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THE HIGH ENERGY SPALLATION PRODUCIS OF COPPER

Roger E, Batzel, Daniel R. Miller, and Glenn T, Seaborg
Department of Chemistry and Radiation Laboratory
University of California, Berkeley, California

Janvary 9, 1961
ABSTRACT

Nuclear reactions induced in elemental copper by irradiation with
charged particles accélerated to energies in the hundred-Mev range have
been studied, and the reaction prodﬁcts cover a range from the region
of the target nucleus to a region which is removed from the target
nucleus by as many as £ifty or more nucleons., The yields of the wvarious
products were measured, and the results show that a large majority of
the products result from reactions in which only a fraction of the
total energy of the incident particle is left with the nucleus. The
distribution of the amounts of the reaction products is in agreement
with a picture of high energy nuclear reactions involving nuclear
transparency and the idea that the nuclear reactions involve excitation
following collisions and energy tranéfers between the individual nucleons
in the impinging particle and the individual nucleons in the target
nucleus, The results include recent work on the nuclear reactions
induced by 340-Mev protons and.some earlier qualitative work on the
nuclear reactions induced by 190-Mev denterons and 190~ and 380-Mev

helium ions.
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THE HIGH ENERGY SPALLATION PRODUCTS OF COPPER -
Roger E, Batzel, Daniel R, Miller, and Glenn T. Seaborg

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

Janyary 9, 1961
INTRODUCTION

The acceleration of charged partlcles to energles in the hundreds of |
Mev range by the Berkeley 18/~inch cyclotron has made it p0851ble to study
nuclear reactions in which the reaction products cover a range from the
region: of -the target nucleus to a region whigh isvremqveé,fromqﬁhe,tam5;
get nucleus by as many as thirty or more-nuclgonsal The term ﬁ%pal;Qtioﬁﬂ .
has been suggested to describe this type of transformation»iﬁ,whichxégeg;a .-
excitation of the nucleus is degraded by emission of small“nuclear frag—
ments such as neutrons, protons, deuterons and alphavparticles..

Some of the results of spallation reactlons induced with high energy -
deuterons and alpha particles have been reported prev1ously.1_5 The pre— L
sent study consists of the determination of the radloaetlve products formed ;
by the 1rrad1at10n of ‘elemental copper with 340-Mev pro;ons,» The data. also
include the results of a cursory investigation of the products formed~by
the irrsdiation of copper with 190~Mev deuterons and 190- and 380=Mev hellum ions.

The observed spallation products: 1nclude some 35 nuclldes fram sodlum
through zine and the distributien. of the;amounts_qf theﬁreactlon‘prgguctsu,‘
formed is in general agreement with the picture of,high“eﬁeréyﬂnnélééfa:ef
gctiong described by'serber,é The‘ébserVedmyields shqw,the effegts;oﬁnnu; .
clear transparency and are consistent with Serber’s idea that the nuclear -
reactlons involve excitation following collisions and -energy transfers
betweén the individual nucleons in the impinging particle and the indxvidual_
nucleons in the target nucleus. A4s would be expected.on th;svplgture,,thq

products.which are formed by reactions requiring small amcun#sgqf,exciﬁgtion,
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occur most frequently,

The spallatlon data from the deuteron and hellum ion irradlations
-of copper represent the results of some early qualltatlve work done in
1947 and 1948. At the present time this laboratory is not planning any
_ immedlate further investigations of these. spallatlon distributions, and

the data are published here for qualitative consideration only.

PROCEDURE

Irradistions with the high energy particles were carried out in the
circulating‘beam of the 184~inch frequency modulated cyclotron, The
targets consisted of 6 and 10 mil copper foil about 15 mm long and 10 mm
wide. The copper strips were clamped in target holders which could be
attached to the movable probe head of the:cycletron, and the bombarding
energies were adjusted by fixing the‘radial distance of the leading edge of
the target’strip“frOm‘the origio of the beam, Since the degradation of the
energy of the high energy particles in passing through the 10 mil copper
foil is small, the targets could be considered as thin targeis. -

Because of the fluctuations in intensity of the circulating beam, the
exact amount of the irradiation of the copper ta;get could not be deter~
mined directly. The amount of the'nuclide‘Cuél formed during any given
irradiation of the copper was determined and by relating the amounts of the
other nuclides formed to the amount of Cu 61 produced, relative yields of
nuclides from any series of proton, deuteron, or heliuﬁ~ion irradiations
could be compared.

The length of the irradiations varied from ten minutes to one hour
depending on the half-lives of the nuclides which were to be studied., Ome
approXimately 30 hour proton bombardment, and one approximately 15 hour

deuteron bombardment were done to determine the yields of the nuclides with
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very 1ong half-lives.

An sbsolute cross section for the formation of the Cuél‘from copper:
irradiated with 340-Mev protons was determined by irradiating a piece of
lemil_copper foil in the external beam of the 18i=inch eyclotron, The
beam intensity was measured directly_py means of a Faraday Cup arrangement, . .
In the case of the deuteron irradiatiéns, the absolute cross section for
the formation of Cubl was calculated using an estimated value of one micro-
ampefe.for the.deuteron beam intensity.

AfterAthe target was irradiated, it was dissolved &nd measured‘amountg
of carriers were added to the target solution. The elemental fractions .-
were separated by the chemical separation pfocedures to be discussed in .
“the sectioﬁ,onpﬁchemical Separation Procedures." For the proton irradia-
tions, the emount of carrier remaining after the chemical: separaticn of an
elemental fraction was determined by chemical analysis and the percent of
the carrier recovered was teken as a measure of the percent of the rédieﬁ
active ‘atoms of the element recovered. No correction was made for losses
during £he chemical separations in the cases of the deuteron and he-'
lium ion irradiations, but usﬁélly duplicate experiments were performed in
the éasé of the deuteron study, and the’higher yields were given grester
statistical welght in the final average value of the yleldao .

Gountlng of the act1v1t1es was done on an end=W1ndow, alcohol=quenched,
argonafilled Gelger counter tube w1th a mica w1ndow of wB mg/ﬂm2 thlckness
used in congunction with a scale of 64 countlng 01rcu1t The nuclldes were
: characterlzed by half—life determlnatlons, absorptien measurements, and sign
of partlculate radiation emltted | o - |

A crude bet&=ray spectrometer was used in the determlnation of the sign'

~of the beta partlcles and was especially useful where 1t was necessary to
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resolve muclides with gimilar half-life but differing in sign of particu~
late radiation emitted.

