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ABSTRACT 

Nuclear reactions induced i n  elemental copper by i r rad ia t ion  with 

charged par t ic les  accelerated t o  energies i n  the hundred-$lev range have 

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

of t h e  ta rge t  n-wleus t o  a region wfiich i s  removed from the ta rge t  

nucleus by as many as  f i f t y  o r  more nucleons, The yields of the various 

profiucts w e r e  measured, and the r e su l t s  show tha t  a large majority of 

the  produc-t;s r e su l t  from reactions i n  which only a fract ion of the 

t o t a l  energy of the incident par t ic le  i s  l e f t  with t he  nucleus, The 

distr ibutfon of the amounts of the reaction products i s  i n  agreement 

with a pictxwe of high energy nuclear reactions involving nuclear 

transparency and the idea tha t  the nuclear reactions involve excitation 

following collisions and energ7 transfers between the ind iddua l  nucleons 

in the hpinging pa r t i c l e  and the indiv idud nucleons in the  ta rge t  

nucleus. The results include recent w o r k  on the nuclear reactions 

f-nduced by 3.40-Mev protons avld some ea r l i e r  qual i ta t ive work on the 

nuclear reactions induced by 190-Nev deuterons and 190- and 390-IIm 

helftm ions, 
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INTRODUCTION 

The acceleration of charged part ic les  t o  energies i n  the  hundreds of 

Mev range by the Berkeley 1%-inch cyclotron has made it possible t o  study 

nuclear reactions i n  which the reaction products cover a range fromthe 

region of the  target  nucleus t o  a region which i s  removed from..Wle tar-". 

get nucleus by as  many as t h i r t y  o r  more nuc1eons.l The term nspaUatLonfl 

has been suggested t o  describe t h i s  type of transformation i n  which the . <  

excitation of the nucleus is  degraded by emission of small nuclear fxag- 

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

Some of the resul t s  of spallation reactions induced with high energy 

deuterons and alpha part ic les  have been reported previously. "5 The pre- 

sent study consists of the determination of the radioactive products form@ 

by the i rmdia t ion  of elemen%& copper with 3.40-Mev protons. The data alsq 

bcXude the  r e su l t s  of a cursory . . hvestEgation of ,the products f o q e d  by 

the irradiat ion of copper with 190-Mev deuterons am3 190- and 388-Mev helium ions. 

The observed spallation products include some 35 ~uclides,from,sodium 

through zinc and the dfstributfon of the amounts of the  reaction products 

formed i s  i n  general agreement with the picture of high energy nuclear.,reg 

actions described by ~ e r b e r . ~  The observed yields show the effeats  of n b  

elear  transparency and a re  consistent with Serber's idea that the nuclear 

reactions involve excitation following collfsfons and energg. transfers,  . 

between the ind9vidual nucleons in t h e  impinging p+felec and the .iz@vidal 

nucleons i n  the target  nucleus, 8s W d  be expected on t h i s  picture, . the 

products,which are.formed by reactions requiring m e  amomts of excitation 



occur most frequently, 

The spallation data from the  deuteron and helium ion i rradiat ions 

of copper represent the resul t s  of some early qualitative work done i n  

1947 and 1948, A t  t he  present time t h i s  laboratory i s  not planning any 

immediate fur ther  investigations of these sgallation distributions,  and 

the data a re  published here f o r  qual i ta t ive consideration only, 

PROCEDURE 

Irradiations with the  high energy par t ic les  were carried out i n  the 

circulating beem of the  l&!+inch frequency modulated cycloSron. The 

ta rge ts  consisted of 6 and 10 mil copper f o i l  about 15 nrm long and 10 mm 

vide. The copper s t r i p s  were clanped i n  target  holders which could be 

attached t o  the  movable probe head of the  cyclotron, and the bombarding 

energies were adjusted by fixing the r ad ia l  distance of the leading edge of 

the  target  s t r i p  from the origin of the  beam. Since -the degradation of the 

energy of the  high energy par t ic les  i n  passing through the  10 m i l  coppa 

f o i l  i s  small, the ta rge ts  could be considered as  th in  targets. 

Because of the  fluctuations i n  intensi ty of the circulating beam, %he 

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

mined directly.  The amount of the  nuclide cub' fonned during any given 

i rradiat ion of the copper was determined and by relat ing the  amounts of the 

other nuclides formed t o  the  amount of cu61 produced, re la t ive  yields of 

nuclides from any ser ies  of proton, deuteron, ox h e l i m  ion irradiation8 

could be compared, 

The length of the i r radiat ions varied from ten minutes Lo one how 

depending on the  half-lives of tht. nuclides which were t o  be studied, One 

approximately 30 hour proton bombardment, and one approduima.tely 15  hour 

deuteron bombardment were done t o  determine the yields of the  nuclides w i t h  



very long half-lives, 

' An absolute cross section f o r  the formation of the cub1 from copper 

i r radiated with 3L&Mev protons was d e t e d n e d  by Lmadfathg a piece of 

10 m i l .  copper f ~ i l  in the  external beam of the  l&=-hch cyclotron, , The 

beam intensi ty was measured d i rec t ly  by means of a Fwaday Cup arrangement, 

In the  case of %he deuteron irradiations,  the  absolute cross section f o r  

the  formation of (3u61 was oaloulated using an estimated value of one micro- 

ampere fo r  the  deuteron beam intensi tye 

After the  target  was irradiated, it was dissolved b d  measured amounts 

of car r ie rs  were added t o  the target  solution, The elemental f ract ions 

were separated by the chemical sepasation procedures t o  be discussed An 

t he  section on "Chemical Separation  procedure^.^ For We Goton Irradia- 

t ions,  the amount of car r ies  remaining a f t e r  the chemical separation of an 

elemental f ract ion was determined by chemical anriLysis aad the percent of 

the car r ie r  recovered was taken as a measure o f ' t h e  percent of the radio- 

active atoms o f t h e  element recovered. Ho correction was mde f o r  lasses  

during the  chemical separations i n  the cases of the  deuteron and he-' 

lium ion kradiations,  bnt u s d y -  dtxplfcate experiments were performed in 

the  case of the deuteron study, and the higher yields were g h e n  greater 

s t a t i s t i c a l  weight i n  the  f i n a l  average value of the yields. 

Counting of the ac t iv i t f e s  was done on an end-window, alcohol-quenched, 
, t  

2 argon-fi l l ed  Geiger counter tube with a laica window of -3 mg/m thickness 

used i n  conjunction with a scale of 6.4 counting cfreuit ,  The nuclides were 

characterized by half- l i fe  deter?n2nations, absorption measurements, and sign 

of pwt icu la te  radiation emitted, 

A crude beta-ray spectrometer was used i n  the determination of the  sign 

of the beta par t ic les  and was especially useful where it was necessary to 



resolve nuclides with sirdrlar half-life but differing in sign of partfcu- 

late radiatiok emitted, 

The counting data were corrected for window and air absorption, and in 

the cases where the yields are based on the counting of K x-rap, correc- 

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

corrections were made only in the case of the determination of the absolute 

cross section for the fomtion of the t3u61 from the proton irradiation of 

the copper, The samples from the proton irradiations were mounted on thin 

cover glasses or 5 mil aluminm discs and the backscattering corrections 

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

of the beta particles observed, The samples from the deuteron and lielium 

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

although the backscattering corrections are not equal, no correction was 

applied since the correction 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 elemental 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 IsotopesfJ by Seeborg and Perban. 7 

Only in the cases where information on the anclides was published in the 

literature subsequent to the data given in "Table of Isotopesm will 

references be cited. All activities identified in the elemental fractions 

are discussed below and include the results from all bombardments (190-Mev 



deuterons, 190- and 38-ev helium ions, and 340-Mev protons). A check of 

~ i g ' s .  3, and 5 and the  resul t s  f o r  190-Mev helium ions l i s t e d  i n  the 

ttResultsw section w i l l  show which individual ac t iv i t i e s  were ;identified 

in each of the elemental f ract ions from the  different  bombardments. 

