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ABSTRACT

About twenty-five radioisotopes, belonging to eleven different chemical
elements, have been identified as producfé of the réaction>of 190 Mev deuterons
with natural copéer; thg-feaction of high-energy helium ions with §6pper hag also
been investigated. The chemical ﬁrocedures by which the elements were isélated and
purified are presenteds The observed yields of the various products are discussed
with réspect to the pbssible modes of excitation of ‘the target nuclei and the
manner by which the excited nucléi might dissipate their energy.

Two previously unreported isotopes have been observéd in the course of this

3

work: 2n 2, docaylng by orbital éléctron capture w1th a 9.5Lhour half—llfe; and

N Fesz, decaying by positron emission with a 7.8-hour half-life,

To be declassified for use as a thésis.



UCRL~-142
Page 4

HIGH ENERGY SPALLATION PRODUCTS {OF. COPPE

Daniel R. Miller  ii¥sid i .m0

iati Uni i alifornia
Radiation Laboratory, University e{ﬁﬁa&ﬁﬁgTﬂyVCAr

NTRLLT
Berkeley, California G5 T 1 st N UTHORITY
July 1, 1948 Y THE DECLASSIFICATION COMMITTER

I. INTRODUCTION

The production of beams of deuterons and helium ions with energies of approxi-
mately 200 and 400 Mev, respectively, by the 184-inch‘frequency-modulated cyclbtron-
has madevpbésible investigations concerning the transmutation éffects which
particles of this high energy chuse when they are used to bombard various chemical
elements. Previougly, the maximum available energies we}e:only about one-tenth
those now obtained'with the léé-iﬁch cyclotron. The transmutation products produced
by bombardment of numerous elements with these lower thergy particles havé béen
extensively investigated(i’z); the compound nucleus formed on consolidation of
the target nucleus and bombarding particle possesses up to nearly 40 Mev of
excitation energy, which is dissipated by expulsion of a maximum of 6 or 7 nucleons.
The resulting product nuclei therefore have a mass and charge of within several ‘
units of the original target nucleus.

The manner and products of the transmutation of nuclei excited to the extent‘
of several hundred Mev présents a much more complex problem. As many as about fifty
nucleons might be emitted by a nucleus with this amount of excitafion, but one .
might also expect that ejestion of only a few nucleons would also‘occur from nuclei
excited to a lesser degree. The anticipated transmutation products would therefore
consist of a number of isotopes of numerous masses in each of ten to twenty dif-
ferent chemical elements. The process just described, wherein the target nucleus
is transforﬁed to a different product nucleus by the emission of any number of |

elementary particles, has been termed."spallation". In addition to these spallation

.reactions, heavier nuclei can also undergb fission by bombardment with high energy
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charéed,particles.

The general program of this laboratory haé included an investigation of the
spallation and fissioﬁ reactions induced by the bombardment of =a numbervof chemical
elements with 200 Mev deuterons and 400 lev helium ibqs; specifically, this program

(3) (2)

and antimony
(5,6)

includes the spallation reactions of arsenic , the fission reac-

tions of bismuth, lead; thallium, platinum, tantalum
(7,8),

» and the fission and
spallation reactions of uranium This thésis is concerned with a study/of
the idéntity ;nd yields of the spallation products rgshlting from high enefgy
deuteron apd'helium ion bombardment of copper (stable mass numbefs 63 and165).
Attempts were ﬁot made to identify stable products, ahd in general éniy thoge
.radioisotopes having half-lives of grester than sbout ten minutes and less than
about one hundred days coula bé investigated. Since product‘isotopes of many
© aifferent atomic numbers (Z) and mass numbers (A) are expected and found, ident;F
fication of the individual products is possible only after rigorous chemical
separations and purifications, in order to obtain pure elemental fractions con-
_téining isotopes of,only one Z, followed by radiometric @eaSurements of half-life
and radiation characteriétics to identify the mass numbérs of tﬁe isotopes in these

elemental fractions. The following sections will deggpibe these exﬁerimental

methods and the results which were obtained. . These results will then be discussed
in terms of their significance with respect to the probable modes of excitation of
the target nuclei and transformation of these excited nuclei to give the observed

prdducts;
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' II. EXPERIMENTAL METHODS

A. Bombardments

All the results reported herein were obtained by bombardment with 190 Mev
deuterons or 380 Mgv helium ions produced by the 184-inch cyclotron of the
Radiation Laboratory, Univer§}ty of California(g)e Such high energies are attained
by application of freqpencyomodulation yo the established principles of smgller
cyclotron dbération(lo). The positively charged nuclear particles (deuterons)
enter at the center of the vacuum tank and revolve in a uniform magnetic field.

As the energy increases, in step with the oscillating voltage on the "dee", the
particles spiral outward, just as in the smaller cyclotrons. However, the deu=
terdﬁé; as they increase ih velocity, increase in mass due to the relativistic
effect; deuterons at 200 Mev have suffered a 10% mass increase. Therefore, to
prevent the particles from laggiﬁg, the oscillating frequency of the dee voltage
in the 184-fnch cyclotron is continuously chansed. This accelerator is tﬁérefore
called the ”freqﬁencyfmodulated" cyclotron, or “synchro-cyclotron".

A method for deflecting the beam Qutvof'the vacﬁum tenk had é;t been devised
during the course of these bombardments, so the ﬁarget was bombarded inside the

tank. The metallic copper targets used were of two classes of purity: commercial

copper and special purity copper. The kind and amount of impurities present in
the first type are not known, but ordinary metallic copper is usually greater than
99.5% pure, the main impurities being O, S, Fe, and Ni. The high purity copper
metal was analyzed spectrographically by the supplier (American Smelting and
Refining Co.) and the maximum amount of any impurity was stated to be 0.0001%;
the probable'pufity was computed by difference to be >99.9995%. The commercial
metal was 1/%4" sheet, and the high purity metal was 1/100" sheet. A 2 mm. wide
strip of the ,sheet wes bombarded, and then- the most active 1 cm. length of the

‘. strip was subjected to the chemical processing; this amounted to about 70 mg. ;f

the commeré¢ial copper and about 45 mg. of the high purity copper.
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The cross-sectional area of the synchro-cyclotron beam is about one square
ceﬁtimeter;' the 0.2 x 1;0 cm. target therefore intercepted about one~fifth of
the total beam. The intensity of the deuteron or helium ion beam varied and
moreover has not been accurately measured. Best esfimates are that a beam of
about one microampere of deuterons or about 0.2 microampere'of helium ions was
obtained in the later stages of this work. The length of the bombardment glso
varied, bu%t averaged about 15-30 minutes. A summary of these bombardment details

is given in Table 1.

Teble 1

Bomb. Bomb. -Particle Est. Beam Length of Puritv Grade
No. and Energy Current ___Bomb. of Copper
D-1 190 Mev D' 0.2 pamp. 15 min. Commercial
D-2 " 0.5 15 " "

D-3 " 0.5 15" : "

D-4 L 0.5 25 " "

D-5 " 1. 12 " N1}
) D-6 1 1. - 20 f ) X

D-7 " 1. - 27 " High

D"B 4 1' ' 22 " . 1

D_g " 1. * "

D-10 " . 1. 25 min .o

A-1 : 380 Mev He . 0.05 40 " "

A-2 190 Mev He** 0.25 32 " "

* Consisted of intermittent one-to five-hour bombardments
over a period of about two months; +total bombardment
time about 15 hours.

B. Chemical Separations

In all bombardments except D-9, the chemical purification procedure was
started 10 minutes or less after the end of the bombardment. The copper target
strip was'dissolved in about O.5Aml of hot, poncentrated nitric acid, and then
by appropriate chemical operations the elementél fractions of interest were puri-
fied and isolated. In general, the elements weére removed successively from the
entire dissolved target solution. lBefore the chemical fractionation; were begun,

2-5 mg each of inactive carrier elements were added. Usually carriers for each
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element from 2 Sc through _.7Zn were added, even though oniy several of the included

1 30

eiements were to be isolated; "the inactive atoms of the elements not to be
removed specifically then acted as "holdback csrriers", or diluents, for the active
species of that element; and tended e decrease the probabilify of their appear-
ance in the isolated fractions of other elements. Mosf of the chemical operations
were performed in total volumes of 1-15 ml. Precipitates Were removed from |
solutions by centrifugstion.

Since different combinétions of elements were removed in each investigation,
the chemical procéedurc varied f;cm bombardment to bombardment. The genefal

principles utilized for the separation and purification of any one element were

the same for different runs, howesver, eand the overall procedures varied mainly in

~the manner in which the individual elemental procedures were joined together. For

this reason the fractionation schemes used for each experiment will not be speci-
fically discussed; +he vital steps in the purification and isolation of each 1
element will bevpresented, and one typical procedure joining several ofvthesev
steps will then be outlinéd.

