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ABSTRACT 

Nuclear reactions induced in elemental copper by irradiation with 

charged particles accelerated to energies in the hundred=Hev range have 

been studied, and the reaction products cover a range from the region 

of the target nucleus to a region which is removed from the target 

nucleus by as many as fifty or more nucleonse The yields of the various 

products ·vJere measured, and the results show that a large majority of 

the products result from reactions in vmich only a fraction of the 

total energy of the incident particle is left 1:1i th the nucleus. The 

distribution of the amounts of the reaction products is in agreement 

Hith a picture of high energy nuclear reactions involving nuclear 

transparency and the idea that the nuclear reactions involve excitation 

follovdng collisions and energy trru1sf~rs between-the ind~vidual nucleons 

in the impinging particle and the individual nucleons in the target 

nucleus. The results include recent work on the nuclear reactions 

induc.ed by 340~Mev protons a.nd some earlier quali tativ·e work on the 

nuclear reactions induced by 190-}fev deuterons and 190- and ,380-Hey 

heliu.-·n ions • 
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THE HIGH ENERGY SPALLATION PRODUCTS OF COPPER 

Roger E .. Batzel, Daniel Re Miller9 .and Glenn T. Seaberg 
·Department of Chemistry and Radiation Laborator,y 

University of California, Berkeley, California . 

Jan\tary 9.., 1951 

INTRODUCTION 

The acceleration of charged particles to energies in the hundreds of 

Mev range by the Berkeley 184-inch cyclotron has made. it possible to study 

nuclear reactions in which the reaction.products cover a range from the 

region of .. the target nucleus to .a region which is . r~moyecl from :the "tar- .. 
' ' 

get nucleus. ·,by as many as . thirty or more· nucleons .1 . The term "·spalla"l?iontt 

has been suggested to describe this type of transformati()n -in which ~he , ~ · 

excitation of the nucleus is -degraded by emiss~onof small nuclear frag- . • 

ments such as neutrons 9 protons 9 deuterons and alpha particles .. 

·. Some of .the results of spal).ation reactions .induced .wit~ high: energy .... 

deuterons and alpha particles haye been reported previous.ly.l-5 . The pre-

sent study consists of: the determination .of the J::adioactive produqt;s fprme.9-

by the irradiation of elemental copper with 340-:He·v proto:ns. . ~The . d~ta . als~ 

include the results. of a cursory inve~:~tigation of,' .the ,products for.tp.e¢1.· by 

the irradiation of. copper with 190=Mev deuterons and. 190:-.and J80;Mev)1el.ium, -ions. 
;:.·· 

The observed spallation products. include some 35 :J;lUClides from-:so.dium. . . . . . . . . .. . 

through zinc and the distribution. of the amounts of the z:.eaction. products 

formed .. is .in general agreement with the pict,ure of high ene~gy nuclear .. ,re­

acti.ons described bySerber.,6 The observ.ed.yields showtl:le ef'fe(}ts of r1u-

clear transparency and are consistent with Serber's. idea that the .. _ n.uc~ear. 

reactions·.involve excitation following collisions and energy transfe.rs: · 

between the. individual nucleons in the impinging p~r\iicle and the.-ind,~vid'qal. 

nucleons in the: target nucleus., As woulg be expected. ,on this picture, . the_ . 

products , which. ·are· formed • by. reactions requiring smal:!,- amounts-~"()£ exci-;tation ··. 



-4~ UCRL-1077 

occur most frequently .. 

The spallation data from the deuteron and helium ion irradiations 

. of copper represent: the results of ~~~e· ~~rly qu~:i.~ativ~ ::~J~~k·~ dbne in 

194 7 and 1948. At the. present time this laboratory is not planning any 

immediate further investigations of these spallation distributions, .and 

the data are published here for qualitative consideration only .. 

PROCEDliRE 

Irradiations 'With the high energy particles tvere carried out in the 

circulating beam of the 184-inch frequency·modulated cyclotron., ·The 

targets consisted of 6 and 10 mil copper foil about 15 mm long and 10 mm 

wide. · The copper strips· l-lere clrunped in target holders vrhich could be 
,, 

attached to the movable probe head of the cyclotron, and the bombardinE, 

energies were adjusted by fixing the radial distance of the leading edge of 

the target strip· from the origin of the beam. Since '{jhe degradation of the 

energy of the hfgh 'energy particles in passing throUgh the 10 mil· copper 

foil is small, the targets coUld be considered as. thin targets. · 

Because of 'the fluctuations in intensity of the circulating beam, the· 

··exact amount of the irradiation of the copper target could not be deter­

mined directly.· The amount of the nuclide cu61 formed dUring any given 

irradiation of the copper WaS determined and by relating the amounts of the 

other nuclides formed to the amount of Cu6l produced, relativ~ yields of 

nuclides from any series of proton~ deuteron, or helium·ion 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~ and one approximately 15 hour 

deuteron bombardment were done to determine ·the yields of the nuclides 'With 
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very long half~lives., 

An absolute cross section for the formation of the cu.61 from :copper· 

irradiated with 34D-Mev protons wa.sdetemined by irradiating a. piece of 

10 mil copper foil in the external beam of the 184·-·dnch cyclotrono · The · 

beam. intensity was measured directly by mean.s of a Faraday Cup arrangement.-

In the case of the deuteron irradiations 1 the absolute .cross s-ection for 

. the formation of cu61 was calculated using an estimated value of one micro-

a.mpere.for the deuteron beam intensityo 

J\fter the target was irradiated, it was dissolved and measured amounts 

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

were separated by the chemical separation procedures to be discussed in 

the section on "Chemical Sepa.:r;ation Propedures .. " -- .. Eor the proton irradiao... 

tions~ the amount of carrier remaining after the chemical' separation of an 

elemental fraction was determined by chemical analysis and 'the percEmt .of -

the carrier recovered was taken as a measure of·· the percent of the radio-.o 
.. 

active atpms of the element recovered.. No correction was made· for losses · 

during the chemical separations in the cases of the deuteron and he .. 

lium. ion irradiations, but usually duplicate experiments were performed in 

the case of the deuteron study9 and the higher yields were given greater 

statistical weight in the final average value of the yields .. 

.. •, 

Counting of the activities was don~ on an end-window, alcohol=quenched, 
.. ' !~: .... 

·argon= filled Geiger counter tube 1d th a mica 'Window of "-'3 mg/ C1fi1 thiclmess 

used·in conjunction with a scale of 64 counting circuito The nuclides were 

characterized by half=life.determinations, absorption measurements, and sign 

of particulate radiation emitted., 

.A cr~de beta=ray spectrometer was used in the determination of the ~ign 
·'' 

of the beta particles and was espe<.~ially ·useful where it was. necessary to 
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resolve nuclides with siffiilar half-life but differing in sign of particu­

late ra,diation emitteq. 