Zinc Fraction,-- The characteristic ac t iv i t i e s  of z$~, ~ n ~ ~ ,  and . ' 

~n~~ were observed i n  zinc. The ~n~~ was counted through suff icient  , ,  

aluminum absorber t o  cut out campletely the  particulate radiation and . . 

x-rays, and the counting efficiency of the  1,d-Mev gamma-ray m s  "t&en as . 

one percent. The zn63 was characterized by i t s  half- l i fe  and the nuclide 

was assmed t o  decay 93 percent by positronl emission and 7 percent, by orb i ta l  

electron capture. . 121s 2n6' was assumed to. decay 3.0 percent bp posit+on 

8 
emission md 90 percent by K-capture a d  was comted with the 10--0tinute 

~ ~ 6 2  daughter i n  equilibrium, 

Copper Fraction.-- The ac t iv i t i e s  resolved in the copper were those 

of d4, cu6', cub', and Cab'. The 12.LLhour was the longest l ived 
. . 

ac t iv i ty  identified and was assumed to  have a counting efficiency of 

50 percent. The 10.5-minute ~b~~ was the shortest l ived activity identified 

and the  nuclide was considered as  decaylng completel~r by positron emission, 

Cn61 decays 66 percent by positron emission9 and 66 percent was taken as 

the  counting efficiency of the  nuclide. The 25-mSnute cu6' was resolved 

with precision only i n  the copper fract ions from the  19O-Mm deuLmon and 

380-Mev helium ion irradiations,  

Nickel Fraction.-- The o d y  observable ac t iv i t i e s  i n  nickel were the 

2.6hour ~ 1 ~ 5  and the 36-hour ~ i 5 ~ .  The formation of the  small amount of 

gi65 from Cdpper i r radiated with pratana i s  probably due t o  %he reaotion - - 

~ u 6 5 ( n , ~ ) ~ i 6 5  caused by secondary neutrons and w i l l  be neglected as s 



spaUation product from 340-Mev protons, A counting efficiency of 50 per- 

cent was used' f or the ~165 since the nuclide decays 50 percent by positron 

emission and 50 percent by o rb i t a l  electron capture, 10 

Cobalt Fraction.-- The character is t ic  ac t iv i t i e s  of and ~ 0 5 5  

were ident i f ied i n  all elemental f ract ions of cbbalt separated. The Co5* 

and ~ 0 5 ~  were ident i f ied def in i te ly  i n  the proton i r radiat ions and the  

character is t ic  72-day half- l i fe  of these ae t iv f t f e s  was observed i n  the  

cobalt f ract ion separated from the copper i r radiated with 190-Mev deuterons, 

The co6' decayed with the  character is t ic  le7f5=-hour half- l i fe  and s u o e  it 

decays by negatron (negative beta par t io le )  emission, no correction was 

necessary f o r  the counting efficiency. The ~o~~ was easi ly  resolvable 

and since no .+electron capture branching has bea reported, the counting 

efficiency was taken as 100 percent, 

The f a c t  tha t  the C O ~ *  and Cos6 decay vlth equal. half-l ives and are 

both positron emitters makes t h e i r  resolution df f f icu l t ,  The resolution 

of the  two ac t iv i t i e s  was done only f o r  the  cobalt f ract ion separated from 

the  copper i r radiated with 340-P4ev protons, The shape of: the  composite 

positron spectrum from the  cobalt f ract ion w a s  determined by means of a 

crude beta-ray spectrometer a f t e r  the 18-hour ~0~~ had been allowed t o  

decay. The shape of the positron spectrum f o r  a smple  of pure ~0~~ which 

had been determined under similar conditions was available, and by subtract- 

ing the contribution of the  ~ 0 5 6  positron spectrum f r o m  the composite posi- 

t ron  spectmm, the contribution of each isotope t o  the t o t a l  ac t iv i ty  was 

obtained, The counting efficiency of the C O ~ ~  was taken as 15 percent 

that of t b e  ~ 0 5 ~  as 100 peicent, 

Iron Fraction.- me character is t ic  a c t i v i t i e s  of the radionuclides 

Fd9,  ~ e ~ ~ ,  ~ e ~ ~ ,  and ~ e * ~  were probably present i n  a l l  iron fract ions 



-9- 

separated from the  copper i r radiated with the protons, deuterons, .and- 

helium ions, All of these a c t i v i t i e s  were ident i f ied defin3tely only in . 

the  i ron fract ions separated from the copper i r radiated with 34Q-Mm pro- , '  

tone. The ~ e ~ ~ ,  pe53, and ~e~~ were ident i f ied in the iron fract ions 

from the  copper i r radiated w i t h  deuterons, and the y-ieid for the  i ron 

from 38bMev helium ion i r rad ia t ion  3s based only on the ~e~~~ The 2.9-reax 

II ~ e 5 5  was assumed t o  decay completely by orb i t a l  electron captu~e '  luld a 

counting efficiency of 10 percent was taken f o r  the x-rays. The ~ e 5 3  was 

assumed t o  decay 100 percent by positron emission. The ~e~~ was counted 

i n  equilibrium vi th its 21-minute ~n~~ daughter. By determining the amount 

which grows i n t o  the iron fraction, an estimation was made of the  amow% ~ f ,  

"2 posftron emission and o rb i t a l  electron capture branching ~ Q F  the  Fe' . It 

was found tha t  the nuclide 3ecays approximately 65 percent by positron 

emission and 35 percent by orbital electron capture. 

Wanaanese Fraction.-- The radionuclides Mn569 ~ n ~ ~ ,  ~ n ~ ~ ,  and ~ n 5 l  . . 

were ident i f ied in mganese .  The was essmned t o  decay completely . . 
by negatron emissioa. The ~ n ~ ~ , w a s  counted through suff ic ient  aluminum , , 

absorber t o  cut out all the par t iculate  radiation an& x-rays, and a value 

of 0-8 percent was assumed as the  sounting efficiency of the 0 .$-Mev gamma- , 

rq.  Thirty-five percent Gas taken as  the positron branching of the 5.&-day 

bfn529 and the  yield f o r  manganese mass number 52 i s  +reported on the bas is  

of t h i s  act ivi ty .  The Mn5' was assumed t o  decay completely by positron - 

emission. 

Chromium Fraction .-- The two ac t iv i t i e s  ident i f ied fn chro~nLum &re 

those of cr5' and Cd9. Since the cr5' decays by orb i t a l  electron capture 



and gamma-my emission the counting efficiency of t h i s  nuclide would have 

had t o  be e s t h t e d  roughly, but it was possible t o  determine the c o d i n g  

efficiency d i rec t ly  by milking from a knoun amount of which had 

decayed. With the assumption tha t  Mn51 decays 100 percent by positron 

emission, the Cr5' was'found t o  have a counting efficiency of 2.6 percent 

when counted i n  a precipi ta te  of barium chromate. The ch9 was assumed t o  

decay with no orb i ta l  electron capture branching. 

