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NUCLEAR REACTIONS OF COPPER INDUCED BY 5.7-Bev PROTONS
Donald W, Barr |

Radiation Laboratory and Department of‘Chemistry
University of California, Berkeley, .California

May, 1957
ABSTRACT

Natufal copper was bombarded with 5,7-Bev protons in the
University of California Radiation Laboratory's Bevatron. Formation
broSs,Secfions'er 59-radioacfive isotopes from mass number 3 (tfitium)
10 massvnumber 68 (gallium) are reported. The results are quite dif=-
ferent from those found at. 340 Mev, in;that,thereVié.an increased
tendency to form products removed from the.c¢pper target by as many
aS'ﬁo mass units, On thé.other hand, the experimentally measured
AérOSS.sections are similar to thoée fdund at 2.2 Bev by vorkers at
Brbokhaven National Laboraﬁory, The,experiﬁéhtal'data,Were treated
'.empiricélly, and from the results of this éhalysié;.ths cross -sections
were determined for all stable and unmegsured isotopes,wiﬁh‘a lower |
atomic numbef than copper. VA general exﬁreséion is given, from Which.
.any cross>section in this study_from mass number 22 to 6lvmay be
.calcﬁlated.with_av65% certainfy'(onfthe average). The observed dis-
“tribution of products is discussed in terms of the present ideas on
high-energy'nuélear-reactiOns, and.this diétribution is_compéfed‘to
some preliminary theoretical calculations based on a nuclear.modél
that incorporates the above ideas. ' Observations on the (p,pn) and
(p,pﬁ+) reactions on éoppér are compared with those found;b&_othar
workers at lower energies, The yieids of secondary products are

discussed.



ym
NUCLEAR REACTIONS OF COPPER INDUCED BY 5,7-Bev.PROTONS

I. INTRODUCTION

The study described in this dissertation is typical of the radio-

chemical type of investigation of nuclear reactions, which has proven to

be a .very. useful means of probing into the propertles of the nucleus

It is limited to surveying the end products or debrls of the collisions
betwsen accelerated particles and heavier target rnuclei, but from these
observations, information may'be deduced'concerning the primary events

that occurred. The results must be coupled with emulsion and cloud

chamber data in which the initial particle-nuclei collisions themselves

are.studied_in_order to establish a complete description of the processes
involved when nuclear transmutations are_induced in a target by'particle
bombardment ., ' _ v

In recent years, a number of radiochemical studies,enploying a
varlety of bombarding partlcles have appeared in the literature. These
encompass a wide range of progectlle energles and target materlals spread
throughoutvthe periodlc table. Reasonably complete summaries have
recently been ﬂccompiledl—h Copper has been a partlcularly popular
bombarding material for several reasons: ' v
(a) The pure ::metal’ is easily obtained in nearly any desired uniform
thickness, v _ :
(b) The,number of':tradioactivernuclides’that-may’be formed from the
bombardment of copper is not so prohibitively large as to prevent a
single experimenter from studying all ¢ the ones with reasonable half-

lives, thus obtaining a complete picture of the distribution of products.

On the other hand, copper is a sufficiently heavy nucleus (i, e.; there

are enough elements of lower 7) for one to’ observe the changes in this

distribution over a very w1de range of energies,
(¢) The radionuclides that .can be formed from copper in general have
fairly simple decay schemes, and, at this writing, very little ambiguity

remains concerning the decay properties of the isotopes included in this

" study, owing to the very fine cumulative work of nuclear spectroscopists

at several laboratories. .Well=known decay schemes are essential for

accurate cross-~section work,
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(d) Radiochemical separation procedures are simplified, especially since
only the first row of transition elements may be formed from copper,

One disadvantage in.bombarding copper is that there are two
stable isotopes .in natural copper, which compllcates the analysis of
“cross sections for nuclldes ‘close to the target

6,7

‘alpha particles, ’

5-8

The bombardment of copper with deuterons,

9

shown that the nature of the bombardlng partlcle does not strongly affect

‘neutrons, and X—rays ‘all in the energy range of hundreds of Mev, has

the dlstributlon of nuclear products formed, so that ‘the maJorlty of the

"studles,on,copper over a wide energy range have employed protons as the

" projectile, vThe’followingAis a summary of_these radioéhemical‘investi-

gations:
Proton ' RN : o
- Bmergy. = .. D
(Mev) (Worker(s}) - ' Reference :
32 . Ghoshal  Phys. Rev. 80, 939 (1950)
0-100 ~  Meadows . Phys. Rev. 91, 885 (1953)
L9 v Carleson _ "~ Acta Chem Scand 8, 1697 (l95h)
- 90 'iColeman,‘TeWes Phys.fRev 99, 288 (1955)
190  Coleman, Teves - Phys. Rev. 99, 288 (1955)
340 Batzel, Miller, Seaborg ‘_Phys Rev 8k, 671 (1951)
480 Vinogradov et al,,‘ Conf, Acad. Sciences U.S.8.R,
: R . . (English translation) p. .85
680 Vinogradov et al. Conf, Acad. Sciences U,S.S.R.
- T . (English translation) p. 85
2200 Friedlander et al. -  Phys, Rev, 9%, 727 (1954)
5700 Barr = - S This-wérkv

In addition to these rather cfomplete:“studi'e's3 several workers have
studied the 'yields of particular 1sotopes of interest, 10-12 -

For incident particles with energy less than about 50 Mev, the
Bohr compound-nucleus,model gives an adequate descrlptlon of observed
results, 13 This model pictures the reaction as a two-step process In
a typical event; the incoming progectlle is absorbed.by'a target nucleus
to form a compound system, w1th the kinetic energy of ‘the progectlle
being distributed among the nucleons:durlng,avtlme which 1s;long,com-
pared with the time itnwould‘take for the incident ﬁarticle to traverse

the nucleus. Buring this time, it is assumed that .the componnddnucleds

<«
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"forgets" how it was formed, so that the second step, which is the decay
of the system according tO'various possible modes of particle .emission,
is independent of the,method,of formation. Thedexperimental-Work;of
Ghoshal has verified this description" | S »

As the bombarding energy is raised however, the observed results
are no longer consistent w1th the above model which would predict a

rapid decrease in the yields of products close to the original target

cnucleus. The data of Carleson, Coleman and Tewes, and Batzel show that

the majority of the products formed are still close to the target nucleus,

but,thatathere is a gradually increasing tendency to formvnuclides re--

moved from . the copper target.by as many as 15 to 20 mass units. The

1nterpretation of these results in terms of a cascade-followed—by-
evaporation model is discussed in Section V.