The counting·data were conected for .willdow and air.absdrpti6il~;;and: in'-· 

the cases where the yields are. based on the counting of K x-rays, .correc~ 

tions were made for the.fluorescence yields of the x-rays. Backscattering 

corrections w·ere made only in the case of. the determination of the absolut.e 

cross section for the formation of the cu6l from the proton irradiation of 

the coppero The samples f+om the proton irradiations were mounted on thin 

cover glasses or 5 mil aluminum discs and the backscattering corrections 

for such packings are essentially equal and constant for the energy range 

of the beta particles observed o The samples from the deuteron and Jielium 

ion irradiations were mounted on stainless steel·and platinum plates, and 

althoug~,the backscattering corrections are not equal7 no correction was . 

applied since the correctio~ is not too serious and the deuteron and 

helium. ion data are presented for qualitative consideration only .• · No 

correction was made for self-absorption since the weights of the samples 

counted were almost negligible in all instances. 

RESULTS 

A. Radioactive Nuclides Identified 

The characteristic activities of the nuclides discussed in this 

section were observed in the elementai fractions separated from the irradi~ 

ated copper target. References for most of the nuclides characterized may 

be found in the 1948 edition of "Table of Isotopes" by Seaberg and Perlman. 7 

Only in the cases where i~ormation on the nuclides was published in the 

literature subsequent to the data given in 11TabJe of Isotopes" will 

references be cited. All activities identified in the elemental fractions 

are discussed below and include the results from all bombardments (190-Mev 
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deuterons, 190- and 38Q...Mev helium ions, and 34()...Mev protons) ... A check -of. 

Figso 3, 4 9 and 5 and the results .for.190=Mev helitilll ions listed in the 

"Results" section will show which individual activities w·ere identified 
-

in each of the elemental fractions from the different bombardments .. 

Zinc Fraction.,..- The characteristic activities of zn6 5,_, ,zn63, ,and 

zn62 were observed in zinc" .The .zn65 was counted through suf:f'icient : 

aluminum absorber to cut out completely the particulate radiatio:r:~, a,I',ld· - . 

x=rays 9 and the -counting efficiency of the l,.,l~Mev gamma-ray was _t~en as_ ... 

one percent" The· zn63 was characterized by its half-life and the n11,clide , 

was assumed to decay93 percent by positron,emission and 7 perce:p,t,by ·orbi~a,]_ 

electron capture. " i'he zn62 . was assumed to. decay 10 percent by' posit.ro.n , , 

emission and 90 percent by K~capture 8 
and was cmmted with the lQ...minute .. 

cu62 daughter in equilibrium .. 

. ; 

Copper Fractiono=- The activities resolved in the copper were those 

of cu64 ~ cu62, cu61 , and cu60.. The 12oS...hour cu64 was the l~ngest liv~d 

activity identified and was assumed to have a counting efficiency of, 

50 percent.. The 10 .. 5-minute cu62 was the shortest lived activity identified 

and the nuclide was considered as decaying completely by positron emission~ 

cu61 dec~ys. 66 percent by positron emission 9 and 66 perce~t was ~aken a~ 
the counting efficie~cy of .the nuclide ... ·_The 2~minute Gu60 wasresol.ved · 

. , . 

with precision only in the copper fractions from the 190-Mev deuteron and, 

380-Mev helium ion irradiations .. 

NickeL Fraction .. ~ The_ only observable activities in nickel were the 

2.,C,.,.hour Ni65 and the ,36-hour Ni57" The formation of the small, ~ount .of 

Ni65 from copper irradiated with protons is probably due to the reaction 

cu65(n~p)Ni65 caused by secondary neutrons and will. be neglect.ed a~ ··a. 

• i 
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spallation product from340=Mev protons., A counting efficiency of 50 per­

cent was used for tb.~ Nl65.since the ·nuclide decays 50 percent by positron 
. . . 10 .·· 

emission and 50 percentby orbital electron capture. 

Cobalt Fraction.,-- The characteristic activities of co61 and co55 

were identified in ail elemental fractions of cobalt separated., The co58 

and co56 were identified definitely in the proton irradiations and the : 

characteristic 72-dayhalf-life of these activities -was observed in the 

cobalt fraction separated from the copper irradiated with 190-Mev deuterons. 

The co61 decayed with the characteristic L. 75-hour half~life and since it 

decays by negatron (negative beta' particle) emission, no correction was 

necessary for the counting efficiency. The co55 was easily resolvable 

and since no · ··electron capture branching has beer· reported, . the counting 

efficiency was taken as 100 percent., 

The fact that the Co58 and Co56 decay with equal half-lives and are 

both positron emitters makes their resolution difficult., The resolutio~ 

of the two activities was done only for the cobalt fraction separated from 

the copper irradiated with 340-Mev protons., The shape of the composite 

positron spectrum from the cobalt fraction was determined by means of a 

crude beta-ray spectrometer after the 18-hour co55 had been allowed to ' 

decay. ·The shape·of the positron spectrum for a sample of pure co56 which 
' 

had been determined under similar conditions i~S available, and by subtract­

ing the contribution of the co56 positron spectrum from the composite posi-

tron spectrum, the contribution of each isotope to the total.activity -was 

obtained., The counting efficiency of the co 58 was . taken as 15 percent and 

that of the co56 as 100 percent., 

Iron Fraction.- The characteristic activities of the radionuclides 

Fe 59, Fe55, Fe 53, and Fe 52 .. were probably present in all. iron fractions 

·•. 
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separated from the copper irradiated With the protons,· deuterons, ·and· .. 

heliUm ions.. All of thes~ activities were identified definitely' only in ... 

the iro'n fractions separated from the copper irradiated with )40.,.Mev pro-· ..... 

tons .. The Fe59, Fe53, and Fe52 were identified in the.iron fractions 

from the copper irradiated with deuterons 9 and the yield for the iron 

from :38o;..Mev helium ion irradiation is based only on the Fe59., The 2 .. 9~year, 

Fe55 was assumed to decay completely by orbital electron capture· 11 ~d a 

counting efficiency of 10 percent was taken for the x-rays. The Fe53 was 

assumed to decay 100 percent by positron emission. The F~52 was counted 

in equilibrium with its 21-minute Mn52 daughter. By determining the amount 

of 21-minute Mn52 in equilibrium with the Fe52 and milking the 5 .. 8-daY: Mn52 

which gro•rs into the iron fraction, an estimation was made of the amount o:f, 

positron emission and orbital electron capture branching for th~ Fe52 • ..It 

was found that the nuclide :lecays approximately 65 percent by positron 

emission and 35 percent b,y orbital electron captureo 
. -... _· 

. ·, Manganese Fractiono.;.... The radionuclides Mn56,, Mn54, Mn52, a,nd.·Mn5t 

were identified. in manganesee .The Mn56 was assumed to decay. completely· 

by :negatron emissione The Mn54 was counted through. sufficient alumin:qm ... ·• 

absorber to cut out all the particulate -radiation andr x--:rays, a.I!.d· a valu,e 

of 0 .;8 percent was assumed as the counting efficiency of th.e 0 .,8-Mev galfl!lla- ·< , 

ray. 'Thirty-five percent v;as taken as the positrcm branching of .tl+.e 5o~day ·· 