Vanadium Fraction.-- The yield f o r  vanadium is based on v4' which was 

assumed t o  decay 58 percent by positron emfssion. 

Titanium Fraction,-- The only ac t iv i ty  identified i n  titanium was 

t h a t  of the 3.08-hour ~i~~ and the yield was calculated on the basis of 

the  nuclide decaying ent i re ly  by positron emission. 

Scandium Fraction.-- Several a c t i v i t i e s  were observed i n  the  

scandium fract ion separated from the copper i r radiated with 340-Nev pro-tons, 

~ ~ 4 7 ,  sc and these ac t iv i t i e s  were ident i f ied as  belonging t o  sc4 , 46, scb9 

and a mixture of the 3.9-hour SCU and ~ & 3 .  The 3.9-hour and $May 

a c t i v i t i e s  were easily resolvable from the  decay curves, but the  resolution 

of. the 2.4.-day S C ~ ,  the 3.4-da9 $ 3 ~ ~ ~ ~  and 4.4-hour sc4' wfis more d i f f icu l t .  

The contribution of the 2.&-day s&, with f t s  3,92-hour pos5ttron daughter 

i n  equilibrium, t o  the  total. ac t iv i ty  was resolved approxhately with %he 

crude beta-ray spectrometer. With the positron ac t iv i ty  resolved, the 

remaining ac t iv i ty  was almost ent i rely t h a t  of the 3 &-day ~c~~ and the 

s m a l l  amount of se4* a c t i v i t y  resolved was so uncertain tha t  the  yield of 

this nuclide i s  not reported. The yield f o r  ~c~~ includes the  3.9-hour 

SOU and these nuclides were asstuned t o  decay completely by positron 

emission. The yield f o r  scU was calculated on the basis of  the 2.44-day 



f somer , 

Calcium k.action,-- Only two ac t iv i t i e s  were observed i n  the  c a l c i m  

fraction separated from the copper irradiated with 34.0-Mev protons, One 

was the  150-day caL5 and the other was a 4.8 f 0.2 &y beta emitter with 

an energy of about 1,2 Mev as determined by an alutninum absorption 

measurement, This ac t iv i ty  i s  probably the 5.&day scandium ac t iv i ty  

scandium was observed i n  the decay of the calcium fract ion and the scandium 

daughter was milked from the fraction. The aluminum absorption measurement 

of t h i s  3.4-day scandium daughter showed it t o  be the ac t iv i ty  assigned 

t o  8 ~ ~ ~ .  The decay curve of the calcium fract ion is shown i n  Fig. 1, aria 

Fig, 2 shows the decay of the calcium fraction counted through suff icient  

aluminum absorber t o  cut out the beta par t ic les  of the ~a~~ and the ~c~~ 

daught e r e  

Chlorine Fraction,-- The cheracteristio ac t iv i t i e s  of and ~1~~ 

were ident if ied i n  all the chlorine fractions separated from the  irradiated 

copper, but el3!" was identified only in the chlorine fraction separated 

from the  copper i r radiated with 34SMe'V" protons, The resolutf on of the  

(313' and was accomplished by determining the re la t ive  m o m t s  of posi- 

tronsand negatrorspresent by means of the crude beta-ray spectrometer, The 

~ 1 3 9  was resolved d i rec t lp  from the gross decay curve, The ~ 1 3 9 , ~  ~ 1 3 ~ ~  and 

clJ4 were assumed t o  have counting efficiencies of 100 percent. 

Phosphorous Fraction,-- The only ac t iv i ty  observed i n  phosphorous aaas 

tha t  of the UJ-day P ~ ~ .  

Sodium Fraction,-- Two ac t iv i t i e s  were observed i n  the sodium fraction. 

The 14.8-hour ~ a %  was def in i te ly  identified, but the 2.6-par ~a~~ could 



be identified only on the  basis of the decay during a 120-day period. 

I B. Yields of Spallation Product 

P lo ts  of the observed yields of the spal la t ion products a re  shown 

which was a rb i t r a r i ly  assigned a yield of 1.0, -The numbers l i s t e d  f o r  

the various nuclides represent the r a t io s  of the numbers of atoms of the 

par t icular  nuclides t o  the nmber of atoms of the  cub' fomed i n  the 

i r radiated copper, and hence the numbers representithe r a t i o s  of the cross 

sections fo r  formation from elemental copper, The cross section f o r  the 

formation of Cu61 from elemental copper i r radiated with 340-Mev protons 

is 1.7 x cm2 a s  determined by a bombardment of copper i n  the ex- 

t e rna l  proton beam where the beam in tens i ty  was accurately measured. 

The cross section f o r  formation of Cu61 from copper i r radiated with 190-Mm 

deuterons i s  about 6 x crn2, This value i s  an average value of about 

six d i f fe rent  deuteron irradiations,  and the  value was obtained by using 

an estimated value (one microampere) f o r  the  beam intensity. The cross 

sections fox the fornation of cu6' from -copper i r radiated with 190- 

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

done a t  each energy, 

The data fo r  the spallation products from copper irradiated with 

190-Mev helium ions are not plotted since ody a few values were deter- 

61 1-03 ~ ~ 6 4 ,  0.84; ~ 1 3 ~ ~  0.0006; and mined. The r e l a t ive  yields  were Cu 

no ~ 1 3 4  was found. 

The sum of the yields  fo r  the nuclides ~0~~ and co5$ from copper bom- 

barded with 190-Mev deuterons was estimated t o  be about L O  on the basis. of 

a counting efficiency of about 15 percent f o r  %he combination of the 

ac t iv i t i e s .  This is consistent w i t h  assuming tha t  the ac t iv i ty  is 



essenti- a11 CO~'. 

It should be emphasized t h a t  the yields  fo r  340-Mev protons m e  i n  no 

way re la t ive  t o  the yields  f o r  190-Mev. deuterons, 190-Mev alpha par t ic les  

61 ox 380-Mev alpha part ic les ,  since the cross sections f o r  formation of Cu 

from elementel copper is known only i n  the case of the 34.0-Mev proton 

frradiations,  W y  of the  values f o r  the  reported re la t ive  yLelds a r e  

very dependent upon the counting eff ic iencies  assumed (g  .go, orb i t a l  

electron capture), and when these efficiencies a r e  be t te r  known 

the  yields  can be recdculated,  

DISCUSSION 

A. General Observations 

The wide dis t r ibut ion and large number of radionuclides formed as 

spal la t ion products of copper a r e  immediately appare~lt from a study of 

Fig. 3r Fig, 4 ,  and Fig. 5. The ident i f icat ion of en6&, ~o~~~ ~ n ~ ~ ,  end 

sd6, shielded from formation by decay, i s  good evidence f o r  believing 

tha t  the observed nuclides are  mainly primary products from the sp l i t t i ng  

up of the  excited nucleus, The radionuclides with the  la rges t  neutron 

deficiencies o r  neutron excess are formed . . in lowest yield, and the  yield 

f o r  a given Z r i s e s  f o r  the nuclides nearest the region of s t ab i l i t y ,  