The counting data ﬁere corrected for window aﬁd air absorption,‘and=in-
the cases where the yields are based on the counting of K x-rays, correc-
tions were made for the fluorescence yields of the x-rays. Backscattering
corrections were made only in the case of. the determination of the absolute
cross section for the formation of the Cuél from the proton irradiation of
the copper. The samples from the proton irradiations were mounted on thin
cover glasses or 5 mil aluminum discs and the backscattering corrections
for such backings are essentially equal and cons%ant_for the energy range
of the beta particles observed., The semples from the deuteron and Helium
ion irradiatione 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-sbsorption since the weights of the samplee

counted were almost negligible in all instances.

RESULTS
A. Redicactive Nuclides Identlfled
The characterlstlc activities of the nuclldes dlscussed in this :

sectlon were observed in the elemental fractlons separated from the irradi-
ated coppervtarget. References for most of the nuclides characterized may
be found in the 1948 edition of "Table of Isotopes” by Sesborg and Perlman.’
Only in the cages where information on the nuclides was published in.fhe o
literature subsequent to the data given in "Table ef iéotopes“-will
references be cited. All act1v1t1es identified in the elemental fractions

are dlscussed below and 1nc1ude the results from all bombardments (190-Mev
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deuterons, 190- and 380-Mev helium ions, and 340-Mev protons).. A check of
Figé; '3, 4, and 5 and the result5~for,l90~ﬁev helium ionS'listedbin the EP
"Results" section will show which individual activities were identified -
in each of the elemental frections from the different bombardments.

Zine Fraction.— The characteristic activities of 2n°, zn®3, and
Zn62 were observed in zinec, The Zn 65 was counted through sufficient
‘ aluminum absorber to cut out completely the particulate radiation and - ‘;e
x-rays, and the counting efficiency of the lmléMev'gammawrey»wasgﬁakenbag;,,
one percent. The‘Zn63 was characterized by its half-life and»the»nucliﬁefT i
was assumed to decay 93 percent by positron emission and 7 percegt‘by;orbigel
electron capture. ., fhe 4n 62 was assumed to. decay 10 percent by positron: -
emission and 90 percent by'Kaeaptureigand was counted with the quminutei

Cub? daughter in equilibrium,

Copper Ffactigg.e~ The activities resolvedkin the eopper wefe those

of cu64 cub?, cufl, and cu®. The 12.8hour Cud% vas the Longest lived
activ1ty 1dent1f1ed and was assumed to have a counting efflciency of o

50 percent The 10.5-minute Cu 62 was the shortest lzved act1v1+y 1dentified 
and the nuclide was eon51dered as decaylng completely by p081tron em1581cn. o
cubl decays 66 percent by p031tron em:.sslonQ and 66 percent was taken as
the countlng efflclency of the nuclide., The 25am1nute Cu 60 wa.s resolved
with prec131on only in the copper fractlons from the 190=Mev deuteron and

380=Mev hellum ion 1rrad1atlonso

- Nickel Fraction.-- The only observable activities in nickel were -the - -
206«hour Ni65 and the 36-hour §i57, The formation‘of the small,amount;of-f<
N165 from capper 1rrad1ated wlth protons is probably due to the reaction

Gu§5(n,p)ﬂié5 caused by secondary neutrons and w111 be neglected as a a
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gpallation product;fram 340-Mev protons. A counting efficiency of 50 per-
cent was used for thé N165 since the nuclide decays 50 percent by positron

emission and 50 percent by orbital electron captureolo .

Gobalt Fractlon.-- The characteristic act1v1t1es of Goél and 3055

were identified in all elemental fractions of gobalt separated, The 0058
and o6 WEré.identified'definitely'in the proton irradiations and the
characteristic 72-day half-life of these activities was observed in the
cobalt fraction separated from the copper irradiated with 190-Mev déuterons.
The Goél decayed with the characteristic 1.75<hour hélfniife and since it
decays by negatron (negative beta particle) emission, no cofrection was
necessary for the counting efficiency. The Co”” was easily resolvable
and since no --electron capture branching has beer reported, the counting
efficiency was taken as 100 percent. |

The fact that the 0058 and 6056 decay with equal halfullves and are
both positron emitters mgkes,thelr resolution difficult. The resolutlon
of the two activities was‘done only for the cobalt fraction separated‘ffom
thg)bqpper irradiated with 340-Mev protons. The shape of.the composite
peéitfoh spectrum from‘the cobalt fraction was determined by means of a
crude beta~ray spectrometer after the 18~hour 6055 had been allowed to
decay. The shape of the p031tron spectrum for a sample of pure 0056 whlch
had been determined under similar condltlons was avallable, and by snbtract—
ing the ‘contribution of the Co56 pesitron spectrum from the comp051te posi=
tron spectrum, the contribution of each isotope to the total activity was
obtained, The counting efficiency of the Co58 was ‘tbaken as 15 percent dnd

thet, of the Co%® as 100 percent.

Iron Fractlon.—- The characterlstlc act1v1tles of the radlonuclldes

Fe59 F955 Fe53, and Fe52 were probably present in all iron fractlons
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separated from the copper irradiated with the protons, ‘deuterons, and..
helium ions, -All of these activities were identified definitely only in
the iron fractions separated from the copper irradiasted with 340-Mev pro-: "
tons. The Fe??, Fe”3, and Fe’? were identified in the iron fractions ... - ..
from the coppér irradiated with deuterons, and the yiela for the iron .-
from 380-Mev helium ion irradistion 15 based only on the Fe??, The 2,:9~year -
Fed5 was assumed to decay completely by orbital electron capture;ygund a
countlng eff1c1ency of 10 percent was taken for the x#rays. The Fe53 was
agssumed to decay 100 percent by positron em1551on. The Fe52 was counted

in equilibrium with its 21l-minute Mn52 daﬁghter; By determlnlng the ameuefh'
of 2l-minute Mn52 in equilibrium with the Fe52 and milking the 5,8~day Mno?
which grows into the iron fraction, an estimation was made of the amount of
positron emission and orbital electron capture branching for the Fe’2 It -

was found that the nucllde iecays approximately 65 percent by p031tron

em18310n and 35 percent by orbltal electron capture.