Mn52, and the yield for manganese mass. nuin.ber 52 is -report·ed .on the .ba;:>is . · 

of this activity. •· The Mn51 101as assumed to decay. completely· by positron. · 

emissiono • 

Chromium Fraction.~- The two activities identified in chromium Here 

those of cr5l and cr49. Sincethe cr51 decays by orbital electron capt-ure 
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and gamma~ray emission the counting efficiency -of this nuclide would have 

had to be estimated roughly~ but it was possible to determine the counting 
' <' I ' . ' '· 

efficienc; df;e~tly :· b; miThi~~. cr5I : i~om ·. a' .knov;n :~oht1{: ~i' ~fu 5l·~; ·~hi.6h·'hillJ_ · < 

decayed. With the assumption that Mn51 decays 100 percent by positron 

emission, the cr?1 was 'round to have a counting efficiency of 2.6 percent 

when. counted in a precipitate of barium chromate. The cr49 was assum~d to 
/ 

decay with no ·orbital electron capture branching. 

Vanadium Fraction.-- The yield for vanadium is based on v48 which was 

assumed to decay 58 percent by positron emission. 

Titanium Fraction.- The only activity identified in tita.11ium 1..ra~. 

that of the 3.0~hour Ti45 and the yield was calculated on the basis of 

the nuclide decaying entirely by positron emission. 

Scandium Fraction.-- Several activities were observed in the 

scandium fract1on separated from the copper irradiated 1-lith 340-Mev protons, 

and these activities were identifie.d as belonging· to sc48, sc47 .; sc4~, .sc44m, 

and a mixture of .the 3 o9-hour sc44 and sc43. The 3 .9-hour arid· 85-day 

activities were easily resolvable from the deqay curvesy but the resolution 

of the 2 .44-day sc44m, the 3 .4-day sc4 7 , and 44-hour sc48 was more difficult .• 

The contributi0n of the 2.44-day sc44, 1dth its 3.92~hour positron daughter 

in equilibrium, to the total activity was resolved approximately 1..rith the 

crude beta-ray·spectrometer. With the positron activity resolved, the. 

remaining activity vras almost entirely that of the 3o4=day sc47 and the· 

small amount of sc48 activity resolved was so uncertain that the yield of 

this nuclide is not reported. The yield for s~43 includes the 3.9-hour 

Sc44 and these nuclides -vrere assumed to decay completely by positron 

emission. The yield for sc44 was calculated on the basis of the 2.44-day 
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isomer .. 

Calcium Fraction ... - Only two activities were observed in the calcium 

fraction separated from the copper irradiated with 340-Mev protons.. One 

was the 150-day Ca45 and the other w-as a 4 .. 8 ± Oo2 tdlay beta emitter W'ith 

an energy of about 1 .. 2 Mev as determined by an aluminUm absorption 

measurement.. This activity is probably the 5 .. 8-day scandium activity 

reported as ca4 7 by Matthews and Pool .. 1_'2 · The grmvth of a 3 .. 4-day 
' . 

--
scandium w-as observed in t.he decay of the calcium fraction. and the scandium 

daughter w-as milked from the fraction.. The· aluminum absorption· measurement 

of this J•4~day scandium daughter showed it to be the activity assigned 

to Sc4 7. The decay curve of the calcium fraction is shown .in Fig.. 1, and. 

Fig .. 2 shows the decay of the calcium fraction counted through sufficient 

aluminum absorber to cut out the beta particles of the ca45 and the sc47 

daughter., 

Chlorine Fraction.-- The characteristic activities of Cl39 and c1J8 

111ere identified in all the chlorine fractions separated from the irradiated 

copper; but cl3i was identified only in the chlorine fra~tion separated 

from the copper irradiated with 340-Mev protons. The resolution of the 
. . 

0138 and Cl34 was acco1nplished by determining the relative amounts of posi-

trons and negatrom present by means of the crude beta-ray . sp~ctromete:r !' The 

C139 was resolved directly from the gross decay curve. . The ~139,,:. Cl~8, and 

Cl34 were ~ssumed to have counting efficiencies of 100 percent •. 

j?hosphorous Fraction.~ The only activity observed in phosphorous was 

that of the 14o3-day p32• 

Sodium Fraction.-- Twa activities were observed in the sodium fraction. 
. . . 

The 14 .. 8-hour Na24 was definltely identified, but the 2.6-year Na22 could .. 
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be identified only on the basis of the decay during a 120-day period. 

B •.. <.Y~elds of Spallation.~rodw:rt;.s ,, ': : ,,., :. , 

Plots of the observed yields of the spallation products are shown 

in Fig. 3, Fig. 4, and Fig. 5. The yields are gi~en relative to Cu61 , 

which was arbitrarily assigned a yield of 1.0. The numbers iisted for . 

the various nuclides represent the ratios of the nu~bers of atoms of the 

particular nuclides to the mimbe~ of atoms of the cu61 formed in the 

irradiated copper, and hence the nl.im.bers represent the ratios·ofthe cross 

sections for formation from elemental copper.· The cross section for the 

formation of cu61 from elemental copper irradiated vlith 340-Mev protons 

is 1. 7 X lo-26 cm2 ~S 'deterinined by a bombardment of copper in the ~X-· 
ternal proton beam where the beain intensity was accurat!=llY measured• 

The cross section for formation of'Cu61 from copper irradiated with 190-Mev 

deuterons is about 6 x lo-26 cm2• This value is an average value of about 

six different deuteron irradiations, and the value .~ms obtained by using 

an estimated value (one microampere) for the beam intensity. The cross 

sections for the formation of ou61 from copper irradiated with 190-

and 380-Mev helium ions were not estimated since only one bombardment was 

done at each energy. 

The data for the spallation products from copper irradiated 1dth 

190-Mev helium ions are not plotted since only a few values were dete~ 

mined. The relative yields were ou61, 1.0~ ou64, 0.84; 013~, 0.0006; and 

no 0134 was found. 

The sum of the yields for·the nuclides Oo56 and Go58 from. copper bom­

barded with 190-Mev deuterons was estimated to be about 1.,0 on the basis of 

a counting efficiency of ~bout 15 percent for the combination of the 

activities. This is consistent t-rith assuming that the activity is 
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essentially ·all ,co58. 

It shoUld l?e emphasized that the yields for 340-Mev protons are in no 

way relative to the yields for 190-=-Mev deuterons, 190-Mey alpha particles_ 

or 380-Mev alpha particles, since the cross sections for formation .of cu61 · 

from . elemental copper is known only in the case of the 340-Mev proton 

irradiations.. Many of the values for the reported relative yields are'.: 

very dependent upon the counting efficiencies assumed (.§.g., orbital · 

electron. capture), and when these efficiencies are better known 

the yields can be recalculated. 

