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ABSTRACT _

Evidence is presented here which indicates that large fragmehts (mﬁch
lafgef than alpha particles) are”émiﬁted among the competitive products of
ﬁransmutaﬁion throughout the entire range of atomic humbers of the elements.
Threshold conslderations for the observed nuclear reactions show that the
reactions are observed with small cross séctions well below the threshold
for spallation reactions in which the maximum number of alphavpérticles are
considered as being emitted from £he_excited nucleus. The céiéulated o
thfesholds‘include the mass difference Between the reactants #nd fﬁe products
and the excitaﬁion energy which the product particles or fragments must. have
in order to pass over the coulombic barrier. Preliminary expériments on the
ranges.of recoil fragments from copper irradiated with 340-Mev ﬁfotbﬁé.éive
ddditionalvevidénce for the emission of heavy fragments. It is suggested
that the term "fission" is proper for such.reactions throughout the eﬁtire
range of atomic numbers in which the nucleus is split essentially into

pieces of comparable weight.
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FISSION OF MEDIUM WEIGHT ELEMENTS® -

Roger E. Batzel and Glenn T. Seaborg =~

Radiation Laboratory and Department of Chemistry

University of California, Berkeley, California -
I. INTROﬁUCTION

The fission reaction-has'been observed with high energy acceierator N
projectiles for elements as 1ight as tantalum; but.has not been reported for
'mediun weight elements. Ev1dence is presented here for occurrence of reactionsv
which are probably most properly described by the term "fission" and which
seemtto'ocour with very small yield throughont the entlre region where this
tppeﬁofdreacﬁion is only slightly exoergic or even endoergie with respect
to mass balance. | |

‘ Invthe course of the detailed 1nvest1gatlon of the spallation of copper
and the varlatlon of the product yields with energy of the bombarding particle,
the threshold for formatlon of radiocactive 0138 (39—m1nute half—llfe) from
elemental copper was studied. The energetlcally most economlcal way. in whlch
Cl38 mlght be formed by spallation reactlons is by emission from the bombarded
copper nucleus of nucleons in groups such as alpha particles instead of. single
nucleons The energetic requlrement for the spallatlon reaction Cu63ﬁhpn60)0138
in whlch the maximum number of alpha partlcles are enutted, is roughly 110 Mev.
Thls'threshold includes (1) the mass difference between the reactants,and the
prodncts, and (2) the excitation energy nhich‘the alpha partiéles must have =
in order: to pass over the coulombic barrier.

The production of 138 vas definiﬁely observed at proton bomberdment
energiésfbeginning at about 60 to 70 Mev' with a cross section of some 10732 cm?, |
The cross section ihcreases rapidly to a valiue of about 10-30 c? at 105 Mev |
and theén increases:gradually to a valué of about 10727 o at 340 Mev. In

order 'to explain the lOw’tﬁreshold, it must be assumed that substantially
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lafger particles than alpha particles are emitted from the excited nucleus

and the reactions are therefore of a type which might more properly be termed

63

fission, As an example the extreme reaction Cu™ + p > 0138 + Al25 + n,

which is energetically most economical but still endoergic, has a threshold
of about 50 Mev.

This result made it seem worthwhile to iﬁvestigate another such reaction
in cdpper and to extend‘the thréshold studies to other elements in the middle
>port10n of the periodic system in order to see whether analogous'reactlons |

\

might occur as a general r'ule° The varlatlon with energy of the yields of

43,44

from bromine were studied.

66

radioactive Na 2h from copper and radioactive Sc
from silver, radioactive Nazh, Ga~", and

61

The formation of radioactive Co

72

2
Ga'”™ from tin, and radiocactive Ga66 and Ga7 from barium were also studied.

In all cases the observed thresholds wefé well below the threéholés calculated
for the reactions ih which the maximum nﬁmbér of alphé particles are emitted
from the nucled§; Additional evidence for fission of the medium weight elq—
menfs waé found from sémé pfeliminary'éxpériments on‘the ranges of recoil

fragments from copper irradiated with 340-Mev protons.

II. PROCEDURE
g,Irradiations with high energy protons were carried out in the circulatiﬁg

beam of the l8h—ihch frequengy modulated c¢yclotron, and the proton energy was
adjusted by varying the radial distance of the target from the origin of the
beam. Foil targets 5 to 10 mils thick were used.in the cases of copper,
silver, and tin. The bromine. was bombarded in.the form of ammonium bromide
powder ﬁrapped in special purity aluminum foil, and the barium was bombarded
in the form of barium carbonate wrapped in special purity aluminum foil.

Since the degradation of the energy of the high energy protons ishsmali in-

traversing the targets used, all targets can be considered thin' targets.
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The special purity ammonimm bromide was synthesized by forming
hydrogen bromide from very pure phosphorous tribrdmide and mixing the gas
with very pure gaseous ammonia in a cooled plastic container. The barium
carbonate was prepared from special purity barium chloride received from
Drs. A, J. Keyes and A, J. King of Syracuse University.

Determinations of the intensity of %he ipternal, proton beam for the
silver bombardments and the tin bombardments in vhich the yields of Ga®®
and Ga72 were studied, were made by bombarding aluminum foils in con-
Jjunction with the regular target foils. This monitor foil undergoes a nuc-
lear reaction A127(p,n3p)N324 for which the cross section has been deter-
mined as a function of the energy of the bombarding proton.2 The cross
sections for the formation: of the Na24,and the 0138 from copper were de-
termined by comparing the amounts of the isotopes formed with the amounts
of radicactive Cul4 formed by the Cul5(p,pn)Cub% reaction in a given
bombgrdment. The cross section for the reaction Gﬁ65(p,pn)0u64‘as a
function of the energy of the bombarding proton has prévionsly been deter-
mined,” The cross sections for the formation of the SdLB?LL'from bromine,
the Na24 from tin, and the Ga66‘and Ga72 from barium were calculated using
an estimated value of 1/2 microampere for the beam current.

