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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 California, Berkeley, California

Januvary 9, 1961
ABSTRACT

Nuclear reactions induced in elemental copper by irradiation with
charged parﬁicles accélerated to energies»in the hundred-=Mev range have
been studied, and the reaction prodﬁcts cover a range from the region
of the target nucieus to a region whiéh is removed from the target
nucleus by és many as fifty or mofe~nucleons. The yields of the various
products were measured, and the results show that a large majﬁrity of

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

total energy of the incident particle is 1eft'?ith the nucleus., The

distribution of the amounts of the reaction products is in agreement

- with a picture of high energy nuclear reactions involving nuclear

trangparency 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-lMev deuterons and 190- and BSCmMev

helium ions,
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THE HIGH ENFRGY SPALLATION PRODUCTS OF COPPER -

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

January 9, 1951
' INTRODUCTION

The acceleration of charged particles to energies in the hundreds of

Mev range by the Berkeley 184~1nch cyclotron has maoe 1t poss1b1e to study |

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

region«of the target nucleus to a region which is renoved*from-the tarn;

get nucleus by as many as thirty or more- nucleonsol The term "spallatlon" :

has been suggested to- describe this type of transformation 1n which the
excitation of. the nucleusxis:degraded by emission of small_nuolear frag—
ments such as neutrons, protons, deuterons and alphaﬂpartioleso ,

Some of the results of spalletion reactions induced with high energy -

deuterons and alpha particles have been reported prev:Lously.l.5 The pre— B

sent study consists of the determination .of the radioaotlve products formed
by the irradiation of elemental copper_with.340-Mev proions.f The data, also
include the results of & cursory investigation ofathe produets formed~by'

the irradiation of ¢opper with 190»MeV'deuterons and l9CL-and 380»Mev hellum;

lO»nS °

The observed spallation products: 1nclude some 35 nuclides from sodium,_,:

through zinc and the distribution of the. amounts of the reaction products e

formed is in general agreement with. the picture of hlgh energy nuclear re—-

actione~describedﬂby”Serber,6 The~observed~y1elds show .the effects o£4pue -

clear transparency and are consistent with Serber’s idea that the nuclear.»p

reaotions involve excitation foilowing collisiens and -energy . transfers

betweén the individual nucleons in the impinglng particle and the indIV1dual;

nucleons in the 'target nucleus. As would be expected..on thisAploture,,thev P

products.which are formed by reactions requiring small emounts.-of. excitatio

n-
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occur mcct freéuectly; |

The spallatlon data from the deuteron and hellum lon irradlatlons
-of copper represent the results of scme early qualltatlve work done in’ |
1947 and 1948. At the present time this laboratory is not planning any
Immedlate further investigations of these. spallatlon dlstrlbuilons, and

the data are publlshed here for qualitative cons1deratlcn onlyo

PROCEDURE

Irradlatlons w1th the hlgh energy particles were carrled out in the
circulatlng beam of the 184~inch frequency modulated cyclotron. 'The
targetsrCOnsisfed of 6 and 10 mil coppcr foil about 15 mm long and 10 mm
wide. " The copper strips'were clamped invtarget holders ﬁhich coula be
attached to the movable probe ‘head of the cyclotron, and the bombardlng
energies were adgusted by f1x1ng the radlal distance of the leading edge of
the target_strlp from the origin of the beam;, Since the degradation of the
energy of the high ‘energy particles in passing through the 10 mil copper
foil ﬁscsmall,‘the?targets ccﬁld be cocsidered as thin targets. -

-Because"of:thc fluctuations in intensity of the circﬁlating 5eam,~the~
~ -exact amount of the irradiation of the copper taréet could not be deter=
mined directly. The amount of the nuclide Cﬁél fcrﬁed during any given
.irradiatiOnbe the copper was determined and by relaﬁiné the amounts of the

Cu 61 proauced relatlve yields of -

other nuclides formed to the amount of
nuclides from any series of proton9 deuteron, or hellum -ion 1rrad1atlons
could be compared.

 The leﬁgth‘of the irradiations varied‘frcﬁ ten minutes to one hour
depending on the half-lives of the nuclides which were to be studied. One -

approXimately 30 hour proton bombardment, and one ‘approximately 15 hour.

deuteron bombardment were done to determine the yields of the nuclides with
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very 1ong'half+lives.
| An absolute cross section for the formation of the Cuél from copper

1rrad1atea wlth 340=Mev protons was. determined by irradiating a. piece of

10 mll copper foil in the external beam of the 184=inch cyclotrone ~ The
beam intensity was measured directly by means of a'Faraday Cup arrangement.“
In the case of the deuteron irradiations, the absolute cross section for ..
’the'fermation ef Gu61 was calculated using an estimated'value'df one micro=. .
_aﬁbeie:for the.deuteron beam intensity.

After_the target was irradiated, it was dissolved and meaeured'emounts o
uof cargiere were added to the target solu'tiono The elemental'fréctiohs:.“
were separated by the chemical separation procedures to be dlscussed in -
-the sectlon on. "Chemical Separation Procedures,"-,Eor'the'protoﬁ—irradlaa.--
| tions, thevamount of carrier remaining after the chemiealﬂseparatienref_aﬁ :
elemental fraetion was deterﬁined»by chemical analysis and”theepercehteof—e‘
the car;ier recovered was taken as a measure of the percent of‘the redios
aetivelafoms_of:the element recovered, No cofrection>was.made7for ioééesvf
.during fhe chemical Separations-in»the4cases'efvthe deuteron and he-
lium ion wrradlatlons, but usually dupllcate experlments were performed in
the case of the deuteron study, and the hlgher ylelds were given greater
statlstlcal welght in the final average value of the yleldso
Countlng of the act1v1t1es was done on an end=w1ndow, alcoholmquenched

'argonafllled Gelger counter tube w1th a mica W1ndow of ~3 mg/ﬂm thlckness |
- used in congunctlon w1th a scale of 64 countlng clrcult The nuclldes were J
characterlzed by ha1f=11fe determlnatlens, absorption measurements9 and 51gn

of partlculate radlatlon emltted | o | o |
A crude beta=ray speetrometer was used in the determlnatlon of the 31gn

- of the beta partlcles and was especlally useful where 1t waS necessary to
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resolve nuclides with'similar half-life but differing in sign of particu=-
.late radiation emitted. -

The equhtingadata wereveefrec%ed,forfwiﬁaow an eir“esséiﬁtieh;géndiinﬂ“"
-the cases where ihe,yields are.based on the counting of K x-rays, correc- -
tions were made~for"the_fluore5cence 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 Cué

1 from the proton irradiation of
the copper. The samples from the proton irradiations were mounted on thin
cever_glasses or 5 mil aluminum discs and the backscattering corrections

for such backings are essentiallyvequalgand~conStant_for the energy range "
of the betayparticies observed, The.samples from the deuteron and hHelium
ion irradiations were mounted on stainless steel and platinum plates,yend--‘
although.the backscattering corrections are not equal, no correction was . .
applied since the correction is not too serious and the deuteron and

helium ion data are presented for qualitative consideration-only.' No

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

~ counted were almost negligible in all instances.

