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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 

Natural copper was bombarded with 5.7~Bev protons in the 

University of California .Radiation Laboratory's Bevatron. Formation 

cross .sections for 59 radioactive isotopes from mass number 3 (tritium) 

to mass number 68 (gallium) are reported. The results €Ire ~uite dif

ferent from those found at 340 Mev, in that .there is an increased 

tendency to form products removed .from the copper target by as many 

as 4o mass units. On the other hand, the experimenta,lly measured· 

.cross sections are similar to those found at ·2. 2 Bev by workers at 

Brookhaven National Laboratory. The experimental data .were treated 

empirically, and from the results of this analysis, th~ eros'S .sections 

were determined for all stable and u:nmeasur.e.d isotopes with· a lower 

atomic number than .copper. A general e.xPression is given, from which 

any cross section in this study from mass number 22 .to 61 may be 

calculated with a 65% certainty (on the average) • The .observed dis

tribution of products is discussed in terms of the present ideas on 

high-energy nuclear reactions, and this distribution is compared to 

some preliminary theoretical calculations based on a nuclear model 

that incorporates the above ideas. Observations on the (p,pn) and 

(p,prc+) reactions on copper are compared with those found by other 

workers at .lower energies. The yields of secondary products are 

discussed. 
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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 .vfFry. use.ful means of probing into the properties of .the nucleus. 

It is limited to surveying the end products or debris of the collisions 

between accelerated particles and heavier target ri:uclei, 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 whEm nuclear transmutations are induced in a target by particle 

bombardment. 

In recent years, a number of radiochemical studies employing a 

variety of bombarding particles have appeared in the literature. These 
,. 

encompass a wide range of projectile energies and target materials spread 

throughout the periodic table. Reasonably complete summaries have 

tl b . ' l-4 c h b t• l l ul recen . y een · ccompiJ.:ed. opper as een a par 1cu ar y pop ar 

bombarding material for several reasons: 

(a) The pure ,·:ni.etal ~ is easily obtained in nearly any desired uniform 

thickness. 

(b) The number of r'aMoactive. nuclides that may be formed from the 

bombardment of copper is not so prohibitively large as to prevent a 

single experimenter from studying all c :· 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 Z) for one to observe the changes in this 

distribution over a very wide range of energies. 

(c) 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 spectroscopistB 

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 oe formed from copper. 

One disadvantage in.bombarding copper is that there are two 

stable isotopes .in natural copper, which complicates the analysis of 

cross sections for nuclides close to the target. 

The bombardment .of copper with deuterons, 5-B alpha particles, 6·; 7 

neutrons,9 and x-rays, 4 all in the .energy range of hundreds of Mev1 has 

shown that the nature of the bombarding particle does not strongly affect 

the distribution of nucle~ products formed, so thl:l.t the m~jo:l-ity of the 

studies .on copper over a wide energy range have employed protons as the 

piooject:i.le. The following .is a summary of these radio6h~mical investi

gations: 

Proton 
Energy. 

(Mev) 

32 

o'l:"ioo 

49 
90 

190 

'340 

480 

68o 

2200 

5700 

(Worker(s} 

Ghoshal 

Meadows 

Carle son 

Coleman, Tewes 

Coleman,_ Tewes 

Batzel,; ·Miller, Seaborg 

Vinogradov et al. 
., . -~-

Vinogradov et al. 

. Friedlander et al. 

Barr 

.Reference 

Phys. Rev. 80, 939 (1950) 

Phys. Rev. ,2!, 885 (1953) 

Acta Chern •. Scand. 8; 1697 (1954) . . . -
Phys •. Rev. 99, 288 (i955) 

Phys. ,Rev. 99, 288 (1955) 

Phys. ,Rev~ -~· 671 (1951). 

Conf. Acad. Sciences .U.s.s.R. 
- (English translation) p. 85 

Conf. Acad. Sciences U.S.S.R. 
_(Engli~h translation) p. 85 

Phys. ~ev. 94, 727 (1954) 

This·w6rk 

In addition to these rather complete studies:; several workers have 

studied the yields of particular is.otopes ;of inter~st •10 ""12 

.For incident particles with energy less thall. about 50 Mev~ the 

Bohr compound-nucleus .model gives an adequate descriptio:h of observed 

I'esults •
1

3 This model pictures the reaction ~·s a two-step process. In 

a t;Ypical event, the incoming projectile is absorbed by· a target nucleus 
I . 