After irradiation, the targets were dissolved and the elemental
fractibns_for the various.huclideséeparated by the chemical procedures to
be discussed in detail in the Ebcperimentai Details section (V below).
Separation procedures were designed to give a radiochemical purification
~ factor of abo'utvlo8 from all other activities formed in the target.

Counting of the activities was done on an end-window, alcchol-quenched,
argon-filled, Geiger counter tube with a mica window of ~3 mg/cmz'thickness

used in conjunction with a scale of 64 counting circuit. The nuclides
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were characterized by half life determinations, absorption measurements,
and sign of particulate radiation emitted,:,

4 crude beta—ray‘spectrometer was used in the determination of . -
the sign of the beta partieles and was especially useful where nuclides
with similar half life but differing in sign of particle had to be
resolved, :

Thresholdslfor the various reactions include the mass difference -
between the reactants and products and the.excitation energy which the
nuclear fragments or-alpha particles must have in order to pass over
the potential barrier. -Where available, measured mass values for the

reactantsegnd,producfs«were”usedgin meking. the mass balance. The. masses

of radioactive fragments formed or. considered as being formed as products . .-

of the nuclear reaction were calculated by adding the mass equivalent of -
the decay energyﬂof»the;radioactivé‘nuclideVﬁc the mass . of the stable .
daughter nuclide., -

The excitation required for the passage over the potential barrier
was calculated assuming that the fragments are spherical and tangent at.the
nuclear,radii<(taken as 1.48 x IO"lB;A}/BAcm).,,Calculations of the
coulombic energy requirements for reactions in ?hich a number of alpha.
particles are emitted were made on the basis that the alpha particles come
out consecutively. The coulombic requirement for each alpha particle was
.calculated_on the basis of the alpha’parficles being tangent to the daugh-
ter nucleus and as an éxample, for the reaction Cu63(p,pn6a)0138_the first
alpha particle is assumed to be tangent tO'CO59 at the nuclear radius, the
second tangent toﬂq,Mn55 nucleus, etec.

,The“experiments on the determination of . the apparent average ranges

of the recoil fragments from.copper irradiated with 340-Mev protons were
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done in the circulating beam of the l84+inch,cyclotron. Pieces of nylon
(0.5 x 2.5 em) were placed on,both sides of the copper foil (0.5 x 2.5 cm)
to cateh the_recoilnfragments.'1After irradiation, the'piedes‘of copper and
nylon were dissolved, carriers added,-and the elemental fractions wepe o
separated and measured. . -

The ranges of the;recbil’fragments=w§re_éalculated‘onvthe basis.of
an isotropic distribution and: constant range for the recoils.. The copper @ =
foils were thick relative.to the range of the fragments observed. The
ratio of. the number of atoms of a nuclide appearing in the nylon catcher
foils to, the number of .atoms in the copper were related .to the ranges by the
following treatment of- the data..

By integration, the expression,

R |
05 | (ewR)ax = Var

where R is the range of the fragments in the copper and x is the distance
from the surface of the copper, shows that 1/4 of'the‘fragments formed in a
thickness R of the surfa¢e -of the copper will appear in. the catcher foils.
The relationship R = (44p/ApoT)T, where R is the range of the recoil frag-
ment, Ap:is the activity collected in the catcher foil, Apor is the activity

in the copper foil plus that caught on the nylon, and T is the thickness of
the copper, gives the range R of the recoils in terms of the information

determined experimentally, . -
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. III, RESULTS =~ -
*. +A,." Radioactive Products from Copper

;Radioactive‘0138;~-;The‘calculated.thfeshold for the spallation

reaction Cul?(p;pnéa)C138 is about 110 Mev while the threshold for the
extreme reaction Cu63 + P e Cl38 + A1”5 4 n is abouth5b Mev,

A plot of the cross sebtion”forrformatioh of3C138 from copper is
given in Fig. 1. The cross section rises rapidly from 70 Mev to 105 Mev
and then intreases: gradually:to a valué»off4'xv10’29 cm?'at 346 Mev.';Bé—
low 70 Mev the: level of activity formed was so low that identification of
the GlBS;WaSQndt:possible,‘butfabove 70 Mev the nmuclide was identified in
all cases through chemical separation, measurement’ of half-life with a
Geiger counter, and observation of the sign of the beta particles with a
simple beta-ray spectrometér.

With cross Sections‘sq 1ow,_ap immediéfé question is that of impuri-
ties since a small amounﬁiof iﬁpufitjmwith a:higﬁ>éross section for formation
of 0138 might be a source of the observed activity. Special purity copper
foil was uged and a spectrographic analysis submitted with the copper shows
less than 0.00007 percent iron, less than 0,000l percent nickel; less than
0.00005 percent chromium, and less than 0.0001 percent sulfur (the sulfur
analyzed cheimically).: As an additional check, radioactivation methods were
also ‘used to check for all possible impurities which might account for the
observed yield of 0138;' The results of the activation experiments are
listed in Table I..

Except for the value listed for scandium, the cross sections for
formation of the 0138 listed in column two are experimental results from
' irradiations of the corresponding elements in column one. The cross section

value for scandium was estimated from the observed cross sections for
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Table I

__#...f..,.«.. -,‘ o TR . W i

Examlnation of Poss1b1e Impurlty Contrlbutlon to Observed C138 Aot1v1ty
- “from Copper "

ISR IS

Ratio of 038"
“Cross.section for. % Impurity necessary %Impurity . to. Cl34 formed .. .
formation of (138 +to explain observed dstermined in bombardment

Element at 85Mey - activity.. . .. ... . of element

K a0 e .. 50,001 - <0.01 (Spect.) . . 0.06 ... .
Ca .. <107%7 . . ... >0,001. - <0,0001(Spect.) - 0,10 .- .
Se  <107R7.r. ov o0 0,001 ::: ,<0.000L(Rad.).

