ~ was followed. One indh diameter

disksfwefe cut out of OdOOQ?S inchhaluminpm,.0,00l inch‘aluminum,
ahd 0.002 inch tantailum foil with the same die to ensure that ;hey
all had,the.saﬁe érea. Surface impurities were removed by washing
the aluminum disks dn conductivity water and acetone and drying in
an oven., The tantalum disks were cleaned in hot concentratea
nitficvacid, rinsed in conductivity wéter and acetone and dried.

ol has shown that in bombardments with 340 Mev

Si~Chang.Fung
protons a significant fraction.bf_the activity formed in .a quarter
mil aluminum.foil_may,be lost through recoil but.thét this loss !
could be minimized by placing one mil aluminum "guard féils? 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, Y

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

~tantalum target foils. Thus the target "sandwich" consisted of one
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mil Al guard, quarter mil Al monitor, one mil -Al guard, two mil Ta
guard, Ta target (usually thfee.two mil'Ta_disks),:two mil Ta guard,
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 trimmed about a quarter inch from the -face of
the target holder. A scale diagram of £hi5v"Thin Target" arrange-
ment-is.shéwn in Figure-1l.

After bombardment the ‘monitor foilsAwere weighed.anddmounted
.andAﬁheir decay followed. The lS'hoqr_activity of NazF could |
éasily be resolved from the décay curve. Sincé-the formation cross
section for the A127(p,3pn)Na2h.reacfion_was known,  the cross
sectionsvfor.the,spallétionvand fissionlpfoducfs.ih&tantalumvcould
be calculated. |

Afier-seﬁefal-"Thin.Target" bombafaments hadibeen.evaluated.it
became apparent that not. enough aCtivity:was.being_formed.in,the
figsion product fégion_for.good.statiséica;,countiﬁg and accurate
resolution of the gross decay curves. ?Recourse'was taken to the
"Thick Target" arrangement. in which a stack, usuaily six, of two
mil x 0.25 inch x 1.75 inch tantélumftérget foils wasvwrapped in
-one -thickness of two mil Ta guard foil and clamped in a copper
target holder'in_sﬁch a manner that the prbton‘beam traversedithé
0.25 inch dimension of the target. ,Niékelfwas-used as the "internal
monitor" on_each of the thick-targét bombardments. .Since the cross
section .for the'reaction,TalBl(p,fission)Ni66~had_ﬁeen,calculated
from the -thin target bombardmenté,vthe-cfoss section for all of the
fission products could be obtained by comparing-their.actiVities_to

.that of Ni66°
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B. Treatment of the Target After Bombardment

. After data from preliminary experiments had been assembled it

became apparent:that chemical treatment of the:target after'bombard-

ment hadﬂto,be~govérned‘by several equally important factors:

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

~ approximately lOfuvthat of the spallation cross sections.  Thus

radiochemical purification.factors,of about lO7 were required 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
pregent in comparable yields. .Radiochemical purification factors of

approximatelyvloh,were required between. each of the fission product

_ elgmentsrand.all.of the elements below the rare earths.

3, Tantalum is & notoriously difficult metal to get in solution.
It will dissolve easily only in a mixture of concentrated hydréfluoric
acid and concentrated nitric acid. -Chemical separ&tion.proéedures all

had to begin with this HF-HNO, solution.

3

b,  Activity levels of the'fission.pfoducts, even with the thick

- target arrangements, were so low that the original target solution

could not be separated_inté aliguots. Thus all.of'the‘elements which
were to be separated in one bombardment had to come out of the entire
ofiginal“target sclution. |

With these factors in_mind,<fhe radiochemical.sépafationlproce-
‘dureé were developed. Exact procedures .for each element will be

S

described subsequently, but in general the target material was
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dissolved in concentrated HF-HNO Accurately known quantities,

3"
usually lO mg, of the -elements to be separated were added .and the
elements.separated and purifled. ~Assum1ng complete exchange-between

the actlve atoms and the inert carrier atoms in the orlglnal solutlon,

L

:the welght of the carrler recovered at the completlon of the purlfl-
catlon would determlne the fractlon of the orlglnal activity recovered.
-In severalﬂelements special steps-had\to.be-taken_to,ensure~complete
exchanéer "In”others,lwhere,there was_dangerjof the active atoms being
adsorbed.on the walls of the lasteroid,cones.in which‘the.target,was
dissolved before the inert carrier could be added, the-carrier‘had,to
be_added,before-the.fargeﬁ wag dissolved. In. any case;the;carriers
ﬁereeadded.as soon as pracricable.

- The-flnal purified compound. . was transferred”wet to.a. tared
alumlnum dlsh Whlch had a depression of. l cm2 area to define . the area
of the flnal compound vAfter'drying andawelghing,.a drop of dilute
clear lacquer wag placed oﬁ the precipitate'aﬁd dried. ,This.material
dldvnopccohtrioute significantly to the mass .of the sample and yet
v-serVed 10 hind the sample in place during the subsequent counting
.operatlons° ThOSe COmpoundsvwhich could-not be-dried‘adequately in
=alumlnum were flrst ignited.in porcelaln or platlnum cruc1bles and
.theidrled powders transferred to the tared aluminum dishes. -For
:countlng purposes the flnal welghed -samples were fastened 10 .2 mm
thick aluminum mounting plates which held the dishes.in:a fixed
posltloﬁ-aad-were'constructed.to fit the shelving.arrangement.of "

the various counters.
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- C. Chémical-Procedﬁres

.Obviously,,when,radiochemical_séparation proéedufes are being .
developed for a,fission.yiéidnstudy of‘this;type,,theﬂseparatioﬁ
techniques commonly in'use-will_Be adapted wherever possible. Thus
‘somefbfvthe'proéedures,given‘here ére-but slight modifications .of
'wéll-known_oﬁeratiohs° In a number of cases, however, the seﬁaration
ﬁrequiﬁements were such that previously published prdceduresiwére )
either completely inadeqqate Qf impdssibly.impractical. .New separ-
.'étion techniqueé had_to be -devised. Therefore the procedures for
tungstehgzhafnium, s rconium, tantaium,.the-rare‘earths,-indium,
.rhodium,,desium,,rubidium, potéssium,,éhrdmium, and magnesium
irepresent—either major.modifications,of.existing procedures Qf
completel& new .ones developed -especially for these bombardments.

. Thé primary requirement for these chemical procedures is maximum
purity in a minimum time. In addition, sincé-thevthiCR;targets
usually had from threé.to,five‘hundred;rqentgens.of.activity at.a
 distance-of-two inChes,when_the»chemiéal steps were begun,. the
guestion of minimum exposure-fér‘the.Chemist»had to be .considered.
‘When possible, . the spallation products (Ta,.Hf, rare earths) were -
separated first In order to.lower the general .activity level; then
the desired elements were separated. -Scavenging agents for any. but
the spallation elements were seldom added-untilwthérdesired:element
had been removed from ﬁhe'target,solutionﬁ CA11 cheﬁical.separations '
(atsleast until the activity decreased to a.safé‘level)fwere per-
formed.withvthree;foot—long‘tongs passed through slofs in a four inch

thick lead.brick.wall, the whole built 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 targetfwasvdissolved,in concentrated HF-HNO, and

3
sodium carrier added. Cerium carrier was added to precipitate the
rare-earth fluoride and-hafnium and barium carrier to precipitate
BaHfF6,h,The'precipitates.were.centrifuged, the solution made 18 E»in
13280h anditantalum extracted with di-isopropyl ketone. . The agueous
layer was .evaporated tp dryness in a platinum vessel, the'residue
dissolved.in_water,.éopper carrier added, stlpassed.through the
solution; and the acideinso;ublesulfides_centr‘ifuged° After boiling
_tq.destroyAthe Ezs,aBa,<Sr, anane:carriersuwere-added,_the-solution

made basic with NHhOH, (NHM)ZC added; and the ammoniacal insoluble

N
<hydroxides.and,carbonates'gentrifuged, Nickel was precipitated with
dimeﬁhylglyoxime and,sep@rated”byffiltration°lLConcentrated=HN03,was
.added and evaporated aJ._vmostl'to.dryness° Concentrated perchloric acid,
potassium, rubidium, and cesium 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. iWater was added
,to_the:ethyl acetate-and evapofated.almost to .dryness. »Zinc_uranyl
acetate solution.was‘added, chilled, and the sodium zinc uranyl acetate
precipitate:centrifu_ged° ,The-precibitate was dissolved-in,auminimum
volume -of cqncentrated"HCl_and ice cold isopropyl alcohol saturated

- with HC1l gas was added. The NaCl, was washed.wiﬁhﬁHCl;saturated iso-
propyl alcohol andudissolvedwin.ﬂzo° TheACuS,.Fe(OH)3,scayenges were

‘repeated. Concentrated»HCth was added, evaporated to drymess, heated
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 5until~any ammonium'Salts:had.been,destroyed, ahd the fesidue-ais=

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

precipitations .were repeated. The‘final.NaCl‘precipitateIWas washed

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

and weighed as NaCl.

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

‘solution. Cerium carfiervwas.added and the rare earth fluorides
centrifuged, .the solution made 18 N in H;80) , and tantalum extracted

with diaisopropyl ketone. .The aqueous_layer was evaporated almost to

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

the solution made basic with NHAOH (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'HZS; The

solution was adjusted to pH 4 with acetic acid, 1 mg Ca, Sr, Ba

~carriers .and 1 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 drymess,

concentrated'Hl\TO3 added and boiled to destroy CZOLf° ‘Diluted with

water, the solution was made basic with NH),OH, (NHh)EHPolL solution

added, the magnesium ammonium phosphate precipitate ceﬁtrifuged and

washed with dilute ammonia. The precipitate was dissolved in a

minimum volume of concentrated HCl, diluted totapproximately 0.1 M

and passed -through a 2 mm x 10 cm 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
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6 N HC1. The'Fe(OH)B,.CuS,.and CaC,0) scavenges, the phosphate pre-
cipitation, and the column separation were repeated. The final 6 N
HC1l solution was evaporated almost.to dryness, diluted with water,
made basic with NH)OH, (NH&)Z’HPOM solution added, and the 'Mg('NHu)POu
centrifuged. The precipitate was twice washed with water, twice with
ethanol_; ignited at 1300° F and weighed as Me,P 0. .
‘Potassium; ~«Potassium and cerium carriers.were added»tobthe Ta
target solution, the rare earth fluorides centrifuged, the solution
made lB‘E ih~HZSOh, Ta extractedrwith-disisopropyl,ketone, and the
aqueous layer evaporated almost to dryness in a‘platinum vessel, The‘
residue was dissolved in water, Cu carrier added, HZS passed in, and
the 'acid insoluble sﬁlfides_centrifuged° After boiling to expel H,S,
-Fe, Ba, Sr carriers .were added, the solution made basic witthHhOH,
(NHL)ZCO3 added and the basic insoluble hydroxides and carbonates
’ céntrifuged, Nickgl was precipitated with dimethylglyoxime and the
solution filtefed° ‘Concentrated-HNO3 was. added and evapofatedﬂalmost
to dryness. Rubidium,_ceéium carriers, concentrated HClQu.were-added
and evaporated almost to drynesso' The cooled perchlorate precipitate

was washed with ice-cold ethyl acetate and heated to éxpel excess

.ethyl acetate. -After . the KClOu 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 HCth was added,
.evaporated to dryness, .cooled; and the residue washed with ice cold
ethyl acetate. The perchlorates were dissolved in water and the
solution passed through a 10 mm x 7 cm Duolite C-3 phenol formaldehyde

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

LY

L}
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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'HClOA was

_added and evaporated almost to drymess again. .Cooled, thé precipitate

was washed three times. with ethanol, dried under a heat lamp and
weighed as KClO”o
ChrOmium:w=Chromiﬁm and cerium carriers.were added to the Ta

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

made approximately S'E in HC1l, and Ta extracted with di-isopropyl

ketone. The agueous layer was evaporated to dryness, cooled, concen-

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

the -distillate being collected -in ice cold watéro ‘To the distillate

'Hzo2 and Fe carrier were added, the solution made basic with.NHAOH,

and the basic insoluble hydroxides centrifuged. After'neutralizing
the solution, Ba carrier was added and_the‘BaCrOA_centrifuged, The
BaCr0) was dissolved in HC1, As, Sb, and P4 carriers added, H,S:

bubbled, and the acid insoluble sulfides centrifuged. The”BéCrQh

was transferred to a distilling flask, Ru carrier and concentrated

HC10) added, and the solution heated to expel the RuO) . After

cooling and neutralizing the solution with NHAOH, Ba carrier was

added and - the BaCrOu precipitate centrifuged. The precipitate was

transferred into a separatory fumnel, ethyl ether, 30 percent HZOZ
were added, and the blue chromium complex extracted. Chromium was
back extracted with dilute NH&OH. The solution was scavenged with

F.e(OH)3° After neutralizing, Ba carrier was .added, -The BaCrOA.was
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centrifuged, washed twige with water, twice with ethanol; dried at
110° ¢, and weighed as BaCro), .
Manganese:-~The -target was dissolved in the presence of the man- “

ganese carrier. Cerium carrier was.added,.the‘rafe earth fluorides

Ay

centrifuged, . the -solution madg-lS'E in~HZSOh,‘tantalum extracted
~-with di-isopropyl.ketone, and the aqueous layer evaporated almost .to

dryness. -After the residue had been dissolved.in .1l M HNO s a slight

3

.excess of KBrQ was‘added, the solution boiled to coagulate-MnOz,

3

:centrifuged, and the precipitate washed with_l M HNO The MnOz_was

3°
dissolvedmin;cqncentrated HCl and .-the concentrated HCl solution
passed through a 2 mm x5 cm Dowex A-2 anion exchangé resin column.