Extrapblation of t h i s  e f fec t  t o  the region of s t a b i l i t y  indicates tha t  t h e  

s tab le  nuclides a re  formed in high yield. Thus the emission of almost 

exclusively neutrons (or  protons) from a moderately excited nucleus, fol- 

lowed by a ser ies  of rapid positron ( o r  negatron) decays, is a re la t ive ly  

rare event, 

The majority of the observed yield i s  found i n  the  region of the  

ta rge t  nucleus indicating tha t  reactions requiring m c h  l e s s  than the,  

maximum amount of excitation available t o  the nucleus a re  more probable; 



t h i s  i s  discussed i n  some de ta i l  i n  the next section, 

It s h o u .  be possible, knowjng the general d i s t r i h t i o n  of spallation 

products fo r  a given 2,  t o  extrapolate and fnterpolate yields f o r  the 

nuclides not direct ly observed as  spallation products of copper, The 

data  from the spallation of copper irradiated with 340-Mev protons have 

been treated i n  t h i s  manner as  shown in.  Fig. 6 ,  It was assumed tha t  ,the 

most probable yield f o r  a given Z i s  a region 2 mass uni t s  wide and tha t  

the  yields lmass unit  on either side of t h i s  region are  formed in yields 

abount 1.5 t ines  lower than the values i n  the  region of the maximum yield, 

tha t  spallation yields 2 mass uni t s  removed are  about ten times lower than 

the maximm, and tha t  yields 3 mass uni t s  removed are about a factor  of 20 

lower than the maximm. 

A summation of these extrapolated and interpolated yields f o r  340-Mev 

protons gives a t o t a l  yleld re la t ive  t o  cu61 of about 30, and using the 

measured value of 1.7 x lowz6 od? for  the cross section for  formation of 

the  (3u6', the t o t a l  spallation cross section for  copper i s  about 

0.5 x ,loo4 em2. The geometrical cross section fo r  copper Is about 

1.1 x 1 0 - a  om2. The discrepancy corres'ponds i n  part  t o  the nuclear 

transparency a t  these high energies, but probably t o  a larger  extent it is 

explained by the  approximate nature of t h i s  m&hod of estimation of the 

reaction cross section, The data i n  Fig. 6 show tha t  about 80 percent of 

the spallation yields a re  concentrated i n  the  elements copper, nickel, and 

cobalt. Outside the immediate region of the  nucleus, the yield values i n  

the  region of most probable @eld for  a given Z are a decreasing function 

of Z indicating tha t  nuclear reactions regubing very high exitations of the 

nucleus are  much l e s s  probable than reactions requiring perhaps some 25 t o  

50 M e v  of excitation. 



B, Mechanisms of High Energy Spallation 

The accepted and experimentally supported theory of nuclear reactions 

a"2ow energies (-540 ~ e v )  involves the formation of a compound, excited 

nucleusi the incident pa r t i c l e  is captured by the  target  nucleus t o  form 

a compound nucleus with an excitation energy equal t o  the  k ine t ic  energy 

plus the binding energy of the incident par t ic le ,  The excitation i s  then 

dissipated a s  a separate s tep by the evaporation of nucleons t o  form the 

product nucleus, Using only t h i s  picture of the compound nucleus, one would 

expect tha t  bombardment with par t ic les  of several hundred Mev of* energy 

would lead t o  very low yields of nuclides which are  within a few mass 

uni t s  of the  target  nucleus, since emission of a large number of par t ic les  

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

the  contrary, however, the data presented i n  the preceding sections show 

t h a t  a large majority of the reactions induced in copper frradiated-with 

340-Mev protons, 190-Mev deuterons, and 190- and 380-Mev helium ions lead 

t o  products which d i f f e r  from the target  nucleus by a loss  of only'several , 

nueleons . 
Serber has suggested a mechanism which very sartisfactorily explafn,~ 

the  observed f ac t s  .6 Irradiat ion with high energy protons, deuterons, and 

helium ions can be considered on essent ial ly  tbe same basis  since~bombwd-. 

ment with 190-Mev deuterons or  with 380-Mev helium ions can be regarded as. 

a simulti%neous bombardment by the  several individual nucleons (neutrons and 

protons) making up the incident particle,  The b indbg of the nucleons i n  

the  incident par t ic le  i s  important mainly in giving a spa t i a l  correlation 

between thm,  Serber points out tha t  the col l is ion time between a high 

energy incident nucleon and a nucleon i n  the  nucleus is  short  compared t o  
\ 

t he  time of collision of the nucleons i n  the nucleus, suggesting that  



coUisions between incident nucleons and the individual nucleons in the 

nucleus a r e  of primary importance. 

Since the individual nucleon-nucleon-collision8 a re  importan-b, the 

high energy nuclear reactions can be interpreted i n  terms of the high 

energy scattering between f r ee  nucleons, Consideration of high energy 

scat ter ing leads t o  two conclusions, F i r s t ,  at suff ic ient ly  high energies 

the nucleus becomes pa r t i a l ly  transparent t o  the bombarding part ic les ,  

and second, the incident pa r t i c l e  loses only- a fraction of i t s  energy i n  

the  collisions.  Serber e s t u a t e d  that  the mean kinet ic  energy t ransfer  t o  

the  struck par t ic le  by a 100-PIev nucleon is about 25 Mev and t h a t  the mean 

f r e e  path f o r  t h i s  100-Mev nucleon traversing nuclear matter i s  about 

4 x lomx3 cm. Since the struck par t ic les  have a shorter mean f r ee  path 

than the incident one, they w i l l  usually dis t r ibute  the i r  energy t o  other 

nucleons through collisions,  but it i s  possible tha t  these struck nucleons 

can escape from the nucleus with l i t t l e  or  no energy loss ,  The subsequent 

behavior of the  excited nucleus cen be described i n  terms of an evaporation 

model, with the excitation energy dissipated by boiling off par t ic les  with 

several Mev of kinet ic  energy each. 

The high spallation yields  in the immediate region of the target  

nucleus a r e  probably formed by reactions i n  which only single nucleon- 

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

ion yields, t h i s  means tha t  only one of the  incident nucleons undergoes 

a col l is ion i n  these reactions. The m i n h m  e n e r a  t ransfer  froni a single 

nucleon-nucleon col l is ion would take place when such a col l is ion occurs near 

the edge of the nucleus, and the struck nucleon escapes from the nucleus 

with l i t t l e  or no energy t ransfer  t o  the nucleus, 



A larger  portion of the energy of the incident par t ic le  my be l e f t  

with the nucleus if  multiple nucleon-nucleon collisions take placd. Both. 

of the nucleons i n  the  deuterons may undergo nucleon-nucleon col l is ions 

(or,  i n  the case of the  helium ion, two or three or  four of i ts con- 

s t i tuents  m y  undergo such collisions) and each of these impinging 

nucleons a f t e r  such collisions may ei ther  escape or  col l ide with additional 

nucleons Ln the  target  nucleus. This would lead i n  the extreme t o  products 

resulting from nuclei excited t o  almost the f a  energy of the impinging 

proton, deuteron, o r  helium ion, amour~ting essentially t o  the  formation of 

a compound nucleus in the ordinary sense. Thus the target  may receive 

excitation energy from about zero up t o  the full energy of the projectile.  

