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~ pieces of comparable weight.

FISSION OF MEDIUM WEIGHT‘ELEMENTS
Roger Elwood Batzel

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

PREFACF.

‘The acceleréfion of charged~parti§les_to energies in the hundreds of

Mev range by the Berkeley 18,-inch cyclotron has made it possible to study

a large variety of nuclear reactions. The characterization of the products

from these reactions is ddne by chemical separétions of elemental fractions
and'subsequenﬁ identification of the‘nuclides formed., - |

This dissertation inélﬁdes the results of work on two typés‘of nuélear
reactions, namely fission and spallation reac@ioﬁs.a.lnlchapter I efidence

is presented which indicateé that large fragments (much larger than alpha

- particles) are emitted among the competitive producfs of transmutation

throughout the entire rangé of atomic numbers of the eléments. Threshold
considerations for the observed nuclear.rééctions sho& thét the reaétions
are obsérved with-smqll cross sections well below the thréshold for
spallation reactions in which the maximum number of alpha particles are _
consiéered astbeing'emitted from the excited nucleus. .The calculéted thres~
holds include the mass difference between the reactants and the prdducts and
the excitation energy which the productrﬁarticles (or fragments) must have;
in order to pass over thé coulombic barrier; Preliminary experiments on

the ranges of recoil fragments from copper irrediated with 340-Mev protons
give additiqnal evidence for the emission<of'heavy fragments. It is sugges~
te& that the term "fission" is proper for such reactions throughout the en=

tire range of atomic numbers in which the nucleus is split essentially into

=F



can [y o
)

“Ghapter 1I coﬁtains-the fesultseof the.studj of nﬁelear reactionsv
, . . -
induced in elementel eopper by irrediation with BAOmMev‘protonsg and the
reaction products cover a range from the region‘of the target nucleus to

a reglon which is removed from the target nucleus by a s many as forty or
‘more nucl.eoneo The ylelds ‘of the various products were measured, and the
reuults show that a large maJOrlty of the products result from reactlons -
\1n which’ cnly a fractlon of the total energy of the incident proton is
leftnwith the"nuoleus. The distribution Of the amounts of tﬁe-reection
products is in agreement with a ploture of hlgh energy nuclear reactions
_1nvolv1ng nuclear transparency and the idea that the nuclear reactlons ine

volve excitation follow1ng colllslons\and energy transfers between 1mp1ngm'

 ing protons and the individual nucleons in the target nucleus.,

A}
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CHAPTER i
 NUCLIDES FCRMED BY FISSION REACTIONS
| I. INTRODUCTION |
Thevfissioh reaction has been observed with hiéh energy éccelerator

projectiles for eiéménts as liéht és tantaluﬁl but has not been reporteé for
medium weiéht elements. Evidence is presentea here for oceury ence of reactions
which are‘proBably most'properly described by the term “fission“ and which
Seem to occur with very small yield throughout the entire region vhere this -
type.of reaction is oﬁly siightly excergic or even endoergic with fespect

to mass balance,

In the course of the detailed investigation of the>spallation of coppér
‘and the Varlatlon of the product ylelds w1th energy of the bombardlng part1- '
cle, thc threshold for ;ormatlon of raaloactlve 01’8 (39-m1nute half—llfe)
from elemental copper.was studled. The energetically most econom;cal way
in which €138 might be formed by spallation reactioﬁs is by'emission from
the bémbarded copper‘nﬁcleus of nucleons invgroﬁps such as alpha p;rticles
insteéd_of single nuéleons, The energetic feQuiremeht‘for the spallation

38, in whlch,the maximm number of alphe part;cleu

reaction Cu 3(p pnéa)Cl
are emitted,rls roughly 110 Mev, This threshold‘lncludes (1) the mass '
difference between the reactants énd the products, and (2) the éxcitation
energy - which the alphavparticles,must have in order to pass over tﬁe coul.om-
bic barrier,

a

The production of 0138 was definltely observed at proton bombardment
' | 2

énergies beginning at about 60 to 70 Mev with a cross soctlon of some 10 32 e’
- 2 |
The cross section increases rapidly te a valu@ of about 107 )O cm Jt lOﬁ Mev
and then increases gradually to a value of about 10“”7 & at 340 Mev. In

order to explain the low threshold, it must be assumed that substantially

e
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larger particles than alpha particles are emitted from the excited nucleus

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

63

fission. As an example the extreme reaction Cu™” + p > Q138 + A125 + n,

‘which is energetically most economical but‘etill‘endoergic, has a threshold
of about 50 Mev. ' | |

’ This result made it seem worthwhile to investigate another such reaction.
in copper and to extend the threshold studies to other elements in the mlddle
portlon of the’ perlodlc systéem in order to 'see whether analogous reactlons

\
might oocur as a general rule. The variation with energy of the ylelds of

L3544

, radloactlve Na?h from copper and radloactlve Sc|

61

from bromine were studled.

66

The formatlon of radloactlve Co from silver, radioactive Nazh; Ga~", and

from tin, and radioacfive Ga66 and Ga72 from barium were also studied.

In all oases the'obse?ved thresholds werelwell below the thresholds calculated -
for the reactions in which tne‘naximum numbernof.alpha particles are emitted
from the nucleus. Additional evidence for fission of the medium weight ele-
ments;was found from some ‘preliminary. experimenﬁs on the ranges of recoil

fragments from .copper irradiated with 340-Mev protons.

1. 'PROCEDURE

l

Irradlatlons w1th high energy protons were carried out in the 01rculat1ng :

s

beam of the 18h—1nch frequency modulated cyclotron, and the proton energy was ‘
adJusted by varylng the radial dlstance of the target from the origin of tne
beamol Foil targets 5 to‘lO mils thick were used in the caseSrof‘COPper;
‘silver, and tin. The bromine was bombarded in the form of ammoninmdbromide " v
powder wraﬁped in special purity aluminum foil, and the barium was bombarded ’
- in the form of barium carbonate wrapped,in special pufity aluminum foil.v

Since the degradation of the energy of the high energy protons is small in

‘traversing the targets used, all targets can be considered thinitargets.'
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The spec1al purity emmonium bromlde was synthe81zed by forming .

hydrogen bromide from very pure phosphorous tribromlde and mixing the gas

. with very pure gaseous ammonia_ln a cooled plastic container, The barium

carbonate was prepared from special purity barium chlor;de received from :

Dfs. 4,.7J. kéyes and A. J. King of Sjracuse University. '
Detérminations’of the intensity of the internal, proton beam for the

silver bombardments and the tin bombardments in which the yields of Gab®

72

and Ga'® were studied, were made by bombarding aluminum foils in con-,

- junction with the regular target foils. This monitor foil undergoes a nuc-

lear reaction A127(p,n3p)Na24‘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 Cl 38 from copper were de-

términed by oomparing the aﬁounts of the 1sotopes formed with the amounts
of radiocactive Cu 64 formed by the o 5(p,pn)C 64 peaction in a glven
bombardment. The cross section for the reactionJCu65(p,pn)Cu_.64 as a
func%ion of the energy of the bombarding proton hao préviously been detef—
mine‘d.3 The cross sections forvthe formation of theySdABWZA’from bromine'
the Na®* from tin, and the Ga66 ond qa72_from barium wero.calculated using

an estimated value of 1/2 microampere for,fhe beam current.

\f After irradiation, the targets were dissolved and the elemental

~ fractions for the various nuclides separated by the chemical procedures to

, be discussed in detail in the Experimental Details section (V below).

Separation procedures were designed to give a'radiochémical purification
. - A .
factor of about 108 from all.other activities formed in the target.

Counting of the activities was done on an end-window,'alcoholaquenched

- argon-filled, Gelger counter tube with a mica window of ‘»3 mg/cm thickness :

‘used in congunctlon with a scale of 64 countmng circuit., The nuclldes

1
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_ were charaCterized by haif 1life determinaﬁions, absgrptidn measurements,
-and sign of,partiéulate radiation emitted. -

A crude beta-ray spectrometer was used in the determination of
" the sign of thé beta pafticles-and was especially useful whefe”nuciides
with similaf,haif 1ife but.differing in gign of pafticle had to be | o
resclved.

: '-.Thresholds for the‘various reactiohs include the mass difference
'between\the_reactants and products and the excitation énergy‘which_the'”
nuclear fragﬁents or alpha particles must havé in order.tb pass over |
the potential’bar?iér, Where avail%ble, measured mass values for the
'reactants'and préduéts were useéd in making the mass balance. The masses -

. of';adioactive ffagmentsfforﬁedfor‘considered as being formed as products
of the nucléar reéétion‘were calculated by adding the masslequivalent of
~ the decay energ& of the radioactive nuclide +o the mass of the stable

daughter_nuclide; | .

The excitation required for the paséage overlthe‘foﬁential,bar?iep_h
was calculated assuming that the f:agménts aré_sphériéal and-tangent at'the
nucleaf radii (faken as 1.48 X 10-13 A;/B em). Calculations of the

, j

coulombic energy requirements for reactions in which a nﬁmber of alpha
parﬁicles are emitted were made oﬁ the basis thét'the:alpha~§articles come
“out consecutively. The coulombic requiremenf for each aipha particle- was
calculated on thehpasis of the alpha particles béing tangent to the daugh- ¥
ter nucleus and aélan example; for the;reaétion_Qué?(p,phéq)QlBSVphe:girst

59

alpha particle is assumed to be tangent to Co ‘at the nuclear radius, the
second tangent to a M2 nucleus, etec.
The experiments on the determination of .the apparent average ranges' .

,of the recoil fragments from,coppef irradiated with 340-Mev protons were

{
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‘determined .experimentally., | : -

~9-

done-in the circulating beam of ‘the 184-inch cyclotron.ﬂ Pieces of nylon

E (O 5 x 2.5 cm) were placed on both sides of the copper foil (O. 5 x 2.5 cm)

to- catch the recoil fragments. After 1rrad1atlon, the pleces of copper and

bnylon were dissolved,; carriers added and the elemental fractions Were

separated and measured.
The ranges.of the recoil fragments were calculated on the basis of

an isotropic distribution and constant range for the recoils. The copper

‘ f01ls were thick relative to the range of the fragments observed The

ratlo of the number of atoms of a nucllde appearlng 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,

0.5 (R-x/R)dx = 1/4R

S

- where R is the range of'the fragments in the copper and x is the distance
from the surface of the copper, shows that l/A of the fragments formed in a
‘ thlckness R of 'the surface of the copper will appear in the catcher foils.

The relationship R = (44r/AroT)T, where R is the range of the recoil frag-

ment, Ap is the activity collected in the catcher'foil, ApoT 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 -

~
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III, RESULTS

A. Radioactive Products from Copper

I' Radioactive-Cl38.-~.The caleulated threshold for the spallation _
reaction‘Cﬁ63(p,ph60)bl38 is abowt 110 Mev whilo thefthre51oidefor the -
extreme reaction Cu63 + P > 0138 + Alp5 + n is about 50 Mev.

A plot of the cross sectlon for formatlon of 01’8 from copper is
given in Fig,.1., The c¢cross section rises rapldly from 70 Mev 'to 105 Mev
and then increases gradually to a value of 4 '10"29 cm?lat 246 Mev, vBe-
low 70 Mev the levcl of act1v1tv formed was so low that identification of
the Cl— was not p0351ble, but above 70 Mev the nucllde was 1dent1f1ed in
all ceees-throuwh chemlcal‘separatlon, measurement of halfalife with a
Gelger counte 'y enu OboGTVlLlOH oE the 51~n of ‘the beta p rtlcles w1th a
simple beta-ray spectrometern

With cross sectlon“ 50 low, an 1mmed1ate Question is that of 1meuri~
ties since a uma11 amount of impurity w1th & high cross section for formation
of C138 mlght be a source of the observed activity. Special purity copper
foil was used and a specfrographie analysislsubmitte& with the coppef shows
less thaﬁ 0,00007 percenfviron, iess than 0,000L percent'nickel, less then
0.,00005 perceht chromiﬁm;vand less than OOOOOl'percent sulfur_(tﬁe sulfur
analyzed chemically). 'Ae an additional check, raﬂiéactivationfmethods were..
also used:to'check‘for all possible impufities which might account for the
" observed yiela of C138.'_The results of the activation experiments”ere
listed in Table I. |

Except for the value llsted for scandium, the cross sectlonu for
formation of the Cl3o llsted ;n column two are experimental results from
',irradietioﬁs of the corresponding elements in c¢olumn one. The cross section

\

- value for scandium was estimated from the observed cross sectionslyor

5
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‘Table I

‘Examinatlon of Possible Imnurlty Contribution to Observed 0138 Act1v1ty
~from Copper ;

e, - Ratio of 0138*' |
& Cross section for % Impurlty necessary %Impurity to C134 formed
formation of C138 +to explain observed dztermined in bombardment

<
.