The éhemical yields, ife., fraction of the origénal amount of adddd element
recovered in pure form after the chemical operatiqns, were not depermined. Wlt was
¢ébvious from qualitative obServafions, such as size of centrifuged precipitates,
etc., that most of the final recoveries were in the range of 50~100%. Any value
in this>rangé»w§s deemed satisfactory, since no concerted attempt to increase the

accuracy of the final results to better than a factor of two was made.

1. Isolation of Gallium. The main principle of this separation was the

extraction of the galliuﬁ chloride complex from 6 M HCl into diethyi ether. This
S . —

is specific against all elements in this region of the periodic table except iron,

which,also‘extracts quantitetively under these conditions. Gallium-iron separations

were performed in two waysy (a) the iron was reduced to the divalent state in
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6 M HCl by SnClz, the gallium extracted with ether, and the iron then»extfacted

with ether following oxidation with a slircht excess of KMnO,; (b) Fe(OH)3 was

4;
precipitated from an aqueous soluvtion containing excess»NH4OH or NaOH, leaving
the gallium in the supernatant. Galilum was\removed from the ether phase ei?her
by extraction back into water, or by evapcration of the ether solutioﬁ and dis-
solution of the residue in water or acid. The extraction and iron-separation
procedures were repeated'tWO or phree times in order to insure‘purity of the final
preparation.

3:-~E§2}EE393~9§"§ER€' Folloﬁing removal of copper, ZnS was precipitated from

a dilvte acetic acid solution at 80° C and dissolved in concentrated HCl. After

boiling to remove the excess H_,S, iron was added and precipitated as the hydroxide

2
with excess NH4OH or NaOE. The sﬁpernatant.was acidified with acetic acid and

ZnS again precipitated. This cyclé was repeated several times, the hydroxidc
precipitations being done alternately with NH4OH and NaQH. The combination of the
ZnS precipitation from dilute acid, and the two types of Fe(OH)3 scavenging pre-

cipitations, leads to purification'of zinc- from all other spallation products of

copper.

3. Isolation of Copper. Two types of purification by precipitation were

used for the removal of pure copper. (a) reduction of Cu++ to Cu+ by NazSO3
and heat, followed by precipitation of CuSCN from O.S-l.O‘M HC1l, using a slight

excess of NaSCN as precipitant; (b) CuS precipitation'frdm 3M HCl or 3 M

" H_S0,, using gaseous HZS as precipitant. The CuSCN was dissolved in concentrated

2774
HNOS, and the CuS was dissolved in concentrated HCl with the =aid of NaClOs.

In order to be assured of final purity, at least two precipitations were performed--
either all of the seame type, or a mixture of the two tyﬁes. Either type is chemi-

cally specific.against all other elements below atomic number 3l.
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4. Isolation of Nickel. The main step in the purification end separation

of nickel'wag the well<known method of precipitation of.nickel dimethylglyoxime.

: Thes: precipitetions were carried cu: from buffered acetic acid solutions. One

or twc milligrams«of La+3 were added tc the approximately neutral (with NH4OH)
solution before the glyuxime was addec:; acetic acid was added until the La(OH)5
just dicsolved, and the Ni"" then precinitated with an alcoholic solution of
dimethﬁlglyoxime. Thi% procedure minimized the carrying of hydroxide-iInsoluble
elements on the nickel dimethylglycximg which would occur if the precipitation were
conducted around noutrality. The precipitéte was dissolved in a smell amount of
conceniyrated HNO?, ant the procedure repéated at least once.

. usolasion cf Cobalt. All cobzlt separations included the precipitaion of

. —— . -0 |, A

inc

275 An ezcess of K+ ‘as KC1 or KC,H O, ) was

2732
edded 0 the dilute acetic acid soluiior of Co++, and the K3°°(N02)6 precipitated

potassium cobaltinitrite, X,Co{l0
9

by addition of KNOZ. The precipifiate sould beidissolved in concentrated HCl and

the procedure repeated. Extraction of the cobalﬁ'thiocyanate complex into amyl

alcohol was also used to a limited extent. A solution of Co+2 in about 0.5-1 M

HCl was made to contain about 30 weirht percent of NaSCN, and sheken two or

three times with an equal volume of amyl aicohol} The cobalt was removed from

the organic phase by shaking with a dilute NaOH solution, from which the cobalt.
)

precipitated'as the hydroxide. This hydroxide was dissolved in acetic acid and a

KSCo(NO precipitation econducted. The extraction procedure is not adequately

2)6_

specific by itself (e.g.. chromium also extracts to some extent), and must be used

in conjunction with the KSCo(NO method if used at all.

2)6

6. Isolation of Iron. Iron was purified by using the ether-extraction method

discussed under gallium, The procedure always inveolved at least two extractions
from 6 M HC1 into ether and et least one Fe(OH)3 precipitation by addition of

NH4OH or NaOH. When gallium activities were present in high yields (in the helium
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ion bombardments), the procedure also included an iron-gallium separation by the

'SnClz reduction method outlined under gallium.

7. Isolatién of Maneranese. Precipitation of manganese dioxide from strong
HNOé'yielded radiodhemically-pure manganese fractions. A solution of Mn** in

10-15 M HNO, containing NaCl0, was boiled vigorously for 2-4 minutes. Further

3 3

purification was performed by dissolving the Min0, in concentrated HNO, containing

2 3

a small amount of Hzoz, boiling to destroy the excess H‘Oz, and then repeating

2

the Mh02 precipitation as above. In one experiment further purification was
attempted by precipitation of tetréphenyl arsonium perﬁangana?e from dilute HZSO4
solution, f@llowing oxidation to Mh04‘ by NaBiOS. Since tetraphenyi arsonium
permanganate wes difficuit to dissolve, this procedure wésvnot regularly eﬁploycd,
especially since several MnO2 precipitations as above gave'satisfabtorily pure

fractions.

8. Isolation of Chromium. The common step in the isolation of all chromium

fractions was the extraction of peroxychromic acid from dilute acid solutioﬁs

into diethyl ether. Trivelent chromium was oxidized to Cr207? by the actionvof
0103' in hot 10-15 M'HNos; usually as a part of the MnO, precipitation step. After
oxidation (and aftér regoval of the MhOz), the solution was made sliéhtly a&id
(0.05 - 0.2 M) in HNO,, by dilution and/or neutralization. The diluted solution
was cooled in an ice bath, and an equal volume of ethef and sufficient H202 to

make fhe agueous phése about 0.3% in Hzo2 were then added. After agitation, the
ether was removed and a second volume of ether added in order to remove completely
the blue peroxychromic acid. The ether extracts werebevaporated to dryness and the”
oxidation and extraction procedures repeated at least one additional time. An |
H202 oxidation in alkaline solution followed by acidifiéation and extraction ﬁere

attempted in one bombardment (D-10), but an extremely low chemical yield was obtaineds .

The alkaline oxidation procedure is basically sound and would be more convenient in
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many fractionation schemes.

9. Isolation of Venadium.  The only useful procedure found to have any

degree of specificity for 0anaéium wes the precipitetion of the alpha-benzoinoxime
compound of peﬂtavéient vﬁﬁadiuﬁ'froﬁ about 0.5 M_HCI% The only écssible contami-+
ﬁaht hmorig the spallation products of copper is hexavalent chromium. The chroﬁium—
vanadium separation was performed by first insuring the presence of all chromium
in the trivelent form by the addition of a small amount of Nazsos; this also
reduced thé vanédium, which was then reoxidized to V'+5 with a small excess ofv
NaOCl. The chromium was now trivalent and the vanadium pentévﬁlent; addition of
an alcoholic solutioﬁ of alpha-benzoinoxime precipitated the vanadium end not the
chromium. The difficulty with this precipitation procedure was the difficulty

of dissolving ond re-precipitating the vanadium oxime, which was necessary toobtain
a radiochemically pure fraction. ‘Thebdissolution'was attempted by boiling the

precipitate with concentrated HCl and concentrated HNO eventually an almost

33
clear solution was obtained. After boiling to dryness several times and making up -
to O.S‘E HCI, however, addition of alpha-benzoiﬁoxime led to precipitate formation
only occasionally. The reasons for. the usual failure to obtain & precipitate are
not known. The precipitate could probably be brought into solution by fuming with
HZSO4 or BC104, althouzhvthis method might be too time-consuming to allow obsér-

vation of the shorter-lived activities.