- The "HC1 solution was evaporated almost to dryness, diluted to 1 M in
~HCl,v‘Silverrcérrier-was,added and the "AgCl precipitate centrifuged.
.Copper .carrier was added, HzS passed}_andrthe acid insoluble sulfides
,centrifugedf After evaporating the solution_almost,tq drynesé;‘HCl

was destroyed -with HNQ3’ the 'solution diluted to 1 M in HNQ3) an

.excess of NazBiQ3‘added, and the solution boiled to . oxidize Nm%3vto
MnO&”, ‘Iron carrier was added, the solution made basic .with NaCOH and

the basic insoluble hydroxides centrifuged. After making the solution

1 M in HNO MnOh== was reduced with. oxalic acid, excess BrO3 added,

3 4

.the solution boiled until MnO, coagulated, andenQ2 centrifuged. The

2
-anion exchange column, -AgCl, CuS .scavenges, the bismuthate oxidation,
the-Fe(OH)3 scavenge, the oxalate reduction, and the MnO, precipitation

were -repeated. -The‘MnOZAwas.dissolved in diiute”HNo plus HZOZ,,fi;

3
diluted further, Mnozvreprecipitated,_centrifuged,_washedutwice-with
water, twice with acetone, ignited in a procelain crucible at 9OOO-F

and weighed.as»Mn?)Ou°
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lgggzmvlron_and cerium carriers were added to the Ta target
solution, the rare earth fluorides_centrifuged, thersplution.made
18 N-in HZSOA,.Ta:extracted with di=isopropyl ketdne}’and_the‘aqueous
layer evapofated.almost to dryness. The residue was dissolved in H,0,
made ‘basic with NH,_#OH,;the-Fe(OH)3 precipitate centrifuged a@nd washed
-with dilute ammonia, The-Fe(OHD3 was dissolved -in concentrated HC1,
diluted to 7.5 N in‘HCl;,the‘FevextractedvWith'isopropyl.ether,'and
the ether layer washed with 7.5 N HCl. After Fe ‘had been back
,extractéd,into buffered acetic acid-acetate solution, Mo, Ga, Sb, Sn,
and Ge carriers were'added;vthe solution was made basic with NaOH,
centrifuged, and the 'Fe(_OH)3 washed with dilute NaOH. The ‘--Fe(OH) 3
was dissolved in 3 N HCl, Mo, Ga;, Sb, As, Ce-carriersfweré-added,'HZS

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

was made basic with:NHAOH, centrifuged; and the“Fe283 precipitate
washed with dilute NH,, OH. The'FezS3 was dissolved in concentrated
“HN03, scavenged with W03, made basic with NaQH; andAthe*Fe(OH)3'

centrifuged.  The ether extrabtionvandrFe(OH)S precipitation were
repeated twice with the final Fe(DH)3 precipitate being washed twice
with dilute‘NHuOH, ignited:in a platinum crucible-at,9OQO F and
welghed as F62030
.Cobalt:=-=Cobalt and cerium carriers were added to the Ta target
solution;  the ;are earth fluorides centrifuged, the solution made 18-E
in'stOA,bTavextracted.with dimisdpropyl getone,-and‘the'aqueous layer
evaporated almost to dryness. The residue was dissolved in water; Fe

carried added, made basic with NHAOH, and the‘Fe(OH)3 precipitate

centrifuged. rHydrogen‘sulfide was passed in, . the CoS was centrifuged
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” and.washed_withvdilute'NH40H° The CoS was dissolved. in concentrated

‘HC1l,.boiled to expel -H S, concentrated HCl added, and the solution

2

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

Lo

was washed with concentrated HCl. Cobalt was eluted with 3 N HC1,

Y s

. the ‘eluant diluted to 1 N in.HCl, Ag carrier added and the AgCl
precipifate centrif‘ﬁ_geq° Iron was added; made basic with NﬁuOH, and
;the'Fe(QH)3 c-entrifugéd° ‘Hydrogen sulfide was passed in, the CoS
,precipitate.centrifuged.and.washed-with dilute'NHAOH? .Cobalt sulfide
-was dissolved in concentrated HCl,; boiled .to evaporate-the'HZS,
diluted.to 0.1 N in-HCl, a large -excess .of KCNS added, and Co
vextracted.with_aﬂl;l“m;xfure1of amyl alcohol:ether. Cobalt was back
extracted into 6:§5NHﬁOH, HS was passed in, .and the CoS centrifuged.
.The anion exchange coigmn separétion wasvrepeatedo The 3 N HC1
-solution was evaporated just.to .dryness, Co dissolved in water;
.buffered with acetic acid-acetate; a large egcess of fresh conéenn

trated KNO, solution. added, and:the solution centrifuged, .The

2
precipitate:wds washed twice with water;. twice with acetone, dried at
110° C“forrtwenty,minutes and weighed.as,K3Co(NQZLe6320°
Nickél;aeNickel.and,cerium carriers.were added to the Ta target
solution, the rare earth fluorides centrifuged, the solution.made
118-E in?HESOA, Ta .extracted with di-isopropyl ketone, and the aqueous
-layer evaporated almost to dryness. The residue was dissolved.in HzO,
Fe carrier added, . .the solution made basic with.NHﬁOH,,and'Fe(OH)3f
,éentrifugedo Dimethylglyoxime was added and.the4nickel>dimethylglyoximev
precipitate was filtered and washed with dilute NH#OH, The precipitate

Was_dissolved~in,concentrated'HNQ3, boiled to destroy dimethylglyoxime,
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3 destroyed with HCl, diluted,.Ag carrier added, and AgCl centrifugeds

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

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

With‘NHMOHQ andFe(OH)3 centrifuged. Palladium carrier was added, the
solution adjusted to pH 3 with HC1, dimethylglyoxime added, and the pal-

ladium dimethylglyoxime filtered, after which the solution was made basic

with NHuOHxand the nickel dimethylglyoxime filtered. The AgCl, .CuS,

.Fe(OH)3,scavenges and . the nickel dimethylglyoxime precipitations were

repeated. The final nickel dimethylglyoxime was washed twiqedwith water,

twice with ethanol,.dried-atilloo C and weighed as nickel dimethylglyoxime.
| Copper:«~-Copper and cerium carriers were addeduto the Ta target

solution; .the rare earth_flﬁorides centrifuged,lsaturatéd KF solution

added, and the'KzTaF precipitate centrifuged. .Iron carrier was

7

added, the solution made basic with NE)OH, and the Fe(OH), precipitate

3
centrifuged. The solution was adjusted to pH 1 with-HCl,vHZS was
bBubbled through, and the CuS centrifuged and washed with O.4 M HC1.

The -CuS was,dissolved.in-HNOB,-boiled to destroy. sulfide, Fe, Ba

carriers added,.the solution madé bagic with NHMQH, (NEA)ZCO3Vadded,
and.the‘Fe(OH)S.and BaCO? precipitates centrifuged.  The solution was

made O.1 N with HC1, SOz passed ;n to reduce .copper, KCN3 added, and

CuCNS centrifuged. .The precipitate was dissolved.in~HNO3, neutralized

‘with.NHuOH, KCN,.Cd; As carriers added, st‘passed in, and the sulfide

precipitate centrifuged. Thé-solution_was acidified, boiled .to remove
the HCN, made 3.N in HC1, stipassed,in, and the CuS .centrifuged. - The
precipitate was dissolved,ianNO3, scavenged with AgCl,(Fe(OH)3, and

BaCO3;,and.the CuCNS precipitation repeated. The CuCNS .was dissolved

1
‘



in HNO, .and - the CuCNS precipitation repeated. The final precipitate

3
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 solution, the rare earth fluorides centrifuged, concentrated

KF solution_added,‘the‘KzTaF precipitate centrifuged,lwashed.with

7
water,; and the washings combined with the original solution. The
-supernatant wasﬁmade*7a§ in HCl; gallium was extracted with di-iso-
propyl ketone and back extracted with water. The aqueous layer was
adjusted tozthé—yéllow.brom cresol purple end point with NaOH, pH 5.5

acetic acid-acetate buffer was added, and the Ga(OH), precipitate

_ 3
.centrifuged. The hydroxide was dissolved in dilute HCl, Cu added,
-st.paSSedAin, and the CuS precipitate centrifuged. After HZS.had

been removed by boiling;.the Ga(OH)., precipitation was repeated. .The

3
precipitate was dissolved,inz6:§_HCl} Ga_extractediwith isopropyl
"ether, back extracted into water, and.thé.Ga(OH)3 pPrecipitation
repeated. The hydroxide was dissolved in dilute acid, oxine-acetdc
acid solution added, digested at 60° C, centrifuged; and the precipi-
tate waghed twice with water, twice with ethancl, dried at.l?OO C and
weighed as gallium-8 hydroxyquinolate.

Argenic:~=Arsenic and cerium carriers were added. to the Ta target
.solution, the rare earth fluorides centrifuged, formic acid added, and

the solution heated until HNO., had been reduced. The solution was

3

made 6 N in HC1, H,S passed in, therASZS3

washed with 6 N HCl saturated with H,S. The As,S

precipitate centrifuged, and

.was .dissolved in

3

concentrated NHKOH} Te, Sb; Sn, Ge .carriers were added; and any

)
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precipitate centrifuged. The solution was made 6-E innHCl, HZS

passed. in, and the As -precipitate centrifuged. The As_S, was

2”3

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

283

3
GeClh distilled., To the residue saturated CuCl in concentrated HCL

carrier, concentrated HCl, and KClO, crystals were added .and the

was added, the AsCl,.was distilled in.a stream of HCl and the

3
distillate ‘was collected in ice cold concentrated HCL. " Hydrogen

sulfide was passed into the distillate, the As

283rpre01pitate was

centrifuged and washed with 6 N HCi. The'Ge014 and A8013 distil-

lations andvthe‘Asz.S3 precipitation were repeated.  The final AsZS3

.precipitate was washed twice with 6 N HC1, twice with water, twice
with ethanol, dried at 110° C and weighed as Aszs3q
-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
stream of air to complete the distillation, the distillate being
trapped_in,OJ_le\TazSO3 solution. The distillate was made 1 M in
HNO,, heated to destroy,803=; I” carrier and 0.1 M NaNO, solution
.added, and 12 extracted.with,OCle Potassium permanganéte-solution
was added-and.Br2 was extracted with CClu and back extracted into

water containing enough SO “ to reduce the Brzo The Iz‘and Brz

3

extractions were repeated twice. The last SO'= solution of Br was

_ 3
made 1 M in-HNO3, heated to destroy‘so3=, Ag carrier added, the AgBr

.centrifuged° :The precipitate was washed twice with 1 M HNO3,twice

with water, twice with ethanol, dried at 110° C and weighed as AgBr.
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‘Rubidium: -~Rubidium carrier was added to the Ta target solution.
The potassium chemistry up to the point where the K; Rb; and Cs per-
chlorates .are placed-qn,thevDuoli£e_CP3_éation‘exchangevresinrgglumn
wasg répeated. The activity, was eluted with 0.3 M HC1 solution. Potas-
sium came off quickly and could be discardeds rubidipmucame off nexty
and cegium ’crza.i'led...fa,r}oel’;inc'i,o The ‘rubidium fraction.wés evaporated
I.almost to .dryness, concentrated HCth added, evaporated almost to dry-
néSSy,COOled, and . the RbCth precipitate was.washed“four.timeé_with
ice -cold ethyl acetate, dried under a heat lamp and weighed,as,RbClQh,'

-8trontium;~~Strontium and ceriumvcarriersvwere~added_topthesTa
_target solution; the rare.earth fluorides centrifuged, Hésoh_addeQ,
and the SrSOh precipitate was_centrifuged and washed with dilute
gZSOh. ﬁThe.SrSQh precipitate was metathesized twice with an N?zCQB.
NaOH solutiony centrifuged, and washed with dilute Na,CO

273

,The'SrCO3-precipitate was dissolved .in a minimum volume of dilute HN03,

ice .cold red fuming HNO

solution.

3 Wes added, and the1Sr(N03)2.precipitatenwas

centrifuged. The precipitate was dissolved in water, Fe .carrier added,

.the solution made basic with NH, gas (Co2 free) and.the'Fe(OH)3,scavenge

3
.centrifuged. AmmOnium‘carbonaﬁe was .added the the'SrCO3 precipitate
-centrifuged. The:Sr(NQ3)2.precipitatibn; the-Fe(OH)S.scavenge, and the
‘.srCQB.precipitation were repeated, The'SrCO3 was digsolved in dilute
'HNO3;_Ba carrier was added; the solution buffered to pH 5 with acetate,
'N§20r0h solution added; and the BaCrOh centrifuged. The:BaCrOu
precipitation was repeated twice. .Thersolutiqnvwas‘made‘basic with

- NH,,0H, (NHh)2C03 sOlution‘added}_and.theisrCO3,precipitate centrifuged.
The precipitate was dissolved in dilute HNOSy;the‘SrCO precipitation

3

o
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repeated, and the 8rC0

110° ¢, and weighed as Srco

washed with dilute NH)OH, The hydroxide wes dissolved in 1M HNO

' hydroxidevprecipitéte'was.dissolved in_3;§;HNO3; H

ignited at 9000 F, and weighed as -ZrP0,
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5 washed four times with dilute WH,OH, dried at

3°

‘Zirconium;=-Zirconium, Hf, and Ce carriers were added to the Ta

,tafget,solution,,the rare-éarth.fluorides,centrifuged,-the solution

cooled in an ice bath, and ice cold saturated Ba<N03)2 solution was

added dropwise with constant stirring. 'The’BaZrF6 precipitate was
ceﬁtrifuged,and.washed-with icé cold watér; .The precipitate was dis-

solved in ice cold saturated H.BO

3 plus conéentrated'HNOS,‘the solution

3

made basic with NH)OH, and the‘Zr(OH)u precipitate was centrifuged and

3 &

_extracted into O;MVM;thenoyltrifludrSécetone'(TTA)Qbenzehe:solutiQn,

and back extracted into 5 percent NH HF, solution. .Saturated H,BO,

_Waé.added to,thévaqueous‘layer};the-solutionvmade basic with NHuOH,

and the Zr(OH) , centrifuged. The hydroxide was dissolved. in 1 M HF

aﬁd,the'BaZrFé and the Zr(OH)u precipitations repeated. -At this point

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

was dissolved in 3N HC1045 heated to break:up colloids, and passed
through & 5 mm x 20 cm Dowex~-50 cation exchange reésin column (Zr and

Hf were both adsorbed). .The column was washed with waterz.then 5O ml,
of 1.00 E_HZSOM was passed through,-Zr being removed. -Hafnium remained
on the column. The eluant was made basic with NH,OH and.the Zr(OH)),

precipitate centrifuged. The Zr-Hf ion exchange solumn séparation was

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

3P04 added, centri-

fuged, the precipitate washed twice with,3,EFHN03y twice with acetone,

7°
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Molybdenum: --Molybdenum, tungsten and cerium carriers were added
to the Ta target solution, the rare earth fluyorides centrifuged,

saturated KF solution added;,the‘KzTaF ‘precipitate centrifuged,

7

washed-with'Wa‘t’i:,er,1 and the washings returned to the originélvsolution.
Iron carrier was added, the solution made basic with NHuoH,.and.the
Fe(OH)3 centrifuged. Copper carrier was added, H,S passed in, and
”the CuS scavenge centrifuged. The -solution was adjusted to pHv3j

heated,'st.passed in, . the Mog precipitatevcentrifuged,;and washed

3
_ With PH 3 solution saturated with HZS°' The sulfide was destroyed

with concentrated'HN03, diluted, adjusted to the red methyl orange

end point with NHhOH,.buffered.with acetate, AgNO, added, and . the

3
A82M004 precipitate centrifuged. The precipitate was disso;ved-in

concentrated‘NHhOH,and the Fe(OH)., and CuS scavenges and the MoS

3 3
.andrAgZMQOu precipitations-wére-repeated° The final AgzMoOh precip-

itate was washed twice with water, twice with ethanol, dried at
llOO'C, and weighed..as.AgzMoOh°

Ruthenium: -=Ruthenium and cerium carriers were added to the Ta
target solution, the rare earth fluorides centrifuged, the solution
made 6 N in HC1, Ta extractedswith di-isopropyl ketone, and the
aqueous -layer evaporated almost to dryness. Concentrated-HCth was
added and Rth distilled .in an air stream; the distillate-being
collected .in ice cold 6 N NaOH. Ethanol was added to the distillate,
boiled, centrifuged, and the ruthenium hydroxide washed with dilute
'NaOH.: The precipitate was dissolved in conceﬁtrated HCl, evaporated
almost to dryness;, and the distillation and hydroxide precipitations

repeated. The hydroxide was dissolved in 1 N HCl and ruthenium !



-28-

reduced to the metal with magnesium chips, excess Mg being destroyed
 with HCL. The-me@alfwas,centrifugéd, washed twice with water, twice
with ethanol; dried at 110° C and weighed as Ru.
| Rhodiumg=aRhodium5 palladium and cerium carriers were added to

the"Taltarget solution; .the rare earth fluorides centrifugéd,.the
solution was made ice cold, 4 pefcent-NaI solution,added,:and the
PaI, preéipitate centrifuged. Twenty percent NaI solution was-added,
the solution was boiled for 15 minutes, and the‘RhI3cpreCipitaﬁe

centrifuged. The RhI_ was dissolved in concentrated stoh,‘fumed

3
almost to dryness, cooled, diluted to 0.5 N, the solution passed
~through a 2 mm x 5 cm Dowex-50 cation exchange resin column,.aﬁd the
.resin washed with Hzoo The sulfate eluant solution was .adjusted to
PH 5, a’ldrge‘excess of KNO, was added, and after boiling for 5
minutes, the K3Rh(NOZ)6 precipitate was centrifuged and washed with
water. The.rhodinitrite.was dissolved . in concentrated HClOA and
evaporated almost . to dryness. The'HClOu fuming was repeated four
times, after which the residue was dissolved in water and passed
through_é Zm x 5 cn Dowex-50 column (Rh was adsorbed); .and tﬁe
resin washed with water. Rhodium was eluted with hot 2 N HCly the
-eluant diluted to 1 N HCl and Rh reduced. to the metalfwith Mg .chips,
‘excess Mg being destroyed with HCl. The metal was washed twice with
water, twice with ethanol;, dried at 110° ¢ and weighed as Rh.
Palladium:-~Palladium and cerium carriérs were added to the Ta
target solutidn,.the rare earth fluorides centrifuged, the solﬁtion
ﬁade 18l§'iﬁ HZSOR’ Ta extracted with di-isopropyl ketone, and the

agqueous layer evaporated almost to dryness,:-The residue was
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~-dissolved in water, Fe carrier was added; the solution made basic
with:NHMOH; and the Fe(OH)3_centrifuged. The solution wae adjusted
to. pH 2 with HC1, Ag carrier was added; and the AgCl centrifuged° “

-Nickel carrier and.dimethylglyoxime-were-added.énd the palladium <

b

dimethylglyoxime filtered -and washed . with Ooi.g HC1. vfhe‘precip-
itate was disSolved.in‘concentrated-HN03vand boiled to .destroy the
-dimethylglyoxime. The ,-Fe(:oH_)3 and AgCl scavenges and the palladium
dimethylglyoxime precipitation were %epeated twice. The final
. palladium dimethylglyoxime precipitaté’was washed twice with water,
twice with ethanol, dried at llOO,C, and weighed as palladium
dimethylglyoxime.