' .. I 
to form a compound system, with the kinetic energy of the projectile 

being distributed .among the nucleons duririg .a time which is long com

pared with the time it .would take for the incident particle to traverse 

the nucleus. .During this time, it is assumed that .the compound nucleus 
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"forgets" how it was formed, so that tJ::e second step, which is the decay 

of the system according to various possible modes of particle emission, 

is independent of the method of formation. The experimental work of 

Ghoshal has verified this description. 

As the bombarding ,energy is raised, however, the observed results 

are no longer consistent with the above model,, which would predict a 

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

.nucleus. 'The data of Carle son, Coleman and Tewes, and Batzei show that 

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

but that there is a gradually increasing tendency to form nuclides re

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

interpretation 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

ducing the onset of meson production, the possibility of new mechanisms 

led Friedlander, and the Brookhaven group to repeat the copper study on 

the Cosmotron. They found <luite different results from those at 340 Mev. 

The cross sections for products req_uiring verylarge amounts of excita

tion energy had increased by several orders of magnitude, apparently at 

the expense of those close to the target. .With .the completion and suc

cessful operation of the University of California Radiation Laboratory's 

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

immediate interest to extend these measurements for comparison with the 

previous work a:nd the current ideas on high-energy· nuclear reactions. 

Hence, this study was undertaken. 
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II. . _EXPERIMENTAL · :EROCE.DURES 

l. General Foil Stack Content 
' . 

The targets that were bo~barded in .the Bevatron consisted of a 

.stack of 3/4-by~l-5/8-inch c~ppe:r 8Jld aluminum foils arr.angedas shown. 

in Fig. l (a). The 3-mil aluminum foil was used to .measure the number 

of prot~ns that had passed thi-ough the foil ~tack by mea:ns of the Al27 
' . . 24 . ' ' . ., ' 
(p,3pn) Na reaction. For this reason, it is called the beam.monitor. 

J, r.· .. . ., 

A discussion of the cross section for this reaction is given in Section B. 

The monitor was :preceded by a 1-~il aluminum guard foil in order 
. . . ' ' . 24 ' ' 

to compensate for the recoil loss of Na out of the monitor foil, . . . .. ' .·. : 

although this loss can be estimated from published data to be _less than 
' ' ' 1.4· 1.5 

lojo for a 3 ... mil aluminum. foil at this energ;y. ' · A l':"mil aluminum guard 

foil was alsO inserted between the monitor and the .copper t8.!get to 

protect the''.monitor from impurities due to recoils in the backw~d 
. . . : .. •.. . .· 

directionout of the copper. 

The copper target foils varie~ from 2 to 14 mils thick, depending 

upon .the half-lives of the products to be removed. Since the number of 

atoms of a .. nuclide formed during bombardment is proportional -~~ the number 

of atoms per square cei,ltim.eter of the target ;materiaf- exposed to the 

particle beam, an increase in this quantity will lead to mqre favora~le 

counting rates of the nuclide when it is eventually isolat~d. This is 

esp~cially desirable for the longer-lived isotopes. However, for protons 
I . . 

in .the Bev energy range, there is another factor to be.considered, 

specifically multiple traversals of the target by the proton beam, which 

is effectively an increas.e 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. 

Hence, these two opposing factors were considered when choosing the 

thickness cif copper target material to be bombarded. 

2. For Investigating Products Lighter Than Aluminum 

For studying those products below aluminum that ~e formed in the 
28 24 22 18 ll 7 bombardment of copper -- namely Mg , Na , and Na , F , C , Be· , and 

tritium -- it was necessary to guard the copper target from recoils of 

'..:.· 
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FOIL STACK 

PROTON BEAM 
FOIL 

~a 
\ALUMINUM FOILS ·. 

LUCITE BLOCKS_..... 

() 

j 

MU-13431 

Fig. l (a). Details of foil stack andlucite holder; a,c= l-mil 

aluminum foils; b= 3•mil aluminum foil. 
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MAGNESIUM 

LUCITE 

PROBE -SLEEVE 

STACK 

MU-.13432 

Fig. l (b), Complete target assembly. 
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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. 