DISCUSSION 

A. General Observatiqns 

The wide distribution and large number of radionuclides formed as 

spallation products of copper are immediately apparent from a study of 

Fig .. 3, .Fig. 4, and Fig. 5. T:he identification ~f Cu64, Co5!:\ Mn54, and 

sc46, shielde~ from formation by decay, is good evidence for bel~eving, 
that the observed nuclides are mainly primary products from the splitting 

up of the excited nucleus. . The radio nuclides with the largest neutron 

deficiencies or neutron excess are formed in lowest yield, and the yield 

for a given Z rises for t~e nuclides nearest the region of stability. 

Extrapolation·of this effect to the region of stability indicates that the 

stable nuclides are formed in high yield. Thus the emission of almost 

exclusively neutrons (or protons) from a moderately excited nuc~eus, fol-. 

lowed by a series of rapid positron (or negatron) decays, is a relatively 

rare event .. 
'. ,('. 

The majority of the observed yield is found in the regiori of the 

target nucleus indicating that reacti9ns requiring much less thai':l the. 

maximum.amount of excitation available to the nucleus are more .probable; 
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this is discussed in some detail in the next section • 

. It should be possible, knowing the general distribution of spallation 

products for'a gi~e~ z',' to,:ex~r~polate. and tnt.erp~l~.te',,.~ields rbr' :the ,; ··.~ 

nuclides not d~rectly observed ~s spallation products of copper. The 

data from the spallation of copper irradiated with J40=Hev protons ha-ye 

been treated in this manner as shom1 in Figo 6o It was assumed that the 

most probable yie~d for a given Z is a reg1on 2 mass units wide and that 

the yields 1 mass unit on either side of this region are formed in yields. 

abount lo5 times lower than the values in the region pf the maximum yield, 

that spallation yields 2 mass units removed are about ten times lower than 

the maximum, and that yields 3 mass ·units removed are about a factor of 20 

lower than the maximum. 

A summation of these extrapolated and interpolated yields for 340~Mev 

protons gives a total yield relative to cu61 of abo~t 30, and using the 
-26 . ·. . ' 

measured value of 1.7 x 10 cm2 for the cross section for formation of 

the Cu61, the. total spallation cross section for copper is about· 

0.5 x 10~24 cm2 • The geometrical cross section for copper is about 

lel x lo-24 cm2 • The discrepancy corresponds in part to. the nuclear 

transparency at these high energies, but probably to a larger extent it is 

explained by the approximate nature of this method of estimation of the 

reaction cross section. The data in Fig. 6 show that about 80 percent of 

the spallation yields are concentrated in the elements copper, nickel, and 

cobalt. Outside the immediate region of the nucleus, the yield' values in 

the region of most probable yield for a given Z are a decreasing-function 

of Z indicating that nuclear reactions requiring very high exitations of the 

nucleus are much less probable than reactions requiring perhaps some 25 to 

50 Mev of excitation. 

-. 
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·. B;, . Mechanisms -of High Energy Spallation 

The accepted and experimentally stipported.theory of nuclear reactions. 

at low energies (<40 Mev) involves the formation of a compound, excited. 

nucleus; the incident particle is captured by the target nucleus to form 

a compound nucleus with an excitation energy equal to the kinetic energy. 

plus the binding energy of the incident particle. The excitation is then 

dissipated as a separate step ?Y the evaporation of nucleons to form the 

product: nucleus., ·Using only this picture of the compound r,ru,cleus, one, would . 

expect that bombardment with particles of several. hundred Mev of_, energy 

would lead to very low yields of nuclides which are··within a few.mass 

units of the target' nucleus, since.emission of a large number of particles 

from the highly excited compound nucleus would be much more probable., On·. 

the contrary, however, the data presented in the preceding sectiops show 

that· a large majority .of the reactions induced in copper irradiated:_ with. 

34_0...Mev protons, 190-Mev deuteronsj and 190- and 38Q.z.Mev helium ions lead-. 

to products which differ from the target nucleus by a loss_ of. only ·:;>everal . 

nucJ.reons •. ·._ 

Serber has suggested a mechanism which very satisfactorily explain,s . 

the observed facts., 6 ·. Irradiation with high energy protons, deuterons,. and 

helium ions can, be considered on essentially the same b.asis. since~ bombard-;> 

ment with 190-Mev deuterons or with 380-Mev helium ions can be regard,ed a_s, , 

a simultaneous bombardment by the several individual nuc-leons (neutrons. and. 

protons) making up. the incident particle., The binding of the•nucleons in 

the :incident particle is important mainly in giving a. ,spatial correlation 

between them. ·Serber points out that the collision time bet\-Teen ·a high -

energy incident nucleon and a nucleon in the nucleus is short. compared to > 

the time of collision of the nucleons in the nucleus, suggesting that 
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collis~ons betvreen incident nucleons. and. the individual-nucleons in the 

nucleus are of primary importance. 

high energy nuclear reactions can be interpr~ted in terms of the high 

energy scattering between free nucleons. Consideration of high energy 

scattering leads to two conclusions. First, at sufficiently high energies· 

the nucleus becomes partia~ly transparent to th~ bombarding particles~ 

and second~ the incident particle loses only a fraction of its energy in 

the collisions. Serber estimated that the mean kinetic energy transfer to 

the struck particle by a 100-Hev nucleon is about 25 }1ev and that the mean 

free path for this 10~-Mev nucleon traversing nuclear matter is about 

em. Since the struck particles have a shorter mean free path 

than the incident one, they will usually distribute their energy to other 

nucleonsthrough collisions, but it is possible that these struck nucleons 

can escape from the nucleus t.Ti th little or no ·energy loss._ . The . subsequent 

behavior of the excited nucleus can be described in terms of an evaporation 

model, with the excitation energy dissipated by boiling off particles with 

several Mev of kinetic energy'eacho 

The high spallation yields in th.e immediate :region of the target 

.nucleus are probably formed by reactions in Hhich only single nucleon-

nuqleon collisions take place. In the case of the deuteron and helium 

ion yields~ this means· that· only one of the incident nucleons undergoes .. 

a collision in these reactions.· The minimum ene,rgy transfer from a single 

nucleon-nucleon collision would take place ~>Jhen such a collision occurs near 

the edge of the nucleus~ andthe struck nucleon escapes froril.the nucleus 

with little or no energy transfer to the nucleuso 

.• 
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A Iarger portion· of the energy of the. incident particle may .. be left· 

with the nucleus if multiple nucleon-nucleon coili·sions tak.e, place. . Both. 

of the nucleons in the deuterons may undergo nucleon~nucleon collisions 

(or~ in the case of the helium ion, two or three or four of its con~ 

stituents may undergo such collisions) and each of these impinging 

nucleons after such collisions may eitherescape or collide with additional· 

nucleons in the target nucleus. This would lead in the extreme to products 

resulting from nuclei excited to almost the ~f141 energy of the impinging- · · 

proton~ deuteron, or helium ion, amounting :essentially to the_ formation. of: 

a compound nucleus in the ordinary senseo .Thus the target may receive ,,· 

excitation energy from about zero up to the full energy of .the projectile. 