.Silver;~-The target was dissclved in the‘preseﬁce of Ag carrier;
+HC1 added, and the AgCl precipitate centrifuged and.washed‘withl
, dilute'HClj,ﬂThe AgCl was dissolved in 6'E NH&OH, Fe carrier was
.added, and the Fe(OH)3.centrifuged. The;Fe(OH>3 scavenge was
repeated. Hydrogen sulfide was passed-in, and-the-AgZS_centrifuged
and”washed.with-dilute'NHEOH."The Agzs was dissolvéd in concentrated
NHhOH; boiled -to destroy. the sulfide,; diluted, HC1l added, .and the AgCl
 centrifuged.. The‘Fe(OH)3

were repeated twice. ATheufinal.AgCl‘precipitatevwas.washed twice

scavenge and -the AgZS.and'AgCl precipitations

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

3
Cadmium$ --Cadmium -and cerium carriers were added to. the Ta target

-solution, . the rare .earth fluorides centrifuged, the solution made 18 EM

_in.HZSOu; Ta extracted .with di-isopropyl ketone, and the aqueous layer

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

-carrier was added,  the solution made basic with NH&OH, and the"Fe(OH)3
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centrifuged. Hydrogen sulfide was passed in, the CdS centrifuged,
and washed with dilute NH£OH° The precipitate was dissolved .-in 2N
HC1l;, Cu carrier was added, HZS passed in and the CuS precipitate
;centrifuged, The solution was boiled to,éxpel excess HBS,'Zn
carrier was added, and .the solution was passed through a 2 mm x 5 cm
Dowex A-2 anion exchange column (Cd was adsorbed), and the resin
washed with 0.1 M HCl. Cadmium was eluted with 1.5 EszsOu’ HZS-was
rassed through the eluent,,centrifuged,.and Cds washed with 1.5 )
stouo The anion exchange column.separation_(without Zn ‘holdback
carrier) was repeated. The final H 80, eluant was adjusted to pH b
with W) OH, boiled, (NHM)ZHPOA.Solution added, and the precipitate
.éentrifuged, washed twice with water; twice withlethanol, dried at
110° ¢, and weighed as CA(NH, )P0, *H,0.

Indium;=--Indium and cerium carriers were added.to the Ta target
solution, the rare earth fluorides centrifuged, the solution made
l8v§ in HZSOA,.TQ extracted with di-isopropyl ketone, and the agueous
layer evaporated almost to dryness. The residue was dissolvedvin-HZO,
made just_basic with NHAOH’ and -the In(OH)3 centrifuged. The precip-
itate was dissolved in HCl, Sn, Sb, Te, Se, Ga, W, and Hf carriers

were added, the solution made basic with NaOH, .and In(OH), centrifuged.

3
The hydroxide was dissolved in 7.5 N HCl. Indium was extracted with
di-isopropyl ketone and back,extracted into water. Tin, Sb,.As, Cu
carriers were added, HZS passed in and the acid sulfides centrifuged.
The sclution was boiled to expel~HZS, made basic with NaCH; and the
In(OH)3 centrifuged. The precipitate was dissolved in 7.5 N HC1, Fe,

Ga carriers were added and extracted with isbpropyl ether. Indium
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was .extracted with di-isopropyl ketone and back extracted into water.

The aqueous layer was made basic with NHﬁCH,.and In(OH)?)vce_ntrifuged°
The hydroxide was dissolved in very dilute HCI1; and the solution was B
.passed,through a 2 mm x 5 cm Dowex=-50 cation exchange column. The .

resin‘was,washed.with‘water and. In eluted with 3-N HCl. The eluant
_Qas made basic with NE, OH, . the In(OH)3_centrifuged,‘washed,four times
with dilute NH,OH; ignited in & platinum crucible at 800° ¢, and
weighed as yellow I_nzo3°

-Tellurium: «=Tellurium, selenium and cerium carriers were added
~to the Ta.target-solutién, the rare earth fluorides were centrifuged;
- HsS was passed in,.the TeS, centrifuged‘and Washed with 6 N HCl. The

Tesz_was dissolved -in . .concentrated HNO,, .evaporated almost tq dryness,

3
‘the residue dissolved in 6 N NaOH, and scavenged with Fe(OH)3° - The
-supernatant was made 3.N in.HCl,-SO2 was passed . in, the Te centri-
fuged, and washed with water. The precipitate was dissolved in
vconcentrated'HNQ3,vevaporated:to_dryness,_dissolvedvin,concentrated
HCL, SO, passed in, and the Se centrifuged. The solution was diluted
to 3N in-HCl,-g.SO2 passed,in,_and.Te—centrifugedo‘ The.fgrric hydrox-
ide-scavengé and the‘S-,O2 reduction was repeated twice. The final Te
precipitate was washed twice with water, twice with ethanol; dried at
110° . and. weighed as Te. |

Cesium;--Cesium carrier was -added -to the Ta target solution. The
potassium cheémistry up to.the point where K, Rb; and Cs perchlorates
are placed on the Duolite (C=3 cation exchange resin column was
followed. The activity was eluted -with 0.3.N HC1 until all of the

potassium and rubidium had been removed; and then Cs was eluted with



made basic With NH. gas (CO free), and Fe(OH)

‘ the ferric hydrox1de scavenge and the BaCO

~32=

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

trated HClOu was added and evaporated almost to dryness, cooled and

the CsClOu preclpltate washed four times with ice cold ethyl acetate,

dried under a heat lamp and welghed as CsClOu

Barium°~wBarium.and Ce carriers.were added to the'Ta‘target soclu-
tion, the rare- earth fluorldes centrifuged, H 804 was added, the Ba804
centrifuged and washed with dilute H SOA ‘The BaSOA was,metathesized
twice with NaOH-Na CO3 Barium carbonate was diseolved”in:dilute HNO3,
3 was added, and the Ba(NO )2 centrifuged. The

pre01p1tate was dlssolved in water, Fe carrier was added; . the solutlon

ice cold red fumlng HNO

centrifuged, -Ammonium

3 '3

carbonate was .added and ‘BaCO, .centrifuged. The-Ba(NO )2 precipitation,

37

precipltatlon were repeated

3

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

-the solution was buffered at pH 5 with acetate, Na CrOu solution added,

and the BaCrOh centrifuged and washed.with dilute acetate buffer, The
BaCrQh vas dissolved in & minimum volume of 6 N HC1, ice cold 5:1
solution_of concentrated HCl:ether was added, the BaClzvcentrifuged,
and washed with ether reagent.  The precipitatevwas dissolved .in water,
the BaCrOh precipitatioa was repeated, and the final precipitate was

washed twice with water; twice with ethanol, dried at 110° ¢ and welghed

as BaCTth

Cerium; -~The Ta target was dissolved in the presence of Ce and
La carriers, The-rare;earth fluorides were centrifuged, washed with

water, and dissolved in saturated H/ B plus concentrated HNO

370 3

‘solution. The solution was made basic with NHAOH,and the rare earth
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hydroxides,centrifugedrand.washed.with.dilute‘NHuOH; .The precipitate

.ﬁas_dissolved;in”HCl &nd the fluoride and hydroxide precipitations
repeated. The hydroxide was dissolved in 6 E’HNOS;ﬂsoiid (NH4)252O8

. and AgNO, were added, and Ce was extracted. into 30 percent tributyl

3
phosphate in CClha- Cerium was back extracted into.a 1 N-HCL solution
containing.ma2303. The aqueous layer was made basic with NH,OH,
.Ce(OH)B‘centrifaged.and-washed.with.dilute,NB£0H, .The precipitate
‘wasvdissolVed'insHCl;YZr;~Ta,-w,,and¥Hf carriers were added, and.the
fluoride and hydroxide precipitations, the TBP extraction,.and the
hydroxide precipitation were repeated. . The ‘final hydroxide was
dissoived.in dilute-HC1, saturated.@xalic acid was added; and the

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

by¢evacuatiégjin_a‘dessicating flask and weighednas,CeZ(CZO&)3leHEO.

.Raré7Earths:~~The-TaAtargét,was.dissolvedvin the presence of
:.carfiers,of:all'of_ﬁhe raievearths,thaﬁxwere to.be!Separated ana”the
rare earth fluorides were -centrifuged and washed. with wat;r, Tﬁe
vfluorides were~dissolved in-saturated-H3BO3/and.concentraﬁed HNO3,-
the solution made basic witthHhOH;.and“the-rare»earth hydroxides
ﬁere ceﬁtrifugedvaﬁd washed . with dilute»‘1\1H4-OH,° The precipitate
was dissolved in:HCl and the rare earth fluoride and~hydréxide
preéipitations,repeated° The final hydroxide precipitate wés dis~
golved in a minimum ofAHCl,,diluted.and,transferred,to.a.Dowex—SO
cation exchange resin column,

,Data existing at the time the-raré earth separations were begun

indicated_ﬁhat use of'citrate és anveluting agent would probably not

give satisfactory separations.of the héa&y_rare earths in the short

.
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times required. Therefore) a technique was developed in which lactic

-acid was .used as .the eluting,agent, Figurévz.shows one of the

earliest elution curves obtained by this method. .On this particular

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

column 14 mm in diameter and 43 cm long made up of 4 percent cross

linked Dowex=50 resin of 250-400 mesh size. The entire column was

surrounded by a jacket through which trichloroethylene vapors were

kept ciréu&étiﬁg&,_ lactic acid, 0.43 E,.adjusted.to,a-pH‘of 3.40

“with concentrated NHAOH; was passed through the resin bed at a2 flow

rate of 0.35 ml/cmzﬁminvand_samples were collected at thfee minute
intervals. The-elutionucurve-of_Figure:Ziwas,obtainéd by é&aporating
aliquots from the sample tubes on thin aluminum plates, counting the
activity_oh,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 the pH of the -eluting agent. On most

.of the -tantalum bombardments (where separation 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,_5Here'thewfreeqcoiumn_volumes,of

‘eluting agent required to reach theAelutionwpeak‘fbr each element. are

plotted against pH.

When bombardments were run in which 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 minimigzed.
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When the column separation had been .completed; individual
elemental fractions were .evaporated to dryness, the residual lactate
degtroyed with fuming;HZSOu and .30 percenthZOZ, and the residue
dissolyed”in water. The rare earth hydroxides were precipitated and
dissolved in dilute HCl. The rare .earth oxaiates.were-precipitated,
washed -twice with water, twice with ethanol; ignited at 1600° F,. and
weighed as the rare earth oxides. ‘

Hafniums-+«Hafnium and cerium carriers were added to.the Ta target
-éolﬁtion,,the rare earth fluorides were centrifuged,,the-solutiqn was
eooled and ice cold saturated Ba(N03)2 was added dropwise. The BaHfFy
precipitate was washed with ice .cold water. ,The-precipitaﬁe was
dissolved in ice cold-saturateleSBQ3,and concentrated HNO3,.£he
solution made basic with NHMOH, centrifuged,_and:the precipitate
washed with water. The'Hf(OH)h was dissolved in 1 M EF,‘aﬁd the rare
.éarth fluoride scavenge and.the BaHfFé‘and-Hf(OH?u precipitations were
repeated. The'Hf(OH)h was dissolved.in.3-E_HClOM; BEf was extracted
with 0.4 M thenoyltrifluoroacetone (TTA) in benzene and back extracted
into.a 5 percent sclution of NHMHF2° Borié acid was -added to complex
the fluoride, the solution made basic with NHhOH,.centrifuged,,and'
‘the'Hf(OH)h washed.Withvdilute'NHhOH. The hydroxide was dissolved

An 3 E‘stohi H POM added; centrifuged, and the pr‘ecipita'tevwashedi

3

twice with 3 N HZSQM,.twice with water; twice with acetone; ignited

at 1600° F,. and weighed -as BP0, .

with Ce carrier

3

added. The rare earth fluorides were centrifuged,-Hf and W .carriers

Tantalum:-~The target was dissolved in HF=HNO

and saturated Ba(NO3)2,solution were added and.the BaHfFy precipitate
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centrifuged. The soluftion was made 18-g in'HZSQh’ Ta.was,extracted
with di-isopropyl ketone, and the DIPK layer washed with 18 N

H,80, =2 HF solution. Tantalum was back extracted with dilute
H3BO3. Tungsten carrier was added,. the solution,made-basié with
'NHEOH,‘and the hydroxide centrifuged and washed wifh dilute'NHAOH.

.Ice cold red fuming HNO. was added, the tantalic acid was centrifuged

3

and washed -with fumingﬂHNQ The precipitate was dissolved in 2 N

3°
HF and the CeF3,.BaHfF6 scavenges, .the Ta .extraction, .and the
hydroxide:and.acid precipitations were repeated. The final acid
Precipitate was washed twice with fuming‘HNo3, twice with water,
twice ‘with acetone, ignited,at 1600O F in a porcelain crucible and
‘:weighed»as,Ta205°

Turigstens -=The Ta target was dissolved in the presence of W and
Cé carrier. The-rare-earth fluorides were centrifuged, concentratéd
-KF_solution was added,,the KZTaF%'preéipitatecentrifuged, and -the
-solution_evaporated.fo dryness in a platinum crucible. The residue
was dissolved in concentrated NHAOH, diluted to 3 N and scavenged
with ce(OH)3° The solution was adjusted to pH 6-7 with HC1, CoCl,
solution was added, and CoWOu centrifuged and washed with water. The

CoWOu precipitate was digested.in,6vg HC1l until the-WO., precipitate

3
coagulated and turned yellow when the precipitate was centrifuged.

The WO., was dissolved in NHAOH, the solution was adjusted to pH 6

3
with HCL, HgZClz, and-NHuSCN_were added, . the solution was made 2 N
in HC1l; and the green tungsten thiocyanate;complex.was}extracfed.with

ethyl acetate. The organic layer was washed with 2 N HC1 and W was

.back extracted -into basic oxalate solution.  The:aqueous.layer.was
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» ac1d1f1ed with: H SOA, oxalate was destroyed w1th.bromate, the solution

was, heated untll the yellow WO eoagulated and . the WO, was then

3 -3
centylfagedo The W’O3 was dlssolved in NHAGH and the COWOM and WO3
p;ecipitations were repeated. The flnal prec1pltate was washed tw1ce

~with 2.N HC1, twice with water; tw1ee-w1thzacetonej.lgnlted.and.welghed
as WO..