For Investigating Secondary Products 

It was thought that the presence of an aluminum monitor .foil 

giving rise. to a flux of low-energy evaporated nucleons might .appreciably 

affect the results for the copper and nickel isotopes. ·However, the cross 

sections for the· copper isotopes as determined by using the aluminum 

monitor agreed within experimental error with those obtaine~,by irradi-. 

ating a bare copper foil and using calcium as an internal monitor. 

Neverthele.ss:;:: the zinc and gallium secondary products were studied by 

using .the latter method of internal monitoring, since the formation of 

these products is especially sensitive to low-energy micleohs 0 

4. Target Alignment 

Sirice it .was critically important to insure that the aluminum 

and copper foils received the same proton flux during a bombardment, 

their areas had to be matched as closely as possible when in the foil 

stack. All foils were machined, tovthe sp~c:Lti'i'iid dil:nensions togetherJ 

and Yr.hen a target ,of these foils was being assembled, as much care as 

possible was taken to align their leading edges withthe aidof a 

magnifying glass. Two small strips of scotch 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 shown in 

Fig. l (a). When .mounted, the foil stack protruded 1.25 inches beyond 

.the lucite block, and the leading edge of the stack was a total of 5 
inches from the face of a magnesium mount to which the lucite was 

. attached, as shown in Fig, l (b). The metal mount was provided with a 

short sleeve which fitted ()nto the pnetiniat::!_c·,pr-obe :iD: the Be·v-·at:J:Jon. This 

arrangement was found to be the best for fast removal of the targets 

·from the accelerator. At the conclusion of a bombardment, about l inch, 

of the foil stack protrusion .was scissored off to be worked up radio

chemically, 



5. ·Target Materials 

Electrolytic copper foil, obtained from A. :D. Mackay:, Inc. was 

used as the target material. A spectrochemical·analysis revealed a trace 

of magnesium and silicon ,(approximately o.ol to 0.001%), but no other 

detectable elements. The aluminum foil that was used as the beam monitor 

contained approximately 0~5% silicon., 0.05% iron,-andO.Ol% magnesiUm., as 

. determined by spectrochemical methods. · Inipuri ties present in these orders 

of magnitude make negligible contributions to the activities of isotopes 

that may be formed from their bombt:p:'dment, in comparison with the amount 

formed., from· the .copper or aluminuni. 

B. Bombardments 
···-

l. The .Bevatron 

A review of proton synchrotrons, to which class .of accelerators 

the Bevatron belongs, and the principles involved in_their operatd.on has 

been given by Livingston/6 The Bevatron has ·the so.;.called "race track" 

design of four magnet quadrants with straight sections between the 

quadrants. Its operat.::i.on depends upon an extension of the synchrotron 

principle of phase-stable acceleration at constant ,orbit radius in a 

magnetic field .that increases with time. In addition, since' the rotation 

frequency for protons at constant orbit radius increases byala.rge 

factor during .acceleration to Bev energies, a :VE!Iiable..:frequency 

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. 2a). 

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

the bea,m intensity available. During the early stages of this E!tudy, 

the maximum.proton:energy was 5•7 •Bev. This figure has since risen to 

. 6.2 Bev, but all the .experiments .mentioned herein were conducted at 5. 7 
Bev. The beam intensities at first were of the order of 109 protons per 

pulse, with a .maximum rate of 12 pulses per minut~,. Intehsities .less 

than this amount .would not have been of much .use in a study of this sort. 

However, thr.ough improvements 1 the beam was gradually increased over a 
ll period of two years so that 2 to 5 x 10 protons per minute were con-

sistently available; and, just ~rior to a shutdown at the conclus~on of 
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. this work, a beam of ~012 protons per minute was 9btained.. 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 minutes. 

During the acceleration .cycle, the target was withdrawn from 

the beam_ aperture.. Just prior to the t·urn-off of the rf acceleration, 

the target was propelled by means of an air-driven probe to a position 

slightly smaller than the eq_uilibrium radius of the proton orbit. When 

the acceleration was turned off, the magnetic field continued to rise, 

and the proton packet /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 would be multiple traversal:s by the 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 calibrated induction 

electrode in the· Bevatron with the actual-number that passed through .the 

stack as obtained from the aluriJ.inum monitor foil• The difference between 

the two estimates was ascribed to multiple traversals,·which take place 

iri. the portion of the foil stack that protrudes beyond the lucite block 

described in the last section, since once the proton beam makes a single 

passage through the thick lucite holder, it is effectively lost there

after. 