IQ. Isolation of Titenium. The precipitetion of potassium titanium iodate

from '6 MHN’O5 was used for the purificetion and removal of titanium. Insufficient

work was done on titanium activities to be absolutely certain that radiochemically

[

pure fractions were obteined by this method; +this precipitation should be specific
‘against possible contaminaﬁing elements, however, judging by the known properties

of the elements with atomic numbers below 31. The procedure used was as follows:
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a large excess of solid KIO& wds added to a 6 M HNO5 solution of Ti+4; the
precipitate was ééparated_af%er aﬁout 5 minutes and dissolved in 6 M Hel through
which gaééohé 802 was buﬁbleéb Titanium hydroxide was precipitated, after dilution,
by the addition of excess NH4OH. The hydroxide was dissolved in 6 M_HNO3 and the
cycle repeated once or twice more. in one bombardment (D-10) these cycles (two)
were preceded bv precipitation of titeanium phosphate from O.5<M HCl by addition

of solid NaZHPO4; the phosphate was dissoived.by heating with concentratedeCI,
which was then diluted to about 2 M and KIOS added to precipitate the aouble. '
jodate. In the other bombardment (D-9) three iodate~hydroxide cycles were fol-

lowed by precipitation of titanium phenylarsonate from ca. 0.5 M Hel.

11. Isolation of Chlorine. As previously stated, the metallic copper target

was dissolved in concentrated HNOS. Whenvan investigation of‘radiochlorine was
desired, the target was dissolved in a small distilling flask with an air-cooled
condenser arm, the end of which extended just below the surface of about 2 ml of
HZO in & tube placed in a beaker'of‘cold water. The copper was dissolved by
heating the distilling flask containing the target and 1-2 ml of HNO,, (plus about
10 mg €17 ), and the chlorine simultaneously evolved into the HZO in the receivihg
tube. After the residue invthe flask was heeted to near dryness, the solution in
the receiving'tube Wasvdiluted to 5-10 ml and a small excess of Ag+ added,as
AgNOS. The ApCl was digested for several minutes at 90° c, separgted, dissolved
in NH4OH, gnd reprecipitated by addition of HNO3 in slight excess. Up to three
such ApCl precipitations were conducted. A rough chemical yield determination
through the distillation portion of this procedure indicated an 85-90% rebo§ery

of the added chlorine;

12. Isolation of Phosphorus. A phosphorus fraction was removed from only one

bombardment (D-9); the procedure follows. Ammonium phosphomolybdate was

precipitated from 35. 2.5 M HNO:5 under the standard analyticsal conditions(ll).
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This precipitate Gas washed and dissolved in NH4OH. The solution was mede slightly
acid with HC1; an excess>§f Mg++ added, and MENH4PO4 precipitated by addition of
excess NH4OH; fhis precipitate was dissolved in 6 M HNO3 and the dygie répgated
three more timess 4n aliquot of the finel solution wes prepared fof countingi

An addltloncl three ¢ycles were then performed on the rcma1nder of the solution;
in the first and third of these cycles, the ammonium phosphomolybdate precipi-
tations were performgd in the presence of about 0.5% Hzoz, and in thevsecond

cycle in the presence of‘Sos=. These last three cycles were specifically designed
to free the phosphorus of titanium and vanadium, which might have carried through
the procedure as titanium phosphate and vqnadomolybdaty. Judging by relative
siges of the proclpltates through the entire procedure, a chemical yleld of

about 70% was obtained.

13. Typical Fractionation Procedure. 'Since.in any one bombardment practically
all elemental fractions wefe successively reﬁoved from the éame dissolved
target solution; se{eral group separatiosns were performed during the course of the
removal of the individual elements by the methods just eutlined. Hydroxide

precipitation was the mein method for separating the elements into two groups.

+3

Considering the elements from Ti throuch 4n, only Fe, Ma, Cr “ and Ti are
precipitated by excess NH4OH; V*5 is not precipitated when it alone is present,
but is partially precipitated in the presence of other hydroxides. Cu; Ni, Co,
Fe, Mn, Cr+3, end Ti are precipitated by excess NaOH or KOH, although Cu and Cr+'3
are amphoteric to a limited extent; +the same remarks as above about V'+5 apply here.
Sulfide precipitations from NH4OH solutions were used occasionally as a volume
reduction step. All elements under consideration except herhaps gallium'and

vanadium are precipitated by this method. In order to illustrate the use of the

group separctions and the joining of the various procedures for the individual
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elements, the procedure used for bombardment D-7 is reproduded in Figure I. The
details of this procedure are those given in the preceding ﬁéfhgfaphsa- ihe
chemical operations of this précedure were completed in about 3i6 hoursi

The various elements which were isolated from each of the several bombardments

are listed in Table 2.
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Elements Isolated and Purified
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Zn,
in

Cu,

Cu,
Cu,
Cu,
Zn,

Cu;

Cu,

Cu, Ni, Co, Fe, Mn, Cr

Cu

Fe, Cr

Cu

Fe

Ni, Co, Fe;‘Mﬁ; 6?, Cl
c1

Fo, Mn, V, Ti, P

vV, Ti <

Cu, Ni, Fe, Mn, c'f; C1

Cl



UCRL-142
Page 17

G. Radiometric Identification

Aliquots of the purified elemental fractions were mounted and dried on one-
inch dises of platinum (D-1 through D-9 and 4-1) or of stainless steel (D-10 and
A-2). The aliquots were of such a size that the initial activity in them, as
determined in the arrdngement to be described, was 5000-8000 counts per minubtee.
If the dried saﬁples were of a flaky nature, they were covered with a sheet of
thin cellophane (3-5 mg/bmg). The samples thus prepared were mounted on an alu-
minum sheet (D-1 through D-9 and A—l), or on a cardboard card(D-10 and A-2), and
the intensity an@ properties of the radioactivity in them detéfﬁined 5y the
following methodé and instruments;

The disintegration rate was measured with the aid of an end-window Geiger-
Mﬁller counting tube connected to a scale-of-64 counting circuit. The_windows of
thé tube were mica, of an averare thickness of about 3 mg/bmz, with an "Aquadag"
coating. The copper or brass shell tubes were filled with 9 cm of argon and 1 em
of ethyl alcohol vapor; the tungsten or Kovar central wire is‘insulatéd from
the shell and placed at a high positive potential with respect to it. Tubes of
this type showed the typical Geiger "avalanche action" starting at about 900-1000 V.
appliedvpotential, and hadbsatisfactorily constantrplateaus for 200-300 V. A
shelf-like arrangement was used so that the sample to be counted could be placed
in ‘any of five positidns of varyine distence below the window of the Geiger-
Miller tube: 3, 19, 35, 51, and 67 mm. The geometrical efficiencies of these
positions are about 30%, 10%, 4%, 2.5%, and 1.5%, respectively. Two corrections
were made to the recorded counting rate: (a) a coincidence correcction of 1-2% f&r
every thousand counts per minute; and (b) a background correction, determined

periodically and averaging about 25 counts per minute.
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The disintegration rate of each sample was followed as a function of time,
ahd the decay curves obtained were analyzed for the component activities by the
standard procedure of successively subtracting off the longest-lived member.
These half-life determinations were the main evidence in thé identification of
the radioactive spallation products.

Confirmatory evidence for the presence of a certain radioisotope was also
obtained in some cases by a determination of the ehergy of the radiation. This
was done by ¢ounting throuch varying thicknesses of Al or Be qu beta particles,
and Pb for gamma rays(lz). The range of the beta particles was determined from

(12); the range in

(12) ™

these absorption curves either visually or by Feather analyvsis
Al or Be was converted into energy in Mev by use of Feather's relation e
half-thicknesses of the ramma rays in lead were converted to energies with the
aid of the theoretical relationship between the mass absorption coefficient for
pho?ons in lead and the energy of the‘photon(lz).
| In eddition to the ahbove identification methods, a crude befa-rayvspectro—
meter was used to determine the sign of the beta radiation. A variable magnetic
field is imposed to bend either the positive or negafive particles through 180°
into a Geiger-Miller counter tube described above. By varying the strength of the

magnetic field and noting the counting rate as a funcﬁion of the field strength,

the approximate maximum energy could also be determined.

D. Calculations

‘The yield of a radioisotope was calculated by first determining, from the

decay curve, the counting rate at the end of the bombardment, and then cohverting

this %o the disintegration rate by the appropfiate geometrical efficiency for the
counting position used. By correcting this by the chemical aliquot factor, the

number of disintegrations per minute of the product which was present in the 70 or

45 mg; of target at the end of the bombardment was known. If the isotope decayed
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by orbital elecfron captufe, the countine efficiency of the radiation was also
considered; a §ounting effiéiency of 10% was assumed, quiﬁe arbitrariiy, for any
isotope decaying pure1§ by orbital electron capture. If the half-life of the
isotope was short bomparéd to fhe length of the bombardment,; the following expres-

sion was used to pive the total disintegrations pe# minute of the isotdpe produced

by the bombardment:
Noepg b . _0.693
T Y% Tl/é 1-o-0-695%/T, 7,

where NT‘and No are the total number of product nuclei formed and the number of

- product nuclei present at the end of the bombardment, respectivély, t is the

length of the bombardment, and»Tl/g is the half-1life of the isotope. NT and.No are
proportional to the disintegration.rates;' the latter can be converted to the
former by use of the well~ mown decay law.