With the advent of very high-energy ‘particle. accelerators intro-

'vdu01ng the onset of meson production, the p0531b111ty'of new mechanisms

led Friedlanderpand the Brookhaven group to repeat the copper study on

the Cosmotron, rThey found quite different results from those at 340'Mev.
The.cross.sections for products requiring very. large amounts of excita~
tionienergy‘hadfincreased by several orders of magnitude, apparently at
the expense.of those.close to the target, ‘With the compietion and suc-

cessful operation of the University of California Radiation Laboratory's

" Bevatron as the world's highest-energy particle accelerator, it was of

‘1lmmediate interest to.extend‘these measurements for comparison with the

previous work and the current ideas on high-energy nuclear reactions,

Hence, this study was undertaken,
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II. EXPERIMENTAL PROCEDURES

A, Target Arrangementsf

1. General F01l Stack Content

. The targets that were bombarded 1n the Bevatron con31sted of a
stack of S/h-by-l 5/8-1nch copper and aluminum f01ls arranged as shown
Cdin Fig.‘l (a) The 3-m11 aluminum f01l was used to measure the number
| of protons that had passed through the f01l stack by means of the Al 27
VA(p,3pn) Naz& reaction For this reason, it is called the beam monitor
VA d1scuss1on of the cross section for this reaction 1s given 1n Section B.
_ - The. monitor was preceded by a l-mll aluminum guard foil in order
to compensate for the re001l loss of Nazu out of the monitor f01l
“{although this loss cen be estimated from publlshed data to be less than
l% for a 3-mil aluminum f01l at this energyolm'15 A l mil aluminum guard
foil was also 1nserted between the monitor and the copper target to
"1protect the monitor from 1mpurit1es due to rec01ls in the backward
:direction out of the copper.. . v , .
:' The copper target f01ls varied from 2 to 1k mils thick depending
,upon the half lives of the products to be removed Since the number of
. atoms of a nuclide formed durlng bombardment 1s proportional to the number
‘wof atoms per square centimeter of the target materlal exposed to the
v:particle beam, an 1ncrease in this quantity will lead to more favorable
scounting rates of the nuclide when it is eventually 1solated This is
.espeCLally des1rable for the longer-lived 1sotopes However, for protons
.vin the Bev energy range there 1s another factor to be cons1dered
spe01f1cally multiple traversals of the target by the proton beam, which
is effectively an increase in the beam intensity. A discussion of this
effect is given in.Section B. The advantage obtained through multiple
traversals of the target is enhanced by keeping it as thin as possible,
i Hence, these two opposing factors were considered'when‘choosing the

thickness of copper target material to.be.bombarded.

2. For Investigating Products Lighter Than Aluminum
‘ Foxr’ studylng those products below aluminum that are formed in the
-bombardment of copper ~- namely Mg ‘ aZh, and Na 22 18, Cll '7, and -

tritium -=- 1t_was necessary to guard the copper target from recoils of
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these same nuclides formed in the aluminum monitor. - This was done'by

placing a copper guard foil before the actual target foil.

3.. For Investlgating Secondary Products

It was thought that the preeence of an aluminum. monltor foil

giving rise to a flux of,low-energy evaporatéd nucleons might appreciably '

" affect the results for the copper and nickel isotopes, ~Howevef, the cross

sections‘for_thevcopper isotopes as determined by using the aluminum
monitor agreed within experimental-error with those obtained; by irradi-:
atingva bare copper foil‘and using calclum.as an internal moﬁitor.

Nevertheless;,bthe zine and-galliam secondary products were studied by
using,the latter method ef'internal,menitefing, since the formation of’

these products is especially sensitive to low-energy nucleons.

- L4, . Target Alignment ,

' Sirce it was critically imﬁortant to insure that the aluminum
'u'and'copper'foils'received the 'same proton flux during a bombafdment
thelr areas had to be matched as closely as possible when in the foil

.. stack.- All foils were machlned tocthe specifiéd dimensions together,
and When a ‘target of these foils was being assembled, as’ much care as
possible was taken to.align theif leading edges with.the-aid‘of a
aagnifying glass, Two small Strips of}scoteh_tape placed close to the
leading edge were sufficient'tO»keep the foil stack together after a |
Small_portion of it had been clamped in the lucite holder shoWh.in
 Fig. 1 (a); When mounted, the foil stack protruded 1,25 incheS~beyond
‘ithe.lucite block, and the leading edge of the stack was a total of 5
;inches from'the face of-avmaghesium mount to which the lucite was
‘attached as shown: in Flg 1 (b). The metal mount was provided with a
short sleeve which fltted onto. the. pneumaticuprobe: 1n the Bevatron, -This
arrangement was found to be the best for fast removal of the targets
"from the accelerator At the conclusion of a bombardment about 1 1nchf
of* the f01l stack protru51on was sc1ssored off to be worked up radlo-

. chemically,
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5, Target Materials

Electrolytic. copper foil. obtained from A, D. Mackay, Inc, was A
" used as the target material, A spectrochemical "analysis revealed a trace
of magnesium and silicon,(approximately“o.Ol t0.0.001%), but no other
detectable elements, The aluminum £oil that was used as the beam monitor
. contained approximately10;5% silicon, 0.05% iron, and 0,01% magnesium, as
determined by spectrochemical methods. - Impurities present in these orders
" of magnitude make negligible .contributions to the activities .of isotopes
' that‘may'be formed from their bombardment, iﬁ comparison with the amount

forméd«from-the-copper or aluminum,

B. Bombardments

1, The Bevatron .

1

A review of proton synchrotrons, to which class of accelerators
the Bevatron beldngs, and the principles involved'in,their'operation-has
-VbeentgivenAby~Livingstonql'-“The Bevatron hag the so-called "race track" -
. design of four magnet quadrants with straight sections between the

quadrants, Its operation depends upon an extension of the synchrotron
. principle of phasertable acceleration'aﬁ,constant;Orbit.radiﬁs in a
 magnetic field that increases with time, In addition, since’ tlie rotation
-frequehcy for protons at.cénstant orbit radius ‘increases by a large
fagtor‘during.acceleration tovBev‘energies5ja.Variable#fréquenCy
accelerating field,is also required, . Pertinent statistics on the;Bevatron
in its present state of operation are available in pamphlet form at the
University of California Radiation Laboratory (UCRL Pub. No. Za)..

~ In this study, the major concern was with the proton energy and

. the beam intensity available. -During the early stages of this 'study,
the maximum proton energy was 5.7 Bev, This figure has since risen to
7,6,2vBev,‘but'alluthé»experimentsﬁmentidned herein‘were”conduéted.at 5.7‘
.Bev, - Thé-béam intensities at first were of the order of lO9 protons per
pulse, with a maximum rate of 12 pulses per minute, Intensities less
than ﬁhis amount would not have been of much use in a study of this sort,
However, through imprbvements,‘the beam was gradually increased over a
period of two years so thatuzvto 5 X,lOll protons per minute were con-

sistently avaiiable, and, Just prior to a shutdown at the.conclusion.of
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fthis,work, a beam.of ;0;2 protons .per minutetwas(obteinedﬁ Intensities‘
of this sort made it possible to observe-bOth long- and short-lived
isotopes -of an.element in a single run " As'a result the latter bom-

~ bardments seldom ran more than 30 mlnutes _

During the acceleration cycle , the target was w1thdrawn from

~ the beam‘aperture.. Just prior to the furn-off of the rf acceleration,
the target was propelled by means. of an air-driven probe to a position
slightly smaller than the equilibrium'radius'of the proton orbit. When
 the aceeleration was turned off, the magnetic field continued to rise,
and the proton pecket.spiraled inwards across the target. The probe was

then withdrawn for another cycle,

2.  Multiple Target Traversals

Because relatively thin targets were used, it.was,expected that
there'w0u1d=be'multiple traversals bytthe proton. beam through the foil
stack, This was borne out,experimentally by comparing  the total number
of protons delivered to the target as_estimated'by a celibrated induction
electrode in the Bevatron with the'aetual5number_that passed-through‘the

fstsck as obtained from the aluminum monitor foil. The difference between
the two estlmates was ascrlbed to multiple traversals, which take place
in the portlon of the f01l stack that protrudes beyond the lu01te block
descrlbed in the last section, since once the proton beam ‘makes a, single
passage through the thick lucite holder, it is effectlvely lost there-
after _ ‘ ) ‘