Elemeﬁﬁ at 85 Mev - act1v1ty © of element .
K. <1027 cn? ©>0,001 <0.01 (Spect.) = 0.06
Ca <027 0,001 <(l).OOC’)l(Splect.A) 0.10
se . <107%7 0,001 <0,0001(Rad.)

Ti <10728 .- >0,0016 | :<O;0001(Rad.) - 10.0
v o o<w0® o001 . <0.0001(Rad.)

cr - <1029 | 3 - >0.1 © <0.01 (Spect.)

calcium and titanium, 'Column three lis ts the amounts of the different
elemental 1mpur1t1eg which must be present in the spec¢al purity copper to
proauqe the number of atoms of ‘the 0138 observed in the chlorine fraction.:
1sol*tcd from the irradiated copper. Column four lists the limits set on
the actual amounts of the élémental impurities present in the special pﬁrity.
copper as determined by épecffographic and radidaétivati§n methods.  Column
five gives the ratios of the amounts of the 0138 to the amounts of Cl34
=Qbserved in.the chlorine fractions ééparated from the_respective elements
after irradiation‘with 85 Mev;protons; The_éatios listed may be compared -
with the ratio of two observed in the chlorine fraction separated from the.

~ special purity éopper irradiated with 85-Mev protons.,

Pétassium as a possible impurity in the copper,_whibh might be a source

of the observed C138, can be eliminated on the basis of the ratio of the

number of atoms of Cl38 formed compared to the number of atoms of C134
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formed in‘bombafdment of potassiuh_with 85;Meﬁ protons'es egown in,Table I,
. aside fme theofaet_thet potassium is not a‘likely impurity.in_eléctro—v
.pletea copper; 'Calciuﬁ impuritj.wes'eiimineted:ae a poseible source of the”
ectivity'by consideretions‘shown in the above table: amounte’of calcium
“present, cross section for formetion of 0138, and retio oval38 to 0134._
Scandium aﬁd titanium were elimineted‘as'possipie.impurifiee in fheicopper
by crossvéectioh considerations and. results of radicactivation analyses
performed by irradiating the copoer with 30-Mev protoﬁs.andodetermining the.
amount of radioactive Schh formed. This separation of Sc[“4 also.eerved\\~
”as a check on the calcium since Sc could be formed by a (p,xn) reaction
on calcium. The radioactivation analysis . for vanadium was performed bJ
~coﬁﬁafing ylelds of redloactlve Crs-l formed in 30-Mev proton bombardments

51 formed in the copper foil under similar

of vanadlum with the amount of Cr
bombardment conditions. . The very small cross section for formaticn ofv9138
eAs li%ted in Table I makes it uhlikely-for chromium or any of the hea&ier-
meq1uﬁ w01ght elcment to be pres ent in amounts which would contribute to
'the 013 observed s1noe thelr cross sections for formathn of’ 0138 in -
bombardnents Nlth 85~Mcv protons would be loweL than that obtalnea Iorv

.

'chromxum,

Radloactlve Na24 -- The threshold for the. reaction Cu.(JB(p;an%r)Naz4

should be about 170 Mev:-of which lOO Mev is due to mass difference and 70
;ev-to}the‘coulomblc requlrement, For the extreme reactlon e

oul? + p > Na?4 + K39'+ n, the calculated threshold is about 50 Mev,

-

The Na®4 was characterized by absorﬁtion and half-life measurements.

A plot of ‘the cross section for formation of the Na2 against the energy

\

of the bombarding proton is shown in Fig. 1. In addition to the fact_thet,'

ho“emounts of impurities were found in the copper which could explain the
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activity observed, the fact that the crosé_section drops so rapidly with dé—

creasing energy of the bombarding proton is also a good indication that the

‘Na24 is not formed from an impurity.  The cross section. determlned at. 50 Mev

is an upper limit 51nce ‘the observen act1v1ty could not be characterlzed
deflnltely. N
| , B, Radioactive 8044 from Bromlne

' The threshold for the reactlon Br79(p,p'7n7cr)Sc44 should e about 190

1290 0’
Mev of which #B Mev is due to mass alffe;ence and 20 Mov is required for

the potential bharrier. For the extreme reaction Br79f+p——§P34§-Sc44 + 2n
the‘calculated thréshold is about 80 Mev,

The characberlstlc J.9-hour, l 5—Mev positron dlSlntegratlon of Sc44
was observed in bomoardments of bromlne w;th 125- and 140-Mev protons,
The chemicaliy‘separated activity was chgracterized by absorption and
half-life méasurements and the observed activity would include any sci3
formed, since resolution of the ﬁwo'3;9-hdur activities was not possible.
An attempt waé made to find,the»characteristié activity of Sch4 in
bromine bombérded-with.10ofﬂev_protons; but the small dmoﬁnt of activity
could not be identified definitely. In a bémbafdment at 70 Mev, the
scandium fraétion showed'snlyv90 diéintegration; ber minﬁte of an

~ J~hour activity. Coﬁparable bombardments of bromine with 125- and

- 140-Mev protons yielded about l0,000;and 20,000 disintegrations per minute,

respectively, of the 3.9¥hoﬁr 8644. The créss section for formation of the
Schh at 125 Mev is on the order of 10“32 gm? and is in line with thé cross
section observed for the formation of 0138 from coppor.

‘ The fact that the cross section for.formation of schb falis off 5O ,
rapidly'as thé ehergy of the bombarding proton is 1owefed'f:bm 140'Mév

to 70 Mev ruies out the possibility-that the obsérved 8044 is formed from

small amounts of calcium, scandium, titanium or vanadium impurities. .The
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oroes sections for formation,ofSc44 from the eiements aboye vanadium would
fbecome’inoreaeingly'smaller in this energy.range so such impufities#ere not.
‘likelya' Spectroéfaphic'anelysié of'the‘émmonium bfomide used as tergei- :
'méterial shoWedvlese then'O 001 percent‘calcium,v Seandium, titanium, vanad- .
1uﬁ, chromlum, nanganeee, iron, cobalt nlckel, copper, zinc, and galllum | s
were not detectable'ln the-spectrographlc analy51s. The limit set on the

amounte of any of these elements pfesent is 0,01 porcent A llmlt of less .“'

than 0600015_ percent ‘iron impurity was set by,colorimetric method83=

‘. Radioactive CoPl from Silver
The production of the nuelide Co61 from eilver was studied as a.
' functloo of energy, but the resultu muet be termed borderllne due to a

61 :

small amount of copper 1npur1by preaent in the 51lver. ulnce the Co
_ds formed as a spallatlon produCu of cooper, it was neceusary “to deter-
"mine the amount of . copper inmpurity present in the ilver and the: radlo—:
‘ actlvatlonvmethod was used., Reeults of the experlments showed 1x lO =3
: percent copper The varlatlon pdth energy of the cross sectlon fOL for-
‘matlon of the 0061 from copper was dotermlned and the contrlbutlon of the
o61 formed.frOm,the copper 1mpur1ty was subbracted from the total activity
of Co6ldfoimed'dufiné bombardmeﬁt of the gilver. 'Reeoiﬁtion of<£he activity
showedvfhat'about'equal atounts wére formed fromlthevsilver itseif and from
phe 0,001 percent copper impufityvin bombafdmentseat 180 Mev. The observed
cross section for formation of Co61 froﬁvsilver at thie energy is about
1022 em?, |
7 Por the reaction in which the maximum number of.aipha pafticlee are
.emltted, Ag107(p,p6n10a)03 » ‘the oeloulated threshold ig about 210 Mev N
of whlch about 90 Mev is due to mass. dlfference, and for the reactlon

_Ag107 + P o 0061 + 0045 + 2n, the calculated threshold is about 60 MGVo
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Attempts were made to continue the cfoss section work at énergies‘lower than
180 Mev, but the problém of resolving the cobt activity férmea from'ihe small
amount of copper impurity and thaé forned from ‘the silver alone becomes 1n— |
crea51ngly difficult s;nce the cross Sectlon for formation of 6061 from
v lv silver becomeé.smaller as't1e energy of the bom burdlng proton is lowered,
61. '

while the cross section for Iormatlon of Co™~ from the copper impurity is

relatively constant in this energy range.

D. Radiogctive Products from Tin

Radioactive NaEA ~~ The calculated thres nold for the relctlon in which

“the maximum number of elpha particles are emitted is about 425 Mev of which

230 Mev is. due to mass difference., The extreme reaction .

118, 5

;OSn — Na® + 402r94 + n, which is exoergic with'respeét toimaés
difference bj about Mev, has a calculated thresmold of about 50 Mev.

The plot of the cross section for formation of the Na . -versus energy
ks sﬁown in Fig, 2. - The cross*section’values plotted are’good‘ﬁo a féctor
-of two:and ﬁossibly btetter since all'the irradiations were carriéd‘ouf

“under conditioﬁs where the beam intensitj should.havé>been‘the same.

The point at 75'Mév represents an upper 1imit.for the yield, sinée the
activity in the"sodium fractioﬁ was téo small to’:'Lclc-zm;if'i positively é; ﬂazA
The shapc of “the ez OJfatlon funcUlon almost preclud s the possibility of
1mpur1tles gust above'sodium in the periodic table. The’ upectioscoplc

analysis showed the tin to oe 99, 999 percent pure Ulth no impurities detec-

v ~ table which could explain the observed activities.

N

.66

adloactlve Ga anlea72,- Tﬁe calculated thresholds for theanr

clear reactions Snlla(p,7n10a)Ga72 and Snllg'(p,lfztha)Gao6 are about 220

and 280 Mev, respectively, and for the extreme reactions
. o ) : (



. Sﬁllsv+ pf____> Ga7? + Ca%% + 2n énd‘Sn;lg + p’;_,_> Ga66.+ ca*? + 4n the
thfesﬂolds are aboﬁt 70‘and<90-Mev, respectively, Thevthresholds’for.fpr-
mation o£ Ga66 and Ga72 from some of the other tin isétopes,may be.lOWer by *

i -

»sévefal Mev, but the examples calculated give approximate values upon which

-

to base our reasoning. Coo J— ._.::_.*;““
| The purified gallium fraction isolated from the bombarded tin showed
the characteristic activities of 6a®6(9, 5-hotr half-life) and Ga’? (14.3-
hour.hélf-life), and the absorption curve pf Fig.VB sh0ws'the pfesence of

Ga66

the ~ 3-Mev positron characteristic of *?. The gallium activities. were
AY \ . ' .

, idehtifiéble at»enefgies of }SO-and 180 Mev Qith cfoss sectidns based on
elgmeﬁtal'tin of about lO"32 cm2 and with the value at the,ﬁigher.energy a
factor of about two times hiéher'than that at the lowef energy. Amounts of
vgallium activity formed in bombérdménts of tin at 100 Mev were tod small to
identify definitely and no gallium activity was observed in the gallium
fraétion separated from tin.bémbar&ed with 80-Mev: protons.

The spectroéraﬁhic analysis presenﬁed Qith the épeéial purity tin

showed less than 0,0001 percent arsenic, and no zine, gallium, or germanium

66

“were detectable, The Variatioﬁ of the yiéld.of-Ga with energy of the bom=

barding particle rules out the probability of the observed activity coming
‘from zinc or gallium since the cross section -for formation of a0 from
zine or gallium would rise as the energy is lowered from 180 to 80 Mev,

while the yield of-GéééAfrom'the tin falls off as the energy is lowered.