In Appendix A, a relation is derived for the number of. traversals 

a proton beam of a given energy makes through a foil stack of any target 

.material. The result for 5. 7-Bev protons is 

dE 
ls:r = (0.220 dX b + 0.0003) n, (l) 

where Jj. r =length· of foil stack through which multiple traversals take 

place (in inches) , · 

dE 
dX 

= rate of energy loss of protons w.ith target thickness (in Mev 

per g;ram per sq_uare centimeter), 

b = target thickness (in grams per sq_uare centimeter), 

n number of traversals. 



For the copper-aluminum :foiL stacks used· in this study:; 

8 r =the l..:inch targetpro~rusion;~which was cut .off and worked 

up radiochemically;. 

for 5.7-Bev protons, dE 1.574 Mevfgramjcentimeter2, 
d.Xcu 

(Ref. 17) 

dE 1. 782 Mevjgramjcentimeter2 • 
d.XAl-

·(Ref. 17) 

The variation of. the number of tr.aversals with target thickness calcu-_ 

lat~d by insertion of these parameters int~ J!;q~~~-.(1) is plotted in Fig. 2 

along :with the experimental results .mentioned previously •. The agreement 

is quite good'" and it is probable tha~ Eq. (1) will give accurate .re-

sul ts for any target when 1::. r is of the same magnitude as that used above. 

3. Cross Section for Aiuminum-27 (p,3pn). Sodium-24 

This reaction has been widely. 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 24-hour 

·cooling period, 15.0-hour Na
24 

is the only activity 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 
. - 24 ( ) 

may form .Na in aluminum by an n,<X · reaction •. Howeyer, for targets 

less than a .gram per squa.re_centimeter, this effect has been shown to 
. 18 

be negligible. 

Several workers are responsible for the complete excitation 

to 6 .B.ev.l9-25 function for this _reaction from threshold up In Fig. 3, 
the most recent results are plotted. Within experimehtal error, the 

cross section is constant from 34o Mev to 6 Bev. For this work, 10.5 

millibarns was used for the monitor cross section at 5.7 Bev. If-a 

.better value for the monitor cross section is obtained in future studies~ 

the experimental cross sections in this investigation can be recalculated. 

An alternative reaction, which can be used as a beam monitor 

fo:r bombardments in the Bev energy range, is At_rl97 ( p, spallation) Tb 149, 

which has a threshold of 0.6 Bev, and thus offers the advantage that it 

is insensitive to low-energy secondary particles. ·In a suitable counting 

arrangement, the gold foil may be analyzed directly for the alpha parti

cles from Tb149 despite the presence of numerous beta-emitters. The 
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0 
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Q) 
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I-

- 20 0 
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::J 
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10 

100 200 3100 400 , ... 
Thickness of Cop p~r (mg/cm2 ) with 39 mg/cm2 Aluminum 

MU-13433 

· Fig .. 2. Multiple traversals of the Bevatron beam through, copper . 

targets as a function of the thickness of copper. 

o = experimental data; --- = calculated from Eq. l. 
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Fig., 3. Complete Al
27 (p,3pn) Na24 excitation function up to 6 Bev. 
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cross section for this reaction as a frmction of energy up to 6 Bev has 

b~en studied by Duffield and Sugarman
26 

and Winsberg. 27 

C. Chemical Separation Procedures. 

In order to estimate the amount of activity lost through chemical 

separat·ions of the elements, l• to 10-milligram amounts of inert .carriers 

of the elements to be removed in a given bombardllent were added to the 

original target solution, usually inthe form of chloride or nitrate 

solutions. Consideration of the gravimetric factor of the eventual 

weighing form as well as of the .energy and type of radiations to be 

cormted governed the exact amormt .of carrier used in the various bombard-
i 

ments. In most C~?-Ses this choice was arranged so th:at eventually the 

sample lay between 5 and 15 ,mgjcm2 .in order that an estimate of the 

self-scattering self-absorption correction described in Section III could 
·-·· -~ \'' ' be .made by using published curves of this correction. In special cases 

such .as s35J Fe55J and v4~where the energy of the radiations is quite· 

low and self-absorption of these radiations in the sample could be 

significant, samples of less than 5 mgjcm2 were obtained by using small 

amormts of these carrier elements .. With a known amormt .of carrier 

initially added and a chemical yield of the same element in the final 

precipitate, one has a measure of the amormt of activity lost during 

separations. 