Ti .n<107R8 . 4 . ...>0.0016% .. - '.<0,0001(Red.) . -, .10,0 -

v ;<10728. Cowons vs 20,01 ﬂ@»”; --<0,0001(Rad.)

cr - <1070 e e 2001 L. o <0401 -{Spect.): .

b ‘, i Ty
calcium and ¥iténium, 'Column thiee lists the amovnts of the different

elemental impurities which must be present in thé speéial purity copper to -

producefthé*nUmber‘of5é£Oms*of the70138 observed’ in the chlorine fraction

isolated from the irradiated copper. Column four lists the limits set on'
the actual’ amounts of fhe'elemental“impurities presént in thé special purity ”
copper as determined by spectrogrephic and radioactivation methods. Column.
five glves the ratlos of the amounts of the 0138 to the amounts of 0134
observed 1n the chlorlne fractlons separated from the respectlve elements.
after 1rrad1at10n wlth 85 Mev-protons.' The ratlos 1lsted may be compared.lpd
with the ratio of two observed 1n the chlorlne fractlon separated from the rtﬂd
spe01a1 purlty copper 1rrad1ated w1th 85—Mev protons.

Pota551um as a p0851ble 1mpur1ty 1n the copper, whrch mighb‘be a source
l38 :

of the observed C , can be ellmlnated on the ba31s of the ratlo of the

number of atoms of Cl3 formed compared to the number of atoms of 0134
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formed in bombardment of potassium with 85—Mev-protons as shown in Table I,
aside from the fact that potass1um is not a llkely 1mpur1ty in electro—
plated copner.A Ca1c1um 1mpur1ty was ellmlnatod as a p0551ble source of thek
activity”bj”edﬁSidefétiénSKShoWh.in the above table: amounts of calcium. ..
present, cross sectlon for fornatlon of 0138, and ratio of 0138 to 0134
Scandjium and tltanium were ellmlnated as pess1b1e impurltles in the copper o
by cross section considerations.and_resultSTCffradioactivation‘analyées
performed 'by ‘irradiating the.copper with BOAMev'protoﬁs and determining the
amount of radiocactive Sc44 formed. This separation of s also served

as a check on the caleium since Sc# could be formed by a (p,xn) reaction
on calcium. The radiocactivation analysis for:vanadium was performed by
comparing yields of radiocactive Crsl formed in 30-Mev proton bombardments
51 fofﬁé&'in‘fhé”eoﬁﬁef foil under‘similar"f

138

of vanaditwmi With the amount of Cr
bombardment conditions.: The very small cross section for formation of C
as listed in Table I makes it unlikely for chromium or any of the heavier
mediumhweightAelemenﬁs.toﬂbe‘present-in amounts -which would COntribufe to
the 0133 observed since their cross sections for formation of 0138 in
bombardments with 85-Mev protons would be lower than that obtained.for -

chromium,

Radioective‘Ne24 -=- The threshold for the reactlon Cu 3(p p3n9¢)Na

should be about 170 Mev of whlch 100 Mev is due to mass difference and 70

Mev to the coulomblc requlrement For the extreme reaction

Cu63 + P —— Na24 + k39 + n, the calculated threshold is about 50 Mev.,
The Na24 was characterlzed by absorptlon and half-1ife measurements.

A plot of the cross sectlon for formatlon of the Na24 agalnst the energy

of the bombardlng proton is shown in Flg.kl.. In addltlon to the fact that

no amounts of 1mpur1t1es were found in the copper which could explain the
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cross eectiogs.for,fqrmation‘ofasc44 from the elements above vanadium woudd: '
become increasingly smaller in.this energy range so such impurities are not. -
likely.. Spectrographic apalysis‘of«thegammonium'bromide,usedfaS*targe?ssiﬂ“"f
material,ehowed’less than 0.001 percent .calcium. Scandium, titanium, vanad- :
ium, chromium, manganese, iron, cobalt, nickel, copper, zine, and gallium
were not detectable in the4spectrographic.analysisl The 1limit set on the
amounts- of. any, of these'elemenpsgpresenﬁﬂis-Q.Ol percent. - A 1limit of less

than 0,00015, : percent iron-impurity was:set .by colorimetric methods.

VRC. Radloactlve 0061 from Sllver
61 -

The productlon of the nucllde Co from 51lver was studled as a -

\

functlon of energy, but the results must be termed borderllne due to a

small amount of copper 1mpur1ty present in the 81lver. Slnce the 0061

is formed as a spallatlon producb of copper, it was necessary to deter—

mine the amount of copper 1mpur1ty present in the 51lver and the radlo—
actlvatlon method was used Results of the experxments showed l X 10—3

percent copper. The varlatlon w1£h energy of the cross seotlon for for—h.
mation of the 0061 from cooper was determlned and the contrlbutlon of the

Cob formed from the copper'lmpurlty was subtraoted from the total act1v1ty‘
of - Co61 formed durlng bombardment of the ullver. Resolutlon of the activ1tydhl
showed thap abou; equal amounts were formed from the 31lver 1tself and from
the O OOl percent copper 1mpur1ty in bombardments at 180 Mev.‘ The observedr
cross sectlon for formatlon of 0061 from.51lver at thls energy is about
1032 cm2 D L T il ,

For the reaction 1n whlch the dax1mum“dumber of aloha partlcleo are

emitted, Ag107(p,p6nlOcOGo‘}, the caloulated threshold is about 210 Mev.

of which about 90 Mev 1s due to mass dlfference, and for the reactlon

Ag107 — Co61 + Sc45 + 2n, the calculated threshold 1s about 60 Mev. ‘
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Attempos wore madevto oootlnuo‘the cross‘éectlon work at energles lower than
180 Mev, but the problem of res olv1ng the Co61 act1v1ty formed from the small
amount of copper 1mpur1ty and that formed from the 81lver alone becomes in-
creablngly dlfflcult since the eross sectlon for formatlon of 0061 from
silver becomeo smaller as the energy of the bombardlng proton 1s lowered,

61

while the cross sectlon for formatlon of Go from the copper 1mpur1ty is

relatlvely constant in thls energy range.
‘D, Radioactive Products from Tin

Radioactive Na?4.—— The caleulated threshold for the reaction in which'

the maximum number of alpha particles are emitted is about %425 Mev of which

230 Mev is due to mass difference. The extreme reaction

OSn118.+ D o> Na<4 +é40Zr94'+'n, which is exoergic with respect to mass

5
difference. by about 8 Mev, has a calculated threshold of about 50 Mev.