E. Radioactive G366 and Ga’'® from Barium
The calculated threshold for the reéction'Ba137(p,20n13a)Ga66 i

o
15

\ .
sbout 270 Mev (200-Mev nass difference and 170-Mev potential barrier), For

the“extreme reaction Bal37 66.@ Feég + 12n, the calculated

+ P —> Ga

threshold is about, 150 Mev, The threshold for formation of Ga’< by a
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eimilar'eiféeﬁe'reecﬁion>isdeoﬁeeAO ﬁev,lowef.~

Tﬁefgallium'fraction isolated,frcm-barium;irradieted;withf§35eMev -v
protons showed the characteristic activities of 622 and Ga’2, The cross
seCtions.for formatioc of these nuclideS'arebabout.equal_and are aroﬁnd

\

1033 cmzr The special'purity barium contained no’spectroscopically
detectable imnurltles with the exceptlon of a trace of 1ron._ Onlj the
31ngle 1rrad1atlon was perLormed due to the lack of uuff1c1ent speclal
purity barium, but the observed Ccross sectlon is in llne W1th the others

reported and seems tO'lndlc ate that the galllum 1sotopes are probably

formed by a flsolon reactlon.

- F. Evidence from Recoil Experiments

Some recent experiments on the range of recoil fragments.from copper
bombardeo with BAO-Mev protons have been’ done in conjunction w1th this work,
Preliminary results 1nd1cate that larger fregments than alpha partlcles must _'
be emitted from the bombarded mucleus in:order to explain fhe_observed
energies'of the recoils, .

Assuminv an isotropic distribution fop the recoil f“agmenfs ffom the
1rrad1ated copper (as discussed in the "Procedure" sectlon (II)), it was
found that Cr49 nucle1 have an averaﬁe apparent range of about 0.3 /cm
of copper agalnst the dlrectlon from which the incident protons approach the
target, and a range of about 2.5 mg/cm of copper with the olrectlon of the
beam, Using the formulac for stopping power developed by Kni pp and Tellel‘ZP
for calculating the energy 1ossee due to elecpﬁonic andlnucleér interacticns,pp
-the energy of the recoils‘against theibeem;wes found po be about 1 Mev’zﬂ
and w;th phe'beaﬁ; about 13 Hev.

There is a distortion of the révoil dietributiop; due to the momentum
imparﬁed to the nucleus by the imp%nginé_proton; ceusing more fecoil ndclei_v

{ ’
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to appeer wifhvthe'beam and fewervegeinsf the beam. SinceAthe_ranges were
v_calculated cn.the basgis of en.isctropic distributicn for the'recoils, the
calCulated range with the beam is larger and that against the beam is
‘smaller than the actual rangec, The rénge distrlbution was corrected
assuming 5 Mcv as thc klnetlc energy that the Cr49 fragment recelved.when
,the excited copper nucleus spllts, and asuumlng that the e101tec nucleus
’ has had momentum transferred to it by the 1mp1ng1ng proton equlvalent to
1 Mev of kinetic energy for the ex01teo nucleus. The'corrected renges were
1‘about 0.6 mg/cm of copper against the beam and about 2.2 mg/cm of
copner w1th the beam, and -are equlvalent to energles of about 2.0 Mev and
10 Mev, respectlvely. These energles coxresnond to 502 Mev of klnetlc
energy 1mp4rted to the. 01'4'9 fragment when thc ex01tcd nuclcus breaks
up end correspond. to a momentum-transfervtc_the copper nucleus equlvalent l
to about'l Mev of kinetic energy. |

| A reaction which seems to explaln fhc obs erved'recoillenernies‘is
.VCu63 + P — Cr49 + 012 + 3n "‘The 012 would leave the excited nucleus
~with a kinetic energy of about 20 Mev which is just equivalent to the
heighf of‘tne potential barrier, and wculd give a recoil‘energy to the crd9
- of abcut 5 Mev,' Explanafion of the observed results inlterms of the emlssicn
of smaller fragments such{as neutrons;_protcns, orvalpha rarticles wduld
require a great deal'of asymmetryvinfboth thekenerg and dlstrlbutlon of the
purtlcles in the process of the break down of the eXC1ted nucleus° The
observed‘transfer of momentum to the copper nucleus corresponds'to an
excitation of the'nucleus which would be consistent with the reaction
writtenl In line with thewresulrs of,the previous section53 it seems
e,ressonable to assume that a ﬁgacticn of the type written for-tne fornation

of Cr49 is correct°

[
w
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, v. DIS‘.CUSS.ION |
The coulombic energy requirement for the emis31on of the charge parti-

cles in the above reactions gives rise to a large contribution to the
.calculated threshold and the possibility of the alpha particles being

emitted at energies well below ‘the top of the coulonmbic. barrier should ‘be
‘coneidered since in some cases the observed thrcsholds exceed the values of |

the nags roquiroments alone. Caloulations of the transmiss:on coefficient5
‘for the coulonbic barrier show that the time roquired for a succession of

‘alpha particles to be emitted ‘with excitation energiee well below the top
' of the barrier is too long to allow this tvpe of nuclear reaction to compete
with other reactions in which-neutrons and protons (coming out over the
barrier):are'emitted. It is possible,Fhowcver; that the‘coulomhio‘requiren'
, ment is lowered somewhat due to the effective lowering of tho potential |
- barrier at high excitation energies.él The only observcd threshclds which

are borderline are those of the 0061 from silver and . Ga66 and Ga72

from
barium. The othor thresholds are well below the values which could be
explaincd by penetration or an effective 1owering of the berrier et the .
high ex01tation energies.

Thc snopes of the excitation curves for the formation of Ns24 and 0138 B
"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
: reenire aboutfthe.sane anount’of'exoitation energy. The'extreme fission. |

reaotione;hsee'abont the same’threshold andlthe Na24_fragment'corresponds
"to'a~very'reasonable'complementary'fragment corresponding to 0138 J'The
excitation curves for the formation of- N324 and 0138 from copper probahay

represent sums of several reacticns contributing to the total observed

cross_section.‘ In the low energy range the main contribution is probably
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‘that,cf'the-pnre fission neection while-as'the energy'is raised reactions
in whlch smaller fragments are given off begln to contribute to the total
reactlon. At the hlgh energy end spallatlon reactlons probably begin to
contrlbute markedly. The dlfference in the tuo curves at the higher energles
-:.1s probably due to the 1arger contribution of the dlrect formatlon of c138
by spallatlon reactlons°

It is interestlng to note thet the emigsion of nuclear fragments a

T

11tt1e larger than alpha partlcles ‘has been observed in hlgh energy nuclear

reactlons on medlum welght elemen‘bs0 The“hammer tracks" of L18

are very
well known in reactlonu 1nduced by cosmic radiatlon ‘and have also been
1dentif1ed as a reactlon product of BAO-Mev proton and 190-Mev deuteron :
bombardments of some of the medium welght elements.7;,Ev1dence has elso

., been found for the eX1stence of lithium 1sotopes as a reaction r%odnct of
EO0~ o 34ol;ﬁev proton and belium_idn bonbardments 5fl£inQ8r-RadiO‘ l'a
active Be’ has also been identified'as a product of 340-Mev proton
bombardments of;some of the medium‘weight elements,g' Heamy fragments

~have elso-been‘observedvin reections induced bybcosmic fadiationso9’lo7ll"

' Appafently when the energy'bhreshold'requirements afe met, large":
fragnents are emibbed.emong the comnetitive nroductsoof nuclear reactions
throughout the entire range of atomic numbers of the elements. This is |
‘*certalnlv not surprlslng and the mc sured yields reporteﬁ here seem to be
'vqulte reasonable, It seems certaln that the size of the fragments-varies
COntinnously from those (neutrons; protons and alpha particles) which
eccompany what are conveniently called spallation reacbions,,tbrough .
intermediate Sizes_(for exanple, Lia, gﬁge),and on.up to sines‘such that bhe
"nucleus is split essentiélly intc several'pieceslof coﬁparablecweighto

Apparently a number of reactions in which there occurs the latter type

of.nuclear splitting have been observed in the present investigation and .



perhaps the term ﬁfission" is-as'proper a name as eny to apply to the
process. 4As a result of this work it seems that fission reactions occur

in all nuclei if the.necessary excitation energy is avallable,

'V, EXPERIMENTAL DETAILS
A, 184-inch Gyclotron Bombardments
A1l targets were bombarded in the internal beam of the l A-inch
cyclotron. F01ls were used as target»materlals.ln’the cases of the copper,
silver, and tin; for the'bromine bcmbardments Very pure‘emmonium bromice
powder wrappea in scecial‘purity alumiﬁﬁﬁ foil was usec; and for the .
barium bombérdments,'vefy pure barium ca:boﬁate wfsﬁped in the special

0y

purity aluminum foil was used., These targets were, mountcd on the end of

- a movable probe and the energy of thc bombardlng proton was Sclected by

an accurate adjustment of the radial_dlstance from the origln of ‘the beam

'to the leadlng edge of the target.

3

The maximum energy of the bombcrding proton isva/fuﬁcticn'cf'the radial
distance from-the origin of the beam to the leadihg edge of the target, and

since the variation of the energy with radius is known precisely, the

A

vprecision with which the bombarding energy can be selecteﬁ depends on the-

measurenent of the distance from the leadlnp edge of the target to the

‘orlgln of the beam.” The meas urements are probablj good to w1th1n 5 Mev
at energies of 100 Mev. = The spread 1n energles of the partlcles for a

‘glven radial setting varies from about 3 percent at 348 Mev to

15 to 20 percent at energies around 60 to 70 Mev. This spread in
the energy of the particles does notjaffect the maximum energy of the

particles for a given radial setting since the spread is due to the fact

Ay

- that some of the paths of the particles, though circular, have centers

which oscillate about the origin of‘the beam, and the fixed circular path

- [N
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givgs the maximm energy tobthe particle for a given radiai.settihg of the
target; N \ | |
B. Chemical Separation Procedures

The chemical sepération procedures‘mnst meet;severe requirementsﬁsince._.
the amdunt'of interferiﬁg radioactivities must be reduced to such a degree
that the nudlides of interest can be acéﬁrat;iy measured by théir char- =
acteristic radiations. Th§ cross sections for formation of the nuclides
 produced in the targets bombarded in thisrseriesnof studies.vary from |
. about 10~2%4 cm?bdowh-to the observed cfoés sections éf about 10”32 cm26
Since the numbér of atoms of the rédiénuclides which were éiudied:here
wefefextremely Smali compared to the number of atoms of the'interfering
radioisotﬁpes,»it wa.s necessary that the chemical separation'procedurés

8

givé‘é radioactive decontamination of at least 10 from all other radio-

activities formed in the targets. : : l

‘

Sodium.from.Cogper;-~ The cdpéer'target was dissolved in cpncéntrated
hy&rochioric QCid,jbydrogeh peroxide was added and 5 mg of sodium chloride
was added as carrier, ‘Carriers for ﬁhe elements zine through potassium
were added, the solution adjusted to 1.5N in hydrochloric a@id, and fhe
" copper precipitated as the sulfide. ‘The solution was boiled td dryness. -
to remove‘the ékcess‘acid, fhéiresidue aissolvéd; and then the soiutionJ_
made élkaline gith ammonium hydroXidé. .Hydrogen sulfide Qas added and the
'sulfides and hydroxides were precipitated, Additiongl 3 mg portions of
carriers zine through scandim were addea and EreciﬁiyatedQV This sga—'il
ivenging:procés;‘wés,repeated tﬁiée,' Excéés hyﬁrochloric acid was added.to
the alkaline sulfide solution; the,acidified solution boiled té’drjhess,;

and the ammonium chloride driven off. The residue was dissolved in water,

the solution checked to make sure it was neutral, and the. sodium precipitated - B
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‘counting.
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as the sodium zinc uranyl acetate.:-Two 5 ml portions of zinc uranyl acetate

were used to wash the precipitate, and the precipitate was then dissolved in

'

absolute ethyl alecohol saturated With‘hydrdgen chloride gas, - The resulting

solution wag .¢ooled in an ice bath and the sodium chloride separated by

'céntrifugaﬁion. The sodium chloride precipitaté was washed with a 5 ml

portion of'the alcohol=hydrogen chlofide’solution. The sodium chloride was
diésolved.in wéter and the>solutioﬁvnéuf?élized with potassium'hydroxide;v
The sodium ﬁas again precipitatéd as: sodium zine uranyl- acetate, and the
prebiﬁitate was then washed with édditidhal zinc uranyl,acetate and dis=-
solved in absolute alcohol saturated with h‘yd‘r_bgen chloride. An additional
portion-of'ﬂhe élcohoiuhydrogen chloride solution was added to wash the

precipitaté, and then thelprecipitate,was transferred to a plate for

Chlorin€é from Copper9~~'The copper target was dissolved in concentrated

v

nitric.aciﬁ and 5 mg of chlorine as sodium chloride added to the solution.
The chlorine was distilled and trapped in a solution made up of 3 to 4 ml

of water containing 2 to 3 drops of concentrated nitric acid, and sufficient .

silver nitrate to precipitate the 5 mg of chlorine as silver chloride. The

resulting solution was heated almost to boiling to coagulate the precipitate.