IIT. RADIOACTIVE NUCLIDES OBSERVED

A, Reso;lution_ 'o..f,‘ Decay Curyes _

Examinationgof previous_spallation;fission daoa”indicated that
Jmost of the 1nd1v1dual element -fractions from these tantalum bombard-
ments would probably'cons1st of more .than.one aetlve nucllde. Some
Jof the:elements when purifiedvshould~have only one or two activities
ypich“eould eesily,oe separaﬁedvand.identlfied; In others, notably

h_ﬂtungstenvand.bafnium; it was conoeiﬁable:that,there'ﬁpuld.be»five
_active:nuelldes,in the-ffeetion‘immediately,after purification and
that four daughter aetivities Qould-ﬁgrow in" during the decay of the
iparentsi giving,a¢ninegcomponent,gross decay. curve. It was necessary
that these multiple'component.decay curves.be-resolvedﬂintolfheir
individual activities,sinee-the-acoivlty.of & nuclide must be used
»inlcalculating formation.cross-sections.

| In pr1n01ple the total - aetlvlty of a given sample may be expressed
.as a sum. of exponentlal terms and should e resolvable, one . c0mponent
-at_a time. ,Infppeetlce‘thls.ls,feas;bleﬂonly 1n_relat1vely?srmple
~ mixtures where the’halfelives-of.theeaetivities,involved.differ-by

more than a factor of two. TFor a two component decay curve-ih which
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the half-lIives are comparable, the activities may be resclved

analytically by a "Biller Plot";lh' In this technique the total

“activity may be expressed as:

zA = A% MY, 0 Mgt

1 +hqe

where A; andAAg are the ‘initial activities and kl, KZ are the. decay

constants of the -two components. Multiplying by,e+x2t gives:
Aot oy _ 0. (Ag = M)t 40
e’ ZA = Ale ~ +.A2 o
Plottlng et ZA versus e( 2" Xl)t gives a straight line whose slope

is A1 and. whose intercept on the e 2%Dkax1s is A

~

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

-1s of'ten 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 may. be

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

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_passo Usually.only 90 or

95 pefcent,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 compongnts it is often

' most-practical to get-the activity of individual nuclides.byi"milking"

thelr daughter act1v1t1es chemlcally and counting them separately

The act1v1ty of the parent at the end. of bombardment is . then related

to the activity of the daughter at the.tlme of chemical separation by:
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where °© -AP are the activities of parent .and dau ter, M end*ﬁz
A1} 2 P - Ao gh‘ A

their decay constants, 02 the counting efficiency of the.daughter,

and t the time from the end of the borbardment to the .time of

”?ichemical'separationc",Verymoften-when,the total activity.cannct—be

.resolvedtbyiény,of the”foregoing,methods;,it is possible-to’ separate
activities by. follow1ng the decays of the sample on a.scintillation

counter, If the decay schemes are known,lit(is usually possible to

"1dent1fy indiv1dual gamma. rays and foiiow'their decay in the midst

of all other gamma.radiationu
' After each elemént fraction had been separated and purified,

deceyfcfutﬁétngSS'éctiﬁityinas.foliewe&fby,tnat]ﬁeansiwnicﬁfwduld

"give the most accurate resolution for £ﬁe‘compéﬁents7invbitéd;3
S

' Wherever possible, samples were counted on e_ééigeféMﬁileficcuntero

Theiconnting unit itself was an end ﬁindcwjﬂcnldrine—argbnffilied

- Aﬁpereﬁtt§pei1600?tu5e3ncunted,in‘snch afwey:that sannlesfccnid;be
kileced'invsnyscfffiVe fixed céuntiﬁg positions which ranged from
: O!hG#toféiSlﬂcm, from the end of the tube. This whole assenbly
" was housed inside a 2 inch thick lead castle o reduce background
radiation and the iééafwas?lineaﬁwiih'aiumihﬁm’tofminimize scatter-
j‘ing of radiation from the 1nner walls of the castle° wheﬁ used -in

'}congunction With a scale of 256 scaling unit, this counter could

handle act1v1t1es of 80 to lOO OOO counts per minute w1thout dif-

. ficulty° At these high counting rates, however, the {ime’ between

'ventry of succe531vevbeta particles intovthe sensitive‘volume of the

i w
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Geiger-Mliller tube becomes small compared to the resolving time of
"thé counting circuit. In order to get the actual. number of particles
entering the counﬁer,ﬂit'ié.then.necessary to correct the observed
counting rate for these-coincidentrévents.>,Thére'ére a number of
ways of obtaining these coincid_en_ce coi'rection factors.l The simplest,
and the one uged in thése<expériments,cinvolveé counting a pure

sample -which has a known half-life (61 hour Y9O

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 connting rate and.fhe known decay constant the actual
rate of each of the initial counts may be calculated. .The coincidence
correction may then be obtained by diffefcnce, |

-For samples_in;which the gamma radiation was of interest the
gamma spectra. were obtained on a 50-channel gamma pulse height
analjzer. The counting_unit in this instrument‘was a.l inch thick
‘NaI-T1 activated scintillation crystal used in conjunction with an
RCA 5819 photomultiplier tube and a 50-channel analyzer. Shiélding
- and sample positioning arrangements for -this counter were approximateiy
the same as for the Geiger-Mliller countér. Decay of én.individual
gamma. .ray- peak -could be followed by counting the sample periodically,
plotting the gamma spectra, integrating under thé dcsired peak, and
plotting integrated counts as a function of time. This procedure is
somewhat inaccurate .if.there are a.large number of gamms. rays present
which can contribute to the desired gamma ray peak through Compton
scattering. In_general; however, if avneak is well defined its decay

may be followed satisfactorily.
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h@. C(101l tlor Of‘Dl 1ntegratlon Rates

. When calculating cross sections in a study of this kind }it,is

. hecessarythatnthe.absolute:dlslhtegratioh rate:be_obtained'forjeach
»nuclide_of ihterest‘in.each of”theysampleséthhe obseryed couuting

:_frate 1s not equal to the d1s1ntegratlon rate of the sample but must

be corrected for varlous factors whlch affect the observed count

., This may be expressed by:

_ D = Aobs v
R PRSI 'x‘fafefffgfbkéfabsfssaj Ta e v
where D is. the absolute dlslntegratlon rate, A is. the observed

b

countlng rate, and the factors are as fOllOWS f a7 correctlon for
abunaance, eff’ correctlon for countlng efflclency,_fg, geometrj

correctlon, s backscatterlng correctlon,»fabs, correctlon for

ks _ .
a1r and w1ndow absorptlon, fssa,correctlon for selfscatterlng and
absorptlon in tbe sample. Obv1ously it is desirable that these

.factors be kept as close to unlty as is pos51ble When samples of

tmacroscoplc.s1ze must be counted in 1nstruments whlch have less

”than 100 percent geometry, those factors begln‘dlfferlng‘rather

“w1dely from unlty It is therefore necessary that they'be known

faccurately 1f pre01se absolute beta countlng is to be achleved

fa: Correctlon for Abundance —UWhen a nucllde decays it 1s

qulte posslble, 1ndeed probable, that the radlatlon 1t emlts is a
complex mlxture, Thus one nucllde may decay by emission of a beta

partlcle of a 51ngle max1mum,energy w1th no gamma rays, another
may decay by emlsslon of two or more beta partlcles of dlfferent

Y
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enérgies‘and several gamma rays; while a third may décay_byfeledtron
capture and emission of & large number of gamme rays, each of which
may or may not be internally converted. The point is that each of
fhe components of a,nuclidé;swdecéyvscheme-is,affected téjé different

degree by the factors used to convert cbserved counting rate to

_absolute disintegration rate. When a nuclide with a complicated

decay scheme is counted, it is necessary. that the abundance of each

B Qf'the“variousvcomponents of decay be known so that each may be

corrected separately for .each of the factors. The total "counting

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

"~ obtained by adding the counting efficiencies of (the various compo-

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

séhemes are known and abundances for modes .of decay- have been pub-

‘lished.lBK-In a number of cases, however, where the nuclide‘had'not
" been studied théroughly or was;newly discovered in these bombardments ,

.abundances were not available, When such cases occurred assumptions

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

subsequently in 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 available.

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 beta particles

i
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- ceounted. . .When:x-rays. or.-gamma.rays were present counting effici-
. encies in the GM tube were cbtained from the work of Studier and .

19

~»;James;;“_;Thesefefficiegcies,;ﬁpged,frgmﬂqo5fpercegt,fqrwx7raysrand
gamma. rays below 400-kev to. 3.0 percent.for 3.Mev.gamma rays..

‘When gemma spectra were obtained on the 50-channel gamma pulse
aanalyzer,_the;countingrefficienQy as,aqungtion:o£3gamma_engrgy:was

‘obtained from the worg,by,Maguirg~andaO{K§;ley;?O gnd-Kahnaand;LyDn;zl»

:»vfg:__qegmetry Correqtion:efA,simplificaﬁiQp:isﬁqftenapossiple in
"theseqfission;studies,,nWhendtheAmgnitqr,fgilﬂapd“the-gample,a;g both
-..counted .in.the. same cpunter invth¢,sgme;pogitiog}»ﬁhe:geometrycfactor
cancels out of the -equations and need not be appligdq“If;thgjmonitor_
-and;samgle:are‘cpunted.onmdiﬁferentucountegs griin_ﬁiffergnt geo=-

- :metries, however, the factors for.each must be determined. .This may

. be.done by fi;st.counting_a,gampleﬂinﬁa,éouppgr‘of,kpown"geomgtry,

-, then counting in thegdgsired-gounter,\and,ggmparingvthe-two,yglges.
_qu;the-G¢iger~Mﬁller counter a‘pure,carrigr-f;ee-beta.particle_
emitter mounted -on.extremely. thin foil is,firstxggunted.inma;hn

- counter,  then in. the ‘GM counter. A 3upercenp:geqmet;y has-beeg_
Jobtained-for,theg"shelf‘Zﬁ.gountingwaxranggmeqt in which & great
majority of these samples .were counted. .

. Geometry correction f@ctors‘forvtpe:gammaﬁpulsg-ana1yzer.were

: dbt&ined.by,countingﬂtheralpha partic;es5£fom,a.sampie,ofjAmZ&l,under

52 percent. geometry,. then counting the 60. kev gamma rey on the ana-
. lyzer. ‘Using,angabundance,of.O.htgamma,rays_Qer.glpha-Qayticle,,the
;geomgtry,fqr;each,shelfzarrangement_ipﬁthevanalyzerxpould b§.gglcu-

lated.
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beta particle energy and thick backing materials, the

'_fhickness of a given Z and with varying beta particle energies, °

-L6-

ks’ ‘Backscattering Correction Factor:--If a weightléss sample

be placed on a mounting plate which has.a macfoscopiC'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
' 2,23

and atomic number of the backirig'mate'rialo2 ?"°2 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 ¥ remains constent. . For a given

bks

ﬁbks'Wlll

increase with increasing Z of the backscatterer. For a saturation
ﬁbks
Will increase from O to 600 kev.and will rémain.approximately
constant for all higher energy beta particles. In order to minimize
errors due to the application of backscattering corrections almost
all samples were mounted on aluminum plates thick enough to give
satura¥ion backscattering for all beta particles involved.

Since the magnitude of f for saturation thicknesses of

bks

aluminum differsin the two references quoted,'itiwas 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 inthis laboratory indicated close
agreement with the data of Burtt. Therefore his correction’ factors
were applied for all samples.

SéligerEh has shown that backscattering corrections for -

'bositronsiare slightly smaller than for beta particles. His data are
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,:;fragmentary, however, and could not. be applled w1th accuracy to these

;samples, Therefore, &hen p051trons were.enco;ntered, correctlon

! fsctors.for betafparticles.weye»used di;ec@lyi

;Becagse‘of»the'marked;differenees_;nneneygyudisp;ipgtioqvbetween

_bete'ps;tieles having a,given,maximum;eqergy andsconversigndeleetrons
_with that same energ&, it_isﬁobvieus thatﬁscetteyiqg_anqﬁebsorption
‘faetors ebta?ned-fo;vbeta“partéclesﬁmay;netjbeﬁused‘for conversion
;electrons;with any accuraey, QSigee'these“faetprs Weresnpt.evailable
;-for.cenversion:elecﬁrens,.it was_custopary teieoupt‘through"abserbers

Awhichzwould block out the ceﬂversion electrons.wheneve; thevaere
__known or suspected to: ‘be present in the samples.

) fabs: Correctlon for Alr and Wlndow Absorptlon°==In the "shelf

2",geeme§ry_;n wh;ch,mest of the samples were'eeunted,‘rad;atlon.had
._to pass through approximately_5,8‘mg/cm3 of air and mica befese
i‘I_en_j:-eriljx‘g ﬁhe'sensitive‘volume of:the-GM tube° ?his thickness of
peﬁerial Weqld haye a negligible effect on X-rays apd gamme, rays but
,couldieasily absorb a significant fraction ofvbeta,radiation,
especially{of,low.energy, -When a semple containing.only one'er two
peta“partieles was. being counted; this effect could be corrected
_for_by,running absorption curves with either,alﬁminum or beryllium
abserbers.v Carefulvextrapolation Qf the initial portion .of these
_cqrves,wou}duthen_give~the fraction of soft radiation.absorbed by
,ei; and.wiqqup ‘A majority. of semples, however,'bad too many'beta
particles in their decay.to allow accurate extrapolation ofvthe
'initial portion of their absorption curves. Under such conditions

~the air and,window”absorptionlcorrection<factors were calculated from
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“the beta particle aluminum half-thickness.data‘.of;Sqelmann'-;Eggebert.z5

Comparison of correction factors calculated in .this.manner with -those
measured by absorption on tracer activities -of known composition
indicated close agreement between the-two.methods... ., -

vfsSa: .Correction for Self Scattering and Absorption .in the

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

emitted may be scattered or absorbed 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 number of the sample.
Nervik.and'StevenSOn?6-have measured this effect in samples of moder-
ate thickness (Or?O mé/cmz) and have shown that scattering may

| ipcrease the obse;ved;éouﬁting"réte‘bf'samples of this size by as
ﬁﬁch as 30 pefcént.  Fof éoft beté‘particléé this séattérihg is soon
counterbalanced by absorption iﬁ ﬁhé saﬁplé and.fsé; dfops’beléw
1.00, but for a.majority_qf beta particle energies and sample thick-
nesses in this range the correction factor is greater than one.
Sampies for thesé self scattering experimehts were especially
pfepared to have é unifofm thickness over a fixed area. When'samples
are separated from a bombardment'target it is usually impossible to
get an absolutely uniform aeposit on the counting'plate;-fhe“powders
or slurries will always tend to collect in small piles or in the
corners of the dish. In orde: to minimize errors due to non-uniform
samples, it was customary fd#adjust.the sample thickness in such a
way that the flattest portion of the fssa versus sample thickness

. correction curve applied.
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vStrictlyuspeaking,athe‘Self scatteriﬁg.correctionﬁfaetorsgpf
Y“Nervik:and,Stevensonﬁapplyronly.to;theasalts_MSed,(NaGluanvab(N03)2)
onisaturation:thicknessesﬂof.stainless.steel,';Ebermost accurate data
may be -obtained only by,making specific measurements..on. each nuclide
of;intereSt4igvthatechemiealfform_}ngwhrchv;t.}eftoxbe separated
«after the bombardment. ¢Since-that‘is_obviously;impracticai'forothe

v snumber .of nuclides separated¢in;these-bombaﬁdments,pthe~availab1e

*fﬁdata:havetbeen;used-to;estimate-fééaﬁfor~those nuclides of interest.

. The correction factors are'too,largeuto.be ignored and these ‘data

‘whisgeem to. be -the most.useful:that. have been’ﬁﬁblished.