The plot of the cross section for formation‘of the Na? versus energy i
is shown in'Fig. 2. The cross section values plotted are good to a factor
of two'and possibly better since all the irradiations were carried out ‘
under conditions where the beam'intehgity should have been the same.

The point at 75 Mev.represen£o an upper limit for the yield, since the -
activityoin‘the sodium fraction was too small to identify positivelyias‘Nazé
The shape of the excitation function almost precludes the possibility of -
impurities:just above sodium in the periodic table. The spectroscopic

analysis showed the tin to be 99.999 percent pure with no impurities detec-

table which could explain the.observed activities.

~Radioactive>Ga66 and'Ga72;-~.Thefcalculated'thresholds’for-the~nué

clear rea‘c:tions.Snlls(p,?nl@cc)()r:;al‘?.")*.?zau‘:d"'Sr‘xlla(p,anlOc;‘)Gei.fe)~6 are about 230"

and 280 Mev, reSpectively, and for. thé.extreme reactions
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sulle + p 5 G724 Ca%5 + 2n and Sntl8 + 6a® + ca®? + 4n the
thresholds are about 70 and 20 Mev, respectlvely. ‘The.threshelde for fef?
matlon of Ga66 and. Ga72 from some of the other tln 1sotopes may be lower by“

4

several Mev, but, the examples calculated glve apprOXJmate values upon which -

to base our reas onlng;

The purlfled galllum fractlon 1solated from the bombarded tin showed
the characterlstlc activities of Ga66(9 S-hour half-llfe) and Ga72 (14 .3~
hour half-llfe), and the absorption curve of Flg. 3 shows the presence of

66

the ~ 3-Mev posgitron characteristic.of Ga - The gallium activities were
idehtifiable at energies of 150 and 180 Mev with.cross sectiensfbaeed on
elemental tin of about 10'32 cm?-and with the value at the higher energy a
factor of about two times higher than that-at the lower energy. Apounts -of
gallium activity formed in bombardments of tin at 100 Mev were too small to-
identify definitely and.no;gallium-activity was. observed in the gallium
fraction. separated from - tin bombarded with 80-Mev protons.

The spectrographic analysis presented with the special purity tin
ghowed less-then 0.0001 percent arsenic, and no zinc, gallium, or germanium
were detectable, The variation of the yield of Ga66 with energy of the bom-
barding particle rules out the probabllity of the. obhserved activilty coming
from'zinc‘or:gallium since the cross section for formation of Ga66 from

zinc or gallium would rise as the energy is lowered from 180 to 80 Mev,

while the;yield‘of_Gaéé;from‘the tin falls off as the energy is lowered.

66

E. Radloactlve Ga and G 72 fr

on Barium
The caleulated threshold for the reactlon Bat> /(p,ZOnlBG)G
gbout 270 Mev (200-Mev' nass difference’ and 170-Mev potential barrier). : For

137 66 60

the extreme reaction Ba ™™ + p s> 0o 4+ Fe " + 12n, the calculated

threshold is about 150 Mev,:  The threshold for formation-of Ga72 by &
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similar-extreme reaction is some 40 Mev lower. .
The gallium fraction isolated from barium irradiated with 335-Mev .. -

% end Ga 12, .The cross = -

protons showed. the characteristic activities: of Ga
sections for formation .of these nuclides are about equal and are around
10731 gm?, ~The .special puritY’barium contained no spectroscopically .
detectable impurities .with the:exoepﬁion}of aitrace:of:iron, - Only the, ;.
single irradiation was performed due to the lack of sufficient eeecial
purity barium,.but_the‘observedkoross-seotion is in line with: the others

reported and seems to indicate that the gallium isotopes are probably

formed by a.fisgion reaction.. . .

‘F;> Ev1dence from Recoil Experlments

Some reoent experlments on the range of re001l fragments from.copoer
bombarded w1th BAO-Mev protons have been done in congunct;on W1th thls work
Preliminary results indicate that larger fragments than alpha partlcles mnst '
be emitted from tﬁe'bomberded ouoleﬁs’iﬁ-order iovexplein’tﬁe'ooserved"
energiee;of the recoils. o o o - l>

Assumiog enlieotropic dietributlon for'the.recoll fregmenfs from rhe
1rrad1ated copper (as dlscussed in the "Procedure" section (II)), 1t was |
found that Cr49 nuole1 have an average apparent range of about 0. 3 mg/om
of cop"er agalnst the directlon from whlch the in01dent protons approach the’l
target and a range of about 2.5 mg/cm of copper with the dlrection of the
beam, U51ng the formulas for stopplng power developed by Knlpp and Tellez‘ZF ;
for calculatlng the energy losses due to electronlc and nuclear 1nteract10ns, '
the energy of the re001ls agalnst the beam was found to be about 1 Mev
and with the beam, about 13 Hev. - | |

There is a distortion of the recoil distributlon, due to the momentum

imparted to the nucleus by the impinging proton, causing more recoil nuclei
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to appear with the beam and fewerragainsf'thefbeam‘.“Sincelthe*rangesvwere'
calculated ‘on' the basis of an isotropic distribution for the recoils, the-
calculated range wirh'the besm is larger and that against the beamn is -
smaller ﬁhénfthe5ac%ual-rahge.frThe”range'distrlbution‘Was corrected
assuming 5 Mev'as the kinetic energy that the‘cri!*9 fragment, received when
the exciteéd copper nucleus splits, and assuming that the excited nucleus
has had momentum transferred to-it by the'impinginé proton equivalent to
1 Mev of kinetic energy for the excited nucleus. VThe corrected ranges were
about 0.6 MQ/cm2‘of"COpper'agéinst the beam and about 2.2 mg/cm? of
copper with the beam, and are equivalent to energies-of'about 2.0 Mev and
10 Mev, resnectively. These energles corresnond to 5 2 Mev of kinetic
energy 1mpurted to the Cr49 fragment when the exclted nucleus breaks
up and correspond to a momentum transfer to the copper nucleus equlvalent
to about l Mev of klnetlc energy.