The precipitate was separated and washed with dilute nitric acid, The silver

- chloride was dissolved in armonium hydroxide and carriers for zinc, copper,

nickel, cobalt, and iron added. The ferric hydroxide precipitate was re-
noved by centrifugation and a slight excess of iodine added as sodium

v

iodide. The silver iodide precipitate was removed, the solution made
P D ) ‘

0.5 in nitficvacid, 5 to 10 mg-of bromine added as sodium.bromide, the

‘bromide and.iodide oxidized with persulfate, and the bromine and iodine

v

~

Fl 1
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distilied. ' Silver nitrate was édded to the'solutiOn aﬁd'silvef.chloride
;'wasjprecipitated again, 'The precipitate was washed with dilute nitriec acid

and redissolved in dilute ammonium hvdroxide. Carriers for zinc, copper,

nickel, cobalt and iron ‘were again adaed ana the ferric hydrox1de p*ec1p1—

ktate'removed ' The solutlon was a01d1fieo with nitric a01d and the 51lver
ehloride'repre01p1tateq9‘ The steps for separation of bromine should not
bevﬁecessafy, but were used;in orderfto provide for the eventuelityvof_e
very small emoun’c,,. of seleniun impurity in the copper which might form some.

+ interfering bromine radioactivities during the bombardment of the copper.

Scandium frori Bromine.—— The emmpniUm bromide powﬁer was Glssolved in
water, 5 hg'of'scendium-carrier added, the solufion adjusted to a pH of 3.0,
aﬁd_then‘transferred'to a separetory\fupnel (consisting of a 40 ml cali-
bratéd‘centrifuge cone with a stopcock sealed to the bottom). Tenfmi of
‘O,ig'thenoyltrifluoroacetene in benzene was added and the mixtﬁreAsﬁirred
for S'minuteswto extract the chelate cempeund‘Wﬁich scendium forms with
the thenoyltrifluorcacetone. The organic layer containing the scandium .

wae'ﬁaéhed 3 times with 10 ml.poftiens of'iﬂ hydrochloric acid., ,Five ng -

- each of arsenic, selenium, and germanium carriers were added. . The solution‘

was made alkaline with ammonium hydrox1de and hydrogen sulflde was added to

o form the polysulfldes of selenium, arsenlc, and germanlum, The scandlum_

prec1p1tates as the hydrox;de from this alkaline solutlon. .The precipi~.

i tate wa.s washed w1th ammonimm sulfide and the scandium dissolved in 6N
hydrochlor;e acld.4 Iron and gailium carriers were added and. extracted from

‘.:the acid solution with_ethyl acetate. Approxnmately 5 mg of arsenic

carrier was e@ded and arsenic sulfide precipitated. Another 5 mg of

i

'arsenic-carrief was added and the arsenic again precipitated as the sulfide.

$
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The solution was_méde alkaline.with.ammonium.hydroxidg to p}ecipitate the
scandimm as thevhydroxide° The precipitaté waé dissolved in hydrochloric

. , , : o
acid and the solution adjusted to a 'pH of 2.0, The scandium was extracted ',
with 10 m1 of 0,5M thenoyltrifluordaéetone, the organic layef washed with
water, ané the scandium extracted from thevorganic layer with 1N hydro-
chloric écid,v The solution containiné the scandium was adjusfed to Ooiﬂ‘
in hydrochloric acid, and 0.2 ml of 27) hydroflupricfécid was . added to

precipitate scandium fluoride, The precipitate was washed with 5 ml of

0.5N hydrochloric acid containing 2 drops of 27N hydrofluoric acid. The

scandium fluoride précipitate was dissolved in sulfuric acid, the hydro-

fluoric acid distilled, and the scandium precipitated as the hydroxide.

Cobalt from Silver.-- The silver target was dissolved in nitric acid,

5 ng of cobalt added, and the silver precipitated as silver chloride,
Approximately 5>mg of iron carrier was added and the seolution made alkaline
with aﬁﬂoﬂium hydroxide. The ferric hydroxide precipitate was washed with

hot ammonium chloride and tie wash added to the supernatant solution.

Approximately 5'mg of strontium carrier was added and strontium carbonate

‘_precipitated by adding sodium carbonate, 'The strontium carbonate precipi-

tation was repeated and thewsupernatant solution adjusted to 0.2H in
hydrochloric acid, FiVe(mg portions of cadmium, palladium, and copper

carrier were added to the solution and the sulfides precipitated with

hydrogen sulfide, The supernatant solution was made alkaline with ammonium

hydroxide and the cobalt precipitated as cobalt sulfide, The precipitate

was washed with water to remove the ammonium sulfide and then dissolved in

!

nitric acid. Silver carrier was added to the solution and silver chloride -

precipitated to remove any silver which ﬁight not have been removed, The
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' scldtign wae:mede.alkaline nith botessinm hjdroiide and thebcohelt}hydroxide..
precititate'remoted " The cobalt hydroxmde was dissolved 1n acetic acid
“vand potassxum cobaltinitrite precipitated by adding an equal volume of
'a hot saturated solution of pota551um nitrn.te° The preclpltate was washed
.and then dissolved incconcentrated hydrochloric acldo,_Thevsolutlon‘was

adjusted to 0.1N in'hydroohloric ecid, and B'g of sodium thiccyanate added, o

‘-'dThe thlocyanete complet 1on of cobalt was extracted 1nto a one tp one’

mixture of amVl alcohol and diethyl ethero The cobalt was extracted 'from

",the alcohol—ether 1ayer w1th 6N aqueous ammonium hydrowide‘and the cobalt

-~ precipitated as the sulfide. The sulfide precipitate was dlssolved in
concentrated nltric acld, the solutlon neutrallzed w1th‘pota551um hydroxide )
and then ac1d1fied with acetic acid. The cobalt was precmpitated in the

'final form as pota581um cobaltlnltrlte. .f

Sodium from Tin° The separatlon of the nodlum from the tin is almost
the same as that for the separation frcm copper, leferent carriers,'
"ruthenium, palladium, molybdenum, 31lver,,stront1um, rubidium, 1anthanum,

' iron, and calclum were added and then prec1pitated several tlmes to. remove_»
' -the interfering act1v1t1ee. The subsequcnt sodium pre01p1tatlons were‘

' carried out in the manner given in the sectlon on - "Sodlum from Coppen

Ganium from Tin,-- The tin target was dissolved in concentrated' hydro;” .
“?chloric &Cld with Just suff1c1ent concentrated nitric acld added dropwise

'f to epeed the dlssolv1ng of the t:Ln° ‘Five mg of" galllum carrier and "hold-
"back" carriers for 1ron, antlmonv, rutheninm9 and’ molybdenum ‘Wwere added to »‘

- ‘the solntlon, The solution was adjustod to 7. 75N in hydrochloric aeid and

~ the gellium'extracted with 1sopropyl_etherc The ether leyer was washed ‘six
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timeé Qith-lo rl poﬁtions'of 7°75§_hydroch1$ric acid, The gallium was

extracted from the ether layér with water. Tﬁe.watér’iayer wasiadjusted.-

' to lﬂ in hydrqchloric-acid;ana the sﬁikides precipi%ated with hya;ogeh |

sulfide, 'Milligram amounts 6f moijbdenum, antimony, andbpalladium were

"édded_to the supe?natant'solution and the sulfides precipitated, Molyb-
'denum, antimony, and palladium carriersrwere agéin added and the sulfides!

' precipitated, Three.mg'bf antimony carrier was added t§ the.supernatant

‘ solution and antimony sulfide'precipitated.A The antimony sulfide precipi- .

itation was repeatéd three mofe times, The superﬁatant soiﬁtion was ‘boiled
tb\remove the hydrogen'sulfidé and then adjustéd to 1N in sodium hydréxidé,': 

The ferric ion which folibws.the gallium through the chémical sep&fations
precipiiates here_as the hydroxidg, Thfee mg of strontium was édded'and
the strohtium precipitated'és the éarbonate. Fivé mg of iron carrier was

added and the hydroxide precipitated, The solution vas adjusted to 7.75N

' + in hydrochloric acid and the gallium extracted with isopropyl ether, The

cther layer was washed three times with 10 ml portions of 7,75N hydrochloric
aéid, and the‘gallium-w;s extracted from ihe.etherdﬁ&er.wiﬁh Qatero -Fiﬁe |
mg.ofnruthenium carrier and 5‘ml of concentréted perchloric acid were added
“and the reéﬁitiné solution'evaporated to:&ryhess. Five ml of concentrated

\

~ perchloric acid was again added and the solution again evaporated to dry~- .

ness, The.résidue was taken up in 1N hydrochldric acid, 2 ng of antinmony
ICarrier addéd,~and the antimony preeipitaﬁed as‘the sulfide, Two mg of
antimony was agaiﬁ addgd to fh@ solution and the sulfidé precipitateda‘ The
solution waé'boiled-to remévevthe hydrégen sulfide‘an& adjustéd to‘a pH of j 
5.5 with éodiﬁm‘hydroxide to.precipitate géllium hydx’okide° The hydfoxide‘
precipitqte wasvdissolved éna adjusted to- 7.75N with hydrochloric acid,

- The gallium'was extracted with isopropyl ether'and the ether layer washed
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twice with 10 ml pértioﬁs of 7,758 hydrochloric acid, The gailiumvwas
extracted from the organic layer with water and the water layer adjusted

to a pH of 5.5 with sodium hydroxide to precipitate the gallium hydroxide.

‘Gallium from Barium.-- The prqcedure'used for the chemical separatibn th
of gallium from'the irradiated barium wés,essentially the same as that

described in the section "Sodium from Tin."