It·is difficult to estimate the energetic requirements for formation 

of spallation products :such as Cl3S and Na24.; It is apparent :frotn energetic 

considerations that Cl38 can not be produced.in copper irradiated.with 

190-Mev deuterons by a reaction in which only single nucleons (neut~ons 

and protons) are emittedo The. threshold for formation.o.f Cl38 from copper 

by the reaction cu63(p,pn6a)Cl38 in which the maximum number of alpha·· 

particles emitted is roughly 110 Mev, but recent.experimental.results 

indicate that· fragments larger than alpha p::1.ri·i.cles are emitted among the 

competitive products ·of nuclear reactions, l3·~l5 and the .energ~t;ic· reqt;:,ire- · 

ments for these reactions ·are even loHer than for alpha.'J)article emission. • 

The observed yield for any given spallation product of ceipper probably actu­

ally represents the ·sums of the yields of several. types·. of, nuclear· reactions 

which form. the given nuclide. The .fact that the observed yields for Cl38 

from 190~Mev deuterons and 19~Mev helium ions are about.a factor of. six 

lower than those from 340-Mev protons and ,380~Mev helil.lDl ions (the. 

relative yields for chlorine-from the copper irradiated withdeuterons.and 
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helium ions should be accurate to at least a factor of two) indicates that 

nuclides in the region of cl38 are probably formed mainly. by reactions 
L '' f 'o l 0 ,' 

.. ·!·~:·:.•.:·-.:·.·· ,·-~: ..... '·• -~,!''' '.::. ',. ·•• .... _ •.• ,.., •. __ . . ~;·~;:,;~,:.·,, ,'~I 

which require an appreciable par-t of the entire energy of the t~hole inci-

dent particl~. 

It is not.difficult to visualize, in terms of an average energy loss of 

about 25 Mev per nuclear collision and a mean free path (4 x lo-13 cm2) of 

about 2/3 the nuclear radius for copper, mechanisms by '"hich the 190-Mev. 

deuterqns, and 19C- and 380~Mev helium ions might impart large portions of 

their total energy to the dapper nucleus. It is difficult, however, to 

understand how a 340~Mev proton could impart large &~aunts of excitation to 

the nucleus with a fair.probability if it transfers in a single nucleon.-

nucleon collision an average kinetic energy.only slightly higher than th~ 

value of 25 Mev given by Serber for 100=Mev nucleons and has a mean free 

path about ~qual to the nuclear. diameter for copper as estimated by 

Yamaguchi. J6 

In th~light of some recent resUlts of high energy scattering·experi­

ments1l'!,lB it is possible to actually estimate thE? mean free path of 

340~Mev protons.in nuclear matter and to estimate the average kinetic en-

ergy loss of a 340..;.Mev proton in one individual collis;ton Iilith a nucleon 

in a copper nucleus and to see if the.values estimated for the average 

kinetic energy loss and mean free path are more in line with high energy 

transfers .having a fair probabilityo 

The experimental. data on proton-proton scattering at 340 !:>1evl·7 show· 

that the scattering cross section does not follow an expected 1/E.dependence, 

and that the cross section is ·considerably higher than ,1-1ould be e:xr>eeted if 

it varied as 1/E. Also.the results indicate that the .cross section is 

practically isotropic between 0° and 90° in the laboratory system. This· 

··. •t 
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means that high energy transfers in single proton-proton collisions have 

a relatively high probability.. By eJ.rtrcrlolating the data from neutron­

proton scattering vlith 260-Mev neut,rons18 to .340 Mev and averaging the 

cross sections for U-P and P-P scattering at the different scat.tering 

angles, it is possible to estimate a mean energy loss·for the ..340-Mev 

protons ofabout70 Mev per collision in a copper nucleuso On the basis 

of these scattering data the mean.free path of a .340-Mev proton in nu- · 

clear mPtter has been estimated to be. about the same as that .for a 95-Hev ·.· 

nucleon, l9 .:1bout 4 x 10~1.3 .em. On the basis of the mean free path of 

the .340~Mev protons being about· 2/.3 the length of the nuclear radius for · 

copper~ and on the basis of the mean kinetic energy transfer per single 

nucleon-nucleon collision being about 70 Hev, it is not difficult to 

understand how large amounts of excitation are imparted to the nucleus. 

Recent calculations . based on an evaporation model for the :emiss.ion qf 

'• .. _.,-· 

the particles from the excited nucleus indic.ate that the emission of alp~a. ,. 

particles from.the excited nucleus should be a fairly probable occurrence. 

and that the evaporation "Jf particles should lead to products along the 

region of stability .. 20 '
21 

The observed spallation yields are in agre&- . 

ment with these calculations since the yields apparently do have a P,efinite. 

maximum of most probable yield for a given Z. about 2 mass u,nits.wide ·and 

a line drawn along this region of most probable yield would be dra1vn through· 

the region of stability .. 
. 52 

The very high yield of Mn52 . compared to -Fe . for 

the j_sobaric pair ·Fe52-:vm52, apparent in both the 190..,.:tvlev deuteron anC:. 

.340-Mev proton yie~ds, indicates ·that there is. a much lflrger ·difference·· in 

the yields than would be expected from the regular trends of the sp~llatiqn 

yields, and it seems logical to.explain the difference observed in terms· 
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of alpha·particles being boiled off from the excited target nucleus as 

suggested by Helmholz et a1. 5 If the Fe52 anq Mn52 are formed by reactions 

initiated by ~on~ciapture '~ro~~sses (pro~esses hi whfuh the 'proton ~r the 

deuteron loses energy to the nucleus but· a proton is not retained by the 

nucleus); the reactions for the formation of Fe52 and Mn52 should perhaps 

be written cu63(p,pp6nct)Fe52 or cu63(d,dp6na)Fe52 .and cu63(p~p3n2ct)I>fu52 or 

cu6.3(d,d3n2ct)Mn52. 'On this basis the yields indicate that the probability 

of emission of two alpha particles plus three neutrons .is much higher than 
' ' 

that for the e:inission of one alpha particle, six neutrons., and a proton. 

Although this effect shm1s up only in ·special cases like this 11here such 

direct comparisons can be made, it is probably a general phenomenon. 

It is also possible on the basis of. the spallation·yields to.say 

something about the probability of exchange reactions, for .exampley 

reactionS-in which• the incident proton or the proton of the incident deuteron 

undergoes an electron exchange with a neutron in· the copper nucleus and 

emerges as a neutron. The. high yields of copper relative to. the correspond-> 

ing zinc isotopes j_ndicate that· these exchange reactions do not predominate .. 

The decreasing yields of individual nuclei far rem.Oved from the target 

nuclei is-of course due in part to statistical considerations and the 

greater number of possibilities. A larger number of different combinations 

of e:initted particles is possible from a highly. excited nucleus·than from 

a nucleus excited to a smaller .extent. Thus, even if the probabilities of 

exciting a nucleus-to ~ay 200 and 100 MeY were the.same, the yield of an 

individual product resulting from the higher excitation would be lower than . 

one resulting from the lmier excitation. 