C° Calculatlon of Cross Sectlons

Durlng a bombardment the rate of change of the number of atoms

."5‘ LiaihT

.of a glven nucllde may be expressed -as

. -a‘f.— Inoc - AN
R S i
where N is the number of atoms of the nuclide of interest, I is the
_$beam”intensity,in‘particles per cm? per unit time, n is the number
- .of atoms in the target; ¢ is.the formation cross section in cmz, and
-A‘is.the decay:constant for the-nuolide.”ulntegration,of_this
{equationvgives

. NN L A
7T (1 -
- ‘where 't is the-duration,ofrbombardment;‘gkN’is:theiabsolute disinte-
.gration rate at the end of bombardment and may, 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 compaiison with an

aluminum monitor, this equation becomes somewhat simpler; i.e.,

oy (Eg)(f’_[l_)(l - e">‘.2t) .
where (kN)l and ()\N)2 are disintegration rates of the nuclide and

Nazu, Wl and W2 are the weights..of the target and aluminum foils, M

and M2 the atomic weights of the target and aluminum, A

1

and A, the

1 2

decay constants for the nuclide and'Nazu, t is the duration.of

bombardment, o, is.the formation cross section for 1\Ta2)+ in - the

2

reaction»A127(p,3pn)Na?)+J and oy is the desired cross section..

. Do Nuclides Observed*

Sodium;--Sodium 24 yas the only activity observed in the sodium
fraction. -Starting with approximately 1,000 counts per minute, the
gross decay curve weﬁf down to background with a 15.1 hour half-life.
An aiuminum absorption curve indicated the presence of a 1.4 Mev
beta particle while.analysis'of the gamma spectrum showed a gamma
ray of 1.36 Mev, both of which have been reported fOr.Nazu.

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, Periman, and~Seaborg318 or ‘the Chart of the‘Nuclides.27
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.confirmgd‘by‘analysis.of the beta.spectfum Qn_a,;ruqeibeﬁg_ray
_spectrometer..,The 2l,2;hou: aptivity,has,been_idgqtifiéa:?é{Mg?8’
decaying by emission of a 300-400 kev;béta partiéie;  Thé”2;3d‘
minute A128 is'in quilipriﬁm_With;ﬁh§ Mg2§ parent and decays by
emission of a 3‘MEV'beta.pérticlé;'WTﬁe low;long—lived~tail may be
attributed to a trace of Be' Which'éould-hévé f6llowed~fhrough>the
‘maghesium chemistry, -

- wPotassiUm;—sThé‘potassium.decay”Cuf§é consistédrofftwovcompo-
nents which could be separated into 12.4 and 22.} hour half-lives
43

and which have been identified as K'2 and K'3.  Aluminim absorption
curves indicated the presence of a beta ﬁérfiéle‘of épproximately
3.5 Mev belonging_to»the shortflived component .and a softer beta
vapgrticle of appro#iﬁateiy 048'M¢v with the 199ger-lived.Ku3,
E,PQtassium'hz decays 75 percentjby a,3°6 Mev.Betaaparfiéle'and-gﬁ

. .percent by a .2.0 Mev beta pafticle*while K43

vhas.beta.particles-of
Ot% anduoozh Mev reported but with no;abundances, ﬂIn:calculating
the Kh3,cros§ sectioﬁ,‘it;was assumed . that the,nuélides_decayedv8o
percent by emissionxof the_BOO,kev beta¥pa£ticle-énd,20 ?erceﬁt by
ztheizho;kev betaupapficle,.this assgmpfion being based on thevshape
_.of;the soffvcomponents of:the absorptiénxqurve. Analysiszof the
gamma. spectra.showedzthatvthere'were'twp éamma,fays present, éne-at
13755iv10‘kév and. another at 615 + 10 kev, each ofiwhighvdeqayed with.
.approximately-alzz_hour'halfal%fe.,fPotasgium‘43 has a gammea ray,of
.approximatelyvoah Mev. reported;.but this energy measurement was made
by absorbers. It seems probable, thereféfé, ﬁhat{béthlﬁhé:375 and

k3

" 615.kev'gamma,rays mayvbe»assigﬁed to K . When corrected for
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couﬂting efficiency in the Nal crystal, the two>gamma‘peaké have ‘the
same abundances, within experimental error. No eVidencé of'the'l.Sl
Mev K42 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
beenvhz minute'Crhg. The curve then tailed into a long-lived .compo-

51

neht; part of which may have been 27 day Cr” and part a longer-lived
nuclide. The activity level of the chromium fraction, however, was
too -low for accurate identification of anyvof these species, although

51

gamma rays .of approximately those energies reported for Cr '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.

Manganeseg?-The gross manganese fraction decayed over 8 half-
lives in a 2.6 hour line, then téiled into a small amount 9f‘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 gomma. ray peaks; some of which could . be

56 52

assigned as those reported for 2.6 hour Mn or 6.0 day Mn

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-

52 56

lives, however, it seems that Mn” .and Mn were present. in high

54

purity. The long-lived tail may have been 310 day Mn or possibly



a sma;l amount,ofvimpgrdty,ip‘the sample; ﬁhe activdpyﬂlegelfvae too
lowifor ideptificaﬁionm' “
Ezggg-eThe.ironhfraction\deceyed.iﬁ:a etra%g@t %%p¢vwiEhia.half_
1ive of 46 days. Initial activity_of”phese_sampdesJwee;egproximately
1, SOO counts per mlnute after a.2 hour, thlck target bombardment On
u_several bombardments in Wthh spec1al palns were taken to ensure an
Nﬁiron;fracpion,purified from al; poeeible contamipatdon, nohtrace-was

... seén of any activity which could be assigned to the 8.k4 hour’Fe6O

.. which has been reported. If this nuclide had been correctly reported

ST o} the'literature,.and-if,it were. to have a countingﬁefficiency:com—

ﬁparablejto that of 46,day,Fe59, it should have been formed in_suffi-

cient gquantity in theee bombardmente\to,pe,eesily seen end identified.\
o 1t would seem,%thereforeqlthet phe maesnessignmentvofoe6o in the
literature is incorrect .

Cobalt°--An act1v1ty whlch decayed over 9 half llves w1th a half-
,llfe -of l 65 hours was present in the cobalt fractlon. The_gross
_'decey'cgrvegthen‘tai}ed over_lnto a very,long-livedﬁcomponent“(>6O
‘deys) at;approximately 50 counts above‘beck__ground° Aluminum absorp-
tion curves showed-a béia particle ofvepproximately 1.1 Mev. to be
present in the 1.65 hour component. Cobalt 61 is reported to decay
55 percent by a 1.45.Mev. beta particle and 45 percent by a 1.00 Mev
beta particle, and it should.not-be-expected that an absorption curve
-would separate-them°

Gamma spectra.ehowed the presence of eﬁnihilation radiation and
2 gamma ray of approximately 830 kevAin‘ﬁhe-;ong-lived tail of the

dcobalt.fraction. The {2 day,005§, 270 day¢0057, and 72 da,y-;-,Co58 each
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decay. by positron emission, while-Co ‘has.avgémma réj éfv845 kev and
Co58 a gamma ray of 810 kev. Therefore abuhdaﬁées«of theée nuclides
.could not be obtained. from the gamma spectra. éiﬁce it.ﬁas,equélly
impractical to seﬁarate these activities on the low.coﬁnting GM decay
curve, their cross sectioné have notvbéen included . in the final
tabulation. |

Nickel:--A fwo.component decay curve of‘2;56 hour ana 56:hour
_activities,was.obtained in the.gros;:nickelbfraction,'corfespénding
té Ni65 and Ni66 respectively. Aluminumrabsorptionucurves'taken
,after.the short_-lived“l\]i65 héd decayed showed a hard component of
VIapproximately 2.7‘M¢V and a. softer coﬁponent.of approxiﬁately,0,3
j:MeV. A 2.63 Mev beta pérticle~is reportéd-for the 5.1 minute Cu66,
- daughter of Ni66. In calcuiating cross.séctions,‘it waé'assuﬁéd that
| vNi66 decayed lOb percent by emission.of'fhe 300 kev béta barticle.

Copper: ~=Nuclides of 12.9 and 60 hour half-lives.were the only
ones,defectable>in fhe-copper fraétion. .These were assuméd to be
-Cﬁ6u and)Cu67, respectively. No évidence was seén of fhe'neutron
deficient 3.3 hour Cu61 although purified samples were .counted less
than 6 hours after the end.of bombardment.

-Galliums--The gross gallium decay curve contained two activities,
of 5.6 hour and - 1k4.3 hour half-lives, which were definitely reéolvable.
-In addition, there was a’small.amount.of a"short-livéd,activity,which

TO

may. have been 20 minute -Ga’' .but which could not be identified accur-
ately because of the relatively larger amounts -of other activities
present. Since purification.of the gallium fraction took slightly»

more than two hours (or six half-lives of Ga7Q) from. the end of
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bombardment, a . large part .of thls original act1v1ty decayed before
the fraction could be. counted Alumlnum absorptlon curves conflrmed
the ‘presence .of a beta particle of approx1mately l 5‘Mev‘whlch was
aSSOC1atedyw1th the 5 hour activ1ty .The -two act1v1t1es seen are
assunedbto be 14.3 hour‘GaYZ and 5.0 hour Ga73.‘ |

Arsenlc°--After decay of short llved act1v1t1es”was complete,
_the gross -arsenic fraction decayed to. background with a 17 5.day
half—llfe. When thls.actlvity was subtracted.from the gross .curve a
curve ‘was . obtalned whlch could not be v1sually resolved 1nto stralght
"conponents. Assumlng that the second curve con51sted of 26. 8 hour
276 7

and 39 hour As' ', however, an analytlcal ”Blller Plot" was. used

:H;to separate the act1v1ties. Alumlnum absorptlon curves could not be

used in thls case to. 1dent1fy ind1v1dual nuclldes but did show beta

T 76

.partlcles of approx1mately those energles reported for As’, A
dand As77‘ | | |
Bromlne---Resolution of theigrossldecay curve of bromlne gave
act1V1t1es of three half—llveS° 2.4 hour, 4, h hour, and 35 hour;
. where the decay was followed from an inltlal count .of approx1mately
l6 OOO counts per minute down to 10 counts above background Alum-
1num absorptlon curves showed the presence of beta particles of
approx1mately l 8 and O. 6 Mev° No gamma_spectra were taken since
-equipment was -not avallable when these-bombardments were run. 10n_the
‘basis of these data, the activities were-assumed to be 4.58 hour Br80
in equilibrium with_theilB'minute'BrSO; 3509.hour Br82, and 2.4 hour

Br83.
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Rubidium:--Thefrnbidiumvfractionvdecay curiewéénéigtédféf a
small amount>of activity of approiimately SZhour.halfelife, and a
_mixture of activitiesvhaving half-~lives of'approximatel&.zd daye. A
.Blller Plot was used. to separate the long llved component, assumlng
that it was made up of 19.5 day Rb86 and 3& day Rb8u. .Slnce-there
was.a,good possibility’_t_nat-lL,7_hour~Rb8l and 663-hour'Rb82 could
" have’been formed By_spallationlof the'niobium impurity'in-the target
.the'short—lived,component of the rubldium‘ourVe‘was ignored»in cal-
.nulating cro.ss.sections° Using’a value of O;l,pereent as‘niobium
lmpurlty in . the tantalum target and estimating a cross section of 5
'mllllbarns for the reactlon Nb93(p,5p5n)Rb h, it is estimated that
‘niobiuﬁ;could‘hane contributed no,more'than 5 percent of the:cross
section actually observed for'RbBM. Of-all the aotivlties reported
‘here, the’Rb84 should have had the greatest;errorrduelto-niobium
'present-in the targetvmaterialo |

Strontium: ~-~-The gross strontium fraction decay curve was resolv-
‘able dinto 9 T.hour and 38 hour activities and a. long-llved component
which had a half-life greater-than_30 days. Aluminum absorption
curves showed the presence of hard beta partioles,such as those

91

reported for 9.7 hour Sr’~ . 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-lived components had-hadvtime
to decay, &ttrium was,milkedzfrom the strontinm sample, the strontium

was remounted,band decay of both samples was followed. The repurified

strontium fraction decayed with a 5k dayrhalf-life‘and.aluminum
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absorptlon curves showed the presence of the 1. 5 Mev beta particle

reported for'Sr89, while the yttrlum fractlon decayed w1th approx1-

mately 60 days and also contalned a. beta partlcle of 1. 5 Mev. The -
-61 day Y9 should ‘have grown in from 9 7 hour Sr91 and cross sectlons
for Sr9l i

~ were. calculated on that bas1s°

erconlum°--Act1v1t1es w1th half llves‘of 17 hours, 80 hours,

V"and approx1mately 65 days could be resolved in thebzlrconlum gross
,decay curve. Alumlnum absorptlon curves showed the presence of beta

partlcles of approx1mately O 96 Mev. These were probably'due to the

O 9l Mev pos1trons .of 78 hour Zr89. ThlS nucllde undoubtedly has

~ one of the hlgher cross sections for formatlon in the spallatlon of

nloblum, therefore, 1t 1s ‘not 1ncluded in the tabulated data The

97

‘ 17 hour act1v1ty could be due. slther to Zr86 or Zr 1 whlle the

'long-llved component mlght have been elther 85 day Zr88 or 65 day
95 |

- 2r”” . The neutron deficient 1sotopes, however, would be expected to
have very muich lower countlng eff101enc1es than the beta partlcle
emlttlng.neutron excess nuclldes. Therefore, the assumption has

been made that all of the l7 hour and 65 day act1v1t1es observed
97 95

were .due to Zr and Zr ,respectlvely The Cross sectlons obtained

fon thls ‘basis . then represent upper llmlts to the true cross sectlon°

Molybdenum'-—The molybdenum decay curve could be resolved into

EA——

twaact1v1t1es with half- llves of 6. 7 and 67 hours. ‘The 6.7 hour
93

1somer of Mo”~ would be. formed in very hlgh yleld as-a spallatlon

product of nmoblum, so 1ts cross sectlon has not been included in -

the tantalumdata° ﬂBeta-spectrographvcurves conflrmed_the presence

99

;

of the 1.2 Mev beta partlcle of 67 hour Mo
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Rutﬁeﬁiﬁﬁ:--ﬁﬁ%henium Which waé“éepé£é£;d £ﬁﬁedié£é1§:after bom-
bardment gaQevé dééay curﬁe whichrcould bé réSolvéd‘iﬁto'aééivities
having haif;iives of k.5 hoﬁfé, 36 hours, and Si.dayg, tAlﬁminuﬁ
aﬁsdrption curves taken.Z.S hours from thé.end of Boﬁbardment showed

the presence of the 1.1 Mev beta particié of MZS hour RulOS.‘ Cross

105

were -calculated bbth on its resolution in the

105

sections for Ru

decay curve and resolution of its 36 hour Rh daughter. 'The.hl

03

day activity was presumed to be Rul although its actiVity level

was not high enocugh for accurate ideﬁtification with absorptioh”
curves of the beta=spectrometer.

On bombardments in which all of the 4.5 hour Rulo5

héd béeﬁ
allowed to decay before the ruthenium was purified, the décay curve
équld be feséived into components of 40 days and 2.8 aays half-life.
Preéﬁmably'the 2.8 day activiﬁy was R 97} éince the nuclide deéays
1by electron‘cépture, however, its counting éfficiency in the GM.
counter would.bezbéth low and uncertain. Therefore decay of thése
sémples was alép,followed on the gamma pulse-analyzer.b The 217 kev
gamma ray reported for Ru97 showed up quite clearly in the specfra
and it decayed with approximately a 2.8 déy half-life. No abunaances
for thé 217 kev gamma ray. have béen reportéd, in.calcuiating the

97

'Ru” ' cross sections, it was assumed . that 100 percent .of the decay was

with emission of a 217 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,mindtes and'36 hour half-lives.
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Beta-spectrograph .curves showed a beta particle of approx1mately 1 Mev
to be assoc1ated with the short- lived act1v1ty while a beta particle

of 0.6 Mev.was seen. after all of this short-lived actiVity had decayed.