Chromiug;frcm Copper .—=The irradiated copper or’the nylon'catcher
foils wére dissolﬁed in concentrated,gitric aéid and the nitrate converted
-té the éhloride by boiling‘with‘h&drochloric acid;’ Carriers for the
eiements éalcium through zinc'were.édded;,the soiution adjusted to 2N
in hydrochlorié acid,_and ‘the copper preCipitatéd as the sulfide. The
supernatanf solution was made alkaline with‘émmonium hydroxide andhthe
élkaline sulfides precipitated, >The precipitate was dissolved in con—
'éentrated niﬁric acid,and mangaﬁese‘dioxide'precipitated by adding pofas- o
sium chlorate."The:supernatant solutibn was adjusted tbiabout 0.1N in
niﬁfic acid, and cooled in an ice bath, Hydrogen peroxiaéIWas added to
form the‘blué‘péroxychromic acidehich was. extracted into. diethyl ether,
The etﬁer layer‘waS'washed_fdur times with 5 ml pprfiéns of vater adidi-
fied with two drops of concentrated nitric acid; Five ﬁl of water madé
alkaline with sodium hydroxide was added to extract the chromium from fhe
ether layer., The ether Qas_remqved by evaporation and_ﬁhe chromium oxi-
dized completely with hydroéén peroxide in the alkaline solution.;,Aftér .
,boiling_to remo?e'the,excess peroxidé,'tﬁe éolutioh wvas made slightly
- acid and the chromium precipitated in the final form as barium chromate,

V




CHAPTER II
NUCLIDES FORMED Bf SPALLATION RTACTIONS
I, INTRODUGTION

The acceleration of charged pafticles to engfgies in the hunareds of
Mev range by the'Berkeley 18/~inch cyclétron.has made it possible to study‘n
‘uclear reactioné invwhicﬁ thé reaction products cover a range from the
region of the taxget nucleus %o a reglon which 1s removed from the target
nu@lﬂus by as many ss forty or more nuuleonsolz The term "spallatlon"
has been suggested to describe this type of transformation in which the
~excitation of the nucléus iéhdegraded‘fy'emissidnvof sﬁall nuclear frag-

ments such as neutrons, protons, deuterons, and alpha particles.

N ’

Some of the results of spallation reactions induced with high energy
deuterons and alpha'particles.have been reported previouslyolzml6’ The
’pfesent_study coﬁsists of the determination of the radioactive products
-formed by.fhe irradiation of elemental b@pper with 3404MeV'p?0t@nSo'

vThe observed spallation produﬁﬁs includé’some'§5 nuciides from sodiwm »
through ziﬁc gnd the distribution of the amocunts of the reaction products
formed is in general agreement with the piature of high enprgy nuclear
reactions deseribed by Serber.1? The observed ylelds pnow the effects o
nuclear fransparencyrand are consigtent with Serber“s jdea that the nuclear
reactions involve excitation follawing collizions andveﬁergy transfers
between the impinging pPoton or the individual nucléOns in the impinging
particle in'the eése of deuterons and heiium ioﬁﬁ and thé individual nucle-
ong in the target nucleus. As would be-eipecﬁeq on this pi@ture; the pro-
ducts which afe.formed by reactions requiring small amounts of éﬁ@itation

‘oseur most frequently.

=20



II. PROCEDURE
*  Irradiations with the high energy particles were carried out in the
circulating beam of &he 184~inch frequency modulated cyclotron,‘ The tar-

gets consisted of 10 mil copper foil about 15 mm long and 10 mm wide, The -

copper strips were clamped in target holders which could be attached to the

.movable probe head of the cyclotron° Sinde the degradation of the energy

of the hlgh energy partlcles 1n passing through the 10 mil copper f011 is

only on the order of O 5 Mev the targets could be cons1dered as thin targets.
Because of the fluctuatlons in intensity of the clrculatlng beam, the |

exact amount of the irradiation of the copper target could not be determined

directly,f The -amount of the nuclide Cu61 formed during any given irradia-

tion of the copp%ﬁ was determined and by relating the amounts of the other

" 61

‘nuclides formed to the amount of Cu produced, relative yields of nuelides

Y

from any series of irradiations could be compared.,
The length of the irradiations varied from ten minutes to one hour
depending on the half-lives of the.nuclides which were to be studied. One

approximately 30-hour proton bombardment was done to determine the yields

i
*

of the nuclides with very long halfulives°
An absolute cross section for the formation of  the Cu 61 from copper

irradiateq with 340=Mev protons was determined by irradiating a piece of

AN

10 mil copper foil in the external beam of the 184=inch cyclotron, The

beam intensity was measured~direetly by meens of a Faraday Cup arrangement.

N

~ After the target was irradiated, it was dissolved and measured amounts

'of carriers were added to the'target solution, The elemental fractions were

{
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fseparated‘by the ehemical separation procedures to be discussed in the
- section on "Chemical Sepefation'?roeeduresa" The amount of carrier re- -
maiﬁing after the ohemicalfseparafien of an elementel fraction was deter-
mined by chemieel_analysis and the percent of the carrier recovered wae
taken as a measure of the percenf.of the radioactive atoms of the element
fecovered ; |

Counting of the activities was done on an endmw1ndow, alcoholmquenched
argonmfllled Gelger counter tube.w;th a m;ca window of wB-mg/cm thlckness
used in conjuncticon with a scale ef‘éﬁ eouhﬁing circuit, Theenﬁelides were

charaeterized,by halfélife deteimiﬁatiohs,‘absorption measurements, and

~

sign of particulate radiation emitted. ’

A crude beta=ray spectrometer was used in the determlnation of the
31gn/of the beta partlcles and was especlally useful where 1t was necessery
‘to resolve nuclides w1th_51m11ar halfmlife but differing in sign of partlcue
flete ra&iaﬁion.emittedo | | | ‘

- The countingvdata’were corrected‘for’windoﬁ ané air absorption9 and
in the cases where the yields are based on the counting of K xerays 2OTTen-
tions were made for the fluorescence yleld of the x:rsrays° .A.backscattering'
- correction was made only~1h‘the case of the determlnation of the absolute
61

cross section for the format 1cn of the Cu 51nce all samples were mounted

on cover glasses or 5. m:l alumlnum,andvfor uch backlng the correctlons are

almopt congtant in the energy range of the‘beta partlcles observed Nb
correction was applied for self=§bs0rptlon since the weights of the samples

 counted were almost negligible in all instances.
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ITI. RESULTS .
A, 'Radi@aetive Nuclides Identified
The characteristic activities of the nuclides discussed in thig .

section were observed in the elemental fractions separated from the

"y

irradiated copper tafgétg References fbr_most of the nuclides character-

ized may be found in the 1948 edition of “Tablejof Isotopes” by Seaborg

and Perlmanol8 Only'in the cases where information on the nuclides was

4

‘ publiéhéd in the literature subsequent to the data given in "Table of

Isotopes" will references. be cited,

63

Zinc:Fraction,mm The characteristic activities of Zn65, Zn

9 and

62

Zn~° were observed in the zinc fraction. The zn®> was counted through |

sﬁfficieﬁt\aluminum absorbér to cut‘éut comp;etely the particulate
radiétion,and x-rays, and the counting efficienéy of the 1,1l-Mev gamma~-ray
was fakéﬁ ac 1 percent? ‘The_Zn63 was chafactérized by its halfuiife and
the nuclide was'assﬁmed to decay 93 percent by positron emission and

62

7 percent by Kmeléctron,capturec The % was assumed to decay 10 percent

by positrqnlemission and 90 percent by Kucap_turel9 and was counted with

“the 10-minute Cu®? daughter in equilibrium.

Copper Fraction.-- The activities resolved in the copper fractiong
- were those of Cu64, Cu62, and Gu.61° The 12,8=hour Cu64 was ‘the longest
lived activity identified and was assumed to have a counting efficiency.of .

Y B

50 percent. The 10.5-minute Cuéz'was the shortest lived activity identified
. . " .1{4

" and the nuclide was considered as decaying completely by positron emission.

.Cuél decays 66 percent by positron emissionzo_and 66 percent was taken as

the counﬁing efficiency of the nuclide.
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Nickel Fractidn;mm The only observable a@tivities.invthe nickel

[ . 7
fraction were the 2.6-hour Nié_J and the 36-hour Ni%7. The formation of the

small amount of'Ni65 from copper irradiated with protons is probaﬁlj due to

the reaction Cués(n,p)Ni65 caused by secon?ary neutrons and will be neglected

o \ . . Q o o .
as a spallation preduci. A counting efficiency of 50 percent was used for
the Nié5 since the nuclide decays 50 percent by positron emission and

P

50 percent by orbital eledtron\capﬁureezl

i

Cobalt Fragtion.-~ The radicactivities found in the cobalt fraction

61 decayed with the

were identified as Ccél, 00589 GoSég.ana 0055° Thg Co
charécteristic 1.75=hour half-life and since it decays‘by negafron (nega~
tive be}a particle) emission ne correction was necéssany for the counting
effiaiéncyu' The Gm55 was easily resolvable and since no Kmélectron éapture'
branching has beenvreported the’counting gfficiéncy was taken as«lOO ﬁeréento
The fact that the CoSS and Co®® decay with equal half-lives and are
bothvpositfon'emitters makes their resolution difficﬁito The shape of thé
compogite poéitr@n‘spéctrﬁm from the cobalt fraction, was determined by
means of a crude beﬁa ray speé%rometer afﬁer‘the 18~hour Coss.had decayed,
The Shaﬁé of the positron sﬁec@rum for a éample'of pure Cosévwhiéh had.béen
determined‘undef similar conditions was available?'and by subtractiné the

56

contribution of the Co”” positron spectrum from the composite positron

‘specﬁrum the contribution of each nuclide to the total activity wgs obtained. ,

8

The counting efficiency of the 005 was taken as 15 percent and that of the

o0 as. 100 persent.,

Iron Fraction.-- The characteristic activities of the‘;adiawuclides

= ’ e oga - ' ’ : .
Fejgy Fe)’,_Febj9~and Fesz were identified in the iron fraction separated
. . :\. o) : I » . ) .
from the irradiated copper. The 2.9=year Fe“5 was assumed to decay complete~-

1y by orbital electron cap‘t‘ure22 and a counting éfficiency of 10 percent wag
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taken for “the x=rays. The Fe53 was assumed to decay lOO percen+ by p031tron
'emlsslono‘ The Fe” 52 was counted in equilibrium with 1ts lemlnute Mn52 daugh-
ter, - By determining the amountvof 2]l-minute Mn52v1n equilibrium with the -

52

2 : ’ .
~Fe5 and milking the 5.8-day Mn”~ which grows into the,ir¢n fraction an

estimation was made of the amountlof positron and orbital electron capture
52 |

branching for the Fe” . It .was found that the nuclide décays approximately

65 percent by positron emission and 35 percent by orbital electron capture.

Manganese Fraction,-- The radionuclides Mh56$ Mnﬁﬁ, Mn529 and Mot

wére identified in ﬁﬁe manganese fraction. The Mns6 was assumed to decay
completeiy by negatron emission. The MnS& was counted through sufficient
aluminum gbsorber to cut out all the particulate radiation and ﬁwraysg and

. & value of 0,8 ?ereent wa.s aésumed as the counting efficiency of ‘the OQSmMeV'
gamma-ray. Thirty-five percent was'taken as £he positron branching of'fhé
508¥day Mn529 and the yield for|mangénese mass number 52 is reported on the

basis of this activity. The Mn51 was assumed'to decay completely by,

positron emission.,

Chromium Fraction.-- The two activities identified in the chromium

‘fraction were those of Pr91 and C 490 Since the‘Cr51 decays by orbital

electron capture and gammamray em1551on the countlng efflclency of this
maclide would have had to be estlmated roughly, but it was pOSSlble te
determlge the counting efficiency directly by mllklng Cr” 1 from a known

amount of Mnﬁl which had dec.ayedo With the assumpt:on that Mn5 decays -

51

100 percent by p081LrAn emission, the Cr”~ was found tc have a counting
efficiency of 2.6 percent when counted in_a precipitate’of barivm chromateo

The cr*? was assumed to decay with no orbital electron eapture branching,
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‘Vanaﬁium Fractiondm%,The yield for vanadium is based onV48 which was

assumed te decay. 58 pereent by pos1tron emission. .

Tltanlum Fraﬂtlonowm The only act1v1ty’1dent1f1ed in tltaﬁlum was that”'

v.of the 3. O8mhoar TiZPS and the yleld was calnulated on the ba51s of the

nuclide decaying entlrely\by positron emission.,

- - [N

Seand1um Fraetlonomm Several act1v1t1es were observed in the

ouandlum fraetlon9 and these act1v1t1es were 1denﬁ1f1ed as belonglng to

L L6 , ,
48, 8547 864.9 S@A&m, and a mlxﬁure of ﬁhe 3, 9~hour SuAA and S@AB

‘The 3, 9~hour and 85-day act1v1t1es were easily resolvable from the deeay

' curvesy ‘but the rebolution of the 2 44mday ScéAm, the 3 Amday'8c47 and

44mhour 8048 was more dlfflcult Thevcontr;butlon of the 2 -OAAmday SGAAQ
with its 3.92-hour positron daughter in eguilibrium, to the total

activity was resolved approximétely with the crude beta-ray spectrometer.