‘In Appendix.A;:a_relation is :derived for the number of traversals
ajprotonfbesm of a,given.energy makes through a foil stack of any target

“material, The result for >.'[-Bev protons is

_ A-:r.: _(_o.zzo,%b + 0.0003) n, o o (1)
Where Ar = length of f01l stack through which mult1ple traversals take
o place (1n 1nches),
%%- = rate of energy loss of protons w1th target thlckness (1n Mev
. . ber gram per square cent:uneter),
b = target thickness (in grams per square centlmeter),

number. of traversals

U .
i
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For the copper-aluminum foil;staeks4used'inithis.study,'
A r = the l-inch target protrusion, which was cut off and worked

up’ radiochemicallty; -

for 5.7-Bev protons, %% - = 1,574 Mev/gram/centimeterz,v."“' (Ref. 17)
. . , o TCu . . o ' .
dE ' o o s 2
= = 1,782 Mev/gram/centimeter”, - :(Ref, 17T)
Al . - } :

_ The'variation Ofsihe number of_treversals With'target‘thickness,calcuﬁ
,latedvbyfinsertion of these parameters inteAEqwﬁ(l) is_plotted in Fig, 2
.along with thevexperimentel results mentioned previously,,AThe agreement
is quite good, and it is probable that Eq. (1) will give accurate‘re;

.sults for any target when AT is of the same magnitude as that used ebove'.‘

3. Cross. Seection for Aliminum-27 (p,3pn) Sodium-2k .

This reactlon has been w1dely used as a beam monitor to measure

-the number. of protons that have. passed through a target during a bombard—
ment.,. This method of monitoring has the advantage that after a 2h-hour

~cooling period, lS.O-hour_Nez& is the only aetivity left in the aluminum

+ foil, so that it may then be counted directly. A disadvantage lies in

the sensitivity of the reaction. to low-energy secondary neutrons, which
may formiNegh'in aluminum-by‘ani(n,a) reactioh.: Howeye?,vfor targets
less than a,gramvper square centimeter, this effect has been shown to
be negligible. L ‘

Several workers are responsible for the complete ex01tation
19-25 In Fig. 3,

the most recent results are/plotted..,Withinvexperimentalverror, the

function for this reaction from threshold up to 6_Bev.

cross -section is constant_frem,3h0 Mev to 6 Bev., For this'work) 10.5
,ﬁillibarns,was used for the monitor.cross section,at_5.7 Bev., If a
better value for the monitorxcrOSS'section is obtained in future studies,
the experlmental cross sections in this 1nvest1gat10n can be recalculated.
An alternative reactlon, which can be used as a beam monitor
- for bombardments in the Bev energy range, is Au 197 (p, spallatlon) Tb h9’
which -has a th:eshOld of 0.6 Bev, and thus offers the advantage that it
is insensitive to low=energy secondary particles;'~in a suitable counting
arrangement, thée gold foil may be analyzed directly for the .alpha parti-

cles from Tbl)+9 despite the presence of humerous beta-emitters, The
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eross sectlon for this reaction as a function of energy up to 6 Bev has

been studied by Duffield and Sugarman26 and Wlnsberg 7

C. Chemical_Separatioh Procedures

In order to estimate the amount of activity lost through chemical
separaﬁions of=the;elemente,la to-lO;milligramvamounts of inert carriers
of the elements to be removed in a given.bombardment were added to the |
original target solutien, usually in- the form‘bf chloride or nitrate
solutione; Consideration of the gravimetric factor of the eventual
weighing form as well as of the energy and type of radiations to be
icounted governed phe-exaet.amount,of carrier used in:the-various bombard-
-ments, In_mest,ceses ﬁhis.choice-was arranged so that eventually the
.,sample’lay between 5 and,l5;mg/cm2rin.order that an estimate of the v
" self-scattering self-absorption correction described iﬁ'Section ITIT could
be’ made by using published curves of thls correctlon ' In spe01al cases
. such as 835, Fe55, and Vug,where the energy of the radlatlons is qulte
Jow and self-absorptlon of these radiations in the sample could be
51gn1f1cant, samples of less -than 5 mg/cm2 were obtained by‘uslng small
amounts of these carrier elements,  .With a known.ameunt,of,carrler
initially added and a_chemlcal yield of the same element in the final
precipitate, one has a measure.of.fhe amount of activity lost -during
,separatlons ' ' '

The degree of. radlochemlcal purlflcatlon of" an element, and
‘therefore the type of chemistry used for its removal depends upon the .
cross section ahdveounting efficiency of:the_nuelide under consideration.
If these are both high for an isotope, then its-degree'of purification
,does,ndtehave to be ﬁoo great, but if they are low, then a good cleen
separation is.necessary? The uSebof selective gammafray'analySis ap-
‘preciably reduces uncertainties .of this sort, and indeed, seme insight
. was gained'into-thexchemistry of the elements-stﬁdied when contaminatibn‘
 did occur'by establishing unambiguously the nature of the contaminant
fhrough gamma=ray analysis>and half-liferebservations. ‘However3 an
attempt was always madeftelachieve as high a-degree of purification as
time allowed by using»the techniQpes df-solVent_extreetion, iohvexchange,
and selective precipitations, In additioﬁ,‘"hoidbaek" carriers of -

undesired elements were added to dilute the radioactive species associated
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with these elements, ‘and ."scavenging agents" were -used to remove pos-
sible contaminants whose chemistry allowed their precipitation while
leav1ng the desired element in solution. »

The follow1ng chemical separatlon procedures are adaptations

28-30

or revisions of those used by other workers, ‘Unless .otherwise

noted, the.copper‘foilé.were<always dissolved in a minimum of conceﬁ-
trated nitric acid along with the carriers for elements to be removed,
‘and after dissolution, the solution was adjusted to 1N in hydrochloric

acid for removal of the copper by addition of“hydrogen.sulfide,

TRITIUM .
The apparatus.used to remove tritium is'essentially the same
.as that described by Currie.la The copper foil was melted at about
1000° C. and allowed te,come to equilibrium with hydrogen carrier gas

at a pressure of 11 cm mercury in a,Quartz'furnace tube (volume ap-
proximately 0.1 liter),  The gas was then passed through a pelladium'
thimble and into .a.counting tube, which had previously been filled with
a little less than-an atmosphere of methane as the counting gas. - The

- chemical yield was 38%.

BERYLLIUM

-~ Ten milligrams of beryllium.carrier was used. . The element was
first removed as. the: hydrox1de with ammonla The prec1p1tate was dis-
solved in hydrochloric acid, ferric ion was added, and the solution was.
nearly’ neutrallzed'W1th sodium hydroxide, It was then transferred with
vigorous stirring to another cone containing enough 20% sodium hydroxide
to give the Qholehsolution a 5% base concentration. After digeetion_of
the precipitate, the ferric hydroxide was centrifuged and removed, The
iron scavenging was repeated, The supernate containing the amphoterie
beryllate ion was neutralized, and the hydroxide-was again precipitated
with ammonia. It;ﬁas dissolved in 3N sodium hydroxide, a satﬁrated'
“ammonium chloride solution was added, and the mixture was diéested to
reprecipitate beryllium hydroxide, which.wae'centrifuged,'washed, and-
then redissolved in hydrochlori¢ acid, About 15 cc of a pH6 sodium

sulfitée-bisulfite buffer was added, The beryllium was extracted into
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- an equal volume of a_O.AM thenoyltrifluoroacétone'(TTA) in benzene
solutioﬁ by rapid equilibration for 20 minutes., The organic phase’
 was then washed successively with: water twice; 8M nitricvacid twice;
-water once; 1N sodium hydroxide twice, NOT LONGER THAN 10 SECONDS FOR
EACH WASH; once quickly with water, Beryllium was then re—extfacted
into'a.Z:l'miXture.of conéentréted formic: concentratéd hydrochloric
atid, from which the hydroxide was precipitated'with ammonia after
neutralization. After the precipitatelwas washed and dried, it was’
© ignited at lOOdo.C to beryllium oxide, and weighed. Chemical yields
were 50% to 60%. T o

CARBON'f

See argon procedure.