The 36 hour 0.6 Mev beta. particle emitter was presumed to be Rh 05

'No 2 hour 16 minute ‘beta particle emitter had prev1ously been reported
for rhodium. A con51deration of the chemicalrseparation and purifi-
cation procedure used for rhodium shoued that no . element other than
1r1d1um.could have'been present in the'finai sample..ilridium act1v1—
ties could not have been formed in any Significant amounts in the

tantalum bombardments. Comparison of formation CToss sections of
this activity:with those of Rh 05 1nd1cated that the nuclide probably
_ had & mass greater than 105

| In order to 1nvest1gate this new activity further, a series of
rhombardmentsvwere run 1n‘wh1ch uranium waS'bombarded Withv3h0 Mev
protons. kIn one of these the~target.materiai uas bombardedufor‘four
minutes. Ruthenium wasiseparated within threevminutes of the end of
bombardment andvallowed to.decay° Rhodium was then separated from
both the original target solution and the ruthenium fraction. A 25

107 105

minute Rh™ ', 36 hour Rh™ ~, and the 2 hour 16 minute activity were

seen_in the rhodium removed from the'original:target solution while
__onlyjthe 25,minute and 36 hour activities-hadVérownifrom:ruthenium
parents. The three component decay curue~obtained in these'bombard-
ments . is;shown.in'Figure b, SpeCial steps were taken in these sep=-
arations to ensure -that no 1r1d1um was present,I-Assuming the -new

105

activity to.have the'same'counting efficiency aszh these decay

curves showed the new nuclide to have a higher formation cross section

105

than Rh in the uranlum.bombardments,



-60-

3 ' \A i 108
10— ) 36 hr Rh

107
23.4 min Rh \

/ AN

10— 4 6 - 8 10 12 % 6 18 20 22 24 26

Hours from the end of bombardment

Figure 4. Decay curve of the rhodium fraction

separated from uranium.

28

30

MU-7384




-61~

Gamma spectfa.were cbtained on.rhodium samples . separated from
‘both tantalum and_uranium'and,indicated.a-large'numberrof gamma rays
assoclated with decay of the 2 hour l6vmiﬁute activity. Resolution
of the pulse analyzer curveé makés abundance data very uncertain but
it seems probable that gamma rays Qf 195,225, 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 tanfalum and uranium
-indicate -that the activity is'hea,vi-er.thaanhlos° The ruthenium
milking experiment shows that it is not the daughter of a ruthenium
parent which.ha§¢a half-life greater than lhminute; .Sevéralvof,the
gamma rays have'energies closertO'those-reportedlfor»3O[secondARth6,
but -if we take the maximum gamma ray energy and.the-beta-particle
-energy. we get a-qQ value of only 2.5 Mev. .The:reported Q value for
Rth6 is 3.53.Mev and it seems most unlikely that a 136 minute isomer
of Rh,l06 could exist. On the basis of presenﬁ data it seems more

107

probable -that the 136 minute activity is an isomer of Rh

not involved in the decay of L minuteRzilO?° Attempts have been made

which is

,fo separate this nuclide on a time-of-flight isotope-separator but
they were not successful because of difficulties in ioniziné the
-rhodium samples.

As part of the uranium bombardments; spectra of gamma rays

o7

associlated with the 25 minute Rhl were obtained. These were super-

imposed on the ‘136 minute and 36 hour activities so that accurate
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abundancés 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.ZS,ﬁinute 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

105 06

Rh™77, a small amount of 4.5 day activity, presumably Rh' , and a

.long-lived component of approximately.200 day half-life, probably

1
Rh 030 Decay of gamma spectra was also followed in these samples.

05

.

1
Both Rh and~Rthlvhave 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 éross sections for Rthlo No abun-
dances ‘have been reported for the 300 kev gamma ray in_Rthl, however,
so in these calculations it was assumed that 100 percent of the decay
included the 3OO kev gamma ray and that no conversion took place.
The value obtained is therefore a lbwer limit to the actual cross
section.

Palladium:-~-The only activities observed directly in the gross
pailadium fraction were the 13.1 hour‘Pdlo9 and a small amount of
| activity which could have been_l’(_dadelOz%o Palladium 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 gfoss palladium deecay of 5.5 hour

Pdlllm, 22 minute“Pdlll, or 21 hour Pdllz. A T.5 day Aglll was



-63-

-observed to grow into a target.solution from which all.silver had been
removed immediately aftér-bombardment, .On the basis of this.inform—
ation the total éross,section_for Pd%ll could be»calculatéd;mbut since
both of the'Pd;;l isomers -decay tonAgll;.calculation‘of isomer cross
-sections by this method would be somewhat uncertain.

| Silver:-=Activities of 5.3 hour Agll3, 3.2 -hour Agllz,;Y.S.day
Ag;ll, and 210 da&‘Agllo were resolvable .in the gross silver decay
curve, .The 7.5 day and<270:@ay_activities‘Were-easilyvresolved,4but
a.Biller Plot was necessary to .separate the 3.2 .and 5.3 hour
activitiesi Absorption,curves taken when the activity was primarily

*.Aglll showed a .1 Mev-beta particle with no. soft component which

6

would. be dttributed to-conversionzelectrons,from‘8,3)d§y Aglo .
'Gémma spectra taken .-after almost all .of the 7.5 day activity had
. decayed .and before the gross decay curvelbecame*anmexactly 270 day
half-life showed the presence of gamma rays .of 63; 154, .280, and 350
‘kev, all of which have been .reported for 4O dayvAglOS° -Cross
.sections for this nuclide were based on the 280 kev peak; assuming
that the'280_kev_gammadray was .25 percent abundant and unconverted.

05

Gamms, spectra taken after most of the'horday.Agl ‘had decayed

showed peaks at 660, 760, 935, and 1400 kev, all of which have been

0 . , 110 .
. .Calculations of the Ag cross section

reported. for 270 daqugll
were based on . the amount of. the 660.kev gamma radiation and using its
.reported .abundance-of 100 percent‘and;e/Y ratio.of 0.0025 .

Cadmium: --Activities of 43 days, 53 hours, and_6a7_hours,were
| 115m
b

resolved in the gross cadmium decay curve, corresponding to.Cd

o7 5 115m

CdllB, and.Cdl' respectively. The Cdll and Cd isomers decay by
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emission of beta particles of known'energies so cross sections could
be.célculated for -these nuclides fairly_easily;' Cadmium 107 decays
 more than 99 percent by electron capture and emission of a 94 kev
gamma ray so that a cross sectidn based on raw GM counts would be
subject to fairly. large errors. Therefore, decay of cadmium samples

.was aléovfollowed on the gamma pulse analyzer and cross section

107

calculations for -Cd based on the abundance of the 94 kev peak and

the reported e/y ratioc of 16.

5

1
.The 57 minute Cd 0 .could not be identified in the gross cadmium

fraction because of the large abundance of othér activities present.
In order to determine whether any of this activity had been formed,
an experiment was run in which silver was:removedvfrom the target
solution immediately after bombardment. Cadmium 105 was allowed to

decay for two days, then silver was again_removed.and purified. Decay

p)

of this silver sample was then followed to see if any Aglo had grown

05

in from,the'Cdl parent. While the gross GM counter decay curve did

seem to show -an activity of approximetely 40 day half-life at about

105

10 cdunts above background, none of the Ag™ gamma peaks could be

105

identified. Therefore, it rust be concluded that Cd is not formed

in sufficient quantities to be detected by this method.

115m

Gemma spectra taken‘after most .of the 43 day Cd had decayed

confirmed the presence of the 87 kev gamma ray associated with: 470 day
Cdlo9o The activity level was so close to background, however; that
no very accurate value for the abundance of this gamma ray,éould be

determined. Cross sections for -this nuclide are therefore not

included. in the final tabulation.
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Indiume==A longalivéd component«of‘SOmday half-life was. present
as a tall .on.the gross indium_decay,cﬁrve@ Altuminum asbsorption curves
showed the 2 Mev beta particle of 49.day'1ﬁ;l%.to,be in this activity.
Shorter=lived components weré-alSGVPPesent in the sample but since 4,3
hour 0292, 5.0 hour %%, 1 7k nour Inlmm,,» -and 4.5 hour ~_1~nll‘5m
were all expected to .be formed in some degree they could not possibly
_be separated in the gross GM decay curve. Indium sduples were followed
in the gamma pulse analyier and . crogs sections. for these muclides that
could-be identified were based on the gamma spectrum.

9

\The~205 kev gamma ray reported for Inlo was .observed to decay
with a 4.3 hour half-life. .No abundance data were available for this
gamma ray; in the -calculations it wag presumed. to bhe present .in 100
percent abundsnce and to be unconverted.

The 935 and 661 kev garma rays.of.InllO?~werefseen to.decay with
,approximately'a 5- hour halfelifeg.,Both\are-reportEd;to be in 100
percént abundance. The e/y ratio is 0.005 for the 660 kev gamma ray
and it was assumed that the 935 kev.line was also unconverted.

An activity of 2.8 day half-life could be separated in the gross
GM courter decay curve, and wés presumed,to,be-2@8.day,Inlll; but
.since this nuclide decays,essentiaily,loo percent by electron capture
the -GM data were not used in .calculating this cross section. .Gamma
rays .of 247 and 172 kev were seen in the gamma. spectra and decayed
with approximately a 2.8 day half-life. 1In Inlll'the'l72 and 247 kev

gamma rays are 100 percent agbundant -and have conversion coefficieats

of 0,12 and 0.064, respectively.
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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

and 17 days, corresponding to.Te - 5. Te , and TélZl, respectively,

Wo data .were available for the abundance~of the 2.5 Mev positron

117

“reported-erFTé o« .In the calculations it was assumed that this

~nuclide .decayed 100 percent-by emission of a.positron, with a 28
hour Sbll7‘daughter'decaying 100 percent by electron capture.,
Cesium: --Activities having half-lives of 6.2 hours, 31 hours,

and 34 days were -the only onés detectable in the gross cdesium decay

127 4 129 127

-curve,  These would correspond to Cs y-Cs ) and‘Xé ; respectively.

Gamma spectra showed .the presence of the 65, 125, and 416 kev
127

gamma. rays reported28 for Cs and they. were seen to decay with

approximately a 6 hour half-life. The 57 kev gamma ray reported for

127

vXé' ~was observed as part.of the 34 day component% Since -the positron

127

_.2bundances .in Cs

127

_have not been reported, the cross. section calcul-

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.

9

The 31 -hour 0512 decays completely by electron capture, therefore

the gross GM decay data could not be used-in.calculating its cross

29

section. .Wapstra has reported gamma rays.of 385 and 560 kev as

belonging to this nuclide. .Gamma spectra taken on the gross cesium

fraction after all .of the 6 hour'05127

.had.decayed showed the presence
of gamma 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.way as.to indicate the presence of a .small amount .of a gamma
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'ray of approximately k20 # 10 kev. -Correcting the 375, 420 and 585

' kev. gamma: rays. for countingfefficienciesnofjhzfg3#9,and’lY_percent,
respectively,.thergammadray,ébﬁndances”are in the approximaté ratio
1.0,.04092, and 0.233. The Xo 2 daughter has o gamms ray of %O kev
;répqrted; and it:is possible that~it‘and*the~37§ kev gamma ray sre in
coincidence while .the 420 kev gamma ray is.a crossover transition.,
ThefﬁO'kév_gamma_ray_is‘Very,highly'conVerted, however, so that it
-would be easily missed-in-the gamma -spectra. |

. The 375 &and 420 kev peaks could not be easily resolved in the
129

fgammaﬂspectra. In calculating cross sections .for Cs -the conmbined

‘vpéak.wastuséd.- It Wasﬂassumed~that,these;gamma rays were unconverted
and were present in 82 percent of the,diSintegrations.of-Cle9,

Novevidgnce.céul¢sbe=séeniof.either-the-9;6-dayfcsl3l

l32]in.the gross .GM decay curve. Fach.of these nuclides decays by

31 4ith no gamma rays, and C&TOC

5 Or 7_day.
. Cs

“Gléctron capture, Cs® with a gamma

fay'of 685,kev,27

They would therefore have a very low .counting
 efficiency in the :GM countér. A gomms peak was observed at .approxi-

mately 680 kev, but it was not.in great enough abundance for a good

8 -f.halfslif e to.be obtained.

Barium; -=Activities corresponding to 2.0 hbur‘Balzg, 2.4 dayv

128 31

" Ba y and lZ*day,Bél were observed in the gross bariuw decay curve.

'Aluminum‘absorption_curvés,takén_when the 2.4 day activity was predom-
inantzshéwedfthe presence of a beta particle of approximately 3 Mev;

" presumsbly. the 3.0 Mev positron emitted by the cesium daughter of

'35128: GammaMSpetha'%ékéh'whenvthe712:day activity was predominant

R e . . _ 131
- showed 'thé-122, 21k, 241, 370, and 494 kev gamma rays reported for Ba 3
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In calculating cross.sections.fbr'Balz8_the decay. scheme of

vLindnef3o

was used. -According to these data,. 2.4 day.Ba;28 decays
100 percent by -electron capture;whileriﬁs,3°8,minute705128 daughter
-decays- Tl percent by emission of a 3.0 Mev positron and 29 percent

by electron capture.

~Barium 129 was .assumed to decay. 100 percent by the 1.6 -Mev

positron reported by Fink and-Wiig;3l

.Barium.l3l‘decays;completely by electron capturej; cross .sections
for this nuclide were calculatéd-on the number of cesium x-rays seen
»in”a,singlevChannel 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 cesium. decay curve. .These were

133 134 135

assumed"tO»be-Cé ».Ce”7, and Ce 5. 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 Celg14 but the activity
.level was . too low. for an accurate ‘half-1life to be determined. lAlum-

-inum absorption curves taken 5 hours after bombardment showed the

presence of beta radiation of approximately 2.4 Mev, probably the 2.7

134 13k

‘Mev positron reported for the 6.3 minute Ia daughter Qf Ce . I

calculating cross seCtioné_for the cerium isotopes, the data on decay

~energies and.abundances_by.Stover32 were used.