With the positron activity resolved, the remaining'activiiy was almost

47

entirely that of the 3.4-~day S¢’, and the small amount ef 5648 aetivity

resolved was so uncertain that the yield of this nuclide is not reported.
The yield for 8043 includes the 309mhour Se44 and these nuclides were
assumed to decay completely by p051tron emlssione The yield fof 8044

was calculated on the basis of the 2044mday isomer°

Calcium Fraction .=~ Onlyﬁtwe ectivities were obseérved in the caleium
fraction., One was the 150-day CaLZPB-Xp and the other was a 4.8 +.0,2 day
beta emitter with energy of about 102'Mev as determined by an alwmminum

absorption measurement This act1v1ty 1s probably the 5 Seday scandlum

_actlv1+y reperted as Ca47 by Matthews and P@ol 23 The growth of a.

3 d~day ucandlum was observed in the decay of the ﬂalolum,fractlong and

the scandium dawvghter wae‘mllked from the fraetlona ‘The aluminum absorption



assigned to

.sufflclent aluminum absorber to cut out the beta particles of the

.m36_

measurement of this 3.4=day scandium daughter showed it to,be the activity
8047. The decay curve of the calcium fraction is shown in

Fig. 4sand Fig. 5 shows the decay of the célcium'fraction counted through
Ga* an

the Sc4 daughter,

/

Chlorine Fraction.-- The characteristic activities of 0139, 0138, and

C134 were observed in the chlorine fraction. The resolution of the 0138
and 0134 was done by determining the relative amounts of positron and
negatron presenﬁ by means of the crude beta ray. spectrometer. The 0139

wa.s resolved directly from the gross decay curve. The 0139, 013-,’and

0134 were assumed to have counting efficiencies of 100 percent;

i

Phosphorous Fract10n°-~ The ohly act1v1ty observed in the phosphorous

fraction was. that of the 14 3~day P32

- Sodium Fraction.~- Two activities were observed in the sodium fraction.

_ A ' 22 .
The 14 .8-hour Na24 was definitely identified, but the 2.6~year Na  could

be identified only on the basis of the decay during a 120-day pe:iod°

B. Yields of Spallation Products of Copper

’

A plot'of the observed yields of the spallation products is shown

in Fig. 6., The yields are given relative to Cu 61

whlch was arbltrarlly
éssigneq.a yield of ;QO, The numbers listed from the various nuclides
represent the ratios'of the number of atoms of the particular hﬁclidéé to
the number of atoms of the Cu.6l formed in copperAirradiated with 340-Mev
photons; and hence the numbers represent. the ratios of the cross éections
for forhation from eleméental copber. The cross - sectlon for the formation’

of Cu61 from elemental copper bombarded wlth_BAO—Mev protons is 1.7 x 10~ 26

-

-



QB’?&‘,

as determlned by a bombardment of copper in the external proton beam'
where the beam intensity was~accurate1y measured, Many of the values
‘fer the repafted relative yields are very dependent upon the counting
efficiencies assumed (g.g., orbital electron eapture)gvandiwhen these

efficiencies are better known the yields can be recalculated.

IV, DISCUSSION

A, "General Observations

The wide aistributian and large numbef of radionuclides formed &g
épallation-ﬁredu@ts of copper are immediately abparent from a study of

g oAb :
Fig., 6., The 1dent1f1@atlon of Gu64 Gu 9 Mn549 and Se4 shielded from

i

formation by decay, is good evidence for bellevzng that the observed nu~=
elldes are malnly primary produets from the spllttlng up of the excited:
eueleuso The'radioﬁgelidesvwith‘the 1ergest‘neutren deficiencies or neutron
' excess are formed iﬂ.lawest yiela, and the yield for aygivenhz rises.for
the nuclides nearest.the region of’stabilityo Extrapolation of this effeEt
tofhe reglon of stdblllty indicates that the stable nuclides are formed in
hlgn yleldo Thus the data indicate that the emission of almoot exelasively
neutrons or protens from an exclted nucleﬁs is not probableo

The majority of the ebserved yield is found in thexeglon of the target
pucleus indicating that reactlons requlr;ng mneh‘iess than thefmaxunmn
amount of exeitati@n’availabieto the nucleus are more probable, and this is
discussed in some detail in 't;h.e next seation,

It ehould be p0531b1e, knowing the general distribution of spallation
\produ@ﬁs for a given Z, to extrapolate and 1nterpolate ylelds for the nuelmdes
not direatlyeebserved asg spailaﬁien produetsAof,eoppero The data have been

treated in thisemanner as shown in Fig. 7. It was assumed that the most -

 probable yield fer,a given 2 is a regien 2 mass units wide and that the

o

W
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yields 1 mass unit on either side of this region are formed in yields about
1.5 times lower than the-valpes in the region of the maximum yield, that
'spallation yields 2 mass uniﬁs removed are about 10 times lower than phe
maximum, end thet vields 3 mass units_removed are about a factor of 20
lower than phe meximuml

A summation of these extrapolated and interpolated yiel@s for BAQuMev ,

»

protons gives a total yleld relative to Cuél of about 30, and using the
measured. value of l 7 x 10~ ~26 om? for the cross section for formation of
"the Cu619 the total spallatlon eross sectlon for copper is about

0.5 x lO =24 cm ° The geometrlcal cross section for copper is about

1,1 x 107 =24 omg,- The dlscrepanoy corresponds in part to the nucleap
.trenspepenoy at thesephiéh energieé;1buxwproﬁhbly?po a 1arger?ewten%»i%nis.
explained. by the approximaﬁe natufe of this method of estﬁmatiOn.of the
reaction cross section., The data in»Figo 6 show that about 80 percent of
tﬁe spallation yielas are_eoncenprated in the elements\copper; nickel, and
cobalt. Outside the immediate region ofethe_nucleus, the yield values in
“the region>of_most pfobeble yﬁeld for a given Z are a deoreasiﬁg function
-of Z indicating that nuclear reactions requiring very high,exoitations of
the nucleus are much less probable'thap reections fequiringvperhapslsome

25 to 50 Mev of excitation.

:B; Mechanisms of ngh Energy Spallatlon
The accepted and experimentally supported theory of nuclear reactions
at low energies ( <4O Mev) involves the formation of a compopnd ex01ted
‘ nurleus9 the 1n01dent particle is captured by the target nucleus to
formpa compound nueleus with an éxcitation energy equal to the kinetic

~energy plus the binding energy of the incident particle. The excitation

is then dissipated as a separate step by the evaporation of nucleons to



“with the°excitation;en@rpj‘da‘s‘p ted by’ bthing off partL

230

form the product nucleus,  Using only this pleture of the compound nusleus,
ong woula expe@t that the bombardment wiﬁh partlﬂles of we reral. hundred
Mev of energy wwu]d lead To Tery lcw yields of nuclides which are within a

few mass units of the target nusleus, since emissimn of a large mmber of

particles frgm,the highly excited compound nmelevs would be mwuch mors

) N " . ! 3 o o . g o
probable, - On the contrary, however, the data presenited in the preceding

sections show that a large majority of the reastions imduced in copper
irradiated with 340-Mev protons, lead to produsts which differ from the

target nucleds by a loss of only Several rimeleons .

Serber has ggesm ed a mecnanlsm;wh*ch very Sati“iaQtOTJLY explazn@ the

° il -
observed fa@ﬁSO*? He p@inis Qui'that the ecllision tims between a high

energy incide nt nucleon and a nucleon-in the nucleus 1s short compared to

the time of collision of the mucleons- in the nucleus, suggesting that

o

collisions between in@ident nusieons and the individual nuclecns in the

muclens are of primary importance,

f

Sin e the Lvd4v1dual nucleon~nueleon collisions are 1mpc%tanb the

high energy nuclear reacflons can be interpreted Iin terms Df the high

tox

energy swatterﬂng between free nuﬂle ons, GConglderation of high Eﬁergy

Sca%tering»leads to two cenclusionso First, at %uffi@iently high energies
the nucleus becomes partis ily trdnnparen* to the bombaxdlng particles, and
second, the incident parti@le l@ges'only a fraction of its energy in the

calliﬁiwmﬁo Since the struck partmu;es %dve a shorier wean free pakh than

5

the incident one, they will usually ﬁ istribute their enargy to wther nucleons
i N

through collisions, but it is pOSSibLP that thege struzk nucleocns can eseapa

"t

from the mucleus with littls or no energy 1o LN ‘The subsequsnt behavicr of

.

th@ excited nucleus can be da cribed in terms of an evap@raﬁion.mcdelg o

3

m
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Mev of kinetic energy eécho _ ‘
The h}gh'spéllation yiélds'in the immediate regionyof the target

nucleus are probabiy'formed by reactions.in.ﬁhich oniyvsingle nucleon-
.hucleon ;olliéions take.placeb Minimum eﬁergy‘tragsferé ffom-éfsinglé
nucleénmnucleon collision would take pléce when such a_colliéio? oceurs
near the edgé 6f thé_nﬁcleué, ana the‘stfuck'nuéleon escapes from the nucleus
with little or no energy transfer to thefnuéleusp

. A largerlpprtion‘of the energy of thé incident pa;ticle may be léft\
with the nucleus if multiple nucleohenucledﬁ collisions take place, Tﬁis
WOuid lead iﬁ the ‘extreme to products resﬁlting frémvnuclei;excitgd to
almost the full energy of the impinging;prdton, amounting essentially to
~the formation éf a compouhd'nucieus in the ordinary‘senée° Thusvthé target
. may receive excitation_energj from about zefo up to the‘fuli energy of the
projecﬁiieo. - ‘ |
It is_difficult to estimate‘the_energefic requirements for fbrmation'

- of spallation products such as ,0138'and‘1\1a24’° The threshold for formation

- : 6 8 : .
of C138 from copper by the reaction Cu 3(p,pn6a-)Cl3 in which the maximum

number of alpha particles- emitted is roughly 110 Mev, but recent experimental .

results also indicate that fragments larger than alpha pafticles are emitted

2/~26

among the competitiﬁe products of nuclear reéétions, and the energetic

requirements for these‘reactions are even lpwer than for ;;pha pér@icle
emission. The observed yield forvanngiVéﬁbépallation’product:of copper

| probably actuallyvrébresents the sums of fhe yields_of several types of
.nuclear reactions which form the given nuclide, It is possible; however, in
the light Qf SOme‘eariier WOrk‘to,dfaw some conclusions about the energetic
fequirements° The observed yields for-Cl?? ffom copper irradiafed with

190-Mev. deuterons and 190-Mev helium ions were found to be about a factor

" of six lower than those from cbpper irradiated vith 380-Me. helium ionso27

1
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The yield of C138 from the copper'irfadiated‘with BLOwMevvprotons-is comparas

ble'tb'that from the copper irfadiated with 380=Mev lelium ions. - These -
differehces in jieldé iﬁdicéte that nuclides in the region of Ci38 |
probably formed mainly by reaﬂt1ons which require an appre01able part of the'
entlre energy of the 1ncident high energy partlcle.~

\ Tt is not difficult to visualize, in terms of an average enérgy lpés
of aboﬁt 25 Mev per nuclear'éoliisioﬁ'and a mean frée ﬁath1(4;x:10T13\cm2)

of about 2/3 the nuciear'radius'forneoppgr;17 mechanisms by’which’igogﬂev'