FLUORINE _
' Ten milligrams of fluorine as ammonium fluoride was added to

' the target solution, Calcium fluoride was precipitated by the addition

" of an excess. of calcium nitrate solution and enough -ammonia to make the

mixture alkaline, The precipitate was washed with water and transferred
to a distilling flask, and 72% perchloric acid was added. Flupsilicic
acid (the .silicon was supplied by the glass,walls of the vessel) was
distilled out at 130-160° C, and the distillate was catight in a pH 6
aceétate-buffered lead chloride solﬁtion'to preéipitate lead chlorofluoride,
This was then:transferred.to a second distilling flask, and 'the above
distillation‘with:percthric acid wés repeated, The ‘distillate from this
"step was caught in a neutral solution of calcium nitrate to precipitate |
the fluorine finally as calcium>fluoride,‘which_was filtered, dried, and
weighed in this form for the yields of fluorine, These ran'aﬁout 20%.
. SODIUM
Ten_milligfams.of sodium carrier was used, The target.éolution,
adjusted to concentrated hydrochloriC'acid3'was cooled in-an acetone-ice
bath,_and arlhydrous hydrbgen chloridé.gas was passed through for 15 .
_minutesjto precipitate sodium chloride, " The salt was washed with two
small portions .of concentrated hydrochloric acid saturated with gas., It

. was dissolved in watef and scavenged with ferric hydroxide by addition

\
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- of ammonia, and the aﬁmonium ion was destroyed by heatingiwith agqua
regia, A reprecipitation of sodium chloride Was;carrigd out.lefter
the precipitate was washed asrabove, the salt was transferred with
.-absolute alcohol to. a weighed .platinum plgté, dried with a heat lamp,
and weighed as sodium chloride. Chemical yields W¢re.of the 6rder

of 20% to 30%.

MAGNESTUM ‘ :

~ Five milligrams of carrier was uséd. Magnesium was removed
as the carbonate from the supernate after removal_of.the acid and
basic sulfides. The magnesium carbonate was washed and thén dissolved
,in,dilute acetic acid, and a calcium scavenging was performed.with
saturated oxalic acid, The oxalate ion was destroyed by boiling with
concentrated nitric acid. The solution was then neutralized with
ammonia and made Jjust acidic-#ith dilute hydrochloric .acid,  Upon .
addition of a saturated solution of diammonium phosphate;‘magnesium
was precipitated; it was washed with dilute ammonia, The hydrated
magnesium ammonium phosphate was ignited at__l3OOO F to magnesium

pyrophosphate for weighing. Chemical yields were abdut 50%.

SILICON :
Ten milligrams of silicon was added to the target solution in

_ the form_of.ammoniumvfluosilicate. The element was. precipitated as
the hydrated oxide after.éddition of boric acid to complex the fluoride
- lon and digestion of the target solution with concentrated sulfuric.

acid, The gel was washed with dilute sulfuric acid, and it was redis-
. solved by -the addition of potassium hydroxide soiution. Two titanium
scavengings were performed on4the‘basic'solution, and holdback carriers

for the other elements were added, The solution was acidified with
hydroéhloric acid, and then digested to reprecipitate .the hydrous oxide. i
The_whole procedure was_repeafed from the dissolution with potassium - -
hydroxide, and the final silica precipitate was ignited at 625° ¢ to v ..

'silicon dioxide for weighing.  .Yields were about 50%.
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PHOSPHORUS |
Five miliigrams of carrier as phosphate ion was used, The
target solution,was.nearly neutralized With'ammonia and.adjnsted to 2N
in nitric acid. . The phosphorus~wastprecipitated from‘this,solution by
the additionfef.an,eXCess of ammonium.molybdate reagent and digested
at.SOo C. The ammenium-phosphomolybdate precipitate wasvwashed and
‘redissolved in hot concentrated‘ammonia,containing,a_little_citric acid
to complex titanium; Vanadium and titandum holdbacks were added, and
most of the ammonia was neutralized with hydrochloric acid, Sulfur
dioxide was then bubbled through the solution to reduce-vanadium from
its pentavalent to its guadrivalent state; in which condition it does
not coprecipitate with phosphorus when the latter is-brought,dOWn by ‘
the addition of magnesia_mixture. The phosphorus was then precipitated.
as magnesinm ammonium phosphate by the addition of eold magnesium
chloride reagent and enough ammonia‘to make the solution strongly
alkaline, Cooling in an ice bath aids more complete recovery of the
. phesphorus.i The.preeipitate was-dissolVed in hydrochloric acid, and
a reprecipitation .of magnesium ammonium phosphate was performed, The
sample was eventually ignited at 1300o F to magnesium pyrophoSphate
for weighing. Chemical yields ran .close to 80%. »

SULFUR

- Two milligrams of sulfur as sulfate ion was added as carrier,
The sulfate was precipitated as its barium salt from the target. solutlon
adjusted to lN in hydrochloric acid, and it was washed well w1th small
vportlons.of.water. The barium sulfate was slurried W1th a concentrated
'selution,of potassium carbonate while being heated in a water bath .for
. about an hour, Barium was converted to'the.carbonate'by'this treatment,
leaving sulfate in solution, The metathesis of the‘barium carbonate was
repeated in order to regain as mueh sulfate as possible, The super-
nates were comblned, carefully neutralized. w1th hydrochlorlc acid, and
adjusted to 1N w1th respect to acid. Carbon d10x1de,was,expelled by
heating, and sulfate reprecipitated with addition of.excessybarium
chloride. solution, The.whole procedure was repeated from the potassium
carbonate_metathesis, and barium sulfate was finally dried and weighed

in order to obtain the chemical yield of sulfur, which was about 50%.
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" .CHLORINE _ » _
' Five milligrams of chlorine as sodium :chloride was placed in a
small distilling flask along with .the target foil, - Enough cénbentrated
nitric acid to dissolwve the foil ‘completely was added quickly, and the
system immediately closed. The flask had provisions for passing a

gentle stream of air'continually‘throughvthe target solution .in order

to enhance the passage of liberated gases into the receiving cone, -
which contained about 3 cc of water made strongly basic with potassium
hydroxide, It also contained hydrogen peroxide in order to insure
catching the chlorine whether it came over as hydrogén,chloride or as
molecular chlorine, The flask was heated rapidly for.a,feﬁ minutes
-after complete_dissolutioh of the target.foil._ The receiving vessel

~ was then removed, and the solution was acidified with nitric acid.
Chloride ion was precipitated by the addition of excess silver nitrate
‘and digestion.in.a.hot—water bath to aid coagulation of the silver
‘chloride, - The centrifuged precipitate was washed with dilute nitric
acid, and then it was-dissolved in concentrated ammonium. hydroxide. A
ferric (nitrate:) scavenging was performed on the basic solution; and
nitric acid was -added to acidify the supérﬁate. .Silver chloride pre-
-cipitated from the acid solution; and excess silver lon was added to
insure complete precipitation. After this fihal step, the silver
chloride was not digested to induce coagulation, butﬂfiltered immediately.
This gave much smoother samplés of silver chloride, which were then dried

-and weighed for the yields .of chlorine, whichzweréA3O% to . 40%.