RESULTS
A. '-RAdioaeti#e Nﬁclides”léeﬁtifiei

The characterlstlc act1v1t1es of the nvclldes dlscussed in this
seetlon were observed in the elemental fractlons separated from the jirradi-
ated copper target References for most of the nuclldes characterlzed may
be foundtln the 1948 edltlon of "Table of Isotopes“ by Seaborg and Perlman 7
Only in the cases where 1nformatlon on the nuclldes was publlshed in the :
literature subsequent to the data glven in "Table of Isotopes“ w111
references be clted All act1v1t1es 1dent1f1ed in the elemental fractlons

are dlscussed below and 1nclude the results from all bombardments (190~Mev
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deuterons, 190~ and 380=Mev helium ions, and 340-Mev protons).-,ﬂ»check-of__m
Figs. 3, 4y, and 5 and the results-for,1904ﬁev helium ionS'listed_in the R -
"Results® section will show which individual activitiesrwere ideptified,_u;,
in each of“the elemental frections from the aifferent bombardments,

Zine Fraction.—- The characteristic activities of Zn659on§3,_ahd‘;;a
72062 were observed in zinc° The Zn 65 was counted through'sufficient
aluminum absorber to cut out completely the particulape radiation.end
xeraysgsapd’the~counting efficiency of ﬁhe lmlmMev.gammemrey»wesﬁﬁaken agfg,
one percento ;The7zn63.was characterized by its halfalife and-the-nucli&e;z_ys
was assumed to decay 93 percent by positrongemission and»7.percep§,byforbi§e1
electron capture, ] ﬁhe Zn62fwas assumed‘to.decay_lO,percentuby“positroh:,~,
emission and 90 percent by Kacapturegsand was counted with the loeminute{

Cub? daughter in equilibrium,

Copper Fractlonoum The activities resolved in the copper were those

of Cu 64 Cu 6 | 61, and Cuéoo The 12, Sahour Cu64 was the longest llved T
act1v1ty 1dent1f1ed and was assumed to have a countlng efflclency of{“'”“  |

:‘50 percent | The 10, 5=m1nute Cu 62 was the shortest lived act1v1ty 1dehfifiedt
and the nucllde was con51dered as decaylng completely'by p031tron.eh1eeioc. .
cubl decays 66 percent by p031tron emlssn.on9 and 66 percent was taken as‘ef

the countlng efflclency of the nucllde° The 25am1nute C 60 was resolved

w1th pre0131on only in the copper fractlons from the 190~Mev deuteron and h

380mMev hellum ion :eradlatlons°

Nickel;Ffactionoee'The,only cbservable activities in nickel ‘were the: - ...

zoéehour Ni65 and the 36=hour Ni57° The formation of the smail,amountgof~r::
N165 from coppe* 1rrad1ated with protone 1s probably due to the reactlon

Gu65(n,p)N165 caused by secondary neutrons and w111 be neglected as a
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spallatioﬁ productjfrom‘BAOéMev protons, 4 counting efficiency of 50 per-
cent was used for the N165 31nce -the nuclide decays 50 percent by p031tron '
emission and 50 percent by orbltal electron captureolO | -

Cobalt Fractlon,- The characterlstlc act1v1t1es of 0061 and Co55
were 1dent1f1ed in 811 elemental fractions of cobalt separated The 0058
and 0056 were 1dent1f1ed definitely in the proton 1rradlatlcns and the -
characteristic 72—day»ha1f=11fe of these activities was observed in the o
cobalt fractlon separated from the copper 1rrad1ated w1th 190~Mev deu.teronsa
.The Co61 decayed with the characteristic 1,75-hour halfallfe and sinre it
decays by negatron (negat1ve-beta=part1cleq emlss1on,hnc correction was
necessary for the counting efficiency. The 0055 was easily resolvable
and since no - -electron capture branching has beeﬁ reported, . the countinéﬁ
efficiency was taken as 100 percent. ‘

The fact that the Co58 and 0056 decay with equal halfnllves and are
both p031tron emitters makes their resolutlon difficult, The resolutlon;
of the two_act1v1t;es was done only for the cobalt fraction separated froﬁ
the copper irradiated with‘BAOnMev protons.v The shape of the compos1te N
p081tren spectrum from the cobalt fraction was determined by means of a :
crude betawray spectrometer after the 18=hour 0055 had been allowed to
decay. The shape -of the p031tron spectrum for a sample of pure Co56 whlch
had been determlned under similar condltlons was avallable, and by subtract=
ing the contrlbutlon of the Go56 pos1tron spectrum fronm the comp051te pos1—
tron spectrum, the contribution of each 1sotope to the totalhactIVLty was
obtalned The countlng efflclency of the 0058 was taken as 15 peroent and

that of the 0056 as 100 percent

Iron Fractlon.—n The characterlstlc act1v1t1es of the radlonuclldesb

52

Fe59 Fe55 Fe53, and Fe 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 irocn fractioﬁs separated ffom the coppef'irradiated with 340=Mev pro=-.." -
tons, The Fe?, Fe’3, and Fe’? were identified in the iron fractiohs . = - -
from the cepper irradiaﬁed with deuterons, and the yiela for the ifon o
from 380-Mev helium ion irradiation is based only on'the;iFe590 The-2°9wyearg:
Fe55 was assumed to decay completely by orbital elecfron captufegy%ﬁnd a
countlng efflclency of 10 percent was taken for the X-rays. The Fe53 was
assumed to decay 100 percent by pos1tron em1s51on. The Fe52 was counted
in equlllbrlum wlth its 2l-minute Mn5‘,daughter; By determlnlng the améu;£":
of 2l-minute Mn°? 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 efg‘
positron emission and orbital electron capture branching for the Fe’2 tIt;-