The degree of· radiochemical purification of an e.lement and 

therefore the type of chemistry used for its removal depends upon the 

cross section and counting efficiency of the nuclide rmder consideration. 

If these are both high for an isotope, then its· degree of purification 

does not ·:have to be too great, but if they ar~ lowJ then a good clean 

separation is necessary. The use of selective gamma-:-ray analysis ap

preciably reduces rmcertainties .of this sort, and indeed, some insight 
\ . 

was gained into the chemistry of the elements studied wh~n contamination 

did occur by establishing .unambiguously the nature .of the contaminant 

through gamma.,.ray analysis. and half.-life observations •. However, an 

attempt was always made to achieve as high a degree of purification as 

time allowed by using the techniques of solvent extraction) ion exchange, 

and selective precipitationso In addition, "holdback" carriers of 

undesired element's were added to dilute the radioactive species associated 
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with these' elements, and ."scavenging agents" were used. to remove pos

sible cont~inants whose chemistry allowed their preCipitation while 

leaving the desired element in solution. 

The following .chemical separation procedures are adaptations 

.or revisions of· those used by other workers. 28-3° . Unless otherwise 

noted, the copper foils.werealways dissolved in· a minimum of concen

trated nitric acid along .with the carriers for elements to be removed, 

and after dissolution, the solution was adjusted to I! 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. 18 The copper foil was melted at about 

1000° C and allowed to come to equilibrium with hydrogen carrier gas 

at a .pressure of 11 em mercury in a quartz furnace tube (volume ap

proximately 0.1 liter). The gas was then passed through a palladium/ 

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 hydroxide with ammonia. The precipitate was dis

solved in hydrochloric acid, ferric ion was added, and the solution.was. 

nearly neutralized with sodium hydroxide. It was then transferred with 

vigorous stirring to another cone containing enough 20% sodd.um hydroxide 

to give the whole .. solution a 5% base ·concentration. After digestion 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 :was dissolved in 3!'! sodium hydroxide, a saturated 

ammoniu.m chloride solution was added, and the mixture was digested to 

reprecipitate beryllium hydroxide, which.was·centrifuged,·washed, and 

then redissolved in hydrochloric acid. About 15 .cc of a pH6 sodium 

sulfite-bisulfite .buffer was added. The beryllium was extracted into 
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an eq_ual voluni.e of a 0.4!:! thenoyltrifluoroacetone (TTA) in benzene 

solution by rapid eq_uilibration for 20 minutes. The organic phase 

was then washed successively with: 1vater twice; 8M nitric acid twice; 

water once; J.! sodium hydroxide twice, NOT LONGER THAN 10 SECONDS FOR 

EACH WASH; once q_uickly with water. Beryllium was then re-extracted 

into a 2:1 mixture of concentrated :formic: concentrated hydrochlC?ric 

acid, from which the hydroxide was precipitated'with ammonia after 

neutralization. After the precipitate was washed and dried, it was 

ignited at 1000° C to beryllium oxide, and weighed. Chemical yields 

were 50% to 60%. 

CARBON 

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 rriake the 

mixture -alkaline. The precipitate was washed with water·and transferred 

to a distilling flask, and 72% perchloric acid was added. Fluosilicic 

acid (the silicon was supplied by the glass walls of the vessel) was 

distilled out at 130-160° c, and the distillatewa.s caught in a pH 6 

acetate -buffered lead chloride solution to precipitate lead chlorofluoride. 

This was then transferred to a second distilling .flask, and·the above 

distillation .with perchloric acid was 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 about 20~ • 

. SODIUM 

Ten milligrams of sodium carrier was used. The target solution, 

adjusted to concentrated hydrochloric acid, was cooled in an acetone -ice 

bath, and anhydrous hydrogen chloride gas was passed through for 15 . 

minutes to precipitate sodium chloride. ·The salt was washed with two 

small portions of concentrated l).ydrochloric acid saturated with gas. It 

. was dissolved in water and scavenged with ferric hydroxide by addition 
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of ammonia, and the ammonium ion was destroyed b~ heating with a~ua 

.regia. A reprecipitat,ion of .sodium .chloride was carried out. After 

the precipitate was washed as above~ the salt was transferred with 

absolute alcohol to. a weighed platinum pl.ate, dried with a heat lamp, 

and weighed as sodium chloride .. Chemical yields were of the order 

of 20% to 30%. 