ARGON

The argon experiment was carried out in the UCRL Chemistry
.Department's tritium apparatus, and ‘because a good techrniigque for
purifying the argon chemically’would have entailed réviSinggthe vacuum |
line SOmewhat;'only'two'steps wereftaken.to-prevent contamination by

- possible impurities: (1) a rdom-temperature activated-charcoal trap

was placed at the mouth of the furnace tube; (2) the argon sample was
‘passed-throﬁgh‘a'liquid-nitrogenacooled;finger in an'atﬁempt to freeze
out the argon, with the intent of then letting it distill out as the
finger was slole warmed, leaving less volatile impurities such as

carbon dioxide behind. The latter step proved ineffective, probably
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because the gas was passed through the flnger too quickly. However, the |,
.only 1mpur1ty observed in the argon sample was C l, whose half-life
fortunately is short enough so that the data on argon were useful. As

in the tritium procedure, the’ copper foil was melted in a furnace tube
‘which contained argon gas at 10 cm mercury as:carrier, _The’ chemicali

- yield was LT%.

VPOTASSIUM'

Ten milligrams of potassium was used as carrier, After removal
of the acid and basic sulfides, calcium and magnesium were precipitated
as carbonates. Ammonium ion was destroyed by heating the,potassium'
supernate to dryness several times with nitric acid. . The salt was dis-
solved in a minimum amount of water; and:about‘5 cc .of concentrated
perChloric acid was added, Potassium perchlorate precipitated when the
solution was cooled in an ice bath, The centrifuged precipitate was
'redlssolved in 1 cc of perchlorlc acld with heating to 90 .C. Potassium
perchlorate was brought down again in an ice bath. ' The reprecipitation
was repeated three times, and the final sample wasvwashedﬂwith absolute -
alcohol and-dried under a heat lamp to be weighed as potassium perchlorate,
Chemical yields were about LO%, e »

The above procedure consistently failed to remove about 0.5% by
activity ofvphosphorus impurity'b-'whichrdoes.not affect the potassium
'.results, however, because of the comparative half-lives involved.
Partly because of this impurity, but mostly'ln order to observe short-
lived K38 d_Kuu, a‘much faster chemical procedure.was tested, with
good'results.v_This'involved precipitation Of:potassium tetraphenyl
boron, which is a fine white salt., Two milligrams of carrier is suf—
ficient and the precipitation can be carried out from the target
solution adjusted to about 15 .cc volume w1th a pH of 4 to 5 ‘and warmed
to hO C. The reagent used is a,O,l M solution of sodium tetraphenyl
boron obtainable from'the Matheson Chemical Company. An excess of the
resgent should’be.avoided’during precipitation, since it tends to co=
‘precipitate with the potassium'salt; The proceduré is reported to
remove potassium cleanly'from'all-the‘alkaline earth.and'transition,
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elements, although cesium, rubidium, and ammonium ions are also
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. precipitated. However, for removing potassium fromVQOpper,,the method

seems. ideal for 100king at the short- lived isotopes mentioned although == -

.owing to an accelerator shutdown stoward the end of thls studyw——it was

never. actually tested on-a bombardment

'CAILCIUM _ _ S _
Five milligrams,of,calcium carrier was added. The acid.and
basic sulfides were removed, and thevcalcium supernate was heated to
drive off- hydrogen sulfide, The solution was acidified‘with oxalic .
acid, and calc1um was ‘precipitated by the addition of  ammonium oxalate
" and digestion in a water bath, The hydrated calcium oxalate was dis-
solved in dilute nitric ac1d and oxalate ions were destroyed by
- boiling the solution rapidly with potass1um‘chlorate present, The
solution was made'basic.with_ammonia, and two ;.ferric;scavengings
were performed. Oxalic .acid was added to acidify the supernate, and -
calcium oxalate was. repreoipitated It was washed with small portions

of water and dried at llO C to be wéighed. Chemical yields were 60%
- to 70%.

SCANDIUM

Ten milligrams of. scandium carrier was used AThefelement was
first precipitated as the hydrox1de{w1th ammonia after removal of the
copper; The hydroxide was dissolved in conoentrated.hydroehloric acid,’
titanium (IV) and ferric holdbacks were added, and the solution was
passed through a'pretreated Dowex A-1 ion-exchange odlumn’(éOO-MOO-mesh
resin). Scandium does not exchange with this resin, and it €luted
quickly. The hydroxide was again.precipitated with ammonia, and it
was washed with dilute ammonia It was dissolved in 0.1 N hydrochloric
ac1d and the solution was carefully adjusted by means of a meter to a
pH of 2. O w1th dilute hydrochloric acid and sodium hydroxide. Scandium
was_ extracted into an equivalent volume of O, LM thenoyltrifluoroacetone
(TTA) in benzene by'equilibrating the phases for ten minutes., The
',organic phase containing scandium . was removed and washed well with small
. portions of water, Scandium was.rerextracted into two 3-cc portions of
1 N hydrochloric acid, and_it:mas1finally‘precipitated as the hydrous

T L S T

i 3
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oxide with sodium hydroxide, The analysis Was.done_éolorimetrically
with alizarin red as the complexing agent. Chemical yields were 30%

to 50%.

TITANIUM | |
. Five milligrams of titanium (IV) carfier as titanic acid was
added, The firét precipitation, of titanium was as the hydroxide,which
was washed and then dissolved in hydrochloric acid., Tartaric acid was

' added to complex'the titandum, and an iron-manganese basic sulfide
scavenging was performed, The supernate.containing,titénium was made

1 N in hydrochloric acid, and. the cupferrate was formed by the addition
of 6% aqueous cupferron reagent. The titanium cupferrate was then
extracted into chloroform, and the organic layer was washed with 1 N
hydrochioric acid., After evaporation of the organic layer over concen-
trafed nitric acid to.desfroy‘all organic matter, the -residue was
taken up in acid and made alkaline to precipitate titanium hydroxide
again, This was .dissolved in 6 N nitric acid, and potassium titanium
iodate was brought down by the addition of 0.5 N potassium iodate. The
precipitate was dissolved in,hydrochloric.écid and sodium.sulfite; and
titanium was brought down finally as the hydroxide for mounting, The
analyses were done colorimetrically, using the peroxide complex in

sulfuric acid solution, Yields were about 30%.