was found that the nucllde decays approxnmately 65 percent by p081tron

em1ss1on and 35 percent by orbltal electron capture°

‘j:kMangenese Fraction.~= The radionuclides Mhsé,‘Mn54, Mn52;vandqmn5; }

were identified in manganese. The Mn56 was assumed to decay completely: -

by inegatron ‘emission. The Mh54;was counted through sufficient aluminum .. :-
absorber to.cut out ali the particulate radiation and x-rays, and a value-
vof'O;S;percent was assumed as the counting effieiency of the O¢8éMev,gammee{,;
ray., Thirty-five percent was taken as the positron branching of the 5.8-day -
Mn52, and the yield for manganese mass number 52 isfreported,onfthe;basis.wv
of this activity.: The Mn5l was assumed to decay~completelygby-positron; L

emission,

Chromlum Fractlon.m~ The two activities 1dent1f1ed in chromlum were o

those 0¢ Cr5l and Cr49 Since the Cr5l decays by orbltal electron capture
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and gammamray.emission the counting efficlency -of this nuclide would have
had to be estlmated roughly, but it was. posslble to determlne the countlng
efflclency dlrectly by mllklng Cr5l from a known emount of Mn51 whlch had
decayed. With the assumption that“Mh5% decays 100 percent by positron

eﬁission, the Cr,sl was found to have a counting efficiency of 2.6;percent
when. counted in a precipitate of barium.chromate., The cr%? vas assumed to

S
decay with no orbital electron capture branching.

Vanadium Ffactien.-u The yield for vanadium is based’on V48 which was

assumed to decay 58 percent by positron emission,

‘Titanium Fraction.-- The only activity identified in titanium was
that of the 3.08<hour Ti%’ 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 tﬁe coppef irradiated with 340;Mev‘§fotoﬁs;
and these activities were 1dent1f1ed as belonging to 8048 Sc47 -S¢ 46 1804432
and a mixture of .the 3 .9=hour 8044 and Se43, The 3:9=hour and 85-day-
activities were easily resolvable from the deqaj curves, but the resolution
of the 2.44-day Sc™ the 3.4~day Sc*7, and 44-hour Sc*® was more difficult.
The centribution of the 2.44-day 8044, with its 3.92-hour positron daughter
in equilibrium, to ﬁhe total activity was resolwved approximately with the |
crude beta-ray'épectremeter.x With the positron activity resolved, the.
remaining activity was almost entirely that of the 3.4-day 8047;and,the(

48

small amount of S¢ activity resolved was so uncertain that the yield of
this nuclide is not reported. The yield for 8643 includes the 3. 9—hour
8044 and these nuclldes vere assumed to. decay completely by p081tron

emission. The yleld for Scl’[‘L was calculated on the basis of the .444day
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C alcium Fractlon. - Only two activities were observed in the ca101um

fractlon 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., Thls activity is probably the 5 8-day scandium act1v1ty o
reported as t’.‘-alf'7 by'Matthews and Pool. 12 The growth of a 3. 4~day

scendlum was observed in the decay of the calecium fraction. and the scandlum
daughter was mllked from the fraction, The aluminum absorptlon measurement
of this 3.4~day scandlum daughter showed it to be the act1v1ty a551gned I
to Sc47 . The decay eurve of the calcium fractlon is shown in Flb, 1, and
Fig. 2 shows the decay of the calcium fraction counted through sufflclent
alumlnum absorber to cut out the beta partlcles of the C& 42 and. the- 8047

daughter, - _ - o S

Chlorine Fraction.- The characteristic acbirdbies of ClBQ_aﬁd'C138i
vere identified in all the chlorine fractioas‘separaﬁed ffém'thé ifradiated k
copper, but 0134 was 1dent1f1ed only in the chlorlne fractlon separated -
from the copper irradiated w1th 340=-Mev protons, The resolutlon of the
Ci38 and 6134 was accomplished by determining the relative amounts ofvposi—
tronsand negatronspresent by means of the c¢rude betanray spectrometer. VThe
€139 was resolved dlrectly from the gross decay curve, The 0139 0138, and i
0134 were assumed to have counting efflclencles of 100 percent,d:

Phosphorous Fracﬁion,mn-The only activity observed in'phosphoroae-was

that of the 14.3-day P32,

Sodlum Fractlon.-n Two act1v1t1es were observed in the sodlum fraculon.
52 .

The 14, 8~hour Na24 was deflnltely‘ldentlfled but the 26 6-year Na could
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L - B..Yields of Spallation Products. ...
Plots of the observed yields of the spallationvproducté éfe‘ohown‘

in Fig, 3, Fig. 4, and Fig. 5. The yields are glven relative to Cu 61 ?,f*
which was arbitfa?ily assigned a yield of 1.0. The numbers listed for:”.v
the various nuclides represent the ratios of the nﬁmbers of atoms of the
particular nuclides to the number of ﬂtoms of the Cu 61 forﬁed in the
irradiated copper, and hence the nUmbers.represent the ratios-of”tﬁe cross
sections,for formation fromielementai COPper, - The cross seotion for the .

6

" formation of Cufl fron elomental copper irradiated with 340~Mev protons
is 1.7 x 10™ -6 cm2 as determlned by a bombardment of copper in the er—'
ternal proton beam where the beam intensity was=accurat¢ly measured;
_The cross section for formation of Cu 61 from copper irradiated with 190-Mev :
deuterons is about 6 x 10"26 cm?. This value is an average value of about
six different deuteron irradiations, and the value,was.obtained by using
an estiméted value (one microampere) for the beam intensitj.. The cross
sections for the formation of cﬁél f}om copper irradiated with 190;
and 380-Mev hellum ions were not estlmated since only one bomb;rdment was
done at each energy. | “ | |

- The data for the spailation products from oopper irradiatéd with
190-Mev .heiiom ions are not plotted since only a few values were deter—
mined. The relative yields were Ci WL, 1,05 cub, 0.8 017, 0. 0006 and
no €14 was found.
56 an

The sum of the yields for - the nuclides Co d 0058 from_copper-bomé
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 acﬁivity is
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essentially«alleco58.