- deuterons end 190-Mev and 380-Mev alpha particles might impart large

portions of theif total energy to the copper nucleizso It is difficult, g

however, to undergtand how a 34§»Mev proton could impart large amounts of

exgitatiqh to ‘the nucleus with a fair probability if it transfers in a

single nucleon=nucleon collislon en everage kinetlc energy only élightly
higher than the value of 25 Mév given by Sérber for 100 Mev nucledné*aﬁd'

has avmean free path about equgl to the nuclear dlameter for copper as
28 ' |

1

estimated by Yamaguchi, i
In the light of scme reoen€ resu1ts of high energy scatterlng .
experiment5929 30 it is poasible.to actually eatimate the mean.free~path of
340=Mev protona in nuclear matter and to estimate the average kinetice energy

loss of & BAOmMev proton in one individual collision with a nueleon in e
copper nucleus and to see if the valueS‘estimaﬁed for the average kinetiw
energy loss and mean free path are more in line with high energy transfers
having a fair probability°

1

 The experimental data on protonuproton scattering at 340 Mev29 show

that the scattering cross section does not follow an expected 1/E dependenvey ‘
‘and that the eross se@tion is considerably higher than would be expeﬂted if
1t veried as 1/E. Elso the results indicate that the. croqs section iq B

‘pract;cally 1sotroplc between o° and 90° in the 1aboratory system° This;

Bl
4
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means that high energy transfers in single proton-proton collisions have a
relatively high probability. By extrapolating the data from neutron-

30 to 340 Mev and averaging the

proton scattering with 260wMev'neutrbns
cross sections for N;P'ana P=P sdattefing-at the differeht scattering angles;
it is possible'to estimate a mean energy loss for the 34,0-Mev protons of
about 70 Mev per collision in a cobper nucleus,

On the basis of these scatteringvdéta the mean frée path of a
340-=Mev profon‘in nuclear mattef has been estimated to be abou£ the
same as tﬁat‘for é 95;Mev'nucleon, about 4_x_lOH13_cm,31' On the basis
of the mean free'pathvof'the 340mMev prot§ﬁs being abéut 2/3 the length of
the nﬁclear radius for coppeﬁ, and on the basis of the mean kinetic energy
ﬁrahsfer per.single nucleon-nucleon cqllision beiﬁg about 70 Mev,.it’is v
not difficuit to undefstand how large ambunts of‘excitatiqn are imparted to
the nucleus, e

Reéent calculations based on an eVaporé%ion model for fhe emission
of tﬁe particles from-the éxcitéd‘nucieus indicate that the emission of
'alpha particles from the excited nucleus should be a fairly probable
occurrence and tﬁat the evaporation of particles should lead to products

) 6,32

along the region 6f staebility. The observed spallation yields are in
L3 . ‘

égreement Qith these calculations siﬂce fhe yield; apparently do have a
definite éaximum of moét probable yield for a given 2 abou? 2 mass units
wide and 'a line drawn'along this régiﬁn;of'ﬁbsﬂ,ﬁrobable yield would be
drawm thfoﬁgh the region of stabilityo. The very high yield of ﬁn53
compafed.to Fe52 forvthe iscbarig'paif FeszmMn52 indicates that there ié

a much larger difference in thé’yields than wou;d be expected from the regu-
lar trends of the sﬁallation yields, and it seems logical to explain the

i c .
-difference observed in ‘terms of alpha particles being boiled off from the

¢

excited target nucleus as suggested by Miller and Helmholz et g;olé If
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the Fe” and Mn52 afe formed by reéctions,initiated by noen=capture

processes (processes in which the proton loses energy to the nucleus but -

is_nof retained by the nucletis), the reactions for the formation of Fe52j

and Mn°? should perhaps be written Cu63(p,ppéna)Fe52 and CuéB(p;anga)Mh52°

Gn this basis, the'yields indicate that_theiprobabilit§vof emission of
two alphé pafﬁicles plus thfee ﬁeufrons is much higher than that for |
the emission of one alpha,particie, six neutrons and a5przotono Although
this effect shows up énly In special\cases like this where such direct -
comparisons_cah be maée, it.is probably a general phenomenone
It is also possiblefon the basis of the spallation yields tov

say sbmething about the probability bf exchange reactions, for example,
reactions in which phé incident proton undefgoes an electfon‘éxchangé ‘

with a neutron in the copper nucleus end emerges as a neutron, The

high yields of copper relative to the corresponding zinc isotopes indicate

" that these exchange reactions do not predominate.

-

The decreasing, yields of individual nuclei far removed from the

target nueclei is of course‘due_in part to statistical considerations,

and ‘the greéter mmber of pdssibilitieso A larger number of different
combihations of emitted particies isvpossible from a’highly excited
nucleus than from a nucleus excited to a smaller extent. Thus, even if-v~'

the probabilities of execiting a nucleus to say 200 and 100 Mev were the

_seme, the yield of an individual product resulting from the higher

‘excitation would be lower than one resulting from the lower excitation,



””5?“’Chéﬁi&al"separgtion Procedures
.The irradiated cqpper foiLLWMUVd;DHULULW .. hot concentrated nitriec
acid or hydrodhldric acid énd hydrogen peroxide, and milligram amounts of
the elements calcium through zinc were then added to act as carrier for
the elemental fractlonso' Known amounﬁs of the elemental fractlons to be
bepdrated were added S0 that a quantltatlve estlmatlon of the amounts of
the orlglnal carrler lost durlng the chemlcal separatlon procedures‘could
- be made in the case of the proton bombardment and the macro amounts of the

other elements were added to act as holdback carriers. The chemical

Separatlon procedures 1ncludedAdlstlllatlon9 extractlon, and precipitation

. operations, _ o T

A In general the degree of radiochemical purification required depends on
the félative spallation yield and the counting efficiencies of tbe radio=
nuclides in the elemental fraction., If the nuclides are formed in high
- yield and have a high counting efficiency,‘the dégxee of radiocheﬁical
purifica%idﬁ need not be too high, but if the spallation yields are low
‘or the counting efficiéncies are low, theidegreé of purifiéation muéf bev
high., - . | I _ ‘ Lo

ﬁsually the particular elements to be investigated were separated
succegsively from the entire dissolved target solution, Since diffefent
‘combinations of elementé were removed in each investigation, the chemical
I‘seﬁaration procedures as a whoie varied from bombardment to bombardment.
"Thé eéséntial steps fof the separation and purification of the elemeﬂtal
fractions were the same and the over-all prqéedures diffé;ed dnly in the

order in which the separations were used. For this reason only the im-

' portant steps necessary for the chemical separation and purification of

Sy

«
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the various elemental fractions are discussed., The final precipitates, if

~

the final step in the chemical Separation procedure is a precipitation,

were usually dissolved, and aliquots were taken from the solution for

counting. - .

’ Zinc .-~ The dlssolved target solution vlth carriers added wa.s
adJusted to 2N in hydrochlorlc a01d and the copper pre01p1tated as the '
sulfide, The hydrogen sulfide was expelled and the solution'neutralized
wito ammonium hydroxide.,  The .solution was‘theh ad justed to pH 3 with.
dilute sulfuric acid, and the zinc was then precipitated as the eulfide.
The precipitate was dlssolved in dilute hydrochlorlc acid and the

hydrogen sulflde'expelled,by_b0111ng., Threo milligrams of iron carrier

was added and the solution adjusted to 1N 1n sodiun hydrox1de. The ferrlc

hydroxide was removed by centrxfugatlon, and the ferric hydroxide pre-

cipitation was repoeted The solutlon was . then adgusted:to 18 in hydro-

chloric acid and the zinc precipitated by adding 4 ml of ammonium mercuric

thiocyanate. The zinc mercuric thiocyanate precipitate was washed vith a

’

‘solution containing ammonium mercuric thiocyanate and then transferred to

an aluminum plate to bé dried and weighed in this form.

Copgerome The dissolved target:solution with carriers added was

adjusted to 2N in hydrochloric acid and the copper precipitated as the

| ulfide; The sulflde precipitate was dissolved in hot concentrated nltrlc

acid, the sulfide expelled or oxidized, and the nitrate destroyed by
boiling with concentrated hydrochloric acld The solution contalnlng the
copper was adjusted to 0,5N in hydrochloric acid, sulfur dioxide bubbled
throygh the solution to reduce the cooper, and_then sodium thiocyanate

added to precipitate copper as- the cuprous thioCyanate, The cuprous.



thiocyanate wéé washed with vater and then dissolved in nitric acid; The
' nitrate was again destroyed by boiling wiﬁh concentratedvhydrochloric acid
and the solution again adjusted to 0.5l in hydrochloric acid. The copper

was then ﬁrecipitated_inifhe final form as the cuprous thiocydnaté.

Nickel.~- The solution remaining, af£er‘the copper had been removed
as the sulfide, was 5oiled to expel the hydrogén sulfide and the irop e
oxidized with_a'few‘dfops of nitric acid, \The solution was then made} '
alkaline with ammoniﬁm hydroxide'and the precioitated hydroxides removed,
The procipitate was washed with a hot solution of ammonium chloride and
the vash combined:with the supernate‘from-the precipitationo‘ Three’mg
of.iroo carrior was again added and the ferric hydroxide rémoved‘oy
centrifugation; The solution was made slightly a01d w1th acetic acid and
2 ml- of al percent alcoholic solution of dlmethylglyox1me was added to
pre01p1tate the nlckel as nickel dimethjlglyOJLme, The preclpltate was
- washed with water and then dissolved in ooncentrated hydroobloric acid.
One, to 2 mg por%ions'of copper, cobalt, and manganese were added to;act as
'holdbéok oarriers,'the'solution\neutraliZed with ammonium hydroxide, ana'o
then made.siightly‘aoid with acetic acid. Dimethylglyoxime was again
.gdded,to'make sure that the precipitationlof the nickel dimethylglyoxime
‘wéo complete, and.the precioitate was washed again with water. The nickel
wao weighea'as the nickel dimethylglyoxime,

Cobalt.~— After the copper had been removed as the sulfide, the
-5

solution was boiled to remdove the hydrogen sulfide and then neutralized
. With potassium hydroxide. The solution was adjusted to 3N in acetic acid,
and 3 to 4 ml of a saturated solutlon of potassium nitrite a01d1f1ed wlth

t

acetic acid was added to the hot solutlon containing the cobalt, The
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precipitate of potassium cobaltinitrite was allowed to settle in a steam
bath, removed by centrifugation, and washed with a 5 percenf potassium
nitrite solution aciéified with acetic acid. The frecipitate.was dis~
solved in hydrochloric acid, and holdback carriers for ziné, 05pper;

' ﬁickel, and manganese were added. :Thé solution wasithen neutralized with
potassium hydroxi&e and the cobait again precipitated as potassium cobalti-

nitrite. The cobalt was weighed as the potaésium cobaltinitrite,

. Iron.-- The soiution éf the copper target, with é mg of ironvcérrier-
édded,'was adjusted to 7.75N in hydrochloric acid and the,iron extracted
with isopropyl ether. The ether layef was washed four fimes with 6 m1
portions of 7.75N hydrochloric_aéid; and the iron was extracted from the
ether layer with water. The solutiqn‘was made alkaline with ammonium '
hyaroxide:and the ferric hydrokide precipitaie éeparatgd‘by.gentrifugationo
The precipitate was dissolved in hyd:bchloric écid'and the iron again
‘extracted from 7.758 hydrochloric acid with isopropyl ether.' The ether
1aye£.was'again-washed with 7.75N hydrochloric acid and the iron ektraéted
from £he ether layer with water, The iron was aﬁalyzed by a‘cqldrimetric

method.

Manganeéé.;- The solution of the target, to which S‘mg.of mangaﬁese
cafri;r aﬁd hoidback carriers for the other elements had béen added, was
‘adjuéted to ZE-in‘hydrochloric acid aﬁd the copper removed as.the sulfide,
The‘supernate was‘made alkalinevwith'ammonium hydroxide and the\aikaiine
sulfides précipitatede AThe sulfide precipitafe was dissolved in concen-
:trated nitric acid and:fuming nitric acid added to make fhe volume'up to
~ about 5 ml. Two or three crystaié o%'%otassium.chlorate were added, and the
| solutiqn wﬁs bdiled gently for a few minutes to precipitate manganeée -

LAY
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- dioxide. 'The precipitate Qas remov%azby cenﬁrifugation,.washed with wafer,

aﬁd then dissolved‘in'one drop nitric acid and one drop of hydfogen pér—
oxide0 Holdba¢k carriers for zinc, copper, nickel, cobalt, ifon, and chrom=-
ium were added and the manganése‘was againiprecipitated as manganeée

dioxide from concentrated nitric acid. The menganese was analyzed
)

by weighing as manganese dioxide.