MAGNESIUM 

Five milligrams of carrier was used. Magnesium was removed 

as the carbonate from the supernate after removal of the acid and 

basic sulfides. The magnesium carbonate was washed and then dissolved 

in. dilute acetic acid, and a .calcium scavenging was performed with 

saturated oxalic acid, The .oxalate ion was destroyed by boiling ~ith 

concentrated nitric acid. The solution was then neutralized with 

ammonia and made just acidic with dilute hydrochloric acid. Upon 

addition of a .saturated solution of diammonium phosphate, magnesium 

was precip1tated; it .was washed with dilute ammonia, The hydrated 

magnesium ammonium phosphate was ignited at 1300° F to magnesium 

pyrophosphate for weighing. Chemical yields were about 50%. 

SILICON 

Ten milligrams of silicon was added to. the target .solution in 

the form of ammonium fluosilicate. The element was precipitated as 

the hydrated oxide after addition of boric acid to complex the fluoride 

io~ 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 solution. Twp titanium 

scavengings were performed on .the basic solution, and holdback carriers 

for the other elements were added. The solution was acidified with 

hydrochloric acid, and then digested to reprecipitate .the hydrous oxide. 

The whole procedure was repeated from the dissolution with potassium 

hydroxide, and the final silicaprecipitate was ignited at 625° C to 

silicon dioxide for weighing. Yield$ were ab~ut 50%. 

-. 



.. 

.~ 

i 

·- 20-

PHOSPHORUS 

Five milligrams of carrier as phosphate ion was used. The 

target solution was nearly neutralized with ammonia and .adjusted to 2N 

in nitric acid. The phosphorus was·precipitated from this. solution by 

the addition of an excess of ammonium molybdate reagent and digested 

at 50° C. The ammonium-phosphomolybdate precipitate was washed and 

redissolved in hot concentrated ammonia containing .a little citric acid 

to complex titanium~ Vanadium and titand.ilm 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 quadrivalent state, in which condition it does 

not coprecipitate with phosphorus when the latter is brought down by 

the addition of magnesiamixture. The phosphorus was then precipitated 

as magnesium ammonium phosphate by the addition of cold magnesium 

chloride reagent and enough ammonia .to make the solution strongly 

alkaline. Cooling_in an ice bath aids more complete recovery of the 

phosphorus.·. The pret:ipitate was dissolved in hydrochloric acid, and 

a.reprecipitation.of magnesium ammonium phosphate was performed. The 

sample was eventually ignited at 1300° F to magnesium pyrophosphate 

for weighing. Chemical yields ran close to 8oojo. 

SULFUR 

Two milligrams of sulfur as sulfate ion was added as carrier. 

The sulfate was precipitated as its barium salt from the target solution 

adjusted to .1! in hydrochloric acid, and it was washed well with small 

portions of water. The barium sulfate was slurried with a .concentrated 
r 

solution 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 much sulfate as possible. The super

nates were combined, carefUlly neutralized with hydrochloric acid, and 

adjusted to J.B. with respect to acid. Carbon dioxide was .expelled by 

heating, and sulfate reprecipitated with addition of excess barium 

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 chemit:al 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 ta,rget foil. - Enough concentrated 

nitric acid to dissolve the foil completely was added quickly, and the 

system immediately closed. The flask had provisions for passing .a 

gentle stream of air continually through the 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 hydrogen chloride or as 

.molecUlar chlorine. The flask was heated rapidly for a .few minutes 

after complete dissolution 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 nHrate 

and digestion in a .hot-water bath to aid coagulation of the silver 

-chloride. The centrifuged precipitate was was ned with dilute nitri~ 

acid, and then it was dissolved in concentrated ammonium hydroxide. A 

ferric (ni-trate:) scavenging was performed on .the basic solution, and 

nitric acid was added to acidify the supernate. Silver chloride-pre

cipitated from the acid solution, and excess silver ion was added to 

insure complete precipitation. After this final step, the silver 

chloride was not diges'ted to induce coagulation, but filtered immediately; 

This gave niuch smoother samples of silver chloride, which were then dried 

·and weighed for the ;Yields -.of chlorine, which were 30% to 40%. 