"nhManéenese'Fraction,-ﬁ The radi0nuc1ides‘ﬁn56, MhSA, Mn52yv&nqun5;
were identified in manganese,‘;The Mn56 was assumed to decay completely -
by ‘negatron emigsion. The Mn54,was‘counted through sufficient aluminum .. : .
absorber to cut out éll the partidulatetradiation and x-rays, and a value- -
of 0.81percent was assumed as the counting efficiency of the 0.8-Mev gamma-, .
ray. Thirty-five percent was taeken as the positron branching ef;the=5.87day;
Mn52, and the yield for manganese mass number 52 is .reported .on the bagis ..
of this activity.: The Mn5l was assumed to decay completely by positron.- -

emission. -

Chromlum Fract10n.~~ The two act1v1t1es 1dent1f1ed in chromlum were

those of Gr5l and Gr49 Since the Cr51 decays by orbltal electron capture
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and gamma-ray emission the counting efficiency.of this nuclide would have
had to be estlmated roughly, but it was pOSSlble to determine the countlng
efficiency. dlrectly by milklng crl from a known émount of Mh5l whlch had
decayed. With the assumption that'Mn5l decays 100 percent by positron
eﬁission, the Crol was found to have a counting efficiency of 2.6 percent
when counted in a precipitate of bariumﬁchromat;. The cr4? vas assumed to

decay with no orbital electron capture branching.

Vanadium Ffactibn.—— The yiéld for vanadium is based'on V48 which was

assumed to decay 58 percent by positron emission.

‘Titanium Fraction.—= The only activity identified in titanium was

that of the 3.08-hour Ti 45 and the yield was calculated on the basis of

the nuclide decaying entirely by positron emission.

Scandium Fraction.-~ Several activities were observed in the

scandium fraction separated from the copper irradiated with BAO-Me# brotons,
and these activities were identified as belonging't0»8c48,‘8047, Sc4§,~$c44nﬂ
and a mixture of the 3.9~hour Sc* and 8¢43, The 3.9-hour and 85-day:
activities were easily resolvable from the decay curves, but the regolution
of the 2.44~day Sc44111 the 3.4~day s’ , and 4/=hour S ZP8'w§s more difficult.
The contributien of the 2.44-day 8044, with its 3,92-hour positron daughter
in equilibrium, to the total activity was resolved approximately with the
crude beta~ray spectrometer. With the positron activity resolved, the
remaining activity was almost entirely that of the 3.4-day Sc*’ and the
small amount of 8048 activity resolved was so uncertain that the yield of
this nuclide is not reported. The yield for sch3 includes the 3.9~hourA

Sc4b and these nuclldes were aSSumed to decay completely by p051tron

emission. The yleld for 8044 was calculated on the basis of the 2 V.444day
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Calcium F:aétion,- Only two activities were observed in the calcium
fraction separated from the copper irradiated with 340-Mev protons, One
was the 150-day Ca™’ and the other was a 4.8 + 0,2 day beta emitter with
an energy of about 1,2 Mev as determined by an aluminum absorption
measurement. This activity is probably the 5,8-day scandium activi&y
reported as Cal7 by Matthews and Pool.12 The growth of a 3e4-day
scandium was observed in the decay of the calcium fraction and the scandium
daughter was milked from the fraction, The aluminum absorpfion-measurement
of this 3.4~day scandium daughter showed it to be the activity &séigﬁedri
to Sc47. The decay curve of the calcium fraction is.shown in»Fig, 1, gnd
Fig. 2 shows the decay of the calcium fraction counted thrdugh,sufficient -
aluminum absorber to cut out the beta particles of the Cal? aﬁd‘the‘5047

daughter;

Chlorine Fréction.- The charaéteristic activitiés of 3139‘§ha'3138:
were identified in all the chlorine fract;ons‘sepafatéd ffémvtﬁe ifradiated‘
copper; but €134 was identificd only in the chlorine fraction sepafétad -
from the copper irradiated with 340-Mev protons. The reéblution of thé.
0138 and 1% was accomplished by determining the relétive amountsybf:posin
tronsand hegatronspresent by means of the crude beta~raj spectrometer. The
©139 was resolved directly from the gross decay curve. The 0139 0138, and

134 were assumed to have counting efflclencles of 100 percent. |

Phosphorous Fraction.-- The only activity observed in phosphorous was

that of the 14.3-day P32.

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

The 14.8-hour Na2t was definitely identified, bub the 2.6-year 1022 could
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be identified only on the basis of the decay during a 120-day period.

1 o - B, Yields of Spallation Products - ... sy

Plots of the observed yields of the spallation products are shown
in Fig. 3, Fig. 4, and Fig. 5. The yields are given relative to Cu 61
which was arbittarily assigned a yield-of 1.0, "The numbers listed forf
the various nuclides represent the ratios of the numbers of atoms of the
particular nuclides to the mmber of atons of the Cuél fofmed in the
irradiated copper, and hence the numbers represent the ratios of the cross
sections for formation from elemental copper.  The cross section for the
R formation of Cu 61 from elemental copper irradiated with 340-Mev protons
is 1.7 x 10"26 cm? asidetermined by a bombardment of copper in the éXb
ternal proton beam where the beam intensity was accurately measured.
,The cross section for formation of Gu61 from copper irradiated with 190-Mev
deuterons is about 6 x 10'26 em?, This value is an average value of about
six different deuteron irradiations, and the value was obtained by using
an estimated value (one mlcroampere) for the beam intensity. The cross
sections for the formation of Cu61 from copper irradiated with 190—
and 380-Mev hellum ions were not estlmated since only one bombardment was
done at each energy.

The data for the spallatlon products from copper 1rrad1ated W1th
190-Mev helium ions are not plotted since only a few values were deter—
mined. The relative yields were Cuél 1.0 € u64 0.84s C l38 O 0006 and

no 0134 was found,

56 58

The sum of the yields for the nuclides Co-”> and GCo

from copper bom-
barded with 190-Mev deuterons was estimated to be about 1.0 on the basis of
a counting efficiency of about 15 percent for the combination of the

activities. This is consistent with assuming that the activity is



-13- UCRL<1077

essentially aﬂJ.£o58.

' It should be emphasized that the yieids for 340-Mev protons are in no
way relative to the yields for 190-Mev deuterons, 190-Mev alpha particles
or 380-Mev alpha particles, since the cross sections for formetion of Cu 61
from elemental copper is known only in the case of the 340-Mev proton
irradiations. Many of the values for the reported relative yields are:
very dependent upon the counting efficiencies assumed (e.g.,orbital
electron capture), and when these efficiencies are better known

the ylelds can be recalculated.