A reecrlon which seems to explaln the observed re0011 energles is |
Cué3 + P e cré9 + 012 + 3n The cl? would leave the excited nucleus
with a klnetlc energy of about 20 Mev which 1s gust equivalent to the
height of the potentlal barrler, and w0uld glve a re001l energy to the Cr49
of about 5 Mev. Explanatlon of the observed results in terms of the emlssion
of smaller fragments such as neutrons, protons or alpha nartlcles would
requlre a great deal of asymmetry in both the energy and distribution of the‘
partlcles in the process of the break down of the excited nucleus. Th?,
Observea transfer of momentum to the copper nucleus corresponds to an |

Y

exc1tatlon of the nucleus whlch would be con81stent with the reactlon
l

written. In llne w1th the results of the previous sectlons, it seems

reasonable to assume that a reactlon of the type wrltten for the formatlon

of Cr49 1s correct

.',?.
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IV. DISCUSSION - - oo o o 0 wnin ol o e

The coulombic energy requirement for; the emission of the"charge parti-
cles inhthe;above;reactions;gives‘rise:td.aplarge contribution .to the .. -
calculated threshold; and -the possibllity:of .the alpha.particlesﬁbeingn_n:;
emitted at energies well -below the top of the coulombic barrier should.be -
considered since in some cases the obser&ed thresholds exceedithe valueg of -
the mass reguirements alone,: Calculations'of: the transmissiOn*chfficient5
for the:coulombic barrier;show that the time required_fbr & succeéssion:.of -
alpha particles thbe,emitted‘with;excitation;energies;well below:thé top
of the barrier is too long to allow-thngtypeﬂof;nﬁclear;réaction to compete:
with other reactions,in which neutronSSandfprotonsq(coming’out,overnthe! e
barrier) are emitted. It ié;possible,:however,‘that the’coulombic require-
ment islloweredksamewhat-due to the:éffective_lowering-of,theupotential
barrier at high excitation~energies.6 rrhe<onlyuobserved5thresholdswwhichu
are borderline are those of the‘Goél-from”silvérjanleaééﬂand:G 72 from
barium. The other;thresholésgatelwell below tﬁe“values which conld be .
expléinéd’bylpenetration'or-an.effective;lowering of the‘barriér_at the ’
high excitation energies. ..

The shapes of.thegexcitation'curves’fg;_the_formation of'Naz4 and 0138-
from copper are quite similar in the low energy region..  This similarity
could be attributed to the fact that they are formed by reactions which - - -
require-about the same amount of excitation energy. The extreme fission
reactions have. about the same threshold and the Na24 fragment corresponds .
to a very reascnable  complementary fragment corresponding to 6138; :/The
excitatlon curves for the fprmation,df,Nazé'and Glzszfrom'copperfprobably
represent sums of several reactions contributing to the total observed.

cross section.. In-the low energy range:the main contribution is probably

g R
PSS -
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that of the pure fission reaction whilg'as'the ehergy is raised, reactions
in which smeller fragments are givénvbffﬁbegin“téfcohtribute'to;the“total“‘
reaction. At the high énergy end spallation rea¢tions probably begin to -
contribute markedly. :The difference :in the two curves &t the higher energies
is probably -due to the larger-contribution of the direct formation of c138
by spallation reactions, = ! ;

It is interesting to note that the emission of.nuclear fragments a °
little larger than alpha particles has- been obServéd‘in high enérgy nuclear -
reactions ot medium weight elements, 'The™ammer tracks" of 118 are very
well“known in reactions induced by cosmic radiation and have also been
idenfifiedlaévaﬁréécfionipréduct:of-340—Mev5proton’and i90-Mév deuteron -
bombarditents of..some of the~médium'Weight»eléments;? Evidence has also
geen found. for the existenCQ.Of'lithiumwiéotopes as a reaction product of
50~ t63340;.Mév“~proton and . helium ioh | bombardments of tin.8 Radio-
active Be’ has also beer identified as a product of 340-Mev proton
bombardments of -some. of the medium Weightvelements.S“THeaVy!fragments
have also beén observed in reactions induced by cosmic radiatiohs;g’lo’II'

Apparently when the energy'threshold requirements. are met, large
fragment55areLémitted-among the competitive products of nuclear reactions
throughout the entire range of atomic numbers of the elements, This-is
certainly not surprisinggand'the measured yields reported here ‘seem to be
quite reasonable. It seeﬁs certain that. the size of the fragments varies
continuously .from those (neutrons, protons and alpha particles) which
accompany what;éfe éénvenieﬁtly called spallation resctions, through: -
intermediate 'sizés (for ‘éxample, Lig; ete.),and on up to sizes such that the
nucleus is split- essentially into sevéral pieces of comparable weight.
Apparently ‘a number of ‘Téactions in which there occurs:the latter type

of nuclear splitting have been observed in the present investigation and
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perhapg the-term "fission" is-as proper.a:name as:any to apply: to:the -
process. 4s a result of this work it seems that fission reactions oceur ;

in all nuclei if the necessary-excitation enepgy:-ls-avallable,

v EKPERD&ENTAL DETAILS b
V.aé.. 184-inch Gyclctron Bombardments B
a1 targets were bombarded in thcvinternal beam of the 184-1nch B
cvclotron F01ls were used as £a;éét nn%e;1;18“1n the cases of the)copper;‘>
silver, and tln, for the bromincincngardments very pure ammonium bromlde -
powder wrapped in spec1a1 purity aluminum foll was used, and for the

.Ai\ o
s ~“

barium bombardments, very pure barlum carbonate wrapped in the Special
purity alumlnum fcil was used These targets were. mounted on the end of
a movable probe and the energy of the bombarding prctcn was selected by R

an accurate adaustment of the radial dlstance from the orlgin cf the beam o

FPR AR ',»v Ve

to the leading edge of the target.