ARGON 

The argon experiment was carried out in the UCRL.Chemistry 

Department's triti1llii apparatus, and because a good technique for 

purifying the argon chemically'would have entailed revising the vacuum 

line somewhat, only two'steps were'ta:ken to prevent contamination by 

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

was placed at the mouth of the furnace tube; (2) the argon sample was 

passed through a liquid-ni trogen ... cooled.finger in an attempt to freeze 

.out the argon, with the ilitent of then letting it distill out as the 

finger was slowly warmed, leaving less volatile impurities such .as 

carbon dioxide behinfl. The latter step proved ineffective, probably 

~ 

' 
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because the gas was passed through the fingertoo quickly. HoweverJ the 

only impurity observed in the argon .sample·was c11
, 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 em mercury as carrier •. The chemical' 

yi.e ld we.s 4 7%. 

POTASSIUM 

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 de'st!royed by heating the potassium 

supernate to dryness several times with nitric acid. The salt was dis.,. 

solved in a minimum amount of water, and about5 cc of concentrated 

perchloric acid was added.· Potassium perchlorate precipitated when the 

solution was cooled in an ice bath. The centrifuged precipitate was 
0 redissolved in 1 cc of perchloric acid 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 was washedwith absolute 

alcohol and-dried under a heat lamp to be weighed as potassium perchlorate. 

Chemical yields were about 40%. 

The above procedure .consistently failed to remove about 0.5% by 

activity of phosphorus impurity '-- which does not affect the potassium 

results, however, because of the comparative half-lives involved. 

Partlybecause of this impurityJ but mostly in order to observe short-
. . 38 -44 

lived K and .K , a much faster chemical pr6cedure was tested, with 

good results. 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 _c.arried out from the target 

solution adjusted to about 15 .cc volume with a pH of 4 to 5 and warmed 

to 40° c.· The reagent used is a 0.1 ~solution of sodium tetraphenyl 

boron obtainable fromthe Matheson Chemical Company. An excess of the 

reagent should be avoided_during precipitation, since it tends to co

prec'ipitate with the potassium salt. The procedure is reported to 

remove potassium cleanly from all the alkaline earth and transition. 

elements,3
1 

although cesium, rubidiumJ and ammonium ions are also 
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precipitated. However_, for removing potassium rrom copperJ the method 

seems. ideal for looking at the short-lived isotopes men~ion~dJ although-· 

.. owing to an accelerator shutdown )toward the end of this study-it was 

never actually tested on a bombardment. 

·cALCIUM 

Five milligrams of calcium carrier was added. The acid and 

basic sulfid~s were removed, and the calcium supernate was heated to 

drive off hydrogen sulfide. The solution was acidified with oxalic 

acid, and calcium was precipitated by the addition of. .i3.mmonium oxalate 

and digestion in a water bath, The hydrated .calcium ox,alate was dis

solved in dilute nitric acidJ and oxalate ions were destroyed by 

boiling the solution rapidly with potassium chlorate present. The 

solution was made basic with ammonia, and two ferric s.cavengings 

were performed. Oxalic,acid was added to acidify the su~ernate, and· 

calcium oxalate was reprecipitated. It was washed with small portions 

of water and dried at 110° C to be weighed. Chemical yields were 60% 

to 70%. 

SCANDIUM 

.Ten milligrams of scandium carrie:r:' was used. The .element was 

first precipitated as the hydroxide,with ammonia after removal of the 

copper. The hydroxide was dissolved in co:r,tcentrated hydrochloric acid, 

titanium (IV) and ferric holdbacks were added, and the solution was 

passed through a pretreated Dowex A-l ion-exchange c:;:olumn (200-400-mesh 

resin). Scandium does not exchange with this resin, and. it eluted 

quickly. The hydroxide was again precipitated with ammonia, and it 

was washed with dilute ammonia. :It was dissolved in 0.1 ~ hydrochloric 

acidJ and the solution was carefu1ly adjusted by means of a meter to a 

pH of .2.0 with dilute hydrochloric acid and sodium hydroxide. Scandium 

was.extracted into an equivalent volume of 0.4 !i thenoyltrifluoroacetone 

(TTA) in