DISCUSSION
A, General Obsérvations |

The wide distribution and large number of radionuclides formed aé
spallatlon products of copper are immediately apparent from a study'of
Fig. 3, Fig. 4, and Fig. 5. The 1dent1fication of Cu 4 0058 Mn54 and
8946 shielded from formation by decay, is good ev1dence for believing
that the observed nuclides are mainly primary products from the. spllttlng
up of the exeited nucleus. The radlonuclides w1th the 1argest neutron
deficiencies or ﬁeutron excess are formed in lowest yield, and the.yield
for a given Z rises for the nuclides nearest the region of stability, )
Extrapolation of this effect to the region of stabillty indicates that the‘
stable nuclides are formed in high yield. Thus the em1551on of almost
exclus1vely neutrons (or protons) from a moderately ex01ted nucleus, fol-
lowed by a series of rapid positron (or negatron) decays, is a relatively
rare event, ‘ : , | '-‘ |

The majority of the obséfved yield is foﬁnd'in thé.regioﬂ §f‘tﬁ§‘ ’/
target‘nﬁcleus indicating thatbreacﬁigéé requiring much less tﬁan_the,/"

maximum amount of excitation available to the nucleus are more probable;
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this is discussed in some detail in the néxt section,

It should be: p0351b1e, knowing the general dlstrlbutlon of . spallatlon
products for a given Z, to exirapolate and interpolate ylelds for the -
nuclides not directly observed as spallation producﬁs of copper. The
data from the spallation of copper irradiated with 340-Mev protons have
been treated in this manner as shown in Fig. 6.- It was assumed that the
most probable yleld for a given Z is a region 2 mass units wide and that
the yields 1 mass unit on either side of this region are formed in yields
abount 1.5 times lower than the values in the region of the maximum yield,
that spallation yields 2 mass units removed are about ten times lower than
the maximum, and that yields 3 mass units'remo#ed are about a factor of 20
lower than the maximum, | | ‘ |

A suﬁmation of these éxirapolated and intérpolated yields for 340-Mev
protoné gives a total yield relative to duél of abbﬁt 30, and using the
measured value of 1.7 x 10"26 dm? for the cross éecﬁion for fofmatién of
the Cuél, the total spallation cross section for copper is abouti‘..

0.5 x‘10'24 cm?. The geometrical cross section for copper is about

1.1 x 10'2416m2. The discrepancy corresponds in part to the nuclear
transpérency aé.these high  energies, but probably to a larger extent it ié
explalned by the approximate nature of this mathod of estimation of the
reactlon cross section. The data in Fig. 6 shOW'that about 80 percent of
the spallation ylelds are concentrated in the elements copper; nickel, and
cobalt. Outside the immediate region of the nucleus, the yield:Vélueé in
the region of most probable yield for a given 2 are a decreasinglfunctibn .
of 2 indicating that nuclear reactions requiring very high exitations of the
nucleus are much less probable than feactions'requiring perhaps some 25 %o

50 Mev of excitatioh.
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"~ B. Mechanisms of High Energy Spallation -

" The accepted and experimentally supported theory of nuclear reactions
at low energiésA(<4O Mev) involves the formation of a compound, exeited. .
nucleus; the incident particle is captured by the target nucleus- to form
a compound‘nucleus with an excitation energy equal to the kinetic energy - -
pius‘the'binding energy of the incident particle, TheAexcitation is then:
dissipated as a separate step by the evaporation of nucleons to form the -
product . nucleus, Using only this picture of the compoundvnucleus; oné;would,
expect that bombardment with particles of several hundred Mev of: energy:
would lead to very low yields of nuclides which are within a few mass.
units of the target nucleus, since emission of a large number of particles
from the highly excited compound nucleus would be much more probable., -On
the contrary, however, the data presented in the preceding.sections-show’ e
that a large majority of the reactiong induced in copper irradiated with .
BAQaMev protons, 190-Mev deuterons, and 190- and 380-Mev helium ions lead. -
to products which differ from the target nucleus by a loss of:only several .-
nucleons.:

Serber has suggested a mechanism which very satisfactorily explseims -, .
theﬂobserved,facts‘.6 Irradiation with high energy protons, deuterons, and
helium ions .can.be considered on essentially the same basis since bombard- -
ment with 190-Mev deuterons or with 38C-Mev héliumvions can be regarded as: .. .
8 simmltﬁneous*bombardment by the several individual nucleons (neutrons,and~
protons) making up the incident particle. The binding of the nucleons in ...
the“iﬁcident particle is important mainly in giving a spatial correlation -
between them. - Serber points out that the collision time between -a high -
eneréy incident nucleon and a nucleon in the nucleus is shortfcomparedwto-a,

\

the time of collision of the nucleons in the nucleus, suggesting that



wlbe UCRL-1077

collisions between incident nucleons and the individual-nuclecns in the
nucleus are of primary importance.

Siﬁcé fﬁe indiﬁiduél’nuéieohanucleonucbilisicﬁéréfébimpbftant,‘thé
high energy nuclear reactions can be interpreted in terms of the high
energy scattering between free nucleons. Consideration of high energy
scattering leads to two conclusions. First, at’sufficiently high energies.
the nucleus becomes pértially transparent to the bombarding particles,
and. second, the incident particle Toses only a fraction of its energy in
the collisions, Serber estimated that the mean kinetic energy transfer to
the struck particle by a 100-Mev nucleon is about 25 Mev and that the mean
free path for this 100-Mev nucleon traversing nuclear matter is about
4 x 10713 cm. Since the struck particles have a shorter mean free patﬁ
than the incident one, they will usually distribute their energy to other
nucleons through collisions, but it is possible that these struck mucleons
can escapevfrom thé nucleus with little or no energy loss.,  The subsequent
behavior of the excited nucleus can be described in terms of an évaporation
model, with the excitation energy dissipated by boiling off particles with
several Mev of kinetic energy each. |

- The high épallation yields in the immediate region of the target
nucleus are probably formed by reactions in which only single'nuéleon=
nucleon collisions teke place., In the case of the deuteron and helium
ion yields, this means that only one of the incident nucleonsbundergoes
a collision‘in‘these reactions. The minimum energy transfer from a single
nucleon-nucleon collision would take place when such a collision occurs near
the edge of the nucleus, and the struck nucleon escapes framafhe nucleus

with little or no energy transfer to the nucleus.
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A Jarger portion of the energy of the incident particle may be:left-
with the nucleus if multiple nucleon=nucleon collisions-take,place. /Both.’
of the nucleons in the deuterons may undergo nucleon~nucleon collisions
(or, in the case of the helimm ion,-two or three or four of its con='.:.
stituents maj'undergo.such collisions) and each of these impinging
nucleons after such coilisions may'eiﬁher escape or collide with additional.
nucleons in the target nucleus. <This would lead in the extreme to products .-
resulting from nuclel excifed to almost the ‘full energy of the impinging . ..
proton, deuteron,.or helium ion, amounting essentially to the formationiof,
a compound nucleus in the ordinary sense. Thus the target may receive
excitation energy from about zero up to the full energy of the projectile.