It is interesting to note that no observable yield.of cu67 was 

obtained from copper irradiated 1t1i th 380~Mev heliu111 ions. This nuclide can 
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be formed only by an (a,2p) reaction on cu65, 

:! ' 

CHEMICAL SEPARATION PROCEDURES 

The irradiated copper foil was dissolved in hot concentrated nitric 

acid or hydrochloric acid and hydrogen peroxide, and milligram amounts of 

the elements calciUm. through zinc were then added to act as carrier for 

the elemental. fractions. Kno'l-m amounts of the elemental fractions to be . 

separated were added .so that a quantitative. estimation of the amounts .of . 

the original carrier lost during the chemical separation procedurescould 

be made in the case of the .proton bombardment and the macr6 amounts of .. the' 

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

separation procedures included distillation, extraction; and precipitation 

operationso 

In general the degree. of radiochemical purification required depends. on 

the relative spallation yield and the counting efficiencies of the· radi~ 

nuclides in the elemental fraction. If the nuclides are formed-in high 

yield and have a high counting efficiency, the degree .. of radiochemical 

purification-need not be too high 9 but if the spallation yields are low 

or the counting efficiencies are low, the degree of purification must be 

high. 

Usually the particular elements to be investigated 11ere separated 

successively from the entire dissolved target solution. Since different 

combinations of elements were removed in each investigation, the chemical 

separation procedures as a whole varied from bombardment to bombardment. 

The essential steps for the separation and purification of the elemental 

fractions were the same and the over-all. procedures differed only in the 

order in which the separations ifere used. For this reason only the 

important steps necessary for the chemical separation and purification of 
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the various elemental fractions are discussedo The final precipitates, if 

the final step in the chemical separation procedure is a precipitation, 
,. ,·:- 1 r 1 

.. 
1
'-l.• •' , , :::-:: -1', •I. ':•' ': ;·:. :'·",:·': ~., .~ ~.:.•,;:\<·\ (~ . .'; ·-,'', ,· .l. ',''·' 

\vere usually dissolvedli and aliquots were taken from the solution for 

counting._ 

Zinc.;~- The dissolved target solution Hi th carrier~ added was -­

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

sulfide. The hydrogen .sulfide was expelled and the solution neutralized 

with a.mnionium·hydroxideo .The solution was then.adjusted to pH 3 with 

dilute sul-furic acid, and the zinc :was then precipitated as the sulfide. 

The precipitate \-laS dissolved in dilute hydrochloric acid and• the 

hydrogen sulfide :expelled by boiling o Three milligrams of iron carrier 

itlas added and the solution adjusted to 111 in sodium hydroxide~ The ferric 

hydroxide was removed by centrifugation~ and . the fer.ric -hydroxide pre·~ 

cipitation was repeated.- The solution was thenadjusted to l,N in hydro..;._ 

chloric acid and the zinc precip:i:tated by adding 4 ml. of ammonium •mercurlc .. -

thiocyanate. The zinc mercuric thiocyanate precipitate was washed with. a 

solution containing rumnonium'mercuric thiocyanate and then transferred to 

an aluminum plate to be dried and· weighed in this formo 

Copper.~- The dissolved target solution with carriers added 1-re.s 

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

sulfide. The sulfide precipitate was dissolved in hot concentrated nitric 

acid, the sulfide expelled or oxidized, and.the nitrate destroyed by· 

boiling \..fith concentrated hydrochloric acid. The solution containing the 

copper .ms adjusted to 0.5fl in hydrochloric acid, sUlfur dio::ic:lde bubbled 

through the solution to reduce the copper~ and then sodium thiocyanate 

added to _precipitate copper as the cuprous thiocyanate. The' cuprous 
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thiocyanate was 1-.rashed with water and then dissolved in nitric. acid. The 

nitrate was again destroyed by boiling with concentrated 'l}ydrochlo:ric acid.· 

and the solution again adjusted to Oo51'.I in hydrochloric acid. The copper 

was th!3n precipitated in the final form as· the cuprous thiocyanate~ . 

Nickel.~ The solution remaining, after the copper had been removed 

as the sulfide, was boiled to expel the hydrogen sulfide and the iron 

oxidized with a few drops of nitric acid. The solution was then made 

alkaline with ammonium hydroxide and the precipitated hydroxides removed. 

The precipitate was Hashed with-a hot solution of armnonium-chloride•and 

the Wa.sh combined with the supernate from the precipitation. · Three mg 

of iron carrier was again added and the ferric hydroxide removed by· 

centrifugation. The solution was made slightly acid -vrith acetic acid and 
-

2 ml of a·l percent alcoholic solution of dimethylglyoxime was added to·· 

precipitate the nickel a;s nickel dimethylglyoxime. The .precipitate 1vas 

washed with water and then dissolved in concentrated hydrochloric acid. 

One to 2 mg portions of copper, cobalt, and-manganese were added to act as 

holdback carriers, the solution neutralized with armnonium hydroxide, and 

then made slightly acid with acetic acid. D~ethylglyoxime was again 

added to make sure that the precipitation of. the nickel dimethylglyoxime 

was complete, and the precipitate was washed again with water. The nickel 

was weighed as the nickel dimethylglyoximee 

Cobalto~ After the copper had been removed as the sulfide, the· , ··· 

solution was boiled to remove the hydrogen sulfide and then neutralized· 

with potassium hydroxide. The solution was adjusted to .31:! in acetic acid,·. 

and .3 to 4 ml of a saturated solution of potassium nitrite acidified with 

acetic acid was added to the hot solution containing the .cobalt.. The 
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precipitate ofpotassium cobaltinitrite was allowed to settle ina steam 

bath,. removed by centrifugation~ and ~.re.shed with a 5 percent- potas13ium 
\ ... ' t • - l . • •. ' 

nitrite. ~~i~ti1~n ad~dif;i~d/wit~' ~icetic 'ac:id. , fh~ p;~'~ip.itate Ja:~ ;dis~.· · · .\··· 

solved in hydrochloric, ·acid, ~d holdback carriers for zinc, copper, 

nickel, and manganese were added. The solution was then neutralized with 

potassium hydroxide and the cobalt again precipitated as potassium coba.lti-

nitrite.. The cobalt was weighed as the potassium cobaltinitrite. 

1J:sm.- The solution of the copper target, 1,:r.i. th. 5 mg .of iron carrier 

added, was adjusted to 7o75! in hydrochloric acid and the iron extracted 

with isopropyl ether.· The ether layer was washed four times with.6 .ml 

portions of 7o75,Nhydrochloric acid, and the·iron was extracted from the 

ether layer with water. The solution was made alkaline with .ammonium 

hydroxide.and the ferrio hydroxide precipitate separated by centrifugationo 

The precipitate was dissolvedin hydrochloric acid and the iron again 

extracted from 7.75! .hydrochloric acid with isopropyl ether. The ether 

layer was again washed with 7.75.N hydrochloric acid and the iron extracted 

from the ether layer with 1>1ater. · 'The iron was analyzed by a colorimetric 

method. 