'VANADIUM
‘ Two to five,milligrams of vanadium (V) carrier és vanadic acid
was used, The removal of copper sulfide was performed in the presence
.of tartaric acid to complex the vanadium. Hydrogen sulfide was boiled
out of the supernate, which was then adjusted to about 20 cc of 1 N v.'
hydrochloric‘acid'solutibn. Vanadium and iron were extracted asécupfer—
rates, with 1% aqueous,cupferrgn'reagent,_into successive lO-cc pértions
of chloroform, The organic layer was waShed.wifh,i N hydrochloric acid,
and it was then evaporated to drynessvovér concentrated nitric acid to
get ridvpf,al; organic matter, The residue was dissolved in hydrochlorié
acid, and titanium carrier waS'agded. The solutioﬁ was made alkaline
with sodium hydroxidé,-and the hydroxideé-of iron and titénium were

removed. The supernate was made Jjust acidic with acetic acid, and lead
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vanadate was precipitated by the addition of a 10% solution of lead
acetate.. ‘Tt was normally mounted and weighed in-this form except when
data on Vhr9

dissolved in 2 N nitric acid, and the lead was precipitated with

were desired, In the latter case, the lead vanadate was

hydrogen sulfide. The gas was expelled and the solution was evapo-
rated to dryness, wheréupon the semple was ignited to vanadium pent-

oxide for mounting and x-ray counting. - Yields were close to 80%.

' CHROMIUM _
o ' Ten milligrams of chromium (VI) as dichromate was uséd as
carrier, The copper was removed from 1 N hydrochloric acid with
hydrogen sulfide, during which step the chromium is reduced to ‘the
trivalent state.. It was then precipitated, along with the other basic
 sulfides, by the addition of ammonia and additional hydrogen-sulfide,
The sulfides were dissolved in concentrated nitric acid, free sulfur -
was rédeed, éﬁd the SOlufion'wasimade up to 5 ce with fuming nitric
 "acid, after which manganese was precipitated»as’the dioxide by the
 addition'of'solid potassium chlorate and heating. During this step,
éhromium is reOXidizéd to the hexavalent state, The solution, con-
taining the chromium and holdbacks of the other remaining elements,

was adjusted to 1 N in nitric acid and cooled in an ice bath, Four

cc of cold diethyl ether was added, and, with constant stirring, a

few drops of hydrogen peroxide were introduced. The blue peroxychromic
acid was extracted into the ether layer, and the extraction was re-
peated with.an.additional portion of ether, -The combined organic phases
Were washed with water ééidifiea with ' nitric acid. vThé_ether layer
was evaporated over a 0.5 N sodium hydroxide solution, and, after

) écidification with acetic acid, barium chromaﬁe_was precipitated by
the additién of O;h'M"barium'chloride‘soiutibn. It was weighed in

this form for the yields of chromium, which ranged from 20% to 80%.

MANGANESE

Ten milligrams of méhganOus jon was added as carrier. Copper
was removed as the sulfidé; ahd,>with tartaric aéid'pfesenf to complex
vanadium and titanium, thé solution was made alkaline with ammonis to
brecipitaté the basic sulfides, including mangenese. These were

|
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dissolved inAconcentrafed nitric acid, elemental sulfur washremoved,
and.the solution was brought to‘5 cc with fuming nifric'acid; 'Manganese
dibxide was precipitated by the additionvof_small.poftions of solid
potassium chlorate while the solution was heated in a waﬁer bath, The
précipitate was dissolved in a minimum amount .of concentrated nitrid
acid.aﬁd hydrogen peroxide. Holdback‘carriers.for adjaCenﬁ elements
were added, and manganese dioxide was again.precipitated ffom a fuming
nitric acid solution, The procedure was repeated again when time
allowed; Analyseé were done colorimetrically on permanganic acid,

Yields ran close to 80%.

- IRON o )
Five milligrams of‘férric ion was added as carrier., The target
solution was adjusted to 7.7 E_hydrochloric.acid,,and the iron was

" extracted into isopropyl ether. The ether layer was washed well with

T:TN acid,_and then it.was'evaporéted over water on a hot plate. The

lsolution.containing the iron was made'basig with sodium hydroxide, and

ferric hydroxide was centrifuged after digestion. The pfecipitate was

dissolved in hydrochloric gcid, and the extraction was.fepeated.

Aﬁalyses were done volumetricaliy. Chemical yields were better than 75%.

COBALT

\

i

FiVe_milligfams,of cobaltous ion.carrier'wasvused.' Copper was
',remqved, and cobalt was precipitated along with the other basic sulfides
after the addition of amenia andAadditional hydrogen sulfide. The
sulfides were dissolved in 6 M hydrochloric acid and solid potassium’
'-chlorate.v The solution was adjusted to 3 N in acetic acid, and cobalt
was precipitated by the slow addition of 3 cc of a hot, saturated
L potassium nitrite solution acidified with acetic acid, . The potassium
cobaltiﬁitfitevwas.digested in & water bath, and, after cehtrifugation,
. it was washed with an acidified’5% potassiﬁm nitrite‘éolution. It was
.dissolved‘inshydrochloric acid, holdbacks for neighboring'elements were
added, and a reprecipitation was carried out, Potassium cobaltinitrite

. was Weighed.for the yields of cobalt, which were 60% to 80%. -
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NICKEL

' Five milligrams of nickel carrier was‘added After removal of
copper sulflde the supernate was" bowled to remove hydfogen sulfide,
and then it was made. ammonlacal to pre01p1tate hydroxides of the
transition elements not formlng ammonia complexes, The - prec1p1tate
was washed with hot ammonium chloride solution, and the wash was
added to the'supernate’coﬁtaining nickel in the form of its ammonia
i,complex;_ A ferric-ion scavenging wss performed on the basic solution.
After acidifieation with acetic acid,'nickel was precipitated by’the
addition of a slight excess of a 1% alcoholic solution of" dimethyl
gloxime, The nickel precipitate was washed with water, and it was
dissolved in conceﬁtrated hydrochloric acid, Cobalt and maﬁganese
holdbacks were added, the soiution was neutralized with ammonia, and
it"was made just acidic with acetic acid to retrecipitate nickel, which
was weighed as the d1methylglyox1me salt, Chemical yielés“%ere’ho%
a Sto 505 8 o

'COPPER

_- - The dissolved target foil acted as carrier fof.the'eepper
activities;' The target solatlon was adJjusted to l N hydrochlorlc acid,
and solid sodium bisulfite was added to reduce cupric to cuprous ion,.
A portlon of the copper was then pre L1p1tat8Q as thlocyanate by the
' addltlon of a few drops of 3 M sodium tn1ocyanate The cuprous thio-
'cyanate Was-"-f washed with water and dissolved in nitric aeid The
solution was adguuted to 1N ac1d after b0111ng with concentrated
’ hydrochlorlc ac1d to remove nlt”dte and canrous tbloﬂyanate was pre-
cipitated as before. Tt was wewghed in tnws form, This procedure
pefmits_short-lived Cu6O and Cu6? to be seen easily° ff“only Cu
and Cuéh\afe to be studied, the precipitation of cepper’suifide Tirst
leaves the target solution in a moré favorable condition for_removai

of other elements. ' o : /

ZING |
Five milligrams of zinc was added as carrier, Copper sulfide
was removed, and zinc was precipitated along with the other basic

sulfides. The prec ipitate was dissolved in hydrochloric acid and
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potassium chlorate, and the solution was adjusted to about 6 N acid,

The solution was then put on a pretreated Dowex-l anlon-exchange .column,
Zinc exchanges W1th the resin, and it remains down to hydrochloric acid
| molarities below one, while all.other exchanging elements -- such as
cobalt, iron, and gallium -- are eluted by a 1.5 M acid.c0ncentration.
The resin was. washed well with 1.5 M acid, and zinc was fihally eluted
with pure water, The eluate containing the zinc was adjusted to l'y
hydroéhloric acid, and 1 cc of satuﬁated.oxalic_acid-was added., The
zinc was precipitated by'addifion of an excess of'ammonium thiocyanate
and mercurous .chloride reagent with coollng in an ice bath, Scratching
"the sides of the contalner also aids in 1ndu01ng pr601p1tat10n The
zinc mercuric thlocyanate was .dried for-lO minutes in a vacuum desic-
cator, and weighed for the chemical yields of zine, These were greater

than T0%.