It is difficult to estimate the energetic requirements for formation
of spallation products such as ClBgrand Na?4, It is apparent from energetic
considerations that 0138 can not be produced in copper irradiated with.
190-Mev deuterons by a reaction in which only single nucleons (neutﬁons
and protons) are emitted. The threshold for formation'of 0138 from copper
by the redction CuéB(p,pnéa)Cl38 in which the maximum number of alphafkb
particles emitted is roughly 110 Mev, but recent‘experiméntal.results
indiéate that fragments larger than alpha pnriicles are emitted among the
competitive products of nuclear reactions,13”15 and the energetic require—
ments for these reactions are even lower than for alpha particle emission.
The observed yield for any given spallation product of copper probably actu-
ally represents the‘sumé,of the yields of several. types of nuclear reactions
which form the given nuclide, The fact that the observed yieldsifor‘0138 '
from 190-Mev deuterons and 190-Mev helium ions are about a factor of six -
lover than those from 340-Mev protons and 380-Mev helium ions<(the

relative yields for chlorine from the copper irradiated with deuterons and-
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helium‘igns shopld'be.accurate to at least a factor of two) indicates that
nuclides in the region of 6138 are probably- formed mainly. by reactions
which require an éppréciéblé parﬁ of the‘éntire<energy,§f the wholé inci~-
dent particle. |

It is notAdifficuit to visualize, in terms of an average energy loss of
about 25 Mev per nuclear collision:and a mean_ffee-path (4 x 10713 cm?) of
about 2/3 the nuclear radius for copper, mechanisms by which the 190~Mev-
deuterons, and 19C- and 380-Mev helium ions might impart large poritions of.
their total energy to the coppér nucleus, It is difficult, however, to
understand how a 340-Mev proton could impart large amounts of excibétion to
the nucleus with a fair probability if it transfers in a single nucledn—
nucleon,collision an aﬁerage kinetic energy only slightly higher than the
value of 25 Mev given by Serber for 100-Mev nucleons and has a mean free
path about =qual to the ﬁuclear.diameter for copper as estimated by . :
Yamaguchi.lé o }

In th= 1ight'of some recent results of high energy scattering;experi;

ments,l7’18

it is possible to actually estimate ‘the mean free path of
340-Mev protons in nuclear matter and to estimate the average kinetic et~
ergy 1oss of a EAOAMév proton in one individual céllision with a nucleon
in a copper nucleus and to see if the values estimated for the a&erage
kinetic energy loss“and'mean free path are more in line with high enérgy
transfers having a fair probability. ’ | .

The experimental.data on proton-proton seattering at 340 Mevl7.show
that the scattering cross section does not follow an-expectedvl/E-depenaence,‘
and that the cross section is considerably higher than would be expected if

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

practically isotropie between 0° and 90° in the laboratory system. This:
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means that high energy transfers in single proton-proton collisions have

a reiatiVely high probability., By extranolating the data from neutron-.
proton scattering with 260-Mev neutronslg‘to 340 Mev and averaging the-. -
cross sections for N-P and P-P scattering at the different scatiering
angles,'it is possible to estimate a mean energy loss for the 340-Mev
protons ofvabdut’70 Mev per cdllision‘in a copper nucleus. .On the basis .
of these scattering data the mean free path of a BAOHHGV proton in nu- .
clear matter has been estimated to be about the same as that for a 95—Mévg,
'm:Lcleon,l9 rbout 4 x 10713 cm. On the basis of the mean free path of

the 3,0-Mev protons being about 2/3 the length of the nuclear radius for
copper, and on the basis of the mean kinetic energy transfer per single
nucleon-nucleon collision being about 70 Mev, it is not difficult to -
understand how large amounts of excitation are imparted to the nucleus.:

- Recent calculations based on an evaporation model for the .emission of
the particles ffom the excited nucleus indicate that the emission of alpha. .
particles from the excited nucleus should be a fairly probable occurrence:
and that the evaporation of particles should lead to products along the

20,21 Tne observed spallation yields are in agree-

region of stability.
ment‘with these calculations since the yields apparently do have a definite
maximum of most probable yield for a given Z about 2 mass units: wide.and

a line drawn along this region of most probable yield would be drawm through
the region of stability. The very high yield of Mhsz compared to~Fe5g for
the isobaric pair’Fe52~Mn52, apparent in both the 190-Mev deuteron anc . -
340-Mev proton yields, indicates that there is a much larger difference in -

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

yields, and it seems logical to explain the difference observed in terms
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of alpha particles being boiled off from the excited target nucleus as
suggested by'ﬁélmholz et 3;,5 If the Fe’? and Mn ? are formed by reactions
initiated by non-capture processes (prdéesses in which the proton or the
deuteron loses energy to the nucleus bubt a proton is not retained by the
nucleus). the reactions for the formation of FeS2 and Mh52 shounld perhaps
be written Cu63(p,pp6na)F652 or CuéB(d,dpéna)FeS%;and:0u63(p,p3n2a)Mh52 or
CuéB(d,d3n2a)Mh52.u On this basis the yields indicate that the probability
of emission of two alpha particles plus three neutrons is much higher than
that for the emission of one alpha particle, six neutrons, and a proton.
Although this effect shows up only in special cases like this -here such *
direct comparisons can be made, it is probably a general phenomenon.

It is also poSsible on the bagis of the spallation yields. to say
something about the probability of exchange reactions, for example,
reactions in which the incident pfoton or the proton of the incident deuteron
_undergoes an electron exchange with a neutron in the copper nucleus and
emerges as a neutron. The high yields of copper relative to the correspond-:
ing zinc isotopes indicate that these exchange reaétions do; not predominate. .

The decreasing yields of individual nuclei far rembved from the target
nuclei iévof céurse due in part to statistical considerations and the
greater number of possibilities.. A larger number of different combinations
of emitted particles ig possible from a highly excited nucleus-than from
a nucleus excited to a smaller extent. Thus, even if the probabilities of
exciting a nucleus to say 200 and 100 Mev were the .ssme, the yield of an
individual product resulting from the higher excitation wcu}d*be lower than .
one resulting from the lower excitation..