It i s  d5fficult  t o  estimate the energetic requirements f o r  formation 

of spallation products such as  c13* and ~ a ~ 4 .  It i s  apparent from energetic 

considerations tha t  ~1~~ can not be produced in  copper i r radiated with 

190-Mev deuterons by a reaction i n  which only single nucleons (neutrons 

and protons) a re  emitted. The threshold fo r  formation of ~ 1 3 '  from copper 

63 by the reaction Cu (p,pn6e)~138 i n  which the maximum number of alpha 

particles emitted fs  roughly 110 Mear, but recent experimental resul t s  

indicate tha t  fragments larger  than alpha p ~ r j i - c l e s  are  emitted ambng the 

competitive products of nuclear reactions, l3-I5 and the energetic reqoire- 

ments f o r  these reactions are  even lower than fop alpha 'part ic le  emission. 

The observed yield f o r  any given spallation product of copper probably actu- 

a l l y  represents the sums of tho yields o f  several types of nuclear reactions 

which form the given nuclide. The f a c t  tha t  t he  observed yields. f o r  C d 8  

fron 190-Mev deuterons and 19O-lh-v helium ions are  about a fac tor  of six 

lower than those from 340-Mev protons and 380-lYe~ helium ions (the 

relati-tre yields fo r  chlorine from the copper irradiated with deuterons and 



helium ions should be accurate t o  a t  l eas t  a fact70r of two) indicates tha t  

nuclides i n  the region of (313' a re  probably- formed mainly by reactions 

which require an appreciable part; of the  ent i re  energy of the  whole inci- 

dent particle.  

It i s  not d i f f i cu l t  t o  visualige, i n  terms of an average energy loss  of 

2 about 25 Mev per nuclear col l is ion and a mean f ree  path (4 x 1 0 ~ ~ 3  crn ) of 

about 2/3 the nuclear radius fo r  copper, mechanisms by which the 190-Nev 

deuterons, and 1%- and 380-Mev helium ions might impart large portions of 

the i r  t o t a l  energy t o  the  copper nucleus. It i s  d i f f icu l t ,  however, t o  

understand how a 340-Mev proton could impart large amounts of excitation t o  

the nucleus with a f a i r  probability if  it transfers  i n  a slngle nucleon- 

nucleon collision an average kinetic energy only s l ight ly  higher than the 

value of 25 Mev given by Serber f o r  100-Hev nucleons and has a mean f ree  

path about squal t o  the nuclear diameter f o r  copper a s  es twated  by 

Y amaguchi , 26 

I n  tb? l igh t  of some recent resul t s  of high energy scattering experi- 

ments, 17p1* it i s  possible t o  actually estimate the mean f r e e  path of 

3.40-Mev protons i n  nuclear matter and to' estimate the average kinet ic  en- 

ergy loss  of a 340-Mev proton i n  one individual collision with a nucleon 

i n  a copper nucleus and t o  see i f  the values est:'unated for  the average 

kinet ic  energy loss  and mean free path are  more in l i n e  with high energy 

t ransfers  having a f a i r  probability, 

7 The experimental data on proton-proton scattering a t  340 ~ e 4  show 

tha t  the scattering cross section does not follow an expected 1/E dependence, 

and tha t  the cross section i s  considerably higher than would be expected if 

it varied as  Z/E. Also the resul t s  indicate tha t  the cross section i s  

pract ical ly isotropic between 0' and 9oR i n  the laboratory system. This 



means tha t  high energy t ransfers  i n  single proton-proton collisions have 

a re la t ive ly  high probability. By ex t ra~o la t ing  the  dtlta from neutron- 

proton scattering with 260-Mev neutrons* t o  340 Mev and averaging the - 

cross sections f o r  11-P and P-P scattering a t  the different  scattering 

angles, it i s  possible t o  estimzte a mean energy loss  f o r  the  340-Mev 

protons of about 90 Mev per col l is ion i n  a copper nucleus, On the basis 

of these scattering data the  mean f ree  path of a 340-Mev proton i n  nu- 

clear m ~ t t e r  has been estimated t o  be about the same as  that  f o r  a 95-Mev 

nucleon, l9 lbout 4 x l r 1 3  cm. On the basis of the mean f ree  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 kinet ic  energy transfer per single 

nucleon-nucleon col l is ion being about 70 FZev, it i s  not d i f f i c u l t  t o  

understand how large amounts of excitation a re  imparted t o  the nuc=&eus, . 

Recent calculations based on an evaporation model fo r  the  emission of . 

the  par t ic les  from the excited nucleus indicate tha t  the emission of alpha 

par t ic les  from the excited nucleus should be a f a i r l y  probable occurrence 

and tha t  the evaporation 3f part icles  should lead t o  products along the 

region of stability.2o721 ~h$'observed spallation yields are  i n  agree- 

ment with these calculations since the yields apparently do have a def in i te  

maximum of most probable yield f o r  a given Z about 2 2 s s  unite wide and 

a l i n e  drawn along this region of most probable yield would be drawn through 

52 
the  region of s tabi l i ty .  The very high yield of Mn52 compared t o  -Fe f o r  

the  isobaric pa i r  ~ e ~ ~ - M n 5 ~ ,  apparent i n  both the 190-Mev deuteron ani  

340-Mev proton yields, indicates tha t  there i s  a much larger  differeneelin 

the  yields than would be eXqected from the regular trends of the spallation 

yields, and it seems logical  t o  explain the difference observed i n  terms 



of alpha part ic les  being boiled off from the excited target  nucleus a s  

suggested by delmhols e t  ale5 If the ~e~~ and Mn52 a re  formed by reactions 

in i t i a t ed  by non-capture processes (processes i n  which the  proton or  the 

deuteron loses energy t o  the nucleus but a proton i s  not retained by the 

nucleus), the reactions f o r  the formation of ~e~~ and Mn5* should perhaps 

be written C U ~ ~ ( ~ ,  pp6nlr)~e52 o r  cu63(d, dp6na)~e52 and cub3 (p ,p3n2a!a)Mn52 o r  

~ u ~ 3 ( d , d 3 n 2 a ) M n ~ ~ .  On t h i s  basis the yields indicate tha t  the probabili ty 

of emission of two alpha par t ic les  plus three neutrons i s  much higher than 

tha t  f o r  the emission of one alpha part ic le ,  six neutrons, and a proton. 

Although t h i s  effect  shows up only in special  cases l i k e  t h i s  ??here such * 

di rec t  comparisons can be made, it i s  probably a general phenomenon. 

It is a lso  possible on the basis of the spallation yields t o  say 

something about the probability of exchange reactions, f o r  example, 

reactions in which the incident proton or  the proton of the incident deuteron 

undergoes an electron exchange with a neutron i n  the copper nucleus and 

emerges as a neutroh, The hfgh yields of copper re la t ive  t o  the correspond- 

ing zinc isotopes .indicate that' these exchange reactions do not predominate. 