The ‘Rare Earths:=-After several bombardments in which thg heavy
fare 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



offisbiopeé;of-fhese»éleméntsffOrmé& in,ﬁhéﬂténﬁaldm;bombardments,
'.fﬁ“genefél;,ﬁhé ﬁroéed@rés-uéed in;this-pfbgram-weréfas,foilowsﬁ 1.
'Tﬁé he;vy_rdré;éér£hé %éfefséﬁaratédiaftér'amlqw-levéliﬁoﬁbardment
" and their gross decay followed. This gave an indication of the half-
lives.and approximate abundances.of the activitieS»presenf in,éach
‘élément,:;zo pHigh}leﬁél;bombardmenis-ﬁere'ruh“in.which;attempts.were
"madé~to-have-at 1east.108,couﬁts per minﬁte.of each_nuclide'présent
;after cheﬁiéal purification. nThe‘éhemical stepsfweré carried out
f4éssehtiéily;cafriefefree (usually,aboutfzo micrOgrams.of carriér were
addéd).'tAffer-fhe-éieménts-had 5een‘Chemiéally,separatéd,the'activities
fpféseﬁtxﬁeféimass,éépafated 6ﬁua time-ofeflight isotbpé-séparatora33
?fhﬁsaaécurate'mass-assignménté,éouldnbé made for the activities seen
‘_in;the gross.deéaonf,each element; .The timeﬁofeflight machine is . not
a very.éffi¢ieﬁ£=inéﬁrumént, however; ﬁainlyhbecausé\6ffthehprbblems
 iﬁ§oiﬁed'iniionizing‘thevsémple material. It was found that only
;.nuéiidéé:of.the'four.heaviest.rareAearthé,éould-be~made-from tantalum
tin{sufficiéht quantitieé for separation by.this.method. 3. .When
.§Q§Siﬁie,.deééyvcharacteristics'were obtained-on_isoﬁopically_Separated
_sampleé; cherwise-théy were -taken in the gross mixture under the most
favorable conditions. .In thoée cases where a daughter activity of
-sufficiently dlong half-life was present -a.second column separation
milking waerun_ﬁé,Confirm pfeseﬁee of fhe daughter;

<Novinformatibn on'ébundances of gamma,rays, positrons, or conver-
'sién.eléctrons fof?mbst of‘thévrareieafth nuclides.formed”in'the
spallafién of,joantéiﬁm'was,avalilable—injthe'literature° Rather than

. make aséumptions~as.to the abundance of . these -modes. of decay; . the
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samples were -counted on the Geiger counter. Counts were taken thrqugh
sufficient absorber (972,6Amg,Al/cm2) to. block out all beta particles,
positrons, and conversion electrons-but not thick.enough to .abgorb 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.parent.énd
daughter in equilibrium). |

Erbium: --Neutron deficient activities of erbium reported .in  the
literaturegat the -time the rare earth program was.-begun werebhl7 hour

_.Ez}l61, ~65 hour Efl63, and 10 hour 107,

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
previously reported.. .Separation on the timeeof—flight,instrument

.showed the 29 hour activity to be Erléo, while the 183 minute activity

;waS.Erlél°

Hahdley and Olsori34 have-recently-repor_ted,Erl6l as having a 3.6
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 grosé,erbium fraction for beta radiation on
a crude beta-ray spectrometer showed the presence of positrons .of
l.2 £ 0.1 Mev.which decayed with approximately & 3-hour half-life.
‘No éttempt was .made to milk the holmium daughter of Erl6l so .that .the

positron may belong to either.Erl6l or Holél°
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i The-'29 " hour aErl'éo is a mew activity which has not previously

. been reported. .Decay curves .of:the gross erbium fraction separated

i immediatély aftér: bombardment .and isotopically separated:Erl6o both

- showed a. gtraight 29 hour half-life with no growth present. . When.an
~erbium-fractien which had ‘been separated immediately after bombardment
had been allowed to decay, for seﬁeral days; -however; and -a second
.erbium-holmium. column separation .made, the erbium fraction showed a

- decided .growth before decaying with a straight 29 hour line, while
the holmium fraction~decayed‘with a half-life of.5.0 hours. (See
Figure 5.) Gamma rays of approximately 87, 194, 650, 730, 890, and
970 kev plus x~rays of 46 kev were seen in the holmium fracfion@

They. also were seen to grow into the erbium sample. No gamma rays or

61

‘annihilation radiation were observed which could be assigned to,Erl

o :
HandleyJSAhas recently reported a 5.0 hour holmium activity

having gamma rays .of 190)'710, and 950 kev which“waslfofmed by proton
‘bombardmentsxonxpyzosei The activity was assigned to Hol62von the
“basis .of abuhdancefmeasurementsIrelative to the 2.5 hour Hol6l formed
'in the same bombardments. .From the half-life and gamma spectra

measurements, it would seem that. .this is the same activity as was

milkederom5Erl6o.andpthat.it actually is Hol6o instead of Hol62°

36 163

Handley and -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

mayvhaQe‘been;obSCured~by the 183 .minute Erl6l, Attempts to separate

-Erl63,on the'time—ofmflight instrument -and .to milk it .from any

163

possible long-lived .Tm parent were unsuccessful.
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Figure 5. Erl6O-Ho160 decay curve,
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65

No evidence :of 10 hourrEfl was .seen in the erbium gross decay

~curve -and .attempts . to separate it isotopically were unsuccessful.
For reasons which will be explained«later,-Erl65.shouldunotfbe formed
“in_large-enough,abundancevfrém.tantalum.to,be-separated isotopically.
.The -gross .erbium decay curve :included a 2.5 hour daughter growing into
.é.3ol~hour‘parent and a 5 hour daughter  growing into a.29 hour parent
80 1t .is not surprising.that a relatively -small amount of a straight
:le.hour activity, K could -not be resolved.

‘Thulium:--Neutron deficgent>activities‘previously‘reportednfor
thulium;are’?.?,hour~Tm166,‘9.6_day,Tml67, and 85_day.T§;68n. In the
‘decay of the gross.thulium fraction the "f.7 hour and 996uday,activities
could be resolved. 1In.addition, an actiyify,of approximately,ZQ,hours
was seen. -The -activities were separa%ed”isotopicall& and the mass
assignments.of”the‘7,7:ﬁour‘énd 9.6-day.a¢tivipies were found to be
correct. The 29 hour activit&,was.identified:as;TmléSQ--As»a“further
check.onmthis—mass assignment a sample of thulium which had. been
_separated immediatély after bombardment was allowed to decay for three
days. ‘A:thuliumaerbium_column,separationnwas,theﬁ”run, The erbium

fraction decayed with the 10.2 hour half-life expected,of'the<Efl65

165 32

daughter. of. Tum 165

. -Handley and Olson haVé-recehtly,reported Er
to have a half-life of 2k.5 hours. The discrepancy, between these
‘half-lives ig probably due to resolution of the multicomponent decay
curves in»eaéhvcase. |

Unequivocal. assignment of gamma ray energies was not made Tor
these nuclides in . the gross thulium fraction. Thulium 167, however,

167

was -obtained pure by milking it. from its.¥b parent. The 7.7 hour
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166 :
‘Tm ‘daughter,of.Ybl66.was.also present initially. After the 7.7

“hour Tml66 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, 5154 and 720 kev to be present.in relativevabundances
of 1,-0.02, 0.29, 0.09; and,dolS, respectively, after correction for
counting efficiency,in,theiNaI"crystal had been made. This .spectrum

is -shown.in Figure 6.

- Thulium 166,and.Tml67,both have parent activities 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'oﬁtained,:the,rare,earth fraction was .allowed to decay overnight

before the column separation was run. .Cross .sections for 29 hour

165 167

Tm and 9.6 day Tm~ ' then represent total chain yields for their

mass numbers.
No 85 day activity was seen in those thulium 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

;Tml67.curve~Was.seen-to_tail_into.a.small amount of activity which

“decayed with approximately an 85 day half=life. This could have ‘been

68 170

weither:85,day'Tml. 5129 day Tm™ ', or a mixture. -Assuming that it

-was -all 85_day,Tml68,and:that‘thismnuclide'has the same .counting
. 67

3 the~cross.sectionmfor‘Tml68.was calculated to.be

67

efficiency as Tml

‘less -than zvpercent.as'large'as»that for Tml . It should be noted
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Figure 6. Gemma spectrum of Tml67.
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168 ,
that Tm .1s .a shielded nuclide and may.be formed only directly while

'Tml67_liesiat the end of a chain of relatively short-lived activities.

Ytterbiums -<A 62 hour,Yb166,and 32 day.Ybl69

were -the only
neutron deficient ytterbium activities reported when the rare -earth
program was begun. The gross ytterbiup fraction separated in these
‘bombardments gave a decay curve which could be separated into five
components:  an initial.7ﬁ,minute'activity, growth of a daughter into
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 separation of the gross ytterbium activity showed -the 57 hour

66 Lith the‘7.7.hour-Tml66.daughter growing in.

activity to be !
The 32 day,activity‘was:separated at.mass\l69o

‘The short-lived T4 minute activity decayed . too rapidly to allow
isotopic separation to be carried éﬁt; in,an expériment;where ytter-
bium was chemically. separated immediately after bombardment, allowed
-to .decay for 24 hours, and a second ytterbium—thulium_column‘separ—
ation run; the only activities prééent in the'thuiium_fraction were

166 67

.7 hour Tm ..and,9,6_‘dza.y;Tm:L . -On the basis of thié_milking, the

'7h,miﬁute activity is assigned.to Ybl67

. -No gamma data were obtained
on this nuclide because of the presence of so,ﬁuch other activity.
Analysis of data taken on a crude beta spectrometer showed a positron
of 2.4 £ 0.2 Mev to be present,andvthat“it decayed with approximately
a TO_minute half-life. No abundances were obtained on this positren.

| . Gamma. spectra,taken_on.Ybl66 showed gamma. rays.of 80, 112, 140,
180, 670,.800, and 1320 kev as well as.the 47 kev x-rays to be present

in .the ytterbium-thulium equilibrium mixture,
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Figuré T. 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 7.5 days, 32 days, and & small amount of a long-lived tail.
Attempté,to separate .these activities on the time-of-flight isotope
separétor'were unsuccessful. "In calculating cross secti;ns for the
lutetium isotopes, published data.on the half-lives were used. .The

‘1.7 day activity‘was-assumed,tovbe‘Lul7o°

The 8.5 dayvand*6;7 day half-lives have been reported for L 171

172

and-Lg 5 respecti#ely,_but 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 particular interest. .In order to,get'an v
approximate wvalue for their cross sections, their combinéd_deqayvcurve
was_treated as a single activity having a half-life of.7.5 days and
.thefresulting_cross_section,value-divided,in_two. This isradmittedly
~only an approximation to the actual cross section but since the two
nuclides have adjacent masses it sholld 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 ppssible that
the activity is an impurity of 32 day‘Yblég. In these column runs,
;however,ithe‘lutetium»and ytterbium peaks were well sqparated, 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.Ybl69
169

-.is growing into. the lutetium fraction as a

_daughter activity of Iu~ ~. .From the relative magnitude of the 32
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" day and 1.6 day activities,:therl.6 day activity could'be the 109

 parent. :Further work will have to'be done before any more definite
meaés*§SSiguments’éan be made.’
o0 fhe very. longe=lived.activities-in the tail of  the decay. curve
COuld~have“been;l;6.year:Lulvl;'l;h year Lulzs,al65rdayﬁLﬁ17u, or a
' mixture of theSeWactivities, xSamp1es from which cross sections were
calculated have not-been“folléwed long -enough for a@curatefidentifiw
cation-of these species -so .thelr cross sections are not ircluded in
the tabulatédadatao

"-wvﬁafnium:éﬁFive active neutron deficient isotopes of hafnium have

7 7

7beénArép0rted:~:l;9ihour-Hfl O} l6-hour:Hfl7l,-~5_year'Hfl.z,azh,hour

fol73,;and~70jday»Hfl7%J ~In the gross decay curve. of the hafnium
fraction activities having half-lives of ~TO days; 8.5 days, 4b £ 2
" nours; and 212 # ‘1 hoiirs -were separated, Analysis of the gamma spectra

‘féhowedigammaJrays-éfLLZZVt lQ,‘Z?SJi 10 kev and 55 Kev x=rays to be
associated with the 44 hour activity while & gamma.ray of 175 * 10 kev
seems to be present in the 12 hour activity.

' The 12 houf activity is presumably the 16 hour HflTl.repqrted
“whilé the 8.5 day activity is.its LulYl‘daughtere .The short-lived
‘*halfslife'was*obtainéd:after_resolutionuof three .other "components .of
“the 'gross' decay curve .so that this halfélife'would.beﬁsubject-to
greater-errors than any 6f the others. ~All.oftthe'héfnium;samples
"gave-tﬁg'same“halfwlife~within the errors reported; however; so a value
“of lZ”houréiwas—uSéd-in-the*Hfl7l ¢ross .section calculations.

“The 4k hour~éctivity_is)mmre-puzZiing;‘:Itfiszuncomfortably,close
77 '

to the 52.8 hour half-life reported for Tal ‘and mekes .one suspect
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that tantalum may have carried through the chemistry. If this were
true, -however, the -8 hour tantalum activities should also have been
.seen, but. in 'approximately thirty times.the abundance ofﬁTal77, -No
evidence was seen of any 8 hour component. Further, if a mixture of
24 hour and152.8~hour-activities.were’present,.even_in_comparable
-abundances,. the decay curve would show a decided bend. wThisvwas not
the -case;. the resolved 44 hour compdnent.was-aAstraighf 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?tha£ the 44 hour activity was actually

173

“Hf "'~ and cross.sections were calculated on.that basis. .

Tantalum;-~Seven .activities.  of neutron deficient tantalum
isotopes have been reported.in the literature. The gross decay,cufves
~.of tantalum samples.separated. immediately after bombardment could_be
‘resolved into activities having half-lives of approximately 100 minutes,
8 ‘hours, 2.2 days, and a small amount of a.long-lived activity which
had a half-life greater than 50 days. No detailed gamma spectra for

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

78

~the 100 minute'activitygTal . The 8 hour line was undoubtedly a

176

mixture of 8.0 hour Ta and 8.l,hour'Ta180._ 8ince these could not
be separated. on . the gross<decay_curve~their.combined,total'cross sec-
tion- is tabulated. Decay of the long-lived .tail has not been followed
179

~long enough to.identify -the 2 year half-life reported for Ta o
data for that nuclide have not been included in the cross section

Tfigures.
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... Tungsten: -~Five active neutron deficient. tungsten.isotopes. have
“been .reported,.and four. of;them have-active tantalum daughters. . In
thé?fungsten:fraction decay: curves.activities having half-lives . of

121s5: days, .53.hours,. 8 hours, -and approximately- 130 minutes.were

176

.resolved. :The 130 minute activity was probably a -mixture.of W '~ .and

,VW%77;;;In the -calculations; cross, sections for -these nuclides were

T6 177

-based -on the abundancesAQf,theirJSOQ'hour’Ta}A-pand;53'hour,Ta

. daughter activities.. o

. - - - 178

- The 21.5 day. activity -was .assumed to be:- the 21 day W
78 '

129435 minute-Ta% , daughter;inmequilibriuml

with its

-No.evidenceywas_seen.of_the'lhO'day;wlgl;falthoughithe'tungsten

decay. curve was followed as close to background as was practicable.

woo In-the gross decayhcu:Ve-a.lhO;day activity,couldfnotahave been

‘present .in an-abundance ratio. greater than 10 counts. to: 2000, counts

;Q;Qf‘theﬁZlQS:daynw;Tsp--_ o

- IV.. RESULTS -AND DISCUSSION

g’Cross,sectién5=for;spallation.and,fissiongfragments.formed‘in
;340{M§v=bombardments-of:tantalum:areﬂpresentedxin;Table“Ip Cross
sections. for individual nuclides represent average values.taken from
-agseries"of~bombardmentsvand\are;calculétéd.on”the‘basis of a 10.0 mb
_cross,sectionﬁfor»the~reaction.A127(p,3pn)ma24‘in,the alyminum monitor
1:ﬂoils°37'
"fﬁﬁThe average error of these cross.sections .will depend on the type

of decay involved. .For meutron excess beta emitting activities, cross
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Table-I__

Cross Sections

Cross Section T Cross Section

Nuclide (mb) Nuclide — _ _ (mb) ---
ﬁézu 0.006 RSO 0.047
aﬁgZB' ~0.0035 st 0.036
k"2  0.0066 st - 0.016
»K“3 o017 720? 0.027
M@ 0.0018 97 0.0042
4% _ 6.033 ¥ 0.046
7 0050 | T 0.0015
ot  0.054  Ral©3 ' 0.032
7&365 | 0.038 rul®® 0.0032
wi% ~ 0.015 ROt  %0.0023
cutt 0.065  gnl05 0.022
b7 .05k - pploTm (0.009)
Ga®  0.06k pat®? 0.0052

a3 0.0kk 2% %0.027
asTH 0.021 | Ag-om 0.029
As76 0.056 Aglll 0.018
asTl 0.030 agtt? 0.006k4
By 008 0.095 a3 0.0029

B 0.080 ca97 0.012
BrS3 0.050 - et 0.0016

84

Rb 0.078 cattom 0.0027
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3
32,6
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-sections should be reproducible to %5 percent. In view.of the large
number of corrections involved.in the . calculations, hoﬁever, an

- average error of no better than +15 .percent can be claimed. For
‘neutron deficient isotopes whose decay.schemes, abundances of
positrons and -gamma rays, and. conversion.coefficients are known
accurately,.this_samé 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 appréximations. 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:beisomewhat
uncertain when samples are counted in the .Geiger-Miiller counter,
however, sovthat.an-aécuracy of .no better than +25 percent may be
.claimed for samples. counted in.this way.