Manganese.-- The solution of the target, to which 5 mg of manganese 

carrier and holdback carrieiSfor the other elements had been added, was 

adjusted to 2B in hydrochloric acid and the copper removed as the sulfide. 

The supernate -v1as made alkaline with ammonium hydro:x:ide and the; alkaline· 

sulfides precipitated.· The sulfide precipitate' was dissolved in concen.;. 

trated nitric acid and fuming nitric acid added to make the volume up to 

about 5 ml. Two or three crystals of potassium chlorate were added, and the 

solution was· boiled gently for a·· fevr minutes to precipitate manganese 
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dioxide.. The precipitate was removed by centrifugation, washed with, water, · 

and then dissolved in one drop nitric acid and one drop of hydrogen per-

oxide.. Holdback carriers for zinc, copper, nickel, cobalt 51 iron, 'and chroin-

ium were added and the manganese· l-Ias again precipitated as manganese 

dioxide from concentrated -nitric acid.. The manganese was analyzed 

by weighing as manganese dioxide .. 

Chromium.-- The steps for the'chemical separation of chromium uere 

the same as those given for the separation of the manganese down to the 
··: ', ·: ~ ·. 

point where the rn.ru;ganese was f_irst removed as manganese dioxide. At· 

this point the chromium 1-m.s in the form of the chromate and remained 

in the supernate after the manganese dioxide was removed by centrifugation. 
. .· . 

The nitric acid solution containing the chromate was adjusted to 0.2,!i in 

nitric acid and the solution cooled in an ice bath. Two tothree drops of 

30 perc~nt hydrogen peroxide •rere added to form the blue peroxychromic 

acid, and the peroxychromic acid was extracted •rith diethyl ether. The 

ether layer was washed t1·1ice Hith 5 m1 portions of H'ater containing a drop 

of nitric acid. The peroxychromic acid ..m.s removed from the ether layer 

by adding a solution of 0.5B sodium hydroxide which breaks do~1 the 

peroxychromic acid and forms the chromate. The ether was removeq by 

evaporation, and the excess hydrogen peroxide ws destroyed by boiling 

the solution. The solution was made slightly acid with acetic acid, and 

the barium was precipitated as the chromate by adding barium chloride 

dropwise to the hot solution of the sodium chromate. The chromium was 

weighed as barium chromate. 

Vanadium.-- The vanadium •~s usually separated just subsequent to the 

extraction of the chromium as the blue peroxychromic acid.as descr:i,bed in 
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the preceding section. on chromium. The solution containing the vanadium was 

almost neutralized 1-rith sodium hydroxide and then was poured into 10. m:1. of . 
' . . 

, , , , ' ; , • . l , ··, • ',• • ; ; • ' 1. . 1 ·I , r~ , .~ ·. 1 , , ; . ; I ' , , .'· : · ~ 1 . , , , 

a hot solution of l,N sodium hydroxide. The hyd;roxide precipitate was. re'-

moved by centrifugation an¢1 then washed With 4 m1 of hot·ll! sodium hydroxide. 

Two mg each of iron and titanium· carrier were then added to .. the solution 

and the hydroxides precipitated" The supernatant solution containing the 

vanadium 1-re.s boiled to reduce the volume and then made slightly acid with 

acetic acid. Lead acetate was added to precipitate the vanadium as le8.d 

vanadate, and the precipitate was vmshed with a dilute solution of lead 

acetate made slightly acid with acetic acid. The lead vanadate was 

dissolved in nitric acid and the solution adjusted to 2Ji in nitric acid. 
. . . 

The lead was precipitated as the sulfide, and the sulfide was e~Jelled by 

boiling the solution. Five mg of chromium carrier was added and sulfur 

dioxide 1..ffis passed through the solution to reduce the vanadium and chromium • 
. ·. . . 

The solution 1.~s almost neutralized vdth sodium hydroxide and then poured 

into a boiling solution of lN sodiwn hydroxide to precipitate the chromium 

hydroxide. The chromium hydroXide was removed by centrifugation, and the 

vanadyl ion was oxidized to the vanadate state wit? hydrogen peroxideo 

Vanadium vms then precipitated as lead· vanadate from a s~lution slightly 

acid with acetic acid. The vanadium was analyzed colorimetricaliy. 

TitaniUlJ!.-- After the copper had been removed as, the .. sulfide~ the 

solution with the carriers added was boiled to remove th~ hydrogen sul.fid·e, 

and the solution was made alkaline -.lith ammonium hydroxide to.precipitate 

the hydroxides of iron~' scandium, and titanium. The precipitate was washed 

with hot, dilute ammonium hydroxide and then dissolved in hydrochloric acid. 

The solution was then adjusted to 0.5Ji in hydrochloric acid and scanditmi 

precipitated as the fluoride by adding 0.3 ml of 27! hydrofluoric acid. 

·•· 
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After allmdng the precipitate to settle for ten minutes on a steam bath, 

the scandium fluo:ride was renioved by centrifugation, and the supernatant 

was made alkaline with ammonium hydroxide. The combined ti tani't.El and ferric 

hydroxide precipitate was removed, dissolved in nitric acid ahd~adjusted .. 

to lo6! in nitric acid. Five m1 of a solution of potassium iodate was 

added and the titanium separated as potassium tit~ium iodate. The precipi­

tate was washed vrith a dilute solution of the potassium iodate. The iodate 

was destroyed by bubbling sulfur dioxide into the precipitate mixed with a 

few m1 of dilute hydrochloric acid~ Ammonium hydroxide was added to preci­

pitate the titanium hydroxide, the precipitate was removed by centrifu­

gation and then dissolved in hydrochloric acid. Five mg of scandium carrier 

was added, and the scandium was precipitated as scandium fluoride from a 

0.5M solution of hydrochloric acid. The titanium was again precipitated 

as the hydroxide and the precipitate dissolved in nitric acid. The 

solution was again adjusted to 1.6! in nitric acid and the potassium 

titanium iodate again precipitated~ The titanium was analyzed colori-· 

metrically. 

Scandium.-~ The steps in the separation procedure for scandium are the 

same as those for titanium dm..m. to the point where 'the scandium fluoride is 

removed. The fluoride precipitate was w~shed with 0.5! .hydrochloric acid 

containing one drop of 27! hydrofluoric acid. Sulfuric acid was. used to~ 

dissolve the scandium fluoride and the fluoride ion was removed by fuming . 

the scandium solution with a small amount of concentrated sulfuric acid. 

The sulfuric acid solution was made alkaline 1.d th ammonium hydroxide and the 

scandium hydroxide precipitate removed by centrifugation. The hydroxide 

Has dissolved in hydrochloric acid and the solution adjusted to _0~5! in · 

hydrochloric acid. ··Scandium fluoride was then precipitated by adding 
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0.3 m1 of 27]i hydrofluoric acid, and the precipitate was allowed to settle 

on a steam bath. The precipitate was again dissolved in sulfuric acid, the 
' '· . . . : ' . 