The decreasing yields of h d i v i d d  nuclei far rembved from the target 

nuclei i s  of course due i n  par t  t o  s t a t i s t i c a l  cofisideratfons and the 

greater number of poss ib i l i t ies .  A larger  number of different  combinations 

of emitted part ic les  is possible from a highly excited nucleus than from 

a nucleus excited t o  a smdler  e d e n t .  Thus, even Pf the probabflitfes of 

exciting a nucleus t o  say 200 and 100 Mev were the same, the yield of an 

individual product resul t ing from the higher excitation wonld be lower than 

one resul t ing from the lower excitation, 

It i s  interest ing t o  note tha t  no observable yield of cu6? was , 

obtained from copper irradiated with 380-Mev hel2-m ions. This nuclide can 



65 be formed only by an (a92p)  reaction on Clu ,, 

CHENICAL SEPARATION PROCEDURES 

The irradiated copper f o i l  was dissolved i n  hot concentrated n i t r i c  

acid o r  hydrochloric acid and hydrogen peroxide, and milligram amounts of 

the elements calcium through zinc were then added t o  ac t  as car r ie r  f o r  

the elemental fractions. Known amounts of the elemental f ract ions t o  be 

separated were added so tha t  a quantitative estimation of the amounts ,of 

the or iginal  car r ie r  l o s t  durlng the  chemicd separation procedures could 

be made i n  the case of the  proton bombardment and the macrd amounts of the  

other elements. were added t o  ac t  as holdback carriers. The chemical 

separation procedures included d is t i l la t ion ,  extraction; and precipitation 

operations. 

I n  generalthedegree of radiochemical purification required depends on 

the  re la t ive  spailation yield and the counting efficiencies of  the radio- 

nuclides i n  the elemental fraction. If the nuclides are  formed i n  high 

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

purification need not be too high, but i f  the  spallation yields are low 

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

high, 

Usually the particular elements t o  be investigated were separated 

successively from the ent i re  dissolved target  solutton. Since different 

combinations of elements were removed i n  each investigation, the chemical 

separation procedures as a whole varied from bombardment t o  bombardment. 

The essent ial  steps f o r  the separation and purification of the element& 

fract ions were the same and the over-all. procedures differed only i n  the 

order i n  which the separations were used, For th i s  reason only the 

important steps necessarr f o r  the  chemical separation and purification of 



the various elemental f ract ions a r e  discussed, The f i n a l  precipitates,  if 

the final step i n  the chemical. separation procedure is a precipitation, 

were usually dissolved, and aliquota were taken from the solution f o r  

counting, 

Zinc.-- The dissolved ta rge t  solution wPthLcarriers added was , - 
adjusted t o  2g i n  hydrochloric acid and the  copper precipitated. as t h e  

sulfide. ,The hydrogen sulf ide was expelled and the solution neutralized 

with amnonium hydroxide, The solution was then adjusted t o  pH 3 with 

d i l u t e  sulfur ic  acid, and the zinc was then precipitated as  the sulfide. 

The precipi ta te  was dissolved ih d i lu t e  hydrochloric acid and the 

hydrogen sulfide expelled by boiling, Three milligrams of iron car r ie r  

was added and the solution adjusted to  13 i n  sodium hydroxide, The f e r r i c  , 

hydroxide was removed by centrifugation, and the f e r r i c  $hydroxide pre- 

c ip i ta t ion  was repeated. The solution was then adjusted to UJ i n  hydro- 

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

thiocyanate, The zinc mercuric thiocyanate precipi ta te  was washed with a 

solution containing ammonium mercuric thiocyanate and then transferred t o  

an a1mninu.m plate t o  be dried arid weighed i n  t h i s  form. 1 .  I 

Copper.-- The dissolved target  solution ~ 5 t h  car r ie rs  added was 

adjusted t o  3 i n  hydrochloric acid and the copper precipitated as the 

sulfide.  The sulf ide precipi ta te  was dissolved in.  hot concentrated n i t r i c  

acid, the sulf ide expelled or  oxidized, and.the n i t r a t e  destroyed by 

boiling with concentrated hydrochloric acid. The solution containing the 

copper was adjusted t o  O,5_N i n  hydrochloric acid, sulfur dioxide bubbled 

through the solution t o  reduce the  copper, and then sodium th iocpna te  

added t o  precipi ta te  copper as  the euprous thiocyanate, The cuprous 



thiocyanate was washed with water and then dissolved i n  n i t r i c  acid, The 

nitr'ate was again destroyed by boiling with concentrated hydrochlorib acid 

and the  solution again adjusted t o  0,5_N i n  hydrochloric acid, The copper 

was then precipitated i n  the f i n a l  form a s  the  euprous thiocyanate, 

nickel -- The solution remaining,-after the copper had been removed 
Po 

a s  the sulfide, was boiled t o  expel. the hydrogen sulf ide and the iron 

oxidized with a few drops of n i t r i c  acid, The solution was then made 

alkaline with ammonium hydroxide and the precipitated hydroxides removed. . 

The precipi ta te  was washed with a hot soLutSon of ammonium chloride and 

the wash combined with the  supernate from the precipitation. Three mg 

of i ron car r ie r  was again added and the  f e r r i c  hydroxide removed by 

centrifugation. The solution was made s l igh t ly  acid with ace t ic  acid and 

2 m l  of a 1 percent alcoholic solution of dimethylglyox3me was added t b  

precipi ta te  the nickel as nickel d&uethylglyoxime, The prec ip i ta te  was 

washed with water and then dissolved i n  concentrated hydrochloric acid, 

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

holdback carr iers ,  the  s o l u t i o ~ ~  neutralized with ammonium hydroxide, and 

then made s l ight ly  acid with acet ic  acid, Dimethylglyoxime was again 

added t o  make sure tha t  the precipitation of the nickel dimethylglyolrime 

was complete, and the precipi ta te  was washed again with water. The nickel 

was weighed as the nickel dimethylglyoxime, 

Cobalt,-- After the copper had been removed as  the sulfide, the 

solution was boiled t o  remove the hydrogen sulfide and then neutralized 

with potassium hydroxide. The solution was adjusted t o  33 i n  acet ic  acid, 

and 3 t o  4 xlil of a saturated solution of potassium f i t r i t e  acidif3.ed with 

ace t ic  acid was added t o  the hot solution containing the cobalt, The 



precipi ta te  of potassium eobal t in i t r f te  was allowed t o  s e t t l e  in  a s t e m  

bath, removed by centrifugation, and washed with a 5 percent potassium 

n i t r i t e  solution acidif ied with acet ic  acid. The precLpftate was dis- 

solved i n  hydroch l~ r i c~ac id ,  and holdback car r ie rs  f o r  zinc, copper, 

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

potassium hydroxide and the cobalt again precipitated as potassium cobalti- 

n i t r i t e .  !he cobalt was weighed as  the potassium cobal t in i t r i te ,  

Iron.-- The solutfon of the copper target ,  with 5 mg of i ron carr ier  

added, was adjusted t o  7,758 i n  hydrochloric acid and the i ron extracted : 

with isopropyl ether, The ether layer  was washed four times with 6 m l  . 

portions of 7d75_M hydrochloric acid, and the iron was extracted from the 

ether layer with water. The solution was made alkaline w i t h  ammonium 

hydroxide and the f e r r i s  hydroxLde precipi ta te  separated by centrifugation, 

The precipi ta te  was dissoLved En hydrochloric acid and the i ron again 

extracted from '7,753 qhydrochloric acid with isopropyl ether, The ether 

layer was again washed with 7,758 hydrochloric acid and the iron extracted 

from the ether layer  with water, Tne iron was analyzed by a colorbnetric, 

method. 