-A plot of.crosé section versus mass number for those nuclides.in
~Table T is shown~in.Figure 8. In addifion, cross sections for Be7,
Li8, and-Fl8 which were obtained by interpolation in .curves reported
by Marque238 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 th° Second, although the fission cross

sectlons are-low, a fission peak is discernable. Third, although
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Figure 8. The distribution of spallation and

fission products as a function of

mass. Solid line depicts the total

chain yield curve obtained by

integration of cross sections in

Figure 9;
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. there is a fission.peak, it\is,vefy small and ‘relatively flat so that
fragments due to fission may be spread over a.very wide range -of
.atomic numbers.. |

When the cfoss‘sections are plotted on a "chart of nuclides;"
i.e., atomic number versus neutron number for gllvnuclides, this
-apread out quality of the fission peak becomes much more spparent.
Maximum cross sections for a given mass. lie fairly close to the main
line of beta stability for all elements from sodium to,indiuﬁjbut
these cross,sections_dovnét differ by much more than a. factor of ten.

3

This compares with "peak to valley'*ratios of approximately 10~ for
both the bismuth and uranium high energ& 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, reéson-
able interpolatioﬁ_being made between adjacent nuclides, curﬁes such’
.as . those shown in Figure 9 are cbtained. If estimates of cross
sections of stable nuclides are now. made by interpclation between .
thege isobarn lines and summed for each mass number, .the solid cﬁrve
of Figure 8 may be drawn. This line will then represent the total
chain yield at .each mass number.

Cross sections .for nuclides in the spallation region of tantalum

are shown in the Z wversus 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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Figure 9. Cross section contour plot of the

fission area.
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Figure 10. Cross sections in the spallation

region of tantalum.
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plotted .cross section represents total yield for the glven nuclide
'plus/all of its~precursors.are-designated by-arrﬁws»ﬁointing down the

1714172 and Ta176+180

chain. .In the case of Lu the surmed cross
section listed in Table I has.been divided by two and plotted. in

brackets.

Discussion

Inspection of these figures leads.to several very interesting

_conclusions. .The peak of the'fission_curvé in Figure 8 lies.at
‘aﬁproximately,mass-number-83, indicating,a-”mbét probablé-fissioning
‘nucleus" having a mass of 166. From the contour lines of Figure 9 it

 is .not possible to say that the peak cross section of mass 83 lies at

atomic number 35-or~36,.either~0ne-of which seems probable. \Billér,

1in,hJ‘.s,,wbrk.on_‘ra:'Lsmm:h,lLL 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:fissioning]nuéleuso Lines drawn

166 166
72 Ta o and . Vb7o

included in.Figure 9. From the fit of these lines to the -isobarns -

with the neutron to proton ratlo for Hfl .are

plotted it is .apparent that either Hf166 or‘Lul66.is equally.possible

-as_the most probable fissioning nucleus while>Ybl66 ‘has too low an

‘atomic number to'fitlthe data., Thus.it may be said that the most

probable fissioning process is one inh which the 'Ta Sl,tgrget.atom_loses

sixteen.nucleons'before~the.fiséicnﬂprOQess.takes‘place (counting the

incident proton as being emitted .also), and that these nucleons are

boiled off in the ratio. of 2;5'prot0né to 13.5 neutrons. -Although

_there’undoubtedly may be some leeway.in the choice of the most probable

v -
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fissioning nucleus, these data.are not-inconsistentrwith_Biller's
results on bismuth, where -two protons and 19 neutrons must bé 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 repreéent small fragments emitted as part of the spallation
process; second, ‘the fission area corresponding to fragments having
comparable sizes, or sigzes larger than those normally considered as
being involved -in spallation 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 cénnot.say precisely where the spallation process_ends<and
.fissioﬁ;begins, or where fission ends and -the spallation fragments
begin. -Actually, it 1s not likely that there is a sharp dividing
line; the curves undoubtedly overlap .to some.extentc. 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_créss section. -Upon_integrating this
portion of the curve ‘and dividing by two for a binéry fission process
the total fission cross section.obtained for 340 Mév protons on tantalum

is 4.1 % 1.5 mb. This compares with 2000 mb for uranium,15‘239 + 30 mb
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.for‘bismuth,lu‘and approximately lOﬂlnloﬂz;mb for silvefl3.under the
same bombardment conditions.
' Note should be -taken of trends that are apparent in the distri-
 bution of fission products as the atomic numbéf'of“thé targef.material
is:incréééed»>'Ih_silver, and to a - lesser extent copper,;indications
.are-thét in the fission region no symmetrical figsion peak is detect-
able, -Fission data for these elements are meager; (i,ec,'five'measured
- cféSs sections between_maSSWZM-and.mass.56 in thevsilﬁer-bombardments)
;sbstbat no detailed,information,concerning t£e-fission‘region:is
' a‘vaiiabie° _Even if such information were known; however, it seems
"ﬁfébéblé7that the indefinite extent of the spallation process would
=@ to make interpretation of the fission data difficult. These total
' reaction .cross section curves may be considered as.a superposition of
épallationféhd-fiésion.crOSs.Section.ccmpohents.and.iffspéllation
;extends<inﬁo.the~fissionnarea.and‘effect.Willjbe1to,raise-theT"Wings"
of the fission.curve, ise., make it appear as though.asymmetric fission
.were.moré'probablethanvis.a‘ctuall;\'r]‘bhe:case° About .all that.can be
Edne in the lighter:elements.is,to‘set an upper'limit to'thé total
fiSsién,cross section)vwithOut any knowledge about the -distribution of
theafisSiOnjfragmehts; |
This  "contamination” of the -fission peak by‘producté which may be
-due to.spéllation is‘ﬁegligibie for'bismuthvand-u'ra,nium° Here fission
islé §redominant reéctionwandvthe'fissionAcross Seétion peak height is
such that tHé>ra£io between cross sectiens at the fission peak and
those at.theAminiﬁum,in thé region’betWeén fission and spallation is

| rbughlyﬁlﬁ', _For these .elements -the conclusion has been drawn that
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binary fission into rouéﬂly‘equal sizedrff;é@enté is bykfar the'most
probable type of fission reaétion. | | o

The tantalum fission data seem to lieLbetween these two extremes.
From. the shape of the-total,chéin,yield-Versus.mass_cgrve»inuFigure 8
we may consider that the fiSSion_region_extendé,roughly_froﬁ mass 20
to mass 132. . There will be‘overlapping‘betwéenﬁspallation aﬁd fission
,éurvesvat the\thvextremeé.of.this:region, of course, bﬁt itAis.
difficult to see how spallation, i.e., emission .of a-longtséries,of
émall particles, will extend far enough into the-fiésion_region\to
change the shape of the fission curve significantly. It woﬁld appear,
-therefore, that the spread-out quality.of the tantalum fission peak is
.real and . that asymmétric 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
T0:30. .In_uraniuxﬁ}5 the 50:50 split is_approximately 47 times more
probable than the 70:30 process. In bismufhlhsthe ratio is -about 88;
.and in tantalum, 5. Thése 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
'reasoningvused to explain-the~change-in shape of the double humped
thermal neutron uraniuﬁ fission peak as the energy of the bombarding
particle is increased. - 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
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fission becomes favored. .The fact-that the above - ratic is. lower for
=uranlum than for blsmuth may 1ndlcate that the low eneréyvasjmmetrlc

fission process is stlll 1mportant enough with 3MO Mev protons to

broaden the uran1um.f1ss1on peak somewhat Thls 1nterpretat10n seems
.reasonable in view. of the fact that such a mlde range of.exc1tat1on .
tenergles may be 1mparted to the target nucleus and that even 1n
:uranlum muclel. ex01ted to about 40 Mev the peaks ror asymmetrlc
f1SS1on may be.seen° | “ |

| Nois1mllar asymmetric flss10n process is. known for tantalum,
i however, whlch could explaln the fact that the T0: 30 fission process
f is lT tlmes more probable in tantalum than in. blsmuth° »The-small
,magnltude of the tantalum total flss1on cross sectlon .and the
calculated height of the potentlal barrler in dlcate that a. larger
”vexcitatlon energy is required to get tantalum 1nto a flss10nable state
‘than is necessary for elther blsmuth or uranium., From.the w1dth of v
the flss10n peak for tantalum, it.may ‘be 1nferred that these wery high
'ieX01tatlon ‘energies tend to destroy the f1s31onlng nuclldes prefer-
.ence for. roughly symmetrlcal f‘lssmr\o

The questlon naturally arises as to why these rnuclides .split at

:iall, even in. the reglon of. the most probable flSSlonlng nucleuso It
seems unlikely that there is apythlng unlque about HIJ66 or Lu166 that
would.make-them‘flss1ongmore-than,other nucle1 in that portlon,of,the
periodic tablen .If‘lutetium or ytterbium wereuhombarded instead”of
tantalum one‘wouldfnot expect Hfl66-or Lul66 to be-thet"most probable
| irissioningtnucleus" for.those elements; No.major cloged shellsvare

present to affect muclear stability appreciably and with these large
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excitationﬂenergies_one wquld:not expect minor shell configﬁrations to
play a signifiéant part; ‘The "major fissioﬁ ptodugts".(plaéedsin
quotes becauge'thgy are not much more ﬁajor'than the minot fiséion
products) have “three or fourfneptrggs»less than the cloéed shell at
fifty neutrons so .that if neutron‘evaporatipﬁloccuré.aftef fission the
closed neutron .shell may‘play,a_s;gnificant part.in'increasing the
fission probability° -There is no evidence that thié shell;éffect
playsnan,importént part in the bismuth or uranium fissioﬁ processes,

- however, so it does not seem too probable that it is a decisive factor

. in tantalum.

5‘"3energy reactions., .A comprehensive treatment of the fission process in

Attempts to interpret fission phenomena from a .theoretical point
of view have not been entirely successful, particularly for the high

- terms of thé~1iquidndrop,model has been preSented.bvaohr and Wheeler‘u2
;and-latef’improved by Frankel and~Metropoliso39 Here'the‘nucleﬁs is
,regardéd as .a spherical drop of incompressible liquid with surface
‘tension arising from‘attractive forces between.nlicleons° -By appli-

. cation of appropriate forces.this.spherical dfop may be excited into
various modes of vibratioh. If the excitation enefgy is large enough
these vibrations will deform the sphere .into an.ellipsoidal, or,

_ finally,iint0~a dumbbell shaped nucleus,in_which_the étaﬁility,is
.reduced-and fiss"ion'm_a‘onccur° Although the-liquid drop model does -not
_ predict the observed-asymmetry;of‘low-energy fission, it -has been used
to explain some aspectsvof'the fission process, i.e., the limit of

stability of nuclei against fission, the threshold energy for fission,

etc.
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For a number of nuclides it has been shown 1_empiricall$fho that
the~rate~cf.séentaneoue,fiseien_bearefscmeerelationship_tc.the
"ﬂfissionabilitynparameter”ﬁZ?/Aﬂffcﬁrthe5liquid4drop7model; These
datalappl&'tc-tnexcited;nuclei,»cf course,fbﬁt.fér this:type:ef
react10n5a~z%/Alvaluevéf epproxiﬁately547aisAneededﬂforv"inetéhtaneous
.fi-s-sion-,"' i, e, a fis'sion half-1ife of on the order of 10 20 seconds.
sFor Hfl -or Lu 66 in the- tantalum.bombardments, where the rate ;of
fiSsionpnmst~beAfast.tofcompeteewith-spallatien;.the:Zu/A;valués are
'31 2 and.30. L, respectlvely. Application of the, 7 /A criterion to
ihighly excited nuclel is probably not too Justiflable but .the - tantalum
data .indicate that these values .are far . too low>forvthe‘z /A-of the
Tlunex01ted nucleus to play a large part in determinlng the fission.
lsv-probability. |

If the hypothe51s of nuclear transparency suggested by. Serberhl
is. essentially correct, 1ncident protons having 340 Mev of energy may
impart a very wide range of . excitation energies to & tantalum target
| m;_'c;l_e’u,su° 'The-Presentvdata,suggest,that»thisLexcitation energy:may,be
dlsslfateduih severalrdifferent ways,'_Eachiexcited nucléus,may lose
energy‘by_emission Of'gamma,rays,‘by emﬁssicnlof-ﬁucleohs,,either
chérgé& or'uncharged;,in a:spallationstype»reactionyver*by~fiésion
,ihto,twoicr mbrevlarge-fragmentsa Fcr-the'lower eXCitatiOnﬁenergies
.the7spallaticn,dataloffFigare‘lO iﬂdicate?that gémma ray. emission .and
'—neutron'boil—off\(prétons-to;a.lesser degree),arerthe-ohly,impcrtant
‘cgmpeting.reactions; The fission process dees,not.Seemlto be signifi-
cant. .At higher excitation energies, after a_fairly,largeinumber»of

neutrons and possibly one or two protons have been evaporated, .emission
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of charged particles -and fission both become increasingly important.

Even under these circumstances, however, it is interesting to note

that the fission process does not play a very large part. .Let us

assume for the sake of argﬁment that all of the spallation prodgcts
below mass number 166 had to be formed by a spallation proce§s in
which they passed through mass 166, ioeozvthat spallation proceeds by
emission of single micleons, at least through mass num‘t;er‘l66° Inte-
gration of the spallation cross section curve below mass number 166

and comparison with the total. fission cross .section shouldtthen 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 single

mass, and that 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 nuclel.receive
enough initial excitation energy to reach the "region of most probable

fission" less than 1 percent of the nuclides actually do .split; the

~rest go on to dissipate their energy by spallation.

The spallation cross section data of Figure 10 indicate fhat the
highest cross sections are for those reactions in_which the incident
proton is not.capturednand only a few.neutrons are evaporated. .The
probability of a proton being emitted with these fir$t~neutrons could

not be determined because of the stability of hafnium isotopes .in this
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region, but from the magnitude of the cross section for the production

75 it)may;be:inferredvthét.this'prdbability,islsmali_éompared to -

| of HE
.neutfon_evaporatidn, . These data -algo indicate‘that:spallatién-of as .
many as lenuq;ecﬁs has a .cross section lower than_the'méximum.By only
é faétor.of 7_‘ B
lStrictly,épeaking, byvradioéhémical techniques.itJis‘pbésible-to

:détect_only_the end-products:of»spallatibQJréactions'and-notfthe
lmechaniSmfby,which-those products were formedsUThus~a,ieaction_in
}ﬁhiéh'fogr‘alpha particles were -emitted would give.ihe same hucleus_as.
‘ bﬁé inﬂwhich,eight deuterons,or<eight‘protons-énd.eight-néutrons.were

" boiled off. TIn the tantalum spallation date some additional conclus
 é;on§ concerning,the mode -of formation of the spallation prddﬁc%s”may
ﬁeﬁiﬁferréd.frgm,a_comparisonmof.the.cross-Secfiéns,er»formation”of
;'im%67_aﬁd'im168a ﬂinfthisicaseijl68 is aushielded nuclide-and,mayfbe
Afofmedﬁoﬁly‘bypSPallationfof five protons -and nine neutrons (or’
“combinations .of these) from the target nucleus. fThulium-lGY,vhbwever,
.:.iniaddifién,to.being,formed,by,direct spallation .of five protons and
'1£en ﬁéutrOnsﬂffdm tantalum; could have been formed by beta decay of

167 167

members of the mass number 167 chain with higher Z; i.e., Yo ', Tu ',

67 167 167 67

’Hfl ', Ta 5 and.W -, Since Tm; ~and Tﬁl68vare'neighboring‘isotopes,

it is reasonable to assume that their cross sections for fbrmation by

direéﬁ.spallation;are comparable. .In view of the fact that the -observed

67 68.th

CPOSS,SECtidH,fOT‘Tm; '.is.approximateiy,fifty“times<that-of.mml e

JCOnclusionjnaturally_follcws that most of the:observedfcross~section

67

for thé'formationnof.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 gréater than 69. .Thus a spallation process in

which fifteen nucleons are emitted will, in a great majority of casesg,

involve emission of eight nucleons as neutrons, i.e., by a reaction

of the-type'T&lBl(p,p8nxd)Ybl67, or if a'compound nucleus is formed,'

181
. Ta

seven neutrons: .T (p;7naz)Ybl67

. 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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