67

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

obtained from copper irradiated with 380-Mev helium ions. This nuclide can
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be formed only by an (a,2p)‘reaction-on*cu65,

CHEMICAL SEPARATION PROGEDURES

The irradlated copper foll was dlssolved in hot concentrated nltrlc
acid or hydrochloric acid and hydrogen peroxide, and milligram amounts of"‘
the elements calcium through zinc were then added to act as carrier for .
the elemental fractions. Knownbamoonts'of the elemental fractions to be . :
separated were added so that a quanfitativeuestimation of the amounts .of -
the original carrier lost during the chemical'separation procedures. could
be made in the case of the proton bombardment and the macré amounts of the
other elements were added to act as holdback carriers. The chemical .
separation procedures included distillation, extraction; and precipitation
operations,

In general the degree of radiochemical purification.required depends on
the relative spailation yield and the counting efficiencies of thefradio-
nuclides in the elemental fraction.  If the nuclides are formed in high
yield and have a high counting efficiency, the degree.of.radiochemical‘~
purification need not be too high, but if the spallation yields are low
or the counting efficiencies are low, tbe degree of purificatibnfmust.be
high,

Usually the partlcular elements to be 1nvest1gated were separated o
succe551ve1y from the entire dlssolved target solutlon. Slnce dlfferent 1 ’
comblnatlons of elements were removed in each 1nvest1gation, the chemlcal>
separatlon procedures as a whole varled from bombardment to bombardment
The essentlal steps for the separatlon and purlflcatlon of the elemental
fractions were the same and the over—all procedures dlffered oﬁly in the.:
order in whlch the separatlons were used For thls reason only the -

important steps necessary for the chemlcal separatlon and purlflcatlon of
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the various elemental fractions are discussed. The final precipitates, if
the final step in the chemlcal separatlon procedure 1s a pre01p1tat10n,
were usually dlssolved and allquots were taken from the solutlon for

counting.

Zinc.,-- The dissolved target solution with 'carriers added was_,l
adjusted:to'ZE in hydrochloric acid and the copper precipiteted-as the
sulfide, -The hydrogen sulfide was expelled and the solution neutralized
with smmonium hydroxide, The solution was then adjusted to pH 3 with
dilute sulfuric acid, and the zinc was then precipitated as the sulfide.
The precipiﬁate:was dissolved 1in dilute hydrochloric acid4and:the
hydrogen sulfide expelled by boiling, Three milligramsicf iron carrier
was added and the solution adjusted to 1§ in sodium hydroxide. The ferric
hydroxide was removed-py'centrifugation, and the ferric hydroxide pre- .
cipitatioh was repeated.. The solution wasvthen'adjuetedfto 1Y in hydrc—,.

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

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

solution containing ammonium'mercuric thiocyanate and then. transferred to

an aluminum plate to be dried and weighed in this form. =~ = .

ggppgg. The dlssolved target solution with carriers added was
adjusted to 2N in hydrochlorlc acld and the copper pre01p1tated as the
sulfide. The sulflde precipitate was dlssolved in hot concentrated nltrlc
acid, the sulfide expelled or OdelZGd and. the nltrate destroyed by |
b0111ng with concentrated hydrochloric acld The solutlon contalnlng the
copper .was adgusted to O, 5N in hyﬂrochlorlc 301d, sulfur dlox1de bubbled
through the solution to reduce the copper, and then sodium’ thlocyanate

added to precipitate copper ag the cuprous thlocyanate. The cuprous :
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thiocyanate was washed with water and then dissolved in nitric.acid, The .
nitrate was again destroyed by boiling with concentrated hydrochlorie acid .
and the solution again adjusted to 0.5N in hydrochloric acid. The copper

was then precipitated in the final form as the cuprous thiocyanate,

Qiékgl.-— The solution remaining,” after the copper had beeﬁ removed
~as the sulfide, was boiled to expel the hyarogen sulfide and the'ifonbv'v‘
oxidized with a few drops of nitric acid. The solution.was thén made
alkaline with ammonium hydroxide and the precipitated hydroxides removed, .
The precipitate was washed with a hot solﬁtion of ammonium  chloride and
the wash cgmbined)with the supernate from the precipitation. Three mg
of iron carrier was again added and the ferric hydroxide removed by
centrifugation; The solution was made slightly acid with acetic aecid and
2 ml of ‘a 1 percent alcoholic solution of dimethylglyoxime was added to6
precipitate the nickel as nickel dimethylglyoxime, The precipitate:was
washed with water and then dissolved in concentrated hydrochloric aecid,

One to 2 mg portions of copper, cobalt, and manganese were added to act as
holdback carriers, the solutiop neutralized with ammonium hydroxide, and
then made slightly acid with acetic aciqf Dimethylglyoxime was again .
added to make sure that the precipitation of the nickel dimethylglyoxime
wa.s cdmpleté, and the precipi{ate was wﬁshed again with water. Tﬁe'ﬁiékei

was weighed as the nickel dimethylglybxime.

Cobalt.—= After the copper had been removed as the sulfide, the-
solution was bolled to remove the hydrogen sulfide and then neutralized .
‘with potassium hydroxide. The solution was adjusted to 3N in acetic acid, .
and 3 to 4 ml of a saturated solution of potassium nitrite'acidified.with

acetic acid was added to the hot solution containing the cobalt. The
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precipitate of potassium-cobaltinitrite was allowed to settle in a steam
bath, removed by centrlfugatlon, and washed wlth asb percent potassium
nltrlte solutlon acldlfled with acetic acid The pre01p1tate wa.s ‘dis-
solved in hydrochloric,acid, and holdback carriers for zine, copper,
nickel, and manganeSe were added The solutlon was then neutralized with
pota331um hydrox1de and the cobalt again precipltated as pota381um cobalti-

nitrite. The cobalt was weighed as the pota331um cobaltlnltrlte.

Iron.~~ The solution of :the copper target, with 5 mg of iron carrier
added, was adjusted to 7,.75N in hydrochloric acid and the iron extracted
with isopropyl ether, The ether layer was washed four times with 6 ml - .
portions of 7.,75N hydrochloric acid, and the'iron was extractedbfrom the
ether layer with water. The solution was made alkaline with ammonium
hydroxide .and the ferric hydroxide precipitate separated by centrifugation.
The precipitate was dissolved in hydrochloric acid and the iron again
extracted. from 7,75) hydrochloric acid with isopropyl ether. The ether

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

from the ether layer with water. :The iron was analyzed by a colorimetric

method.