The yields of the various product isotopes were expressed relative to the
3+4-hour Cu61,.on an atom basis. A relative yield of 2.0 for isotope X would
therefore sipnify that two atoms of X were produced for every one atom of Cu61.
Tﬁe results were oriéinally expressed in this way because the uncertainty in the
beam purrent maae cross-section calculations of doubtful value. -Since the beam
current is still somewhat uncertain, it is still felt desirable to express the

results as atom yields relative to Cu61. However, cross-section calculations

using the thin-target formula ‘were made for several bombardments, using the
estimated beam currents listed in Table 1. The results of these calculations for
Cusl (relétive yield of one) are given in Table 3. These ficures indicate that
the.relative'yield (Y) and cross section (@9, in units of }.O'24 cmz, ére related
by the formula

o~ = 0.06Y

The uncertainty in the absolute value for the cross section calculated by this

relation is about a factor of two.
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Table 3
D - . Ciisow (e 424 2
Bombardment _ Cross Seétion (in 10 em”)
. Number for formation of Cufl
D-5 | 0.085
D=7 0.055
D-10 . 0.028
Ave.= 0.056
A-1 | - 0,057

A-2 ' 0.069
: Ave,.,= 0.063
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III. EXPERTMENTAL RESULTS

A. New Isotopes

1. Zinc-62. The zine fraction from the first bombardment (D-1) showed a

.growth in activity for about one hour after isolation, and then decayed with a

9.5-hour half-life; +the initial growth appeared to correspond to about a 10-
minute half-life (FigureaII). (The zinc fraction was not removed until about

5 was not observed.)

4 hours from the end of the bombardment, and the 38-minute Zn6
These facts indicated that the 9.5+hour period belonred t; a previously unreported
zinc isotope of mass 62, and that the l0-minute growth was due to its daughter
isotope, the well-known 10.5-minute,.positron-emifting Cu62 *. Experiments in
which copper was separated from the zine fraction were conducted in order to con-
firm this interpretafﬁon. In bombardment D-2, several Fe(OH)3 precipitates were
separated from the Zn fraction by addition of KOH, in order to remove the copper
activity; +the copper fraction showed an activify with half-life of 1lO-minutes.

In bombardment D-3, more specific and quantitative removal of copper was perforﬁed _
by precipitating CuSCN:from the isolated zinec fraction. Five such separations
were made over a period of aboutvSO'hours; all separsted copber ffactions showed
an activity of 9.5 to 11 minutes in addition to 2 small amount of the 9.5 hour
zine present as é qontaminant. The decay curve of a typical copper fraction

removed from the zinc fraction is reproduced in Figure III. The number of counts

per minute of the 1lO0-minute copper activity removed from the zine was extrapo-~

lated back to the time of separation, and this figure was compared with the total

counts per minute in the zine fracéion, calcuiated from its decay curve, The ratios

of these figures were 1.14, 0.98, 1.05, 1.04 and 1.07 in the five separations. .

* The properties of all previously known isotopes are quoted from Seaborg(i),
unless otherwise specified. B '



AN N s IRARRN
N
| - s | i ».
; IR I
s .4\ i) _
W ! _~ i T :
2 1 —
1 bt T |
1 - g bt Tl IS
k < a ot
T s ; \
al | = 97 ; B .
| M -~ < T w 1
4 A, |
e sl “_ 1
R i T T ; ;
— . DU S — p v ] ] I
f bR 7 Bt iisheg
: e B piser e L i
L 4 _w_ w _ M
\ M L1t 1 < 4] v ]
R e T 4 381
T
EEE L4
. , NARETE
] pal o ) i
: S T
. i Ma
- ! _, 1
T
¢ . |
i £ u
b H
s 4 i o
: 1 w
A I - i S
I} : K i 11
! P ; i 4
_. : ATy ERRN T AR
BaS N , T 1 T _
kR Eu Tl i
" i ] i
: : RaEy 4 i
} R 4 { -3
mv 1 “_. I ‘_m . . —
! -
1 1
E B 3 = N [ M
+ o+ ;
- 813 . v 3 4o
G| { -
A ] :
3 1 §
44 . gk
4 L ; i
. - { RN
. I ) & @ W o~ w ﬂ
R m 'z ~t -

10t

i\._m.ruu ALIALLOY

Y570 NI 30wk

60 66

54

30
Time (HRS) FROM END :0F BOMBARDMENT

72

42 A48

36

8 .24

2.




h{'
S o B
Pl
et
.1: -’

.'-.L“

R R vy e bt
1 1PV SPIUITR-SIE RO O TP SRS RS
[ ' v b [

!
AN
FROM LNt

oMe. D-3) -}

SEPARATED:

1
'
3

G

FRACTIDN

r—CoF

T

FTLIN DY SRR (PR ~- +
~fe

-
-
o

i

oL - .u
S O R
42
e A-,
i o
YR R

.
T I
s ) S o8 o Yt . N — 4 -
I . R R T 1 i . U P N - PSS
S S DR S Y AU IR . “ B IR R TR

. . . NI b !
&98 ~ © w - )

.1098765 -« 3‘. o~ &98765 - ) o~ m

%z.cu.\‘n...vv ALiALIY

3

’.

Time (wrs) arrea Cu-ZN SEPARATION



*y

-2

UCRL-142
Page 22

The fact thgt these ratios were approximately one indicates the relati&e absence
of detectable radiation attributable to the 9.5-hour zinc parent; & ratio of 2.0
would have indicatad that both parent and daughter decayed with radiations of
equal counting efficiency. An aluminum absorption cufve was taken on the zinc
fraction from D-2 when it was shéwing a pure 9.5-hour decay (Figure IV); this
curve indiqated that only one particle was present, having a maximum energy of
about 2.5 Mev. vThiS-cofresponds well to the known energy of the Cu62 positron,
2.6 Mev.

These reéults all show that the radiation of Zn62 is either of energy too

~ small Yo have been detected efficiently by the counting tubes used, or that its

counting efficiency must be so low as to he nepgligible in comparison with its

daughter. The latter ﬁossibility seems more probable, and Zn62

is presumed %o
decay by orbital elecfron cépture. |

‘2. .Iron—52. A 7.8-hour activity was observed in the iron fractionS‘of all
bombardments from which they were removed; the decay curve of the iron fraction
from bombardment D-4 is reproduced {n Figure V. No particles of negative sign
were observed at a time when the radiation from the 47-day B -emitting Fe59 was
in low relative concentration, indicating that the 7.8-hour isotope decayed by
positron emission or orbital electron capture. To ascertain its mass number,

several manganesec separations were made from the iron fractions over a period of

about five hours. These scparations were carried out by extracting the manganese

f \ .
from the ether solution of iron by shaking with 6 M HCl. All mancanese fractions

removed from the iron showed small amounts of the 47-day and 7.8-Hour ir&n

activities, but the main component was one of 2l-minute half-life, corresponding

to the positron-emittingthsz. The decay of one of these separated Mn

fractions (bombardment D-6) is shown in Figure VI.

An aluminum absorption curve of the iron fraction from D-4 is reproduced
. -

in Figure VII; +this curve was taken when the 7.8~hour activity represented
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practically all of the activity present. " Visual examination of this curve
indicates two components, one of energy about 0.6 Mev and the other of energy 2.3
Mev. The energy of the positron of the 2l-minute Mhsz is reported %o be 2.2 Mev;

this confirms the assignment of the 7.8-hour iron to mass 52. The 0.6 Mev com=

poneht is presumed to be the positron of Fesz.

Mh52 decays by two independent paths: positron emissibn with a 2l-minute
half-1life; and positron smission and orbital electron capture with a 6.5-day

half-life. The 2l-miinute isomer has definitely been shown to be a daughter of

Fesz. No conclusive indications of a 6.5-day period were found in the manganese

separated from the iron fractions. Because of the large difference in half-lives

\

of the two Mn isomers, it can only be said with certainty that a minimum of 50%

of the Fesz atoms decay to the 2l-minute Nhsz; this figure maey be much higher in

AN

actuality.

B. Spallation Products of~Copper4

1, Isotopes of Gallium. An investigation of gallium isotopes was attempted

foliowing bombardment D-5; & relatively small amount of activity was found.
Because of the apparent large numBer of components contributing to the total
activity, however; no resolution of the decay curve was possible. The half-lives
of the gallium isotopes §f'masses 64, 65; 66, 67, and 68, are 48 min., 15 min.,
§.4 hrs., 83 hrs., and 88 min., respectively; it is possible thaﬁ all of these
ﬁeriods,we?e present iﬁfthe pallium fraction;‘ The mechanism of the produc tion

of isotopes of atomic number 31 (gallium) by deuteron bombardment of copper
(atomic number 29) is not known,.but there are three possible explanations. The
deuteron beam might‘have been contaminated With a small amount of helidm ions
which could have ceused alpha-multiple neutron reactions. Sufficiently energetic

helium ions mizht also have been produced as products of the primary reaction of
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copper plus deuterons. A third possible explanation involves emission of

‘negative mesotrons (and possibly also neutrons) from the excited compound nuclei

65 and Zn67. Since the identity and yields of the activities in the gallium

bfraction could not be determined, these possible mechanisms will not be discussed

fufther. Gallium was also removed following a helium jon bombardment (A-1), but

7 : ‘ . N <
resolution of the decay curve was again 1mposs151e.

2. Isotopes of Zine. 'Information concerning zine isotopes which were

identified among the spallation producfs of copper is listed in Table 4.

Table -4

Zinc Isotopes Formed in
the Spallation of Copper

Reported in Literature Experimental Results

Vass  q . ™ Bomb. o Sign Dis./min. at  Rel.
No. 1/2 Radiation No. 1/2  of Rad. end of bomb. Yield
62 (cf.Sec. III-A-1) D-1 ' 9.5h s.1x10% 0.005
' D-2 9.7h 2.0x106 © 0.036
D-3 9.5h 5.0x106
63 . 38m B',Y D-2 37m 3.6x10" 0.047 -
’ D-3 36m 1.0x108
o , 4% :
65 250d B LK,¥ D-9 (250d) 6.0x10 0.007

L

‘*  Assuming 11% counting efficiency

I
\
SN

Siﬁce a copper fraction was not removed in D-3, the relative yields for this
bombafdment’could not be computed. The cheﬁical yield for zinc in D-llwas known.
to be low; 1t is felt that this explains the yield difference for'Zn62 betwesan
D-1 and D-2. The {dentificptioh of the 250;day Zn65 is not certain; it is based
on wbat is presumed to be a specific isolation procedure, and on approximaté 250~
day half=-life over a.peri&d of about 150 days.

3. Isotopes of Copper. A summary of the copper isotopes found as spallation

pr&ducts is given in Table 5. The half-life of Cu66 (5 min.) is too short to have



Reported in Literature

Mass .T
No. 1/2 Rediation

60(2%) 24.5m p*

61  3.4h B8',K
62 10.5m g*
64 12.8h p*,87,K,Y

Table 5

Copper Isotopes Formed in
the Spallation of Copper

UCRL-142
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Experimental Results

Bomb. m Sign Dis./min. at Rel.
No. 1/2 of Kad. end of bomb. Yield.
D-2  ~24nm 3.1x10° 0.28
D-7  ~26m 1.4x10° 0.31
A-1 ~25m 2.8x107 0.18
D-1 3.4h + 2.2x107 ¥ 1.0
D-2 B.2h 1.7x108 1.0
D-5 3.1h 8.6x10° 1.0
D-6 3.2h 2.9x108 1.0
D-7 3.4h 8.0x108 1.0
D-10  3.2h 3.8x10° 140
A=l 3i3h 3.2x107 1:0
A-2 3.3h 1.5x108 1.0
D-2 11m 2.8x10° 2.55
D-7 10m 1.5x1010 2.05
A-1 1lm 5.1x108 T 2.44
D-1 13.6h 3.5x106%x - 0.63
D-2 13.0h 2.4x107 0.59
D-4 12.5h 3.5x107 (0.58)*
D-5 12.8h 1.2x108 0.55
D6 12.8h +,- 4.1x107 0.56
D-7 13.2h 1.1x108 0.55
D-8 12.6h 5.3x107 (0.55)*
D-10 12.7h 5.1x107 0.53
A-1 13.3h 4.2x106 0.53 '
A-2 12.8h 2.7x107 0.70
A<l <0.0006
A-2 <0.03

o

* (
~ Assumed values; used as basis for relative

yield calculations for other products of
these bombardments.

* %
Assuming 100% counting efficiency.
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 fonger-lived activity was due to Cu .
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been detected. No defiQite evidence for formotion of Cu67 was fognd; in A-1
(400 Mev helium ions), the copper activity deéreased to zero with no indicetion
of any half—iife longer thean 13 hrs. In A-2 (200 Mev helium ioné), there was an
indication of & small amount of activity with a half-life of.60—90 hrs.; the

§

maximum yield cuoted in Table 5 was calculated on the assumption that all of this
67 '

4. Isotopes of Nickel. The isotopes of nickel (atomic number 28) iden-
tified in this work are presented in Table 6, together with the observed yields.

The yield of both isotopes in D-7 is lower than in D-1. This might be blamed

Table 6

Nickel Isotopes Formed in
the Spallation of Copper

Reported in Literature . Exp:rimental Results '
Mass o, Bomb. T . Sign Dis./min.at . Rel.
No. 1/2  Radiation No. 1/2 of Rad. end of bomb. Yield
57 36h g* D-1 38h + 9.0x104 0.046
D-7 37h ~ 1.4x108 0.02
A-1 38h | 1.4x10° 0.05
65(14) 2.6n B, D-1 - 2.5h - 1.4x108  0.047
| ‘D=7 2.55h 1.1x107 0.012

A-1 2.6h 2.1x106 0.057

on poor chemical recovery in D-7, although the yield ratios ars not the same for
the two isotopes.

5. Isotopes of Cobalt. The isotopes of Qobalf (atomie number 27) which

were definitely identified ere listed in Table 7. In addition to these isotopes,

some long-lived activities (>70 days) were present; 0056(72—day B+,K),
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Cobalt Isotopes Formed in

the Spallation of Copper
Reported in Literature : ‘ Experimental Results
Mass Bomb.

1 7 Sign . Dis./min. at  Rel.
No. 1/2 Radiation No. 1/2  of Rad. end of bomb. Yield
55 18.2h 'Y D-1" 17h + I.2x10° 0.028
D-7 17.3h 5.8x108 0.037
6115) 108n g D-1 100m - 5.7x10° 0.14
: D-7 106m 1.8x108 0.13

0057(27O;da&_ﬁ;,K), an& 0058(72—day'ﬂ+.K) are no douby contributing. /Assuming the
long-liveh tail to consist of one component of 72-dey half-iife, and assuming a
50% countihg efficiency the approX¥imate relative yiéla was 0:80. Co%0 consistﬁ‘of
two isomers: a 5.3-year negative beta emitter, and a 10.7-min state decaying by
isomeric transition and negative beta. emission. The 5.3-year isomer might have
been a component of the loﬁg—lived activities obs-rved, but the cobalt fraction
was nevef isolated soon enough to have observed a 10.7-minute period. |

¢

6. Isotopes of Iron. The activities obssrved in the iron fractions are

listed in Table 8. Fess (gi.‘4-yr. K-captufe) has not been observed, probahly
because of its long half-life and low counting efficiency; the iron fraction from
D-9 has decayed with a 48 I day half-life for about 230 days without any-

\
indication of a longer component.
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Table 8
Iron Isotopes Formed in
the Spallation of Copper
Beported in Literature Experimental Results
Mass ) Bomb. T Sign Dis./min.at Rel.
No. l/% Radiation No. . l/? of Rad. end of bomb. Yield
52 (of. Sec,III-A-2) D-1 7.6h + 2:0x10% 0.002
. D-4  T.8h ‘ 3.6x10° 0.0037
D-6 8:0h 3.0x102 0.0027
D-7  ~v8h  9.2x10° 0.0028
53 8.9m " D-4 8.6m ‘ 2.4x108 0.10
D-6 10m , 1.0x10 0.04
59 474 BL,Y - D-1 474 - 2.8x103 0.042
- D-4 504 : - 5.8x10% 0.092
" D-6  ~50d 5.2x10% 0.063
D-7 504 > 2,0x10°  ° 0.061
D-9- 484 2.5x106 (0.07)*
A-1 474 4.8x103 0.051

Assumed value; used as basis for calculating
relative yields of other products from this
bombardment

7+ Isotopes of Manganese., Table 9 summarizes the data obtained on the

isotopes of manganese (atomic number 25).
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Table 9
Manganese Isotopes Formed in
the Spallation of Copper
Bonworted in Literature : B ~ Experimental Results . .
bass v Bomb. T Sign Dis./min.at Rel.
No. 1/2 Radiation No. 1/2 - of Rad. end of bomb. Yield
51 a6m B D-7 45mn - 1.3x108 0.043
A-1  ~50m '3.1x106 0,038
+i 4*
52 6.5 B K, D-1 5.5d o+ 6. 7x10 0.12
D=7 5.7d - + 2.0x108 0.20
D-9  6.0d 5.2x10% 0.074
A-1 5.8d 9.5x10% 0.12
54 3104 K,v D-9 (3104) 6.3x105™" 0.09
56 2.59n B, | D-1 2.5h - 3.1x106 0.10
. ' D-7 2.5h . ' 2.1x108 0.20
A<1  2.55h 2.7x106 0.07

Assumed 40% counting efficiency
** Assumed 10% coﬁnting efficiency
The identification of fhe 310-day Mh54 is based only onla close adherence to a
310-day half-life for about 170 days, and is thergfore uncertain. It should
be pointed out(that these data 2ll indicate that the‘half—life'of Mhsz is less
than 6.5 days; the best yalue is that obtained from A-1; the decey of the Mn
fraction in this bombardment followed a 5.8-day half-life for about 30 days,
after which the half-perio&-lengthened rapidly to a &ery high value. Assuming

54

this long-lived activity was the 310-day Mn"~ and sﬁbtracting it from the

 total activity, a stfaight 5.8-day half-life over a period of 50 days was obtained.

The Mn fraction was never removed sufficiently early to obscrve definitely the
52

21~-minute isomer of Mn~ ".

8. lsotopes of Chromium. The data for the two observed isotopes of
55

chromium (atomic number 24) are given in Table 10. Cr" has been reporﬁed with

various half-lives rancing from 1.6 to 2.3 hrs. In the present work a small
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Table 10
Chromium Isotopes Formed
in the Spallation of Copper
Rgported'in Literature - - Experimental Results -
Mass Bomb. : Sign Dis./hin.atl Rel.
;i T . T, ' ;
Yo, 1/2 Radiation No. 1/2  of fded. end of bomb. Yield
49 41.9m p*,Y . D-1 41 + 2.8x10° ©0:003
: | D-4 41m 1.2x107 0:013
D-7 39m - 2.5x107 0.008
A-1 43h " 1.0x106 0.009
51 28.5d K,Y D-7 274 1.9x109* 0i044
- D-9 27.5d 9.0x10° 0:022
A-1 264 4i1x10% 0.024

* hssumed 10% counting efficiency,
and corrzcted for amount formed
by.deocay of MnS1

amount of ectivity of helf-life intermediate betwean 42 min. and 26.5 days was
usually observed, but it could not be resolved into any definite periods constant

"

among the several bombardments.

9. Isotopes of Vanadium. Because of the lack of a satisfactory chemical

procedure, only(one vanadium iéotope, V48 (16 4 ﬁ+, K, ¥) has been definitely

identified among the spallation products of'qdpper, It waslobserved in bombard-
§mént D-9 and followed & 16.5-dey half-life for a period of about 90 days; the |
bparticles emitted were shown to have a positive éign; The relative yield was

caloulated to be 0.05, assuming a counting efficiency of 60%.

10. Isotopes of Titanium. Table 11 summerizes the results ohtained on

the isotopes of titanium. About‘fwo half-lives of decay of Ti51 have béen followed
in D-9, but only one-half of a half-life has been observed in D-10. In both
bombéfdments there wes an indicgtion of the presence of a 3-4 day activity;

the sign of its radiation was not determined. It is probable that this activity

belongs to titanium, and may be due to the isotope at mass 44 or 52.
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Table 11
Titanium Isotopes Formed in
the Spallation of Copper
.Eéported in Literature ~ Experimental Results
lass Bomb. P ' Sign ~ Dis./min.at  Rel.
§o.  ~1/2 Radiation . No. 1/2  of Rad. end of bomb. Yield
45 3.08n 8" D-10  3.0h  + 9:5x10°  0.003
51 724 BT D-9 744 2.5x10% 0,001
| D-10  (704) 2.6x10° 0.004

"11. Isotopes of Chlorine. Information obtained from the chlorine fractions
is listed in Table 12i No parficles of positive sign could be detected in any
Teble 12 !

_ Chlorine Isotopes Formed in
y ' ' * the Spallation of Copper

Reported in Literature Experimental Results
Mass 'T Bomb. 7 Sign Dis./min.at  Rel.
No. 1/2 Radiation No. /2 of Rad. end of bomb. Yield
38 3Tm B LY . D-7 38m - 1.6x10°8 0.00048
. D-8. 37.5m - 7.7x105 - 0.00052
A-1 36.5m - 4.0x10% - 0.0033
A2 38m - 3.6x105 0:00060
(See text) D-7 60m - 2.4x10° 0.00010 -
D-8 59m - 1.4x10° 0.00014
h=1 61m - 5.7x10% 0.00068
’ Le2 62m - 4,8x10% 0.00012

of the chlorine fractions; the sensitivity limit of the magnetic deflector sets
the maximum‘yield of C134 (33 min.ﬁ+) a factor of 10 to 15 below that observed
for €18, The decay of all chlorine fractions started with about a 37-38 minute
period; buf the half-life 510w1y increased untilfa half-life of about 60 minutes
was reached when the sample became practically inactive; = typiéal decay curve
is reproduced in Figuré VIiI (Bombardment D-8)*. The ratios of the yields of

the 37-minute to 60-minute activities produced in the four bombardments are

* The first part of this curve presents measurements taken on one~seventh of the
total fraction. The points for the las% 8-10 hours were taken on six-sevenths of
the total and then corrected to the basis of the smaller sample.
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4.8, 3.8, 4.9, and 5.0, in the order listed in Table 12. In the same ofder, the
numbers of 4AgCl precipitations used in thé chemical isolation were 1, 3, 1, and 3.
Bectiuse of the rela%iVe constancy of thgvyield retios with varying degree of
purification of the sample, and because of the high specificity of the chemical
rrocedure, it seems likely fhat the 60-min. activity belongs to an isotépe

of chlorine. Since no positive particles wefé detected in these samples, the 60~
minute period might be a negative'beta—emitter at mass 39.

12. Isotopeg of Phosphorus. A reasonably certain identificatibn of P32

(14.3-day B-—emittgr)/as a spallation product of copper was made. Phospho;ﬁs 1
(atomic number 15) was éeparated‘anﬁ isolated in only bombardment D-9. A half-
life of 15 T days was observed in the final fraction for a period of about 90
days, afﬁer’which the activity in the s ample was so low that it could no longer
be accurately determined. The activity level was too low to determine the sign
of the emitted particles by the magnetic deflectof, but an aluminum absorption
curve wés takén (Figuré iX}. -+ The statistical uncertainties attached to these
counté'are larée, because of the low counting’rate.v However, the best curve
drawn through the points (neglecting the last one) was subjecﬁedlto Feather
analysis and indicates a maximum energy of about 1.8 Mev. The standard for the
Feather analysis was a RaD-RaE sampie (ranre = 480 mg‘AI/me;- Eox = 1.17 Mev).
;The reported values for the ﬁaximum energy of the Psz.beta-pﬂrticle are in the

range 1.69-1.75 Mev.e The relative yield of this 15-day activity was 0.0005.
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IV. DISCUSSION

L. General Observations

As an aid in the followines discussion, a summar& of the results presented in
the previous section is given in Table 13: In evalu;tihg the average yield for
any one isotope, the higher values have been weighted more heavily; this was
done mainly on the assumption that the lower figuresare due to an abnorhally,
low chemical recovery of the element. It should also be pointed out that while
the yield figures for the reaction with 190 Mbv deuterons‘represent averages
resulting in practically all cases from two to seven.bombardments, the yields
for 190 Mev and 380 Mev helium iogrreactions were obtained from only one
bombardment eachf

The wide distribution and larce number of radioisotopes formed in the
spallation of copper are immediﬁtely evident, In the most extensively investi-
gated region, from titanium théough zinc, practically all radioisotopes which
couvld havé‘been observed in view of experimental time considerations were actually
poserved. The exceptions to this statement are the poorly characterized
isctope of chromium of méss 55, and Cﬁ67 from the helium ion bombardments;
in the chlorine and phosphorus fractions, 0184 is the only radicisotope which
might have been observed, but ﬁas not.  The virtual absence of Cl34 among the
spellation products of copper wili be discussed later.

The wideépread location of the active spallation produc ts leads one to the
essuaption that stable isotopes are also forméd in good yields sas primary‘products
of the spallation reaction. This assumption is substantiated by the probable
identification of Mn§4 among the products; +this radioisotope is shielded by two

' .
stable isotopes against formation by radioactive decay, and could only be formed

directly by spallation. It:can be inferred that the neighb&ring stable isotopes



UCRL~142

c ' Page 34
Table 13
Summary of Isotopes Observed -
as Spallation Products of Copper ‘

, Type of  Qbs. Average yield relative to_Cu61 .
Isotope Rad 'n Ty /2 190 Mev D* 190 Wev He'*  £80 Mev He
olne (K 9.5h 0.036

Znb3 8! 37m 0.047 - —— —_—

Zn65 B,k - (2504) 0.007 — —
,Cuf? 8’ 25m 0.30 — 0.18

cufl g, K 3.3h 1.0 1.0 1.0

Cub2 gt 11m 2.3 S — : 2.4

Cub4 B*,p, K 13h 0.57 0.70 0.53 -

cuf” g — J— <0.03 £0.0006
o127 g* 38h 0.04 — 0.05
N85 g 2.55h 0.04 _— 0.057
g o0 gt 17n - 0.033 —_— —

Cobl g~ 103m 0.14 — —
L 7.8h . 0.003 — —_—

FeS3 + 9m 0.07 T —

Fe59 g 484 0.067 _— 0,051

51 gt 47n 0.043 —— 0.038
25,592 + -

Wn>2 8", K - 5.8d 0.13 —_— 0.12
. Mn K (3104a) 0.09 e —

Mn®6 8 2.5h 0.15 —_— 0.07
24072 F © 4lm ~ 0401 — 0.009

Ccr X 27d 0.03 — 0.024
23v_48, 8",k ~ 16.54 0.05 S —

g lics gt 3.0h 0.003 —— —_—
7151 8 744 0.003 — —_—
170138 i 57.5m  0.00050 0.00060 100033
p%2 8 154  0,0005 — S
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are formed in approximately the same yield. Moreover, inspection of the results
fof any one of several elements listed in Table 13 reveals that‘thevisotope of
that element having the largest neutron deficiency is always formed in the
lowest yield, and that in general the yield increases as the mass of the isotope
apéroaches the mass of the_stabié isotope(s). Extrapolation of this effect into-
the stability region again sugrests that the stable isotopes are formed in good
yields.

The total relafive yield for all isotopes detected as products of 190 Mev

ceuteron bombardment is about 5.16. This is equivalent to a cross-section of

[

about'O.Sixlo.z4 cmz. This figure represents observations on 25 radioisotopes;

a total of 70 - 75 fairly well characterized isotopes (radiomctive plus stable)
exist for the elements in question. If all undetected isotopes were formed
in about the same yield as those isotopes near them which were detected, a total

cross section close to the geometrical cross-section (1,1x10” 2% em?) is indicated.

This is a logical result and further substantiates the assumption that stable
isotopes_are formed as primarykspallafion products in yields of the same ofder
of magnitude as the radioisotopes.

The overall trend ip yvields of the various products shows a>genefal
denrease with decreasing mass and chafge of the products. However, there are
interesting variations in this trehd Which will be pointed ouf now and discussed
more fully later. The variation of yield with the mrss numﬁer 6f the product, ’
i.e., with the difference in the total number of nucleons betﬁeen target and
product ﬁuclei, is plotted in Figure X. Where several products of the same
mass number were observed, the .total yield_for‘the several.isobars was used.
Figure XI shows the variation of yield withrthé'atomic number of the prgdﬁct,irear

with the difference in the number of protons betweén target and product nuclei.
: , 3

\
J
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the total yield of all the observed radioisotopes of each element 18 v, 1ioq
against the atomic number of that element. Both of these firures were constructe.
from the data of Table 13 for the 190 Mev deuteron bombardmeﬁts; Although these
gfaphs represent only data for the observed products, it is felt that the general
trends that khéy portray would not be appreciably altered if yield data for all
possible produdt isotopes were known and included.

A striking feature of both these curves is the high yields of products
whose nuclei differ from the target nuclei By only several nucleons. About 85%
of the total yield is made up of products with masses 60-65, and about 80% of
the total yield is represented by 6opper isofopes. These observations are diffi-
cult to interpret in terms of the exact numbef of néutrons and/or protons ejected

5

from the target "nucleus", since there are two target nuclei, Cu63 and Cu6 .

‘here is no appreciable general decrease in yield for the products from

mass 89 down to about 50. The yields for consecutive mass numbers alternate, with

an even mass number showing higher yigld than either of its neighboring odd mass
numberss, Because of this alternation, the points in Figure X répre§enting even
mass numbers havé been joined by one smooth curve, and those for odd mass
rnumbers by another. Both these curves then show similar propérties: maxima at
A = 61 or 62; a plateau at A Z59 to A ¥ 50, followed by an interpolated sharp
vield decreaée (through a factor of about 100) to A ¥ 40; and perhaps a second
relatively level portion around A = 35. On the basis of the accuracy of the
present data, the apparent maxima around A = 51-52 are not necessarily signifi-
cant, although they mipght be r=al.

The total elemental yields also sﬁow an aiternation(Fig7 XI) and again'tWO
curves are drawn, one fg; odd Z and one for even Z; the former curve lies higher
than the latter. At least a part of the reason for the higher“observed yields

of the odd-2 elements may be the fact that they possess ohly one or two

f
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unobse;ved stable isotopes, while the even-Z elements possess 4 or § stable isotopes
and thus a larger fractién of the odd-Z isotopes were actually observed. This
does not seem to be the complete explanation, however; from Z = 22 to 4 = 30 the
Uvper- eurve represents identifications of 42% of possible knmown product isotopes
(s;able.plus active), and the lqwer curve 33%. The t&o curves differ by an

' . . 2 .. 5
average factor of about 5 in yield. DMoreover, in the isobaric pairs Fe5 ~Mn 2,

51-Cr51, and Znsz—Cusz, the member of the pair with odd etomic number is inde-

Mn
pendently formed in the higher yield. Fipure XI also shows, after the initial
maxima, a plateau region from'Z = 28 to Z ¥ 25; +the apparent maxima gt Z.= 56
and 25 again ﬁay or may not be significant. The yields then decrease with.
decréasihg atomic ﬁumﬁer.'

The following general summary caﬁ be presénted; The ejection of only
several nucleonsvgrom the compound and/br excited nucleus is a very probable
evénf, leading to very hieh yields of isotopes with mass numbers 60-65, and
especially those which are copper isotopes; Produc ts with masses about 5-15

units less than the térget'mass(and éharges of about 1-4 units less) are formed

in lower yields, but there is no consistent decrease in yield with decreasing

‘mass or charge in this region. There appears to be a relatively rapid decrease

in yield with increasing number of nucleons ejected from the excited nucleus,
starting at the emission of about 15 nucleons. In general, an isotope of mass

4

abouf 30 units less than that of the target is formed in a yield of about one—‘
huanedth gf an isotope whose mass is about 5-15 units less; an isotope in this
latter region is produéed in & yield of about one-tenth pf the averége yield of
an isotope with a mass within 5 units of the target iSOtQPe. |

‘hese results have been comparad with those obtained by the bombardment

75 .

of 53As ’w1th 190 Mev deuterons(S). In general, the same overall trends were

obtained with arsenic as with copper. To some extent, the same high-low alterna-
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tion of yields with consecutive mass or &fomic numbers was observed with arsenic,
‘but this effect was not as consistent as with copper.

L. Comparison of Results of Deuteron Bombardments with those of Helium Ion_.

Bombardment s.

Since fewer nelium ion bombardments were conduotsd, any comparison ot .,
~ffects of deuterons and hélium jons cannot be extensive. In general, the yields
of an isotope formed by the two types of bombardments would have to differ by at
least a factor of two before they could be termed sighificanfly different. With
this limitetion, the results of the 380 Mev helium ion bombardment were the |
same as those of the 190 Mev helium ion bombardments, with one exception: six
times as much C1°° was formed by 380 Mev helium ions as by 190 dev deuterons.

58 was about the same as with

With 190 Mev helium ions, however, the yield of Cl
190 Mev deuterons. The'significance of these differences will be discussed in
the following section.

C. Mechanisms of Hirh Energy Nuclear Reactions

~ The accepted and experimentally supported theory of nuclear reactions at_n
16w energiés (<:40 Mév)'involves the formation of a compound, excited nucleus;
“he incident particle is captured by the target nucleus to form a different conm-
. pound nucleﬁs possessing an excitation energy approximately equal to the kinetic
energy ofwthe incident particle. This excited nucleus then rapidly boils off
particles and enerpgy and becomes the prbduct nucleus; It will be interesting to
consider on this basis the excitation function of a particular reaction leading
to a particular produét, i.e., the effect of incident particlé energy on tﬁe
yield of a particular nucleus. As the excitation energy is increased, the yield
will go throu?h & maximum at which the excitation is most appropriate for emitting

the required number of particles. The yield should then decrease rapidly as the

energy becomes higher, since the evaporation of more particles from the excited

nuclens will be much more probabie.
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Using only the picture of the compound nucleus presented»above, one would
thefefofe expect that bombardment with particles of severél hundred Mev of energy
would iead to very low yields of isotopes which are within sevéral mass units of
the térﬂét isotope. On tﬁe contrary, however, the data presented in the pre-
22ding sections show that a large majority gf the reactions of copper with 190
Vev deuterons end 386 Mev helium ions lead to product isotopes which differ

f»om the target isotopestby a loss of only several nucleons. Clearly, then,

A

a different picture of nuclear reactions at high energies is needed.

16)

.Serber( has receitiy suggested a mechanism which very satisfaqtorily
explains the observed facts. Acéording to this theory, bombardment with 200 Mev-
deuterons or with 400 Mev helium ions can be regarded as a simultaneous bombardment
by the several individual nucleons(heutrohs and protons) making up the incident
particle; fhe binding . of the nucleons in the incident particle is-iﬁportant
mainly in causing a spatial correlation between ﬁhem; Serber points out thét

the collision time between a high-energy incident pafticle and a particle in the
nucleus is short compared to the tiﬁe of collision of the particles in.the
nucleus, sugresting that qollisions between incident particlés and the individual
particles in the nucleus must be of primary importance, This leads to two
points: (1) at sufficiently high energies the nucleus begins to beoome trans- .
parent to the incident particles; (2) the incident particle loses only a small
fraction of its energy to the s.truck particle. Thé kinetic energy.transfer to

the struck particles is estimated to be about 25 Mev, and the struck particle may

either escape from the nucleus without further collision, if it was located

_near the edee, or it may collide with other nuc lear pafticles and distribute its

energy among them. The nuclear excitation energy éould,then be dissipated by

evaporating off several particles with several Mev kinetic energy each.
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- Sefber(17) has also proposed énd demonstrated a second mechanism applicable
t6 hirh energy nuclear rggctioné. In this process, the proton (or neutron) in the
hish enercy deuteron strikes the edge of a nucleus and is stripped off, while the
neutroﬁ (or proton) misses aﬁd continues on its way. &he target nucleus is there-
fore excited to the extent of an average of about 100 Mev, and this excited nue leus
Giffers from the target nucleus in that it_contains an additional pfoton or neu-
“ron. This compoundrnucleus cogld then dispel its excitation energy by an evapora-
tion process. The cross section for this "stripping" procesé is
G = '%7fRRd = 5A1/3 x 10728 cmz, where R is the nuclear radiusj Rd is the deu-
teron radius, and A is the mass number of +he tarpet. |
In rddition to the preceding two paths\by which high energy nuclear
reactions may proceéd, it is also conceivable that a very small fraction ol -vhe
reactions micht proceed by capture of the entire incident particle, producing a
hieghly excited (200 or 400 Mev) compound nucleus which would dissipate its energy
by boéling off a large number of particlqs. T§ summarize, the reaction of 200
Mev D or 400 Mev He+-"+ on a target ZA might proceed via three différent paths:
(1) inelastic collisions, exciting 7zt to'fhe extent of about 25 Mev;
 (2) the strippinz process, producing a compound nucleus (Z + l)A + 1

or ﬂh + 1) with about 100 Mev excitation energy;

+ (3) amalpgamation of the entire incident particle with the target nucleus
4 A+ 2 /
)

to produce a compound nucleus (A + 1 (for'deuterons) or
(z + Z)A * % (for helium jons), possessing excitation energy of 200
Mev or 400 Mev, respectiveiy._

It is also possible that a small fraction of the nuclear reactions proceed

by mechanisms which could not be classed exclusively as any one of the above, but

which might be described as something in between two of them.



K

UCRL-142
Page 41

The results obtained in the inveStigation of ﬁhe spallation of copper will
now he examiﬁed.in the ligﬁt of the above three mechanisms. The excitation energy
57 25 Mev obtained by mechanism (1) is sufficient %o bdil off about three nucleons;
tine maximum yield due to this effect should therefore be observed at masses
50-62 (from Cu63 and Cu65). It was shown in Figure X that a high maximum was
sstually observed at masses 61-62, sugzesting that thede products arose from the
saalastic collisipn mechdnism. The stripping process, mechanism (2), should lead

» v
%o product nuclei containing of the order of 10-15 nucleons less, on the average,
than ‘the target»nuclei. Fipure X shows a possible maximum at mass numbers 51-53,

representing a loss of about 12 nucleons from the target nuclei. It therefore

seems lorical to identify the products in the mass region of about 50 to 58 as

those which arose mainly by the stripping process, The product nuclei far

probably arise from mechanism (3)5 This contention is supported by the observed

8

yields of c1 _following bombardment with 190 Mev deuterons (95 llev per nucleon)

eand 190 Mev (47.5 Mev per nucleon) and 380 Mev (95 Mev per nﬁcleon) helium ions.
The vields from 190 Mev deuterons and 190 Mev helium ions are practi;ally the
same, while the yield from 380 Mev helium ions is a factor of six hirher. This
indicates that'C158 is formed from & compound nucleus which has absorbed the
entire eneréy of the.incident particle.' If it arose from a compound nucleus

formed from just one of the nucleons of the incident particle, as in the stripping

process, the vield would have been the same with 190 Mev deuterons and 380 Mev

 he1ium ions; and lower with 190 Mev helium ions. That mechanism (3) does not

contribute éppreciably Yo the yield of products around the target nuclei is
indicated by the failure to obtein ewvidence for the formation of Cus7 following
helium ion bombardment. This isotope can be formed only by an {a,2p) reaction

‘
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on Cu65. It is interesting to note that although no definite evidence for the

rrecernde of‘Cu67 was obtained from either helium ion bombardment, the maximum

yvir®d which could be set for the 190 Mev bombardment was 50-fold hirher than that

far the 380 Mev bombardment.

The yield curve (Fig. X) actﬁally obtained, thén, could be formed by thé
eddition of three separate portions, one for each of thé’tﬁree mechanisms just
iisnusseds (1) a relatively shafp maximum at A = 61-62; (2) a somewhat broader
raximum at A = 51-53; and (3) & low, broad portion déteotable by itself only at
4 & 45. Corrésponding characteristicsvcan also be discerned in Figure XI. The
present data inéicate that about 80% of the nuclear events occur by the inelastic
collision mechanism, about 20% by the sfripping process, and less than 1% by emals
gamation of the entire incident particle with the target nuclei. It is inter-

esting to note that the stripping cross section for copper, calculated

24

according %o Serber(l?), is about 0.2x10" cmz, which is about 20% of the
geometrical cross section.

Regarding the tvpes of nucleons emitted from the nuclei'exciteﬁ in the three-
different ways, the data indicate that a nﬁcleus excited by inelastic collision
preferentially emits neutrons rather than protops, as illustrated by the high
yields of copper isotopes. Neutron emission also seems to be more probable
following.excitation by the étripping process; the second maxima in.Figures X
and XI indicate the most p;Obable combination of emitted particles is about 4
protons and 8 neutrons. These may more likely be ejected as 2 alpha-particles
plus 4 neutrons. A nucleus.excited by meéhanism (3) would probsbly emit as many

3

of its particles as possible in the.form of alpha-particles, since this is ener=-

gétically more economical than emission of only neutrons and protons.
Apparently very few excited nuclei possess sufficient energy to emit four neutrons

in addition to the number of particles required to form 0138, since 0134 could

/
not be detected. ° -
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The data also hint that the emission of almost exclusi#eiy neutrons (or
pfﬂtoné) from a nucleus excited by the stripping process; foiiOWed by a series of
rasid positron (or nepative beta-particle) decays is a relatively‘rare event.

If this did occur to an\apé?eciable extent, the daughter member of isobaric pairs
vould be formed’alﬁost éXciusively b& decay of the'parent member; the ppposite
¢fect was observed in two or thr;e cases. The_appreciable yield of the shielded
7% contributes to the argument. The conclusion is that most of the primary

~rofusts formed following excitation by stripping are those which are close to the

~zrion of stable nuclei.

The reasons for the "saw-tooth" character of the yield curves (Fipures X anc
X1) have not been discussed.and are not immediately evident. To explain the f;ct
+hat the total yield for elements of odd Z is higher than the total yield for
cither neirfhboring element of even Z, let us consider first'only those products
fo}med_mainly as a result of the stripping process. Oﬁe might first assume that
zainly alpha—particles and‘ﬁeutrohs are emitted by.the e;cited nucleus. Then if
one assumes that capture of a stripped neutron to form this excited nucieué/is
mcre probable fhan capture of a stripped proton, the products with odd 2 would be
mere abundent than th@se with even Z. Considering the products differing from
the target nuclei by only a few nucleons, zinc isotopes would be expectéd in lower
yields than copper isotopes, since the former can arise not from the relativeiy
probable inelastic collision mechanism, as do the copper isotopes; but only
through the formation of a compound nucleus (ﬁainly by the stripping process).

Since the excitation energy induced by stripping is sufficiently high so that

emission of less than 5 neutrons following proton capture would be a relatively

improbable event, one would expect relatively low yields of zinc.. The excitation

functions of several zine isotopes in the deuteron bombardment of copper have
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been investigated By‘Bockhop, Helmholz and Peterson(IB); their results confirm

this picture, and also indicate thet nickel and cobalt isotdpes arise mainly

Trom excitation by inelastic collision. ‘
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