The maximum. energy.of.the bombarding proton iﬁ?a“fP?FF49§x9£¢?h%C?9§ial
distanﬁe;from;the,crigin_cffthc«beamﬁto»theglgading;edge;of<tnektargetafand ;
since the variation of-the energy with-radius is known precisely, the =~ -
precision:with;which:the,bombardﬁng-cncrgy cen be selected depends on the-
measurement, -of . the distance;fromnthe,leading,edge'of the target to the -
origin of the beam.' The measurements, are probably good to within 5 Mev- . -
at energiesiofnloo_Mev._,Thecspreadgin_energies;of the particles for a
given radial;.setting varies from aboul 3 percent at 348 Mevito - °
15 to 20 percent at energies; around 60 :t0.70 Mev. This spread:in ~ "= & »iuuw
the energy.of the particles does not affect the maximun energy cﬁ the:
‘particlgsgiorxa gifen?r&dialgggttingmﬁiﬂﬁg;the*spread'iﬁudueﬂtOithewfaﬁhir‘
that gome;0£;thevpaths=ofwthe&paniigles; thoﬁgh=cireul&r;;have'centers;

whigh opcillate abowt the onigin -of:the beam;, and the.fixed eireulay path -
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gives the maximm énergy to the particle for a given radial setting of the’ -
target.
..+ B, :Chemidal Separatict Procedures -

The chemical separation procedures must meet severe requirements since

the amount of 1nterfer1ng radloact1v1ties must be reduced to such a degree
that the nuclldes of 1nterest can be accurately measured by thelr char- ‘
acterlstlc radlatlons. The cross sectlons for formatlon of the nuclldes o

produced 1n the targets bombarded 1n thls serles of studles vary from L
about, 10 24 cm down to the observed cross sectlons of about 10 “2 cm2.

b N

Since the number of atoms of the radlonuclides whlch were studied here :

.,)

were extremely small compared to the number of atoms of the 1nterfer1ng
radi01sotopes, 1t was necessary that the chemlcal separatlon procedures ‘

8

give a radloactive decontamlnatlon of at 1east lO from all other radio— |

act1v1t1es formed in the targets.

! ~Sodium from Copper.-- The copper target was dissolved in corcentrated

hydrochloric acid, hydrogen peroxide wasuadded and 5 mg of sodium chloride~s
was added as carrier. Carriers for ‘the elements zinc through potassium

were added, the solution-adjusted to i;iﬁ'in hydrochloric acid, and the
copper precipitated as the sulfide. Thewsoluﬁion was-boiled to dryness

to remove the excess acid, the residue:dissolved, and then the"solution

made alkaline with ammonium hydroxide,. Hydrogen sulfide-was added and the
‘Sulfides and hydroxides were precipitated. Additional-3 mg portions of
carriers zinec through-scandiumdwereVaddedland.precipifated. ‘This géa-
venging process was:repeated twice. Excess hydrochloric aeid was added to -
the alkaline:sulfide solution, the acidified solution boiled to dryn’.ess,f-

and the ammonium chldridefdriVen*off . The résidue was dissolved in water; -

the solution éhecked ‘to.make sure it was neutral, and the sodium precipitated‘
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as the sodium zincr-aranyl acetate. Two 5 ml: portiens-of zinc.uranyl acetate-.
were-uded. bo'iash the*preCipitaté, and the preeipitaté was’ then:dissolwed in -
aEsolu$e?ethylgalcoholfsaturated withihydrogen chloride’ gas’ Thé»résulting foa
solution was cooled in an ice bath and the sodium chloride'sepafatedﬁby RN
centrifugationi The SOdiumichloride'precipitate;waS‘washéd;wiﬁh avﬁfmixﬂ:‘w
portion of theralcohclwhydrogen:bhlcride;sblutién."The‘soﬂiﬂm chloride was:
dissolved dn water and the solution neutralized with potassium hydroxide.
The sodium-was again precipitated as sodium zinc uranyl acetate, and the : -
precipitate:was then washed -with addition&l zine uranyllacetaté-and dig=
solved 1n absolute alcohol saturated with hydrogen chloride. An additional
portlon of the alcohol~hydrogen chlorlde solutlon was added to wash the ‘
precipltate, and then the precipltate was trangferred to a plate for | 'i

countlng.