Mang.‘eée.ee The soldtion ef the target to whieh 5 mg.of mdnganese
carrier and holdbaok carrlersfor the other elements had been added was
adjusted to 2N in hydrochloric acid and the copper removed as the sulflde,
The supernate was made alkaline with ammonium hydroxide and the' alkaline
sulfides precipitated. The sulfide precipitate was dissolved in concen~ -
trated nitric acid and fuming nitric acid added to make the volume up to
about 5 ml., Two or three crystals of potassium chlorate were added, and the

solution wag boiled gently for a few minutes to precipitate manganese
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~ dioxide, The precipitate was removed by centrifugatien, washed with water,
and then dissolved in one drop nitric acid and one drop of hydrogen per-
oxide. Holdback carriers for zinc, copper, nickel, cobalt, iron, 'and chrom- -
ium were added and the manganese was again precipitated as manganese
dioxide from concentrated nitric acid. The manganese was analyzed

by weighing as manganese ‘dioxide,

Chromium.-— The steps for the" chemical separatlon of chromlum were‘
the same as those glven for the separation of the manganese down to the
point where the manganese was first removed as manganese d10x1de. At |
this p01nt the chromium wag in the form of the chromate and remalned
in the supernate after the manganese dioxide was removed by centrlfugation.
The nitric acid solution containing the chromate‘was adjusted to 0.2N in
nitric acid end the selution cooled in ah ice bath. Two to three drops of'
30 ﬁercent hydrogen peroxide were added to form the blue peroxychroﬁdc -
aC1d and the peroxychromlc acid was extracted w1th dlethyl ether.“The;>
ether 1ayer was washed twice wlth 5 ml portions of water contalnlna a drop .
of nltrlc acld The peroxychromic acid was removed from the ether layer
by adding a solutlon of 0.5N sodium hydrox1de whlch breaks down the
peroxychromlc‘e01d and forms the chromate, The ether was removed by’
evaporation; and the excess hydrogen peroxide was destroyed by b0111ng :
the solution. The solution was made slightly acid with acetic acid, and
the barium was precipitated as the chromate by adding barium chloride
dropwise to the hot solution of the sodium chromate. The chromium was

weighed as barium chromate,

Vanadium.-- The vanadium was usually separated just subsequent_tp the

extraction of the chromium as the blue peroxychromic acid as described in
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the preceding‘seotion.on chromium. The solutionlcontaining,the vanadium wes
almost neutralizeQ‘with‘sodiumuhydroxide and then was poured into 10 ml of

a hot solution of_lg.sodium,hydroxide° The_hydroxide precipitafe‘wes re—
moved by centrifugation and then washed with 4 ml of hot 1N sodium hydroxide.
Two mg each of iron and titanium carrier were then added to the solution

and the hydroxides precipitated. The supernataot solution containing the
vanadium was boiled to reduce the volume and then made slightly a01d with
acetic acid. Lead acetate was added to prec1p1tate the vanadlum as lead
vanadate, and the preclpltate was washed w1th a dllute solutlon of lead
acetate made sllghtly a01d w1th acetlc acld The lead vanadate was
dlssolved in nitric acid and the solution adjusted to 2N in nltrlc acid.

The lead was pre01p1tated as the sulfide, and the sulfide was expelled by
boillng the solutlon. Five mg of chromium carrier was added'end eUlfur
d10x1de was passed through the solution to reduce the vanadlum and chromluﬁ
The solutlon was almost neutrallzed w1th sodlum hydrox1de and then poured
into a b0111ng solutlon of 1N sodium hydroxide to preelpltate the chromlum.
hydrox1de, The chromlum hydroxide was removed by centrlfugatlon, and the
vanadyl ion was oxidiged to the vanadate state w1th hydrogen perox1de.
 Vanadium was then preelpltated as lead vanadate from a solution sllchtly

acid with acetic a01d. The vanadlum was analyzed colorlmetrlcally.

Titanium,-- After the copper had beenhremooed as the sulfide, the
solution with the carriers added was boiled to remove the hydrogen sulfide,
and the golution was made alkeline.with ammonium hydroxide to precipitate
the hydroxides of iron, scandium, and titanium. The precipitate was washed -
with hot, dilute ammonium hydroxide and then dissolved in hydrochloric acid.
The solution w;g then adjusted to 0.5N in hydroohloric‘acid and scandium

precipitated as the fluoride by adding 0.3 ml of 27N hydrofluoric acid.
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After allowing the precipitate to settle for ten minutes on a steam bath, -
the scandium fluoride was rémoved’by centrifugation, andithe superhatant

was made dlkaline with ammonium hydroxide. The combined titaniwm and ferrie
hYdrOXidé precipitate was removed, dissolved in nitric acid and:adjusted;

to 1,68 in nitric acid. Five ml of a solution of pofassium iodate was

added and the titanium separated as pota351um titanlum iodate, The precipi-
tate was washed w1th a dllute solution of the potassium 1odate.y Théxiddéte
- was destroyed by bubbling sulfur dioxide 1nto the preclpltate mlxed w1th a
few ml of dilute hydrochloric acid. Awmonium hydrox1de wag added to prec1— h
pitate the tltanlum hydrox1de, the prec1p1tate was removed by centrlfu- |
gation and then dlssolved in hydrochloric acid. Five mg of scandlum carrier‘
was added, and the scandium was precipitated as scandium fluorlde from a
0.5 soluiion of hydrochloric acid.b The titénium was again pfecipitatéd

as the hydrox1de and the preclpltate dissolved in nitric acid. The
solution was again adjusted to 1.6N in nitric acid and the pota531um i
titanium iodate again preC1p1tated, The titanium was analyzed colorl-

metrically;

-Scandium;~— The steps in the separgtion procedure‘for scandium are the
same as those for titanium down to the point where ‘the scandium fluoride is
removed. The fluoride precipitate was washed with 0.5N hydrochloric acid .
containing one drop of 27N hydrofluoric acid. Sulfuric acid was used 1o,
dissolve the scandium fluoride and the fluoride ion was removed by fuming. -
the scandium solution with a small amount of concentrated sulfuric aeid,

The sulfuric acid solution was made alkaline with ammonium hydroxide and the
scandium hydroxide precipitate removed by centr:.fuga‘blon° The hydroxide
was dissolved in hydrochlorlc acid and the solutlon adjusted to 0. BN in

hydrochloric acid. 'Scandium fluoride was then precipitated by adding
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0.3 ml of 27N hydrofluoric acid, and the precipitate was allowed to settle -
on a steam ba%h. The pre01p1tate was agaln dissolved in sulfurlc aeld the
hydrogen fluoride distilled, and scandlum hydroxide preclpltated from an

alkaline ammonium hydroxide solution, . The scandium was weighed as scandium

oxide.