Chromium,== The steps for the”chémical separafion of chromium were
the samekas‘those given fér the separation of the manganese down to the
‘poinﬁ where the:mangahése'was first removed as manganese dioxide. At
this point the chromium was in the form of'the chromate and remained .
in the supernate after the manganese dioxide waé-femoved by centfifugation°
The.nitric acid solution containing the chromate was adjusted to 0.2N in
nifric acid and the solution cooled in an ‘ice'ba‘thn Two'tothréé drops of
30 percent hydrogen peroxide were addéd‘to form ﬁhe Elué peroxychfomic
acid, ahd the peréxychromié acid was gxtracted with diethyl efher, The
~ ether layer was washed twice with 5 ml portions of water containing a drop
of nitric acid. Th; peroxychromic acid was removed from‘thp ether layer
by adding a solution of OOSE sodium hydroxide which breaks down the
peroxychromic acid and forms the chromate., The éther was removed by
evaporation, and'the excess hydrogen peroxide was destroyéd by Boiling
thé soiufiono The solution was made siightly acid with acetic aéidg.and
the bariu@ was precipitated as the chromate by adding barium chloride
dropWiSe to.ﬁhe hét sdlution of ﬁhe sodium chromate. The chrémium:was

weighed'as barium chromate,

- Vanadium:~- The vanadium was usually separated just subsequent to ‘the

extraction of the chromium aé,the blue peroxychromic acid as described in -
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the preceding section on chromium. The solution containing.the vanadium.was

‘almost neutralized with sodiumvhydroxide and then was poured inﬁo 10 ml of

a hot sblutidn of 1N sodium hydroxide. The,hydroxide érecipifate was re-
moved by céntrifugation and then washed with 4 ml of hot 1N sodium hydroiide,
Two mg each of iron and titanium darrief were then added to the solution

and -the hydroxides préf:ipitatea° The supernatant solution containing the
vanadium was boiled to reduce the volume and then made siightly acid with
acetic acid. Lead acetate was. added to‘précipitate the vanadium as lead
vanadate, and.the precipitate was washed with a dilutg solution of lead
acetate made slightly acid with acetic\acid. The lead vanédate was
dissolved in nitric acid and the solution édjusted to 2N in nitrie acid.

The lead was precipifated as the sulfide, and thé sulfide was expelled byl
boiling the solution; ‘Five mg qf‘chromiﬁm garrier‘was added.and sulfur
dioxide was passed through the solution to reduce fhe v;xnadiwn and chromium,
The solution was almost neutralized with sodium hydroxide and then poured
infd a boiling solution of 1N sodium.hydroxide to pfecipiﬁate the chromium
hydroxideg The chromium hydroxide was removed by centrifugation, and fﬂe"
vanadyl ion was oxidizgd to the vahadate state with hydrogen peroxideo:
Vanédium Was then‘précipitated as lead vanadate from‘a'solution slightly

acid with acetic acid, The vanadium was analyzed colorimetrically.

Titanium,-r After the-coppér had been removed as the sulfide, the
solution with the cérriers added was boiled to remove the hydrogenvsulfide,
and. the solution was made alkéliné with ammonium hydroxide to.précipitate
the‘hydroxideé of irén, sgéndium; and titanium. The precipitafe;was yashed“
with ﬁéﬁ,'dilute‘ammonium hydroxide and then dissolved in hydrochloric acid.

The solution waé then adjusted to 0,5N in hydrochloric.acid and scandium

precipitated éé the‘flﬁoride by adding 0.3 ml of 27N hydrofluoric acid.
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Aftér allowing the precipitate'to séﬁtle'for ten minutes on a.steam bath;:’
fheﬂscandidm flucride was rémoved by centrifugation, and thé supernatant

- was made alkaiine with ammonium hydroxide. The combined titanium and ferric
hydroxide pfecipitate.was removed, dissolved in nitric acid and adjusted.
to 1665 ih nitric acid, Five ml of a solut;on of potassium jodate was
'édded and the titanium separated as potassium titanium.iodéte° The'preqiﬁim_ﬁ
téﬁe was washed with a dilute solution of the pbtassium iddat@. The‘iodate
wastdestroyed by bubbling sulfﬁr'dioxide‘inﬁb the precipitate mixed with a
few ml of dilute hydro;hloric acidox‘Ammonium hydroxide was added to preci~
pitate the tifanium hydroxide, the precipitaté was reméved by centrifu=-
gation and,thén dissolved in hydroohlori§ acido Five mg of scandium carrier
‘was added, and tﬁe scandium was precipitated as scandiumAfluoride from a
0.5N solution of hydrocﬁloric acid., The titanium was again precipitated

as the hydroxide and the precipitate dissoived‘in nitric acid, Thé
solution\was again’adjﬁsted to 1.6N in nitric acid and the potaésium

titanium iodate again precipitated. The titanium was analyzed colori-

1

metrically. |

. Scandium,~~ The steps in the separation procedure for écéndium are the
same ag those for ﬁitaniﬁm down tolﬁhe poinf vhere theISCandium fluoride is
removed. The fluoride‘prgcipitaté ﬁas washed with Ooﬁgvhydrochloric acid
containing one drop of 27N hydrofluoric acid., Sulfuric acid ﬁas psed to
‘dissolve thé secandium fluoride and the-flnoridé ion was removed by fuming
thé'écandium sblutioh with a small amount of concentrated sulfuric acid.-
The sulfuric acid solution was made alkaline with ammonium hydroxide and the
scandium hydroxide precipigate_feﬁovedrby cenﬁtrii‘uga‘tion° lThe hydroxide.
was dissolved in hydrochlorié acid and the solution adjusted to 0.5N in

 hydrochloric acid. Scandium fluoride was then precipitated'by adding
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0.3 ml of 27N hydrofluoric acid, and the precipitate Wés'allowed to éettlé;
-on a steam bath., The precipitate was -again dissolved in sUlfuric«acid,/fhe
hydrogen fluoride distilled, and scandium hydroxide precipitated‘fromvan
alkaline aﬁmohium hydroxide solution, The scandium was wgighed‘as scandium

-

OXide 3 . ~ . 1

Calcium.-~ After the copper had been removed, the solution containing

5 mghbf caleium carrier and holdback carriers fér the other elements was
made alkaline with ammonium hydroxide, and the alkaiiné sulfides and.

. hydroxides were precipitatéd. Holdback carriers for zinc through scandium
were again added, and the alkaline sulfides and hydroxides wére again” |
precipitated. This laét step was again repeated,and the soiu@iop vas
then-Bbiled to remove the hydrogen sulfide. The solutiéq vas made slightly
aéid with'oialic acid, and 5 ml of 4 peréént ammonium oxaiate was addedvto

_precipitate célcium oxalate, The'brecipitate was éllowéd to settle on a
stéam bath for ten migutes,Awas removédrby'centrifugation, and wgshed

"with water coﬁtain;ng oxalic acid and ammonium oxalate, The calcium

oxélate was dissolved in concentrated nitric acid,_and a few crystals of

potassium chlorate were added to oxidize the oxalate ions., Three mg of

iron carrier was added, and the solution made alkaline with ammonium hydro#@

ide., The ferric hydroxide.was remo%ed by centrifugation and the solution
made acid vith oxalic acid. vFour ml of a solution 4 percent in ammonium
oxalate was added to precipitate calecium oxglate as the final purification
step, and thé Qrecipitate was allowed to setiie on a steam bath; The

calcium was weighed as calcium oxalate.

~

Chlorine.~= The copper was dissolved in nitric acid and 5 mg.of chlorine
——————— ) _ , | . ‘
in the form of sodium chloride was added. The solution was boiled to dis-
till the hydrogen chloride and the gas was caught in a solution containing
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two to three drops of nifric acid and sufficient silver nitrate to precipi-
tate the chlorine as silver chloride., The solntién waé'heated‘almost to
_boiling fo coagulate the brecipitate, and it.was repoﬁed by centrifu-
vgatigno ‘ The precipitate was washed with dilute nitric acid and then dis-
solvedviﬁ dilute ammdnium hydroxide., The solutidn was ‘then acidified with
nitric Acid and additional'silver nitrate added to make sure that the
precipitation of the silver chloride was complete. The chlorine was weighed

as silver chloride.

Phosphorous .~ The copper'tafget ﬁas dissolved in, nitric acid and
5 mg of phogphoroué_as phosphéte ion was‘added to the solutioﬁ,
Holdback carriérsu were also added for the other elements zinc tﬁrough
calcium. The solution was adjusted‘to 1N in nitric acid and 10 ml of
armonium ﬁolybdate was édded to the warmed solution to precipitate ammonium
. phdsphomolybdafe; The precipitatg was allowed to settle for 15 minutes,
removed by centrifugation, and washed with a solution of 1 percent nitric
acid. The precipitate was dissolved in ammonium~hydroxiae containing éi«
traie ions to.complex titanium that interferes, Hydrochloric acid was-
added until the precipitate that fcmed dissolved with difficulty and 5 mg
each of vanadium and titgnium carrier were added., Sulfur dioxide wag F
bubbled through the solution tbvreducé all the vanadium to the vanadyl
state, Two ml of cold magnesiﬁm chloride was added, and the solution was '
\éliowed to sﬁand'for,five minutes, Concentrated ammbpium hydroxide was
then added equa} to one quarter of the origin;l vq;ume and the preéipitate
was allowed to settle for 15 minutes. The precipitate was removed by
centrifugation and then washed with 3N ammonium hydroxide, . The precipi-
tate was_dissolved in 1IN nitric acid, and the phosphérous‘was again
precipitated as the émﬁonium phosphomolybdate. The phosphorous wés

1

\
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- weighed as the ammonium phosphomolybdate.

-

Sodlum.—- The copper was dlssolved in concentrated hydrochloric
acid and hydrogen pevox1de,and 5 mg of sodium chlorlde was added as
carrier. Carriers for the elements zinc through pota551um were addeo and
the solution adjusted to 2N ih hydrochloriovaoid aﬁd'the c0pper/precipi-
tated as the sulfide. The solution was boiled to dryness to remove the
excess acid, the residue aiesolved; and then the solutioh.made alkaline
with ammonium'hydfoxide. Hydrogen sulfide was added andnthe sulfides and
hydroxides were precipitated. Additional 3 mg portions of carrierslzinc
through scandium Qere added and precipitated. This,scavehging'prooess wes ’
repeated twice. Excess hydrochloric acid wae added‘to the alkaline sulfide
solution, the acidified solution boiled to dryness, and the ammonium
chloride‘driven off. The‘residue-was dissolved‘in’watef, the eolution
checked to meke sure it was neutral, and: the sodium precipitated as the

sodium zinc uranyl acetate. Two 5 ml portions of zinc uranyl acetate were

used to wash the precipitate, and the precipitate was then dissolved in ab-

solute alcohol saturated with hydrogen chloride gas. The resulting nixture
was cooled in an ice bath and the’sodium chloride separated by centrifu- |

gation. The sodium chloride precipitate was Washed with a 5 mi portion of

,the alcohol-hydrogen chloride solution. The sodium chloride was dissolved

in water and the solution neutralized with potassium hydroxide. - Zinc
uranyl acetate was added to precipiiate the sodium, the precipitate re-

moved by centrifug ation, and then’washed with additional zinc uranyl

‘ acetate. The preclpltate was dissolved in absolute alcohol saturated with

hydrogen chloride, the mlxture cooled in an ice bath and the sodlum chlor-’

ide removed by centrlfugatlon° The sodium chloride was washed with an
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additional portion of the ethyl alcoﬁolahfdrogen chloride solution., The

sodium was weighed as sodium chlorids, °
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