'I' '•,' ~ '; '. I •, . " ,...- , • , ,!_ · , . ' ' ' "_ ., ' '.',_ , ' , , , , , ;. •. ' : ·, ,, ·. , ; 'I !-i 1 •, .• , ' '; . _' J ; .' 

hydrogen fluoride distilled, and scandium hydroxide precipitated from ari . 

alkaline ammonium hydroxide solution. The scandium was 1..reighed as scand:j..um 

oxide. 

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

5 mg of calcium carrier and holdback carriers for the other elements was 

made alkaJ.ine vlith ammonium hydroxide, and the alkaline sUlfides and 

hydroxides W,ere precipitated. Holdback carriers for zinc through scandium 

were again added, and the alkaline sulfides and hydroxides \..rere again 

precipitated. This last step Has again repeated, and the solution vras 

then boiled to remove the hydrogen sulfide. The solution 1-ras made slightly 

acid vii th oxalic acid, and 5 m1 of 4 percent ammonium oxalate vms added to 

precipitate calcium oxalate. The precipitate vras allo~..red to settle on a 

steam bath for ten minutes, viaS removed by centrifugation, and washed 

1t1ith -vrater containing oxalic acid and amonium oxalate. The calcium. 

oxalate 1-ias dissolved ~n concentrated nitric acid 7 and a feu crystals of 

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

iron carrier H-as added, and the· solution made alkaline •lith a.mrnonium hydrox-

ide. · The ferric hydroxide 1tras removed by centrifugation · and the solution 

made acid -vlith oxalic acid. Four ml of a solution 4 percent in anunoniilln 

oxalate was added to precipitate calcium oxalate as the fil1al purification. · 

step, and the precipitate \..ras alloHed to settle on a steam bath. The . 

calcium -vras Heighed as calcium oxalate. 

Chlorine.- The copper was dissolved in nitric acid and 5 mg of chlorine 

in the form of sodium chloride 1t.ra.s added. The solution ;,;as boiled to dis-

till the hydrogen chloride and the gas Has caught in a solution containing 
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t~vo to three drops of nitric acid and sufficient silver nitrate to precipi­

tate the chlorine as silver chloride., The solution was heated almost to 
. . . 

boiling to coagulate the precipitate, and it ua.s removed by centrifu.;_ 

gation. The precipitate was washed vd.th dilute nitric acid and then dis­

_solved in dilute ammonium hydroxide. The solution was then acidified vd.th 

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 target was dissolved in nitr.ic acid and 

5 mg of phosphorous as phosphate ion was added to the solution. 

Holdback carriers. ~ere also added for the other elements zinc through 

calcium. The solution was adjusted to l,N in nitric acid and 10 ml of 

annnonium molybdate was added to the warmed solution to precipitate annnonium. 

phosphomolybdate. The precipitate was alloifed to settle for 15 minutes,. 

removed by centrifugation, and washed tdth a solution of 1 _percent nitric 

acid., The precipitate was dissolved in ammonium hydroxide con-t;,aining ci-

trate ions to complex titanium' that interferes. Hydrochloric acid was 

added until the precipitate that formed dissolved tdth difficulty and 5mg 

each of vanadium and titanium carrier were added. Sulfur dioxide was 

bubbled through the solution to reduce all the vanadium to the vanadyl 

state. Two ml of cold magnesium chloride was added, and t]:le solution was 

allowed to stand for five minutes. Concentrated ammonium hydroxide was. 

then added. equal to one· quarter of the original volume and the ·precipitate · .. 

was allowed to . settle for 15 minutes.. The precipitate was removed by 

centrifugation and then washed vlith,.31;! ammonium hydroxide. The precipi-

tate was dissolved in l,N nitric .acid, and the phosphorous was again 

precipitated as the ammonium phosphomolybdate. The phosphorous t..ras 
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l-reighed as the animonium phosphomolybdate. 

Sodium>..,, The copper vms dissolved in CQncentrat.ed hydrocJJ,l,or:L9 .,p .... , . 

acid and hydrogen peroxide,and 5 mg of sodiun1 chloride was added as 

carriero Carriers for the elements zinc through potassium were added and 

the solution adjusted to 2,N in hydrochloric acid and the copper precipi­

tated as the sulfide. The solution was boiled to dXJ~ess to remove the 

excess acid, the residue dissolved, and then the solution made alkaline 

1vi th ammonium hydroxide. Hydrogen sulfide was added and the sulfides and 

hydroxides were precipitated. · Additional 3 mg portioi:l.s of carriers zinc 

through scandium Here added and precipitated. This scavenging process was 

repeated twice. Excess 'hydrochloric acid was added to the :alkaline ·sulfide 

solution 9 the acidified solution boiled to dryness, and the. ammonium · 

chloride driven offo The residue ~ias dissolved in Hater 9 the solution 

checked to make sure it was neutralj and the sodium precipitated as the 

sodium zinc ure.nyl acetate. T1.ro 5 ml portions of zinc uranyl acetate t..rere · 

used to wash the precipitate, and the precipitate \vas then dissolved in ab­

solute alcohol saturated with hydrogen chloride gas. The resulting mixture 

was cooled in an ice bath and the sodium chloride separated by centrifu~ 

gation. The sodium chloride precipitate was washed witha 5 ml portion of 

the_alcohol-hydrogen chloride solution. The-sodium chloride was dissolved 

in \-ffi.ter and the solution neutralized with potassium hydroxide. Zinc 

uranyl acetate vms added to precipitate· the sodium9 the precipitate re=­

moved by cientrifugation9 a:nd.then washed ,./ith·additional zincuranyl> 

acetate. The precipitatei 1ias dissolved in absolute alcohol ~aturated. "tdth 

hydrogen chloride~ the mixture cobled·in an'ice bath, and the sodiumchlor­

ide removed by centrifugation. The sodium c'hloride ~ras ~rmshed :with an 
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additional portion of the ethyl· alcohql-hyd:rogen chloride solution.­

The sodium was weighed as· sodium. chloride. 
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FIGURE 

lo Decay of Cllcium fraction separated from copper irradiated 1~th 

,340-Hev protons • 

2. DE)cay of calcium fraction separated from copper irradiated with 

340-Mev protons counted through sufficient absorber to_cut out 

._the beta particles of ca45 and the sc47 daughter. 

Experimental yields from copper irradiated -vr.i..th 340-Mev protons. 

Yields are relative to cu61. 

4 o - Experimental yields from copper irra.dia ted 1d. th 190-Hev deuterons. 

Yields are relative to cu61 • 

5. Experimental yields from copper irradiated 1-r.i. th 380-Hev helium ions. 

Yields are relative to cu61 • · 

-6. Experimental, interpolated, and extrapolated yields fron copper 

irradiated vr.i..th 340-Mev protons. Yields are relative to cu61• 
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