Chlorine from Coppér.-~ The: copper .target was dissolved in concentrated

nitric acid and 5 mg»of;chlqriné as sodium chloride added to ‘the solution,.
‘The chlorine-was distilled and frapp%d;in'a.solﬁtian-made up of 3 to 4mk -

of water:icontaining: 2 to'3 drops of .concentrated nitric acid, and sufficient -
silver’ nitrate to predipitate tﬁéz5umg éf;chlorine-as‘silvervchloride. The .-
resulting solution waS&heétedvalmQSt to bdiiing.to”coagulate the precipitate.
The precipitate wls separated and washed with:dilute nitric*acid;ﬁ The.silver»
chlbrideiwaS‘dissolvedrih»ammonium:hyﬂroxide andfcarriers.forlzinc,.coppeni
nickel, cdobalt,:and diron added.: The ferric hydroxide preéipitaterwas re-
movedwbyieentrifﬁgaﬁiontand:a slight excess of ‘dodine added as ‘sodivm @ "
iodide. Théwsilver*iodide precipitate was removed, the solution made

0.5N in nitricracid, :§ to- 10 mg of bromine added a3 -sodium: bromlde, the -

bromide and ‘iodide oxidized with: persulfate, and the bromine and- iodlne
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distilied; "8ilver nitrate was added to the solution"and-silvér chloride -
was precipitated again, The precipitate was washed with dilute nitric acld .
and redissolved. in dilute'ammonium-hydfoxide; Carriers~f6r:zinc; copper,>'
nickel, cobalt, and iron were again added and the ferric hydroxide precipi- .
tate removed. The solution was ac1d1f1ed with nitrie acid and the 51lver
chloride reprecipitated. The steps’ for separatlon of bromlne should not .

be necessary, but were used.in order to' provide for the eventuality of a

very small amount of selenium impurity in the copper which might form SOmé

interfering bromine radicactivities during the bombardment ofithéﬁcopper.~

Scandlum fron Bromine.-— The ammonium bromide powder was dlssolved in

water, 5 mg of scandlum carrier added the solutlon adjusted to a pH of 3 0,
and then transferred to a separatory funnel (con31sting of a 40 ml call—
brated centrifuge cone with a stopcock sealed to the bottom)¢ Ten ml of‘
0.5M thenoyltrifluoroacetone in benzene was added and the mixture stirred
for 5. minutes.to extract the: chelate compound which sqandiﬁm forms with

the thenoyltrifluoroacetone., The organic»lajer-containing“the scandium
was washed 3 times with 10 ml portions of 1N hydrochloric acid, Five mg
each of arsenic, selenium, and germaniﬁm carriers were. added. The solution:
was made alkaline with ammonium hydroxide and hydrogen sulfide was added to -
form the polysulfides of selenium, arsenic, and germanium. The scandimm
precipitates:as the hydroxide from this alkaline solution."Thebprecipie |
tate was washed with-amonium sulfide &nd the scandium dissolved in 6
hydrochloric acid. Iron and gallium -carriers were added and‘extracted-ffom-
the acid solution with ethyl acetate;. Approximately 5 mg of arsenic

carrier was added and arsenic: sulfide precipitated.  Another.5 mg of

arsenic carrier was added and the arsenic again precipitated as the sulfide,
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The ;solution was made alkaline ;with amsonium hydroxide to precipitete the ... .
scandiume§sgmhe;hydr9xida~fa$betp:ecipitatafwassdissolved in hydrachloric. ;...
acid and the solumlon adjusted :to.a- pl-of 3:0,; - . The-scandivm wasqext;acted

with 10 ml; of .0.5M .thenoyltrifluoroacetone,: the organic layer washed with o »
water, a@dnthe=scandium“extractedrﬂromwthe'organicnlayer:withf1N=hydro*r.
chloric-acid... The solution. containing the -scendium:was.adjusted:to O. 5N...

in hydrochleric.acid, and 0,2 ml of 27N-hydrofluoric acid was added-to .. -
precipitgte scandium fluoride.. The precipitate was washed with 5 ml of ... v
0.5N hydrochloric acid ¢_ogtaining.z2»dr§ps. -of 278 hydrofluoric acid.. :The. == . .
scandium fluoride precipitgte was. dissolved.in sulfuric acid, the hydros. .. ..
fluo;igbgqiq;d;stillgd,vanq@thejs§a351um precipitated és_the.hydxpxide,,.,,”,,n

4

Gobalt from Sllver.~- The s11ver ta;get was dlssolved in nitric acid

5 mg of cobalt added, and the silver preclpitated as 51lver chloride.
Approximately 5:mg of iron carrier was added and the solution madeslkaline
with ameﬂ%umahYdrqxid¢;geThe'ferriqahydnoxidﬁrprécipitaﬁe wvag washed with.
hot ammoniun chloride.and tie wash added to:the gupernatent. solution. ...
vApproximgfelx.5img39f;stpqn;ium;cayrigrfwag,added,and‘strogtium carbonate .- -
precipitatedlby_a@ding\sodium“canbbnape,tgihe strontivm . carbonate precipi~:
tation w58¢rep@ated;andgtheasupernatant;sqlution:adjusteduto~O;Bﬁvin::
hydrochloric acid. Five mg portions of cadmium, palladium, and copper

carrier were added to the solution and the sulfldea preclpltated with

hydrogen sulflde. The supernatant solutlon was made alkaline with ammonlﬁm
hydroxade and the cobalt prec1pitated a8 cobalt sulflde., The prec1pitate o
was washed wlth wa£e£ to remove the ammonium sulflde and then dissolVed in

- AT Ple IR
nltrlc ac1d Sllver carrler was added to the solutlon and 51lver chloride

preclpltated to ‘remove any silver which might not have been removed "Thé

B I I S ik PR SRS



solution was made alkaline with potessium hydroxide and thé cobalt hydroxide -

precipitate’ rémoved. - The -cobalt hifdroxide wis dissolved in acetic aeid '~

and potassium cabaltinitrite precipitated by adding: an’equal’volume of

a2 hot eaiﬁrétéd'SOIuticn“ef-pctaseiumfﬁiﬁritetdehe'precipitatemwas washed
and then~diss01védfiﬂ“coﬁééhtrated:hydrdchldfic'éeia."The’Soiution~was o
adjusted to OﬁlN*infhydroehlcfiéaacidv.éndﬂj*é%ofvSodium ﬁhiocyanatefaddedf*’
The thiocyanate complex ion- of*cebalt was. extracted into a:one “to-one
mixture of amyl alcohol ‘and diethyl‘ether. The cobalt was extracted from L
the alcohol-ebher Iayerfwith’6§WQQueous;ammonlumuhydrpx1devand ‘the cobaltr
precipitaﬁéd*asvthe'sdlfide;E7The'eulfide préciﬁiﬁete'ﬁas~diseolved‘iﬁ e
concentrated nitric acid, the sélution neu%ralized”with pctaséium hydrcxide{7 
and then aCldlfled wlth acetic acld | The CObalt was precipitated in the .