Mawanese.-- The solution of the target,  t o  which 5 mg of manganese 

ca r r i e r  and holdback carr iersfor  the other elements had been added, was 

adjusted t o  2; in hydrochloric acid and the copper removed as  the sulfide, 

The supernate was made alkaline with amnonfum hydroxide and the 'a lkalfne 

sulf ides  precipitated. The sulfide prec ip i ta te  was dissolved i n  concen- 

t ra ted  n i t r i c  acid and fwning n i t r i c  acid added to  make the volume up t o  

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

solution was boiled gently fo r  a few minutes to  precipi ta te  manganese 



dioxide. The precipitate was removed by centrifugation, washed withi water, 

and' then dissolved i n  one drop n i t r i c  acid and one drop of hydrogen per- 

oxide, Holdback car r ie rs  fo r  zinc, copper, nickel, cobalt, iron, and chroin- 

ium were added and the manganese was again precipitated as manganese 

dioxide from concentrated n i t r i c  acid, The mangaaese was analyzed 

by weighing as manganese dioxide. 

Chromium.-- The steps f o r  the* chemical separation of chromium were 

the  same a s  those given fo r  the sepaxation of the manganese down t o  the 

point where the manganese was f i r s t  removed as manganese diodde. At 

t h i s  point the chromium was i n  the  form of the chrolaate and remained 

i n  the supernate a f t e r  the manganese dioxide was removed by centrifugation, 

The n i t r i c  acid solution containing the chromate was adjusted t o  0.2g i n  

n i t r i c  acid and the solution cooled i n  an i c e  bath, Two t o th ree  drops of 

30 percent hydrogen peroxide were added t o  form the blue peroyychromic 

acid, and the peroxychromic acid was extracted with diethy1 ether. The 

ether layer was -shed twice with 5 m l  portions of ~ d e r  containing a drop 

of n i t r i c  acid. The peroqchromic acid was removed from the ether layer 

by adding a solution of O.5g sodium hydroxide which breaks down the 

peroxychromic acid and forms the chromate, The ether was removed by 

evaporation, and the excess hydrogen peroxide was destroyed by boiling 

the  solution. The solution was made s l ight ly  acid with acet ic  acid, and 

the barium was precipitated as  the  chromate by adding barium chloride 

dropwise t o  the hot solution of the sodium chromate. The chromium was 

weighed as barium chromate, 

Vanadium,-- The vanadium was usually separated just  subsequent t o  the 

extraction of the chromium as the blue peroqychromic acid as  described i n  
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t h e  preceding section on chromium. The solut ion containing t he  vanadium was 

almost neu t rd i zed  with s o d i m  hydroxide and then was poured i n t o  10 m l  of 

a hot  solution of l _ N  sodium hydroxide, The hydroxide p r ec ip i t a t e  was re- 

moved by centrifugation and then washed 'with 4 ml of hot  1i sodium hydroxide, 

Tm mg each of i r on  and titanium c a r r i e r  were then added t o  the  solution 

and t h e  hydroxides precipi ta ted,  The supernatant solution containing t h e  

vanadium was boiled t o  reduce t h e  volume and then made s l i g h t l y  acid  with 

ace t i c  acid. Lead ace ta te  was added t o  p r ec ip i t a t e  the  vmadiun a s  lead 

vanadate, and t he  p r ec ip i t a t e  was washed with a d i l u t e  solut ion of lead 

ace t a t e  made s l i g h t l y  acid  with ace t i c  acid. The lead vanadate was 

dissolved i n  n i t r i c  acid  and t he  solution adjusted t o  2_N i n  n i t r i c  acid. 

The le*d i s  precipi ta ted as the  sulfide,  and t h e  su l f ide  was expelled by 

boi l ing t h e  solution. Five mg of chromium c a r r i e r  was added and su l fu r  

dioxide was passed through the  solut ion t o  reduce t he  vanadium and chromium. 

The solut ion was almost neutral ized with sodium hydroxide and then poured 

i n t o  a boil ing solut ion of 1_N sodium hydroxide t o  p rec ip i ta te  t h e  chromium 

hydroxide. The chromium hydro,xide was removed by centrifugation,  and t h e  

vanadyl ion was oxidized t o  t he  vanadate ' state with hydrogen peroxide, 

Vanadium was then prec ip i ta ted  as lead  vanadate f ~ o m  a solut ion s l i g h t l y  

ac id  with ace t i c  acid. The vanadium was analyzed calorimetrically, 

Titanium.-- After t h e  copper had been removed a s  t h e  su l f ide ,  t h e  

solut ion with the  ca r r i e r s  added was boiled t o  remove t h e  hydrogen suiffde,  

and t he  solution was made a lka l ine  with ammonium hydroxide t o  p r ec ip i t a t e  

t h e  hydroxides of iron,  scandium, and titanium. The prec ip i ta te  was washed 

with hot ,  d i l u t e  ammonim hydroxide and then dissolved i n  hydrochloric acid. 

The solut ion was then adjusted t o  0,53 i n  hydrochloric acid  and scandium 

prec ip i ta ted  as the  f luor ide  by adding 0.3 ml of 273 hydrofluorfc ac9d. 
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a f t e r  allowing the precipi ta te  t o  s e t t l e  f o r  ten minutes on a steam bath, 

the' scandium fluoride was r hnoved by centrifugation, and the supernatant 

was made alkaline with ammonium hydroxide. The combined titanium and f e r r i c  

hydroxide precipi ta te  was removed, dissolved i n  n i t r i c  acid and adjusted 

t o  1.68 i n  n i t r i c  acid, Five ml of a solution of potassium iodate was 

added a d  the titanium separated as potassium titanium iodate, The precipi- 

d i lu t e  solution of the potabsium iodate. The iodate t a t e  was washed with a 

was destroyed by bubbling sulfur dioxide in to  the precipi ta te  mixed with a . , 

few mi of d i lu t e  hydrochloric aczd, h o n i w n  hydroxide was added t o  preci- 

p i t a t e  the titanium hydroxide, the  precipi ta te  was removed by centrifu- 

gation and then dissolved i n  hydrochloric acid. Five mg of scandium ca r r i e r  

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

0,5H - solution of hydrochloric acid. The titanium was again precipitated 

as the hydroxide and the precipi ta te  dissolved i n  n i t r i c  acid. The 

solution was again adjusted t o  1,6~ i n  n i t r i c  acid and the potassium 

titanium iodate again precipitated, The titanium was analyzed colori- 

metrically, 

Scandium.- The s teps i n  the  separation procedure f o r  scandilllfi are the  

same as those for  titanium down t o  the point where'tlle scandim fluoride i s  

removed, The fluoride precipi ta te  was -shed with 0.5g hydrochloric acid 

containing one drop of 273 hydrofhoric acid, Sulfuric acid was used t o :  

dissolve the scandium fluoride and the fluoride ion was removed by f d n g  

the scandium solution with a small amount of concentrated su l fur ic  acid. 