GALIIUM

Five milligrams of gallium-carriér:was added, The target
solution was adjusted to 7.7 N hydrochloric acid. Galiium and iron
were exﬁracted into_isopfopyl ether, and the organié layer waS»Washed
with 7.7 E'acid.v,The orgahic phase was evaporated bver water on a
hot.platé. The water solution of gallium and iron was édjusted to
1 N in sodium hydroxide, and was digested to precipitéte ferric .
hydroxide. An adaitional iron scaVengiﬁg was performed on the basic
solution, The gallium supernate was adjusted to 7.7 N hydrochlorié
acid' and the eﬁhér extréction was repeated., The gallium was finally
'vpre01p1tated as the 8-hydroxyquinolate by the addition of a slight |
excess of a O 35 M aqueous solution of 8—hydroxyqu1nollne made 2 N
with respect to acetic acid, and by’thevsubsequent,slow addition of -
6 M ammonium aéetaté_until the permanent yellow precipitate formed,
One ccvexceSS.of_reagent was then added aﬁd the solution warmed to
about 60° C. The gallium,8-hydfoxyquinolate was dried at 110° C, and :
was weighed for the yield,ﬁf gallium, which was 65%. .
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"D. Counting Technigues

1. Mounting of .Samples -

The final-precipitates,Werevfiltered.ontoipreviously'tared
filter paper by use ‘'sf the chimney setup shown in Fig. L(a). ‘The
filters were standard-7/8éineh-diameter disks bored out-.of a stack
of No. 42 Whatman filter papers by means of a cork bbrer mounted in -
a lathe, Prepared in.this'mannef, the'filter disks. seldom.varied more
than a milligram from an average weight. After being dried and weighed
for the chemical yields, the samples.were.mounted on strips of two-
sided scotch tape-which were adhered te'standard 3.5-by-2.5-inch in-

~ dented’ aluminum caids (350 milligrams per square centimeter), A thin

' ~cover1ng of rubber hydrochloride (0.6 mg/cm ) was stretched .over each

" sample and attached around the filter t6 the uncovered portlon of the
scoteh tape strip, as illustrated in Fig, 4(b). This arrangement kept
the samples firmly in place even over many months of countlng

‘The aluminum monitor foil was cut -into two pleces, which were
mounted on separate cards for counting to insure that none of the Na24
fact1v1ty in the foil would be missed because of a sample size larger
than the counter window, No sample cover was necessary for these foils,

' Samples for which the rate of emission of x-rays was to be

determined were mounted: on -small aluminum hats withaa zapon film and
left uricovered, -Since the energy of aluminum x-rays is well below
that for the transition eiements, they would not interfere with the
eounting_of,theée élements in_case the radiations emanating from the

 samples induced X-rays in the aluminum mount.

2. Deecription of Instruments Used

Four types of instruments capable of -detecting the various _ .
'vradlatlons associated with the decay of nuclear species were used 1ﬁ

“this study. The following is a brieéef .description -of each_of these v
counters: : ' | |

(a) Geiger counter; beta-particle counting. ~In ‘the very early stages

of this work, argon-filled, chlorine-quenched Geiger tubes with a

o -
34mg/em mica end window were in use at this laboratory for counting
beta radiations. A small portion of the data was obtained on these

counters,
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(b) Proportional counter; beta-particle counting. End-window, methane-

flow proportional counters have since replaced the Geiger tubes mentioned |
.above.‘ Several advantagee:have resulted from this change, among them
increased stability and higher geometry obtainable. A 2-mil-diameter,‘
tungsten wire is used as the high-voltage and collector electrode, The
window is made of aluminlzed mylar 1 mg/cm2 thlck and 1 inch in diameter,
A notched aluminum sample holder permits a mounted sample to be placed
at any one of nine distances frOm'the'window, cerresponding to different
- geometries, .These eounters are uced'in conjunction with a fast linear
amplifier and the .common scallng unit . employing powers of two as a
_scaling ratio. Tests made with high-energy (Na ) and low—energy (Co6o)
‘beta-emitting standards,on these countérs indicated that there was no
sensitive-volume discrimination on any shelf over this range of beta

" energies. S _ - | '

- (c¢).Windowless proportional counter; x-ray counting. For two of the

9

isotopes studied, Fe55 and V7, the absence of beta and ‘gamme. radiations
_nece351tated the countlng of x-rays in the 5—kllovolt region, A wdndow-
- less, 90% argon-10% methane gas-flow proportional counter and pulse-
dheight analyzer were used for this purpoae. ‘

(d) Sodium iodide scintillation spectrometer; gsmma-ray counting. For

the extensive gamma,-ray counting that was done, a sodium iodide (thal—
Jlium actlvated) crystal, 1.5 inches in dlameter by 1 inch high, was ‘
used in conJunctlon with the 50-channel differential pulse-height ana-
lyzer mentioned above, The,crystal_was encased_WLth_a,coatlng of
‘magnesium oxide and separated from the sample being-counted by a thin
beryllium window, A quartz disk bonded to the crystal was optlcally
“coupled to a Dumont 6292 photomultiplier tube Counting rates were
‘limited by the,dead time .of the mechanical registers (40 milliseconds/
channel), but this was not a severe restrietion'for'samples,obtained in
Bevatron bombardments, Quite.recehtly, the analyzer described has been
replaced by a 100-channel fast type, of Los Alamos design,:available
.commercially from the Pacific Electro-Nuclear Company'(PENCO). A1l four
counters were surrounded by appropriate lead housings to reduce back-
ground and isblate the samples during counting. When the samples were

counted, a compromise was always struck between the accumulation of
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sufficient statistics to insure an accurate counting rate and the
minimizing of the counting time relative to the half-life: involved,
so that the mid-time of the count could be taken to represent the

activity determlned over the interval.

III. TREATMENT OF DATA

A, Analysis of Decay Curves

1, Graphlcal Analy51s

When more than one 1sotope was - present .in a sample, whlch was
generally the case, it was necessary to determine the fracplons.of.the
total observed activity that were associated»with_these various isotopes,
:It.was.often:poséible tovselect and_stﬁdy/a speoificugamma»ray in the
~decay of an isotope in the scintillation spectrometer, but for following
the decay of particulate radiation on a proportional counter, the over-
511 curve had to be resolved into the separate . contributione- ‘This is
usually done by’observ1ng the decay’untll only the .component of longest
‘half-life remalns, and its countlng rate is then accurately known. The
;activity due to this isotope can be calculated at any time during the
counting'period from a knoWledge of iﬁs halfflife and use of the first-
order rate lew,,whichlis.always.obeyed in.the decay of nuclear épecies
- and subseqyently'subtracted from the gross activity at that time, The
isofope,of next_longest half-life may then be éimilarly freated, and
.the procese'repeated until all the activity observed over the whole
Vcounﬁing'period'is attributed to. one or another of the isotopes origi-
;nally present, The analy31s may be performed graphically on semllog
paper, or mathematlcally, us1ng the decay law and known half- llves for :
the 1sotopes, The latter method is somewhat more time- -consuming, but
was used_exelusively in this study when it was shown to give much more
reproducible results than the graphical method, However, when there are
several isotopes.of similar half-life present, as in scandium formed
- from copper, decsay-curve ahalysis of the beta-particle oounting data is