flnal form as potas51um cobaltlnltrlte._

«s@diﬁﬁefrdmeini-a?Thexséparatioﬁ of ‘the godiuwi from the tin is almost

] .

the same asthat for the ‘separation fromi copper. Diffegeﬁt“éarrieré;-‘l
ruthenium, - palladium; molybdemnum, silver;*étrqﬁtium}‘rﬁbidium;‘1Anthahum,
iron, and caleium were added and then precipitated’ several times to remove
 the interfering‘activities; The“subéeduent scdium*ﬁrecipitations‘were :

carried out ‘in the manner given -in the ‘section on "Sodium from Copper!

Galllum.from Tln.-— The tin target was dlssolved in concentrated hydro-

i

chlorlc ac1d w1th Just sufflclent concentrated nitric acid added dropwise

"

to speed the dlssolv1ng of the tin. F1ve mg of galllum carrler and "holdm_ 7
back" carrlers for 1ron, antlmony, ruthenlum, and molybdenum were added to
the solutlon. The solution was adjusted to 7,75N 1n hydrochloric a01d and

the galllum extracted w1th 1sopropy1 ether. The ether layer was washed six
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times with.10 pl -portions 9f,7,75§_pydnpéhlorip:gcid, .The gallium .wag; .- -
extracbed.from the ether layer with water. - The vater layer was adjusted.. .. .
to 1ﬂ€%g;herqphlpxicJacid and the:gulfideswprepipitatéd.withfhydrogen
sulfide. Milligram amounts of molybdenum, antimony, and palladlum were
added’ to the supernatant soluticn and the sulfldes precipitated. Mble-
denum, antimony, and’ palladium carrlers were agaln added and the sulfldes -
precipitated, Three mg of antimony carrier was added to the supernatant |
solution and antimony sylfide precipitated, The antimony sulfide precipt-
tatio%?wggvtgpeated3threg;mopg ﬁi@gs,j_mhe sypernatant solution was béiled,.
to remove the hydrogen silfide and then adjusted to 1N inrsodium.hydrqxideQ
The ferricinQ;wh;ch fq1lows”th¢Jgalliu@_through;the-phemicalsseparationél,
precipitatég here ag_;he hy§rbxide;; Three mg of strontium was added and.

the strontium precipitated as the carbonate.: Flve mg of iron-carrier was. -

added and the hydroxide precipitated. ‘The solution was adjusted to 7.75N. =

in hyd;qg@%gricﬁgqid and the gallium exﬁracfed with isopropyl ether, The. .
ether layer was washed three‘timeﬁ with 10 ml portions of 7.75N hydrochloric .
acid, and,the$g§l¥ium wag_extrécted_fromlthe ether layer with water, Five
mg of rg@hgnium.ga;:iér;and 5 ml of concentrated perchloric acid were. added
and the;gggg;t@ng'solﬁtiqn}evaporatedfto.d?ypess.b.Five ml of concentrated
pefchloriqiacid was-again added and the. solution again evaporated to dry-
ness. ﬁ?he residue was«taken:qp“in,lg'hydrochloric~acid, 2 mg-of antimony , . -

carrier added, and the antimony precipitated as.the sulfide. Two mg of

antimonthgﬁ‘aga;§ adq§d,to1the solution and the sulfide precipitated. The

solution was boiled to, remove the hydrogen sulfide and adjusted.to a pH of - .
5.5 with sodjum hydroxide to precipitaie gallium hydroxide. The hydroxide
precipitate was dissolved and adjusted to 7.75N with hydrochloric. aecid.

The gallium was extracted with isopropyl ethér and the ether layer washed



-26= "

twice with'10 fl portions of 7.75N hydroehloric acid: *The gallium was
extracted from the'organic layer iith water and' tHe Water layer adjusted
to a pH of '5.5 with scdium“hydfoiide”tofpfécipitaié'the*galiiuﬁ‘h&droxiaé.~”

R

Galllum from Barlum.-— The procedure used for the chemical separation L

\

of galllum from the 1rrad1ated barlum was essentlally the same as that

descrlbed 1n the sectlon "Sodlum from Tln "

Chromium frem Copper.-- Thé irradisted copper or-the nyidhfcatéhér:"‘:
foils weré dissolved in coficerntrated nitric acid énd the nitrate converted
to the'chloride by boiling with hydrochloric aaid;fkcarrieféffar the
clements ‘caléfum through zine were added, the solutior adjusted to 2§°
in hydraéhlbriénaaia, and - the copper precipitated as the sulfide.’ The
supernatant §6lution -was made alkalire with ammonium hydroxide and the
alkaline' sulfides precipitated. 'The precipitate was dissolved in don~
centrated nitric acid and manganese dioxide precipitated by adding potas-
sium’chlorate. The supernatant solution was adjusted to abouﬁ‘o;Lg in'
nitric acid, and cooled in’'an icé bath. Hydrogen peroxiaé’waé'addea to
form the blué péroxychromic acid which was extracted into dieéthyl ether.
The ether layer was washed four times with ‘5 ml, portions of watér scidi-
fied with two drops of ‘condentrated nitric acid, - Five ml of water made
alkaline with sodium hydroxide was added to -extract the cHromium from the -
ether layer. The ether was removed by evaporation and the chromium oxi-
dized complétely with hydrogen peroxide in the alkaline solution, After
boiliﬁg-to'remove-the'eXGGSS peroxide, the solution was made slightly

acid and the chromium precipitated in-the final form as barium chromate,
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