The sulfur ic  acid solution was made alkaline with ammonium hydroxide and the 

scandium w r o x i d e  precipi ta te  removed by centrifugation. The hydroxide 

was dissolved i n  hydrochloric acid anci the solutian adjusted t o  0,5J i n  

h;gdrochlorie acid. Scandium fluoride was then precipitated by adding 
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0.3 ml of 273 hydrofluoric acid, and the precipi tate  was allowed to  s e t t l e  

on a s t e m  bath, The precipitate was again dissolved i n  sulfuric  acid, tke 

hydrogen fluoride d i s t i l l ed ,  and scandium hydroxfde precipitated from an 

alkaline ammoniwn hydroxide solution, The scandium was weighed as  scandium 

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

5 mg of calcium carr ie r  and holdback car r ie rs  fo r  the other elements was 

made alkaline with mnomzim hydroxide, and the alkaline sulfides and 

hydroxides were precipitated. Holdback car r ie rs  f o r  zinc through scandim 

were again added, md the  alkaline sulfides and hydroxides were again 

precipitated. This last s tep was again repeated, and the solution was 

then boiled t o  renove the  hydrogen sulf fde, The solution was made s l ight ly  

acid with oxalic acid, and 5 ml of L!+ percent ammonium oxalate tras added t o  

precipitate calcium oxalate. The precipi tate  was allowed to  s e t t l e  on a 

steam bath fo r  ten minutes, was removed by centrifugation, and k~shed 

with prater containing oxdlic acid. and ammonium omlate* The calcium 

oxalate %as dissolved fn concentrated n i t r i c  . - acid, and a few crystals  of 

potassium chlorate were added t o  o,xi.dize the oxalate ions, Three 1% of 

iron car r ie r  was added, and the solution made alkaline with ammonium hydro%- 

Lde. The f e r r i c  hydroxide was removed by ceni;rifugation and the solution 

made acid with o x d i c  acid. Four rnl of a solution L+. percent i n  ammonium 

oxalate was added t o  precipitate calcium oxalate as  the f i n a l  purification 

step,and the  precipi tate  was alloxred t o  s e t t l e  on a s t e m  bath, The 

Chlorine,-- The copper was dissolved i n  nftr5.c acid anil 5 ing of chlorine 

i n  the form of sodium chloride was added. The solution vas boiled t o  dis- 

till the hydrogen chloride and the  gas was caught i n  a solution containing 



two t o  three drops of n i t r i c  acid and suff ic ient  s i lve r  n i t r a t e  t o  precipi- 

ta t ;  t he  chlorine a s  s i lve r  chloride. The solution was heated almost t o  

boiling t o  coagulate the precipitate,  and it was removed by centrifu- 

gation, The precipi ta te  was washed with d i lu t e  n i t r i c  acid and then dis- 

solved i n  d i lu t e  ammonium hydroxide. The solution was then acidif ied with 

n i t r i c  aeid and additional s i lve r  n i t r a t e  added to  make sure t h a t  the 

precipitation of the s i lve r  chloride was complete. The chlorine was weighed 

as s i l v e r  chloride, 

Phosphorous,-- The copper target  was dissolved in n i t r i c  acid md 

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

Holdback car r ie rs  -$ere also added f o r  the other elements zinc through 

calcium, The solution was adjusted to  la i n  n i t r i c  acid and 10 ml of 

m o n i m  molybdate was added t o  the warmed solution t o  precipi ta te  ammonium 

phosphonolybdate. The precipi ta te  was allowed t o  s e t t l e  f o r  15 minutes, 

removed by centrifugation, and washed with a solution of 1 percent n i t r i c  

acid. The precipi ta te  was dissolved i n  ammonium hydroxide containing ci- 

t r a t e  ions t o  complex t i taniuq tha t  interferes ,  Hydrochloric acid was 

added u n t i l  the  precipi ta te  tha t  formed dissolved with d i f f i cu l ty  and 5 mg 

each of vanadiwn and titanium car r ie r  were added, Sulfur dioxide was 

bubbled through the solution t o  reduce all the vanadium t o t h e  vanadyl 

s ta te .  Two ml of cold magnesium chloride was added, and the solution was 

d o w e d  t o  stand f o r  f i v e  minutes. Concentrated ammonium hydroxide was 

then added equal t o  one quarter of the or iginal  volume and the precipi ta te  

was allowed t o  s e t t l e  f o r  15 minutes, The precipi ta te  was removed by 

centrifugation and then washed with 3g ammonium hydroxide, The precipi- 

t a t e  was dissolved i n  1i n i t r i c  acid, and the  phosphorous was again 

precipitated as  the ammonium phosphonolybdate. The phosphorous was 
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weighed as the  ammonium phosphomolybdat e, 

Sodium.-- The copper wsls dissolved in concentrated hydrochloric 

acid  and hydrogen pero~Ade,and 5 rng of sodium chloride was added as 

car r ie r .  Carr iers  f o r  t h e  elements zinc through potassium were added and 

t he  solution adjusted t o  2lJ i n  hydrochloric ac2d and t he  copper precipi- 

t a t e d  as the  sulfide.  The solution was boiled t o  drymess t o  remove the  

excess acid, t h e  residue dissolved, and then the  solution made a lka l ine  

with ammonium hydroxide. Hydrogen su l f ide  was added and t h e  su l f ides  and 

hydroxides were precipi ta ted.  Additional 3 mg portions of c a r r i e r s  zinc 

through scandium were added and precipi ta ted.  This scavenging process was 

repeated twice. Excess hydroshloric acid  was added t o  t h e  a lka l ine  su l f ide  

soLution, t he  a c f d i f i d  solut ion boiled t o  dryness, and t he  armoniun. 

chloride driven off ,  The residue was dissolved i n  water, t h e  solution 

checked t o  make sure it was neutral ,  and t h e  sodium precipi ta ted a s  t h e  

sodium zinc u r ~ a y l  aceta te .  Two 5 ml portions of zinc uranyl ace ta te  were 

used t o  wash t h e  precipitate,and t he  p r ec ip i t a t e  was then dissolved f n  ab- 

so lu te  alcohol saturated with hydrogen chloride gas. The resu l t ing  mixture 

was cooled i n  an i c e  bath and t h e  sodium chloride separated by centrifu- 

gation. The sodium chloride p rec ip i ta te  was washed with a 5 m l  portion of 

the.alcohol-h~drogen chloride solution,  The sodium chloride was dissolved 

in water and t he  solut ion neutral ized with potatssium hydroxide. Zinc 

uranyl ace ta te  was added t o  p r ec ip i t a t e  tho sodium, t h e  p r ec ip i t a t e  re- 

moved by centrifugation,  and then washed with addi t ional  zinc usany1 

ace ta te ,  The p r ec ip i t a t e  was dissolved i n  absolute d c o h o l  sa turated with 

hydrogen chloride, t h e  n ix ture  cobled i n  a,n i c e  bath, and t h e  sodhm ehlm- 

i d e  removed by centrifugation,  The sodium chloride was washed with an 



additional portion of the ethyl'alcohol-hydrogen chloride solution, 

The sodium was weighed as sodium chloride, 
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LIST OF ILLUSTRBTIONS 

FIGURE 

1, Decay of c3lcium fraction separated from copper irradiated with 

340-Mev protons . 
2. Decay of calciun fraction separated from copper irradiated with 

340-Mev protons counted through suff icient  absorber to  cut out 

the  beta par t ic les  of and the sc4? daughter. 

3 ,  Experimental yields from copper i r radiated with 340-Mev protons. 

61 Yields are  re la t ive  t o  Cu , 

4, . Experimental yields from copper irradixted trith 1.90-I%v deuterons. 

61 Yields are  re la t ive  t o  Cu 

5 ,  Experimental yields from copper irradiated with SGO-Fkv helium ions. 

61  Yields are re la t ive  t o  Cu . 
6, Gxperimental, interpolated, m d  extrapolated yields fron copper 

61 irradiated with 340-Mev protons, Yields are  re la t ive  t o  Cu 
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