very difficult, and selective gamma-ray counting is necessary for
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aﬁéﬁf&fe'results. Figures 5(a) and 5(b) show the proper decay-curve
analysis of a scandium sample.obtained'in‘this work and counted in a
proportional cohnﬁer. The -actual counting rates of the individual
componentsrwerevobtaihed by gamma-ray analysis with subsequent con-

version to bete—particle.rates,by means of the factors discussed in

Section B, It can be 'seen that decay-curve analysis of the gross

countlng data would probably not have yielded very accurate results

except for long-lived Sc .,

2, Least-Squares Analysis

In some samples, an unfortﬁnate combination of yields (number
of atoms formed) and half-lives of the isotopes led to an apparent
decay intermediate to those of its components, and the gross decay

curve dropped.to-avnull counting rate without ever showing sufficient

curvature to allow a decay-curve analysis to.be-applied: One example

in this study was the element phosphorus; which has radioactive isotopes

. of mass numbers 32 and 33 whose half-lives are 14 and 25 days respec-

tively, with the yields favoring the former by about 3.5 to 1. The

gross decay curve :of one of these samples,'shown in Fig. 6, has only a

- very slight curﬁature and.an»apparent half-life of 16 to 17 days. In

_ceses,of this sort, the activities at the énd of the bombardment are

most accurately obtained by employing the method of least squares to
this complex decay. The equationsefor the application of this method ..

' of analys1s to a two-component decay system are Worked out and presented

in tabular form for convenient use in Appendix B, 'The extension of the

least=-squares fit of decay data to more than two'components is not dif-

ficult, but the amount of'labor 1nvolved increases rapidly. The results
of this type of analysis for the P3 —plus--P33 -example - mentioned ‘above ‘is
1ncluded in Fig. 6. .Other cases in this study in which.it was neces-
-uz 43

sary to utilize thls method to resolve activities were: K

CBF7,and'Scu7 daughters; Mn52m and'MhSl;'Cu62 and Cuéo, In these cases,

either the lack of gamma rays, low .counting rates, or short half-lives

prohibited the use of the gamma-ray spectrometer for resolution.
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- 3. Synthetic Plots

Although the least-squares method was used in this study wher=.

- ever necessary for decay-curve anelysis, mention will be made of two
- other graphical methods, ‘which were tested and found acceptable for use

in resolving the type of problem described in the previous section. One

of these is the synthetic plot, in which the two components to be re-

solved from & decay curve are drawn with respective helf- lives on sémi-
log paper with an arbitrary activity scale, The two lines are then
added over a fairly large time interval to give an over-sll- decay curve

'fsome portion of which the sactusl data will fit, The,resolved lines can

then be traced onto the true decay curve The -method is.applicable to
3 o

parent daughter resolution also

4, Biller Plot

.The basis for this methodoof'resolution_may be seen by writing

_the equation for the total activity in a tWOhcomponent.system,

A= Ai e ”1t + Az xa#, f o - (2)

where A = total activity meassured at time t,

’ A; =.activity of.component‘x at end of,bomhardment,
_ hx,= decay constant of component X,
' Multiplying both sides by'e+x1t, one obtains
2 et AS e(xl Nt Al , (3)

vwhich has the formvy‘= mx+Db,a straight line whose slope is equal
to the activity ofVComponent Two at end of hombardment,'and,whose

y intercept at x = O is the activity of Component One at this time.
Both the synthetic and Biller-plot methods are limited in accuracy

. becaus€ of their graphical nature but they may aid in resolving a _

‘part or parts of a complex decay curve

B, Determination of Disintegration Rates

1, 'Conversion of Beta-Particle Counting Rates to Disintegration Rates

For the calculation of cross sections, the counting rates at

end of bombardment obtained by one of the methods of decay—curve
“analysis must be converted to disintegration rates, which 1s the true
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measure of the yield of an isotope formed in a bombardment., The cor-
rections that must be applied in the case of beta-particle.counting
32

~have been studied by several investigators. ’33 The counting rate .of

a .sgmple may be written as the product of several.factors,.

A° = D G f foAfoEfoBfD, - (4)

where A is the act1v1ty of a beta-emlttlng nucllde corrected for back-
ground rate, _
p° is the dlslntegratlon rate of the nucllde, § ' -
G. is the geometry. factor, defined as the fractlonal solid angle
at the sample subtended by the counter W1ndow, »
fw is the factor for the effect of the beta-partlcle absorptlon
by the counter-tube window and the air in the space between the tube
and the source,
_ fC,ls the factor for the effect of the flnlte resolving time of
the counting tube and c1rcu1t
f is .the factor for the effect of air in scatterlng beta parti-

A
cles into the. counter (separated for convenience from the effect due

to air absorption), .

be is the factor for the effect of the’source-support structure
and -walls of the housing in scattering beta particles into the counter,
fE is the factor for .the efficiency of the counter; it 'is defined
as the ratlo between the number of particles counted and the number of
particles that penetrate the counter w1ndow,

fS is the factor for the effect of the mass of the source in
cau81ng both scatterlng and absorptlon of beta partlcles,

fB is the factor for the increase in countlng rate due to back-
scattering by the materlal supporting the source,

fD is the decay -scheme correction.

. The following is a brief discussion. of each of these corrections and

the’assumptidns'made in this work concerning them.

(a) Coincidence correctlon, fC:
The chlorlne—quenched Geiger counters that were used for a
smali portion of this work had a coincidence correctlon of 0.45% per

leOO counts-per minute as determined by the method of spllt sources,
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-;’The_methane-flow proportional counters had no detectable_coincidence

correction up through”lO5 counts per minute,*so that it is'probably
1/50: or l/lOO of the Geiger-=counter: flgure, and it was neglected on "
these: counters ' o

(b) Air and housing scattering, f, add f:

A "
These effects have been -shown to be small3 for an aluminum-

~11ned lead housing such as the ones used in this work and they were

fneglected. o _
(¢) Efficiency of the counting tubes, fp:
"This factor was assumed to be unity for‘both.positrons.and

60

negatrons. - An experiment-using soft Co and hard NazlL negatrons

vindicated that there was no energy dependence in . this factor,

(&) Air-window absorption, £
For the spectrum of beta particles emitted by a radioactive

~ ‘sample, absorption-is'exponential_for_smallvabsorber thicknesses,

This fact enables one to determine an empirical formula, relating an

absorption coefficientvp,and'maximum betasenergy_Emax,.from which.f‘W

can be calculated by the relation

Ty =-exp(-uﬁ): ‘ | o N o (5)

'where b is the absorptlon coeff1c1ent

t 1s the thickness of air plus w1ndow, in mg/cmz.

3k

The follow1ng emplrlcal relatlon glven by Gleason, Taylor, and ‘Tabern

- was used for obtalnlng the absorptlon coefflclents

4w = 0,017 E axk3 B - | (6)

These. relations were. checked; using hard and soft beta emitters by

actual measurements with thin aluminum absorbers, and found to hold

’nwithin-experimental‘error; Consequently,'theufactors f . were usually

W

: calculated for nuclides by means of these .equations,

(e) Backscattering correction, £y A
~ The eff