It should be emphasized that the yieldsvfor BAOHMeV-pfotonsfare.in no

‘way relative to the ylelds for 190-Mev. deuterons, 190-Mev alpha partlcles ‘

or 380~Mev alpha particles, since the cross sections for formatlon 0f Cu 61
from_elemental copper is known only in the case_of the 340-Mev proton e
irradiations. Many of the values for the reported feletive ydelds are . -
very dependent upon the counting efficiencies assumed (g.g.,orbital o
electron.capture), and when these efficiencies are Better'known '

the yields can be recalculated,

DISCUSSION
A, General Observatlons

The w1de dlstrlbutlon and large number of radlonuclldes fonmed as
spallatlon products of copper are 1mmed1ately apparent from a study of.
Fig. 3, Flg. 4, and Fig, 5°, The 1dent1flcatlon of Cu 4 0058 Mn54 and |
8046, shlelded from formatlon by decay, is good ev1dence for bellev1ng
that the observed nuclldes are malnly prlmary products from the Spllttlng'
up of the exolped nucleus. The radlonuolides w1th the largest neutron  “
deficiencies or neutron.exoess are formed in lowest yleld and the yleld
for a glven Z rises for the nuclldes nearest the region of StabllltYoy> :
Extrapolatlon of this effect to the region of stablllty 1nd1cates that the‘
stable nuclldes are formed in high yield. Thus the em1ss1on of almost
exclu51ve1y neutrons (or protons) from a moderately ex01ted nucleus,_fol—’
lowed by a serles of rapld positron (or negatron) decays, is a relatlvely"
rare event. - | V N o

The magorlty of the observed yleld is found in the reglon of the

target nucleus 1ndloat1ng that reactlons requlrlng much less than the

- maximum anmount of excitation available to the nuoleus are more probable,
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this is disoussed in some detail ln the next section.,

| It should be pos31ble, know1ng the general dlstrlbutlon of . spallatlon
products for a glven Z to extrapolate and 1nterpolate ylelds for the
nuclides,not-directly'observed as spallation products of copper. The
data from the spallation of copper irradiated with 340-Mev protons’haye'
been treated in this manner as shown in Fig, 6, It was assuﬁed‘that;the
most probable yield 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 B,mass uhits:removed are about a factor of 20
lower than the maximum, | }

& Summa'tio:o of these eicprapolaped and linterpolatec‘l yields for BAOwMev |
protons'gires.aptotal_yield relatire to du6llof about 30,>and usiﬁg the
measured value of 1.7 x 10726 om? for the'croSS‘section for formation of
the C 61; the total spallation cross section for copperlis aboutlé
0.5 }.c‘il-.Oz"24 cmg; The geometrical crosslsectioh;for copper is about
1.1 x lO“ZAVI 2.' The dlscrepancy corresponds in part to the nuclear
transparency at these high energies, but probably to a larger extent it is
explalned by the approx1mate nature of this mﬂthod of estlmatlon of the
reactlon cross section. The data in Flg. 6 show that abouu 80 percent of
the spallatlon ylelds are concentrated in the elements cOpper, nlckel and’
cobalt, - Outside the 1mmed1ate region of the nucleus, the yield values in
the region of most probable:yield'for a given'zvare.a decreasiné'function .
of Z indicating that nuclear reactions requiring very high exitatiohs of the
nucleus are much less probable than reactlons requlrlng perhaps some 25 to

50 Mev of ex01tatlon.
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. Ba . Mechanisms of High Energy Spallation

The.accepted and experimentally supported .theory of nuclear reactions .
at low energiés,<<%0'Mev) involves the formation of a compound, excited. .
nucleus; the incident particle is captured by theniarget nucleus- to form
a compound“nucleus with an excitation energy equal to -the kinetic energy - . -
plus‘the'biﬁding energy of the incident partiéle.“Thé>excitation is then-
&issipated as a Separate step by the evaporation of nucleons to form_the-.
product nucleus, Using only this picture of the compound:nucleus; dﬁé;ﬁould,
expect that bombardment with particlés.of several hundred Mev of: energy .-
would lead to very lowvyieldé of nuclides which are within a few:méss;
units of the target;nucleus, since emission of a large number of particles
from the highly excited compound nucleus would be much more-probable,750n;-
the contrary, hcwever,Athe data presented in the preceding,sections-shOW’ s
thata large majority .of the reactions induced in copper,irradiatedzwith-:v>
34QaMev»protons, 190-Mev deuterons, and 190- and 380-Mev helium~ions ;eadn
to products which differ from the target nucleus by a loss_ofaonly'séveral”ygj
nucleons. -

Serber has suggested a mechanism which very satisfactorily explains .- . .
the observedvfactsgé: 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 380=Mev helium ions can be-regarded;as;yzﬁ

a simulténeOQS“bombardment by the several individual nucleons (neutrons“and.«:
protons) making up. the incident'parficlea The bin@ing of theinucleons in ... .
the iﬁcidentﬂparticle is important mainly in'giving‘a\spatial correlation -
betwéen them, -Serber points out that thebcollision time between -a high

energ& incident nucleon and a nucleon in the nucleus is short .compared to .. -

N

the time of collision of the nucleons in the nucleus, suggesting that
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collisions betweén incidént nucleons and -the ‘individual-nucleons in the
nucleus are of prlmary 1mportance, |

Slnce the 1na1v1duallnucleonwnueleouccuLllglens afe 1mporuant the>h::“'J
high energy nuclear reactions can be interpreted in terms of the high
energy scattering»betWeen free nucleons, Consideration of high energy
scattering leads tb‘two conclusions. First, at sufficiently high energlesa
the nucleus becomes partlally transparent to the bombarding partlcles,
and. second, the 1n01dent particle loses only a fraction of its energy in
the collisions. Sefber esfiméted'that the mean kinétic energy -transfer to
the struck partiecle by uilOO-Mev nucleon is about 25 Mev‘and that the medﬁ
free path fof this 100--Mev nucleqn'tfaversing nuclear matter is about
L x 10713 cn, Sinée the struck particles have a shorte;_mean free‘patu..
than the incident one, they will usually distribute their euergy tu other
nucleonslthruugh‘colliSions, but it is possible that these‘struék micleons
can escapé'ffom thé nucleus with littlevor no-energy_loss,;fThe.subsequent
behavior of the exuited nucléus can be described in terms of anJevaﬁoratiOn .
model, with the excitation energy dissipated by boiling‘off particleé uith
several Mev of klnetlc ‘energy each,

. The hlgh spallatlon yields ‘in the immediate reglon of the target
nucleus are probgbly formed by reactions in which only single nucleon- |
nuqlgon colliéionsvtakew'place. In the case of the deuteron'and helium
ion yields, this meané[that'only one of the incident_nucleons.undergoesﬂ
a collisionvin:theSe reactions. The minimum energy transfer froﬁ a,singie :
nucleon-hnucleon collision‘would take place when such a collision occurs:near.
tﬁe edge of the nucleus; and the struck nucleon escapes fromuéhe.uucleus

with little or no energy transfer to the nucleus,
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A Targer portion of the energy of thelincident particle mgynbe;left-
with the nucieuSwif multiple nucleonnnucleon‘coiiisions take place, .Both. -
of the nucleons iﬁ the deuterons may ﬁndergo nucleon-nucleon collisions
(or, in the case of the helium ion,: two or three or four of its coneifxgﬁ;,
stituents ﬁaj undergo such collisions) and each of these'impinging"'
nucleons after such collisions'may'either,escape or collide with-additicnal -
.ucleons in the target-nucleus. This would.leéd'in the extreme to productS'wv

resulting from nuclel ex01ted to almost the!full energy of the impinging -

~ proton, deuteron, or helium ion, amountlng essentlally ‘to the formatlon of -

a compound:nucleus in the ordinary-sense. Thus the target may receive
excitation energy from about zero up toc the full-energy of the projectile.
It is difficult to estimate the energetic requirements. for formation |
of spallation products ‘such as 0138 -and Na24 It is apparent from onergetlc;‘
cbnéiderations'that 0138~can_n§t be produced. in copper 1rraa1ated.w1tha"
190=Mev deuterons by a reaction in which only single nucleons (neuttons o
and protons) are emitted. The. threshold for formation of 0138 from copper
by the reaction Cu63(p,pn6a)Cl38 in which ‘the maximum number of‘alpﬁéﬂ:f
particles emitted is roughly 110 Mev, but recentAexperimentaifresults
indicate that‘fragments larger than alpha particles are emitted among the

13-15

competltlve products of nuclear: reactlons, " and the]energeiic»rquire-'

nments for these reactions are even lower than for alpha.particle emission.: -

The observed yield for any giVén spallation product of copper probably actu=
ally represents the‘sUmé,of the yields of several»typesiof«nuélea;-reactions
which-form the given nuclide. ' The fact that the observed yieldsffor.ClBS ‘
from 190=Mev deuterons and 190=Mev helium ions.are about a factor of six -
lower than those from 340-Mev protons .and BSOmMeV'heliumvions‘(the\' :

relative yields for chlorine from the coppér irradiated with.deuterons.and- .-
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helium‘iens shoﬁldibexaceurate to at least a factor of two) indicates-that
nuclldes 1n the reglon of . C138 are probably formed malnly by reactlons,
whlch requlre an epp}ecieﬁie part of the entlre energy of the whole 1n01; §
dent particle.

It ie not:difficuit to.visualiZe,,in terms of an average energy .loss 6f
about 25 Mev per nuciear'collision'and_a mean free path (4 x 1013 cm?) of
about 2/3ethe‘nuciearvradius for copper, mechanisms by which the ;90_Me#' i
deuterens,}aﬁd'l9c- ahd‘BSOsMev'helium iong might impart large'portionsepfA
their tetal energy.to:tﬁe eopﬁer-nucleus. It is diffieult, however,»te
understand how a‘34O£MeV‘proton could impart large amounts of excitetion to
the nucleus w1th a fair probablllty if it transfers in a single nucleon= .
nucleon colllslon an average kinetic energy only slightly hlgher than the
" value of 25 Mev given by Serber for 100-Mev nucleons and has a mean free .
path about equal_to the ﬁuclear.diameter'for copper as.estimated by . :.
Yamaguchi.msg" | |
“In the llght of some recent . results of hlgh energy scattering experle

ments, 17 18

it is p0581b1e to actually estimate the mean free path of
340-Mev protonsein>nue1ear matter and to estimate the average ﬁinetic en-
ergy.loss of a jAdAMev proton in one individual collisjion with a ﬁueleon
in a copper nucleus aﬁd to see if the.valueS'estimated for-thela§e:agee
~ kinetic energy loss“and“mean ffee path are more in line with high~energy
transfers hav1ng a falr probability. | |
The experlmental data on proton-proton scatterlng at 340 Mev17 show
that the scattering cross section does not follow an expected 1/E,dependence,:
and that the cross section is considerably higher than4weuld be exéeeted if
it varied as 1/E. Also the results indicate that the cross sectioﬁvis

practically isotropic'betweenaoq,and-909 in the laboratoryﬂsystemol This"
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means that high energy transfers in single proton-proton collisions have .. . -
a relatively high probability. By extrenolating the data from neutron-. -

lg-to 340 Mev and averaging the-. -

proton scattering with 260-Mev neutrons
cross gections for N-P and P-P scattering at the different scattering
angles,'it is possible to estimate a mean energy loss for the 340-Mev .
protons ofiabdut'70 Mev per collision in a cdppér nucleus. .On the basié e
of these scattering data the mean.free-path of a 340-Mev proton in nu~ -
clear matter has been estimated to be.about the same as that for a_95—Mémiﬁ
nucleon,lgxabout L x 10“13 cn. - On the basis of the mean free path of

the 340-Mev protbns being about 2/3 the length of the nuclear radius‘for»»
CCpper, and -on the basis of the mean kinetic energy transfer per single

nucleon-nucleon collision being about 70 Mev, it is not difficuit to

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

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

region of stability,20?2t

- The observed spallation yields.afe in agree= .
ment with these caleulations since the yields apparently dO‘ﬂave a defiﬁiﬁew-
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 drawn through
the region of 'stability. The very high yield of-Mn52.compared'to-Fe5g for. -
the isobaric'pair'Fe52—Mn52, apparent in both the 190-Mev deuteron anc - -
BAO—Mév proton yields, indicates that there is a muchilgrgerAdifferencé«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 -



w20~ UCRIL~1077

of alpha particles being boiled off from the excited target nucleus as
suggested by Helmholz gﬁ'ggos If the Fe52'and Mn52 are formed by reactions
initiatédib§ ﬁbﬁ;éapfﬁrewﬁrdééssés‘(brééésééé iﬁIWhiﬂitﬁe}§f5toh'bf fhér°.‘
deuteron loses energy to the nucleus but a proton is not retained by the
nucleus). the“reéctiOns for the formation of Fe52 and Mn52 should perhabs
be written Cu63(p,pp6na)Fe52 or C*63(d,dp6na)Fe5%\and;0u63(p,p3n2a)wh52 or
Cu63(d,a3n2q)Mn52;» On this basis the yields indicate that the probability
of emission of two alpha particles plus three neutrons is much higher than
that fér'the'emission of one alpha particle, six neutrons, and a-protdn.'
Althoughnthisfeffec£ shows up only in special cases like this where such *
direct comparisons cen be made, it is probably a general phenomenon. |

It is also poSsiblé on the basis of. the spallation yields. to.say
something about the probability of. exchange reaations,wfor:example,
reacfioné-in whichithe-incident.pfoton'or the proton of the incident deuteron-
. underg§es 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 isgtopeé indicate that‘fheSe}exchange reaétions do: not predominate, ..

The decreasing yields of individual nuclei far reﬁbvéd~from the target
nuclei‘ié-of course due in part to statisticai considerations and the
greater number of possibilities.. A larger number of different combinations .
of ‘emitted particles is possible from a highly. excited nucleus-than from
a‘nucleuéieicited to a:smalier.extenﬁ. ‘Thus, even.if the'prqbabilities-of
exciting a nucleus~to.$éy 200 and 100 Mev were the .same, the yield of an.
individual p;oduct,resﬁlting from'thefhigher excitation wou}d*be lower than
one resulting from the lower excitation.,. |

It is interesting to mote that né observable yield. of Cu6f 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: b5,

 CHEMICAL SEPARATION PROCEDURES

The 1rred1eted copper f011 was dlssolved in hot concentrated nltrlc
acid.or hydrochloric. acid and hydrogen perox1de, and mllllgram amounts of“
the elements calcium through zinc were then added to act as. carrler for .
the elemental fractions. Known amounts of the elemental fractlons to be
separated Wereiadded:so that a quantitative.estimation‘of~the amounts pofni,
the original carrier lost during-the chemical'separation procedures;couldd
be made in the case of the proton bombardment and the macro,amounts‘ofuthej
other elements were added to act-as'holdbaok carriers. The chemlcal
 separation procedures included dlstlllatlon, extractlon, and pre01p1tat10n
operations.,

In general the degree of radiochemical purlflcatlon requlred depends on
the relative spailatlon y1e1d and the countlng efficiencies of the radio~. |
nuclides in the elemental fraction. If the nuclldes are formedalnthlgh |
yieldgand'have a high counting effieiency,‘the degreeﬂof,radiochemicalﬂ x
purification‘need not be.too high, but if-the spallation yields-are,iow '
or the counting efficiencies are low, the degree of pﬁrificationimust be
high, | |

| Usually the partrcular elements to be 1nvest1gated were separated'i
success1ve1y from the entlre dlssolved target solut:.on° Slnce dlfferent Td
comblnatlons of elements were femoved 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 elementali
fractions were the same and the over«all procedures dlfferec only in the.:
order in whlch the separatlons were used ) For thls reason only the

1mportant steps necessary for the chemlcal separatlon and purlflcatlon of
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the various elemental fractions are discussed. - The final preclpltates, if
the final step in the chemleal separatlon procedure 1q a pre01p1tat10n,

were usually dlssolved and allquots were taken from the solutlon for‘

counting.

Zinc.-- The dissolved target solution with carriers added was:.:
adjusted:to'ZE in -hydrochloric acid and the.copper precipiteted-as‘tne.
sulfide, -The hydrogen sulfidé was expelled and the solution neutralized
with ammonium'hydroxideoszhe solution was. then adjusted to pH 3 with
dilnte'snlfuric-acid, and the zinc was then precipitated as the sulfide.
The precipitate:was dissolved in dilute hydrochloric acid and:the
hydrogen'Sulfideiexpelled'by boiling, Three milligrams‘of iron carrier
was added and the solution adjueted to 1N in sodium hydroxide. The ferric
hydroxide was removed'oy'centrifugation, and.the‘fenricuhydroxide_prem K
cipitation‘was repeated.- The solution was.thenfadjueted to 1IN in hydro—.-
chloriC'ecid and the zinc precipitated by adding 4 ml.of“ammoniumfmercurici;w
thiocyanate, The zinc mercuric thiocyanate precipitate was washed with.a .
solutionZcontaining.ammoniumﬁmercuric thiooyanate and then. transferred -to

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

ggpp__ == The dlssolved target solution with oarrlers added was
adjusted to 2N in hydrochlorlc acid and the copper prec1p1tated as the .
sulfide, The sulflde pre01p1tate was dlssolved in hot concentrated nltrlc .
acid, the sulfide expelled or ox1dlzed and the nltrate destroyed by |
b0111ng w1th concentrated hydrochlorlc a01d The solutlon contalnlng the
copper. was adgusted to 0. 5N in hydrochlorlc a01d, sulfur oloxlde bubbled
through the solution to reduce the copper, and then sodlum thlocyanate ;

added to pre01p1tate copper as the cuprous thlocyanate. The cuprous :
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thiocyanate was washed with water and then dissolved in nitriclaeid. The .

nitrate was again destroyed by boiling With'cohcentrated‘hydrochlogicjacid:4. .

and the solution again adjusted to 0.5N in hydrochioricdacid, ‘The copper.

was then precipitated in the final form as the Cuprous,thiocyanate;,

Nlckel -=- The solutlon remalnlng, after the copper had been removed

as the sulflde, was b01led to expel the hydrogen sulfide and the iron o

oxidized with a few drops .of nitric acid. The solutlon was,then made
alkaline with ammonium hydroxide and the precipitated hydroxides removed;gf
The precipitate was washed with. a hot soldtion of ammonium -chloride:and
the wash combined)with the supernate from the precipitation. Three mg -

of iron carrier was again added and the ferric hydroxide removed by’
centrifugation. The solution was made slightly acid vith acetic acid and
2 ml of a1 percent alcoholic solution of dimethylglyoxime wes'added to'-f;
~ precipitate the nickel as nickel dimethylglyoxime. The precipitate:was
washed withvwater and then dissolved in concentrated hydrochloric -acid.

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

holdback carriers, the solution neutralized with ammonium hydroxide, and = .- .

then made slighfly acid with acetic acid. Dimethylglyoxime was again
added to make sure that the pre01p1tat10n of the nickel dlmethylglyox1me
was complete, and the pre01p1tate was washed agaln w1th water. The nlckel

was welghed as the nlckel dlmethylglyox;me9

Qgh§l§e~= After the copper‘had been removed as the sulfide, the-
solution was boiled to remove the hydrogen sulfide and:then_neutralized~y,
.with potassium hydroxide. The solution was adjusted to Qg in‘eceticuacid,"
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 cobgltinitrite was allowed to settle in a steam
bath, removed by centrlfugatlon, and washed w1th a 5 percent pota551um
nltrlte solutlon a01d1f1ed w1t£‘eeetlc a01d The prec1p1tate was dlsn‘“?f
solved in hydrochloric.acid, and holdback carriers for zine, copper,
nlckel and manganese were added., The solutlon was then neutralized with

pota331um hydrox1de and the cobalt again pre01p1tated as pota351um cobalti-

nitrite. The cobalt was welghed as the pota331um,cobaltlnltrlte.

Iron.~- The solution of ‘the copper target, Qith,S mgdof iron carrier
added, was adjusted'te.7b75§ 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 extracted.from the
ether layer with water. The solution was made alkaline with ammonium
hydroxide . and the ferric hydroxide precipitate eeparated by centrifugation°
The precipitate was-dissolved_iﬁ hydrochleric acid and the iron again
extracted from 7.75N 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.,

Mangddese.mm The solutlon of the target to. whlch 5 mg of ﬁanganese
carrier and holdback 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‘aikaline"
sulfides-precipitafed;i’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, aﬁd the

solution was boiled gently for a few minutes to precipitate manganese -
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dioxide, The precipitate was removed by centrifugation, washed with water, -
and then dissolved in one drop nitric acid and one drop of hydrogen per-

oxide, Holdback carriers for zinc, copper, nickel, cobalt, iron, 'and chrom-

ium were added and the manganese was again precipitated as manganese’

dioxide from concentrated nitric acid. The manganese was analyéed

by weighing as manganese dioxide.

‘Chromlum.-- The steps for the chemlcal separatlon of ohromrum were'
the same as those glven for the separation of the manganese down to the o
point where the manganese was first removed as manganese d10x1de. Aéth H
this point the chromlum was in the form of the chromate and remained
in the srperhate after'the menganese dioxide was removed by oehtrifugahion; :
The nltrlc a01d solutlon containing the chromate was adgusted to 0. 2N 1n ‘
nltrlc a01d and the solutlon cooled in an ice bath, Two to three drops of”
30 percent hydrogen perox1de were added to form the blue peroxychromlc |
a01d and the peroxychromlc acid was extracted W1th olethyl ether.‘ The
ether layer was washed tW1ce wlth 5 ml portlons of_water contalnlna a drop .
of nltrlc a01d The peroxychromlo a01d was removed from the ether layer
by adding a solutlon of 0, 5N sodiwm hydrox1ae whlch breaks down the
peroxychromlc.ec;d and forms thevchromate.v The ether was remoyed by
evaporation; ahd fhe excess hydrogen peroxide was desrroyed‘by boiling
the solution. The solution was made slightly acid with acetic.acid,*end'
the barium was precipitated as the chromate by'adding'barium-chloride
dropwise to the hot solution of the sodium chromste. Theée chromium was

weighed as barium chromate,

Vanadluma-- The vanadlum uas usually separated Just subseqLent to the

eytractlon of the chromlum as the blue peroxychromlc a01d as descrlbed in
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the preceding section.on chromimm,.. The solution.containing.the vanadium was
almost neutrallzed with sodlum hydrox1de and- then ‘was poured 1nto lO ml of

a hot solutlon of lN sodlum hydrox:.de° "The hydrox1de pre01p1tate was e Wt'
moved by centrifugation -and then washed Mith 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 supernatent solution containing the .
vanadium was boiled to reduce the volume and then made slightly acld with
acetic eeid Lead acetate wag added to pre01pltate the vanadlum as lead
vanadate, and the pre01p1tate was washed w1th a dllute solutlon of lead'
acetate made sllghtly a01d W1th acetlc a01d The lead vanadate was |
dlssolved in nltrlc a01d and the solutlon adgusted to 2N in nltrlc acid.

The lead was pre01p1tated as the sulflde, and the sulflde was expelled by
boiling the solutlon.b Flve ng of chromiwm carrier was added and sulfur
d10x1de was passed through the solutlon to.reduce the vanadlum and chromlud
The solutlon was almost neutrallzed w1th sodlum hydrox1de and then poured
into a b01llng solution of 1N sodlum hydroxide t0 preclnltate the chromi um‘
hydrox1de. The chromlum hydrovlde was removed by centrlfugatlon, and the
vanadyl ion was oxidized to the vanadate state w1th hydrogen perox:.de°

' Vanadlum was then pre01oltated as lead vanadate from a solution sllchtly

acid with acetic ac:Ld° The vanadlum was analyzed colorlmotrlcally,

Titenium,--.After the copper had been,remored as’the.eulfide, the
solution with the carriers added was boiled to remove the hydrogen sulfide,
and the solution was made alkeline with ammonium hydroxide to.precipitate
the hydroxides of iron, scandium, and titanium. The precipitate was washeda<
with hot, dllute ammonium hydroxide and then dissolved in hydrochlorlc acid.
The solutlon was then adgusted to 0, 5N in hydrochlorlc ac1d and scandlum

pre01p1tated as the fluorlde by addlng 0.3 ml of 27N hydrofluorlc a01d°
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After allowing the precipitate to settle for ten minutes on a steam bath,
the'scandium fluoride was'removed'by centrifiigation, andAthe supefhatant_e
was made elkaline‘with ammonium'hydroxide, The coﬁbined titahiUm ahd-ferric
hydroxide precipitate was.removed, dissolved in nitric acid and adjusted.
to 1.6 in nitric acid., Five ml of a solution of petassium iodate was

added and the titanium separated as potassium tltanlum iodate. The preclpl—
tate was washed w1th a dllute solution of the potass1um 1odate.l The 1odate
., was destroyed by bubbllng sulfur dioxide into the preclpltate mlxed w1th a
few ml ofvdllute hydrochlorle acid, Ammonium hydrox1de was added to pre01—.}
pitate ﬂhezfitaniuﬁ hjdfoxide, the precipitate was removed by centrlfu-. .
getion and thenvdissolved in hydrocﬁloric acid Five mg of scandium cerrief
was added, and the scandlum was pre01p1tated as scandium fluorlde from a |
O,ﬁﬂ selutlon of hydrochlorlc aeld. The titanium was again preclpltated

as the:hydroxide and the precipitate dissolved in nitrie ac1d The
solution was again adJusted to 1. 6N in nitric acid and the potass1um )
titanium 1odate again pre01p1tated The tltanlum was analyzed colorl-

metrlcally.

»Scandium;~- The steps in the separation procedure‘for scandium:are‘the
same as thoee for titanium down to the point where the scandium flueride is
removed., The fluofide precipitate was waehed with 0,5 hydrochloric acid
containing one drop of 27N hydrofluoric acid. Sulfuric acid was used to.
dissolve the scandium fluoride and the fluoride ion was removed by fuming -
the scandium solution with a small amount of concentrated sulfuric acid.,

The sulfuric acid solution was made alkaline with ammonium hydroxide and the
scandlum hydrox1de prec1p1tate renoved by centrlfugatlon. The hydroxide
vas dissolved in hydrochlorlc acid and the solutlon adJusted to O SN 1n::

hydrocnlorlc aold. Scandlum fluoride was then prec1p1tated_by addlng )
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10;3 ml'of-27§ hydrofluoric écid Mand'the precipitate was allowed to settle- -
dn a steam bath The pre01p1tate was agaln dlssolved in sulfurlc a01c, the
hydrogen fluorlde dlbtllled ‘and. gcandlum hydrox1de prec1p1tatea "Prom an S
alkaline ammoniuvm hydroxide solutlono. The scandium was welghed.ds scandium

oxide,

éélcium.é— After thé copper had been removéd the solution cehtaihing>
5 mg of caleium carrier and holdback carriers for the other elcments was
made alkaline wlth ammonlum,hydrox1de, and the alkallne sulfldes and
hydroxides were precmpltated. Holdback carriers for zinc through scandium
were again édded, and the alkaline sulfidés and hydroxides Qére again o
prec1p1tated Thls last step vas again repeatea. and uhe polutlon was .
then b01led to Temove the hydrogen sulf:.de° The solutlon wa.s made sllghtly"
acid Nlth oxallc acid, and 5 ml of 4 percent ammonium oxalato vas added to
prec1p1tate calc1ﬁmloxalate. ‘The pre01p1tate was allowed to settle onva‘
steam bath for tén minutés, ﬁas'removéd-by cehfrifugafion,vandiwashed
with waﬁér containiﬁg oXalic.aéid ahd ammoniﬁm 5xalate, The calcium
oxalate wés dissolved 1n concentrated nitric acid, and a few.crystals of'"
potassiunm chlorate'wére addéd.to oxidize the oxalate ions. Three mg of
iron carrier was added, énd.the‘soiution made alkaline wiﬁh*ammonium hydrox=-
ide, - The ferric hydrogide was removed by eenirifugationl‘andlfhe s01ution»
made acid with oxalic aéid. Four ml of a solution 4 percent in armonium
oxalate was added to precipitate calcium oxalate as ﬁﬁé‘final pﬁrifiéatiohr-
step, and the precipitate was allowed to settle on'a s£eam bath, The

calcium was weighed as calcium oxalate,
Chlorine.=— The'copper wa.s dissolved in nitric acid and 5 mg of chlorine
in the form of soalum chlorlde wa.s added Tne solutlon was b01led to dls—

till the hydrogen chlorlde and bhe gas was Caught in 2 solutlon contalnlng
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two to three drops of nitric acid and sufficient silver nitrate to precipi-
tate the chloriné as silver chloride. The solution was heated almost to
boiling to eeaguiete thevﬁrecipitate, and it was removed by centrifus

ga‘tien° The pre01p1tate was washed with dilute nltrlc a01d and then dls—

solved in dllute armonium hydrox1de. The solutlon was then ac1d1f1ed wlth

nltrlc a01d and addltlonal 311ver nitrate added to make sure that the |
pre01p1tatlon of the silver chloride was complete. 'The chlorine was we{ghed

as silver chloride,

.Phoephorous.-m‘The»copper target was dissolved  in nitric acid and.
5 mg.of phoephcrous 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
armonium molybdatevwasradded to the warmed solution to precipitate emmoniumwv
phosphomolybdate, The precipitate was allowed tovsettle_for 15 minﬁtes,
removedvby.eentrifugafion, and_washed-with a solution of 1 percent nitric
acid,- Thevprecipitate was. dissolved in,ammonium.hydroxiée conﬁainingucim :
trate ions to complex titanium'thaﬂ interferes., Hydrochloric acid was.
added until the precipitate that formed dissolved with difficulty and 5 mg
each of vanadiﬁm and titenium carrier were added., Sulfur dioxide was
bubbled'through the solution to reduce all the wvanadium tO‘thevvanadyl_ -
state., Two ml of cold magnesium chloride was added, and - the solution was
allowed to stand for five minutes. Concentrated ammonium hydroxide. was
then addeaﬂequal to one quarter of the original volume_and:ﬁhe*precipitate«,
was ellowed fo.settle'for l5.miﬁutes,f The precipitate was removed by

cenﬁrifugation,and_then washed with 3N ammonium hydroxide.- Thevprecipini

tate was.dissolved'in‘lﬂ nitric acid, and the phosphorous was again -

vprecipitated as the ammonium phosphomolybdate., The phosphorous was
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weighéd as the ammonium phosphomolybdate.

SodlumonmlThe copper was dlssolvea in concentrated hydrochlozlc e

acid and hydrogen peroy1de,and 5 mg of sodlum chlorlde wa.s added as ;
carrier. Carriers for: the elements z1nc through pota551um were added and
the solution adJusted to 2N in hydrorhlrrlc a01d and the copper proo1p1~
’tated as the sulflde. The solutlon was b011ed to dryness to remove the
excess acid, the residue dissolved, and then the solution made alkallne
with ammoniumnhydroxide, Hydrogen sulfide was added and the sulfides and
hydroxides were precipitated,' Additional 3 mg portionsg of carriers zinc-
through scandium were added and ﬁreoipitatedc 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 -
chiloride driven off. ‘Thé residue ias dissolved in water, the solution
checked to make sure it was heutral, and ihe sodium precipitated as the
sodium zinc urenyl acetate. Two 5 ml portions of zinc uranyl scetate were’
used to wash the precipitate, and the precipitate was tﬁen dissolved in ab=
solute aldohol;Saturated'with hydrogen‘chloride'gas, The reSulting mixture
» ﬁas cooled in an ice bath and the sodium chloride separated by centrifu~
gation., The sodium chioride precipitate was washed with a 5 ml portion of -
the.alcohdlmhydrogen chloride solution. The sodium chloride was dissolved
in water and the' solution neutralized with' potassium hydroxide. Zinc
uranyl acetate was-added toiprecipitatefthe sodium, the precipitate re-
‘moved by oentrifugaiion,'and"then washed with additional zinc uranyl: .-
acetate., The precipitate’ was dissolved in absolute alcohol saturateéd: with
hydrogeh chloride, the mixture covled in an’ ice ‘bath, and the sodium chlor-

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

The sodlum was’ welghed ag sodium: chlor:.de° G
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LIST‘OF TLLUSTRATIONS
FIGURE
1. Decay'oi calcium fraction separated from_coppér irradiated with
340=Mev protons.
. L 2 .Décay of caleium fraction separated.from copper irradiated with
s ' 340-Mev protons counted through sufficient absorber to cut out
. the beta par‘c,.:i_clesof»CaZ"5 and the Sc4’ daughtér.
.3. Experimental yields from copper irradiated with 340-Mev protons.
Yiélds are relativé.to_Cuél. | |
4. - Experimental yields from copper irradiated with 190-Mev deuterons.
, fields are relative to Cuol, ' '
5. Experimental yiélds from copper irradiated with 380-Mev helium ions,
Yields are relative to Cu®l, |
-6, ~ Experimental, interpolated,'and extrapolated yields from copper '

irradiated with 340-Mev protons., Yields are relative to cu@l.
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