Calciwm.—— After the copper had been removed the solution centaihing
5 mg of calcium carrier and holdback carriers for the other elements was
made alkaline w1th ammonium hydroxide, and the alkallne sulfldes and
hydroxides were preclpltated. Holdback carriers for zinc through scandium
were again added, and the alkaline,sulfides and hyﬁroxides vere again
precipifaﬁed. _This last step was again.repeated, and the solution was )
then beiied to remoﬁe the ﬁydrogen sulfide. The solutien wa.s made'slightly |
acid w1th oxallc acld_and 5 ml of 4 percent ammonium oxalate was added to'
pre01p1tateAcalc1um oxalate. The preclpitate was allowed to settle on a
steam bath for ten minutes, ﬁas‘removed»by Cenfrifugafion9 and washed |
with wafer containiﬁg oxalic aeid aﬁd emmonium-exalafe. Tﬁe caleium
oxalate was dissolved in concentrated nitric acid, and a few crystals of
potassium chlorate=were added;to oxidize the oxalate ions. Three mg of
iron carrier was added, and the solution made alkaline with ammonium hydrox—
ide, ' The ferric hydroxide was removed by centrifugation = and iheesolution»
made acid with oxalic aeid. Four ml of a solution 4 percent in ammonium
oxalate was added to precipitate calcium oxalate as the final purifibation-»
step, and the precipitate was allowed to settle on a steam bath, The

calcium was weighed as calcium oxalate,

Chlorine,~- The copper was dlssolved in nltrlc auld and 5 mg of ehlorlne
in the form of sodium chJorlde was added. The solutlon was b01led to dis-

till the hydrogen chloride and the gas was caught in a solutlon conbainlng
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two to three drops of nitric acid and suffiecient silver nitrate to precipi-
tate the chlorine as silver chloride. The solution was heated almost to
boiiing to‘céaguiafe the'pfecipitate, end it was removed by centrifu~ o
gation. The pr.ecip‘itate'was vashed with dilute nitric scid and then dis-
solved in diluté #mmonium hydroxide. The solutibn was then acidified wiﬁﬁ
nitric acid and édditional silver nitrate added to méke‘sure that fhe
precipiﬁatidn of the silver chloride was complete, The chlorine was we{ghed

as silver chloride,

Phosphorous.—— The copper target was dissolved in nitric acid and
5 mg of phogphorous as phosphate ion was added to the solution,
Holdback carriers. were also added for the other elements zinc through
calcium., The solution was adjusted to 1N in nitric acid and 10 ml of
ammonium molybdate was added to the warmed solutibn to precipitate ammonium
phosphomolybdate, The precipitate was allowed to,settle'for 15 minutes,
removed by centrifugation, and washed with a solution of 1 percent nitric
acid. The precipitate was. dissolved in ammonium hydroxiae containing ci-
trate lons to complex titanium:thaﬁ interferes. Hydrochloric acid was
added until the precipitate that formed_@issolved with difficulty and 5 mg
each of vanadium and titanium carrier were added., Sulfur dioxide was
bubbled through the solution to reduce all the vanadium to the vanadyl
state, Two ml of cold magnesium chloride was added, and the solution was
allowed to stand for five minutes. Concentrated ammonium hydroxide was
then added egual to one quarter of the original volume and the precipitate -
was allowed to settle for 15 minutes.. The precipitate was removed by
centrifugation and then washed with 3N ammonium hydroxide. The precipi~
tate was dissolved in 1N nitric acid, and the phosphorous was again .

precipitated as the ammonium phosphomolybdate. The phosphorous was
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weighied as the ammonium phosphomolybdate.

Sédium.——.The éoéper was dlssolved in concentrated hydrochloric
acid and hydrogen perex1de,and 5 mg of sodium chlorlde was added as
carrier. Carriers for the elements zine through potas51um were added and
the solution ad;usted to 2N in hydrochlcrlc a01d and the copper preclpi-
‘tated as the sulflde. The solution was b011ed Lo dryness to remove the
excess acid, the residue dissolved, and then the solution made alkallne
with ammonium hydroxide., Hydrogen sulfide was added and the sulfides and
hydroxides were précipitated. Additional 3 mg portions of carriers zinc
through scandium were added and precipitated. This scavenging process was
repeated twice. Excess hydrochloric acid was added to the:alkaline sulfide
solution, the acidified solution boiled to dryness, and the ammonium
chloride driven off., ‘The residue was dissolved in water, the solution
checked to make sure it was heutral, and the sodium precipitated as the
sodium zine uranyl acetate., ' Two 5 ml portions of zinc uranyl acetate were
used to wash the precipitate;and the precipitate was then dissolved in ab-
solute alcohol saturated with hydrogen chloride gas. The resulting mixture
was cooled in an ice bath and the sodium chloride separated by centrifu-
gation. The sodium chloride precipitate was washed with a 5 ml portion of
the alcohol-hydrogen chloride solution. The sodium chloride was dissolved
in water and the solution neutralized with potassium hydroxide. Zinec
uranyl acetate was added to‘precipitate*the sodium, the precipitate re-
moved by centrifugation, and then washed WEthfaaditional zine uranyl
acetate, The precipitate was dissolved in absolute.alcohol saturated with
hydrogen chloride, the mixture cobled in an ice bath, and the sodium chlor-

ide removed by centrifugation. The sodium chloride was washed with an-
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additional portion of the ethyl alcohol=hydrogen chloride solution.

The sodium was weighed &s sodium.chloride. -
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1, Decay of calcium fraction separated from copper irradiated with

BAO-Mev protons.

2., Decay of calcium fraction separated from copper irradiated with
340=Mev protons counted through sufficient absorber to cut out
the beta particles of Ca45 and the Sck’ daughter.

3. Experimental yields from copper irradiated with 340-Mev protons.

Yields are relative to Cuél.

4. - Experimental yields from copper irradiated with 190-Mev deuterons.

Yields are relative to Cuél.

5. Experimental yieldé from copper irradiated with 380-Mev helium ions,

Yields are relative to Cuél.

6. Experimental, interpolated, and extrapolated yields from copper

irrediated with 340-Mev protons. Yields are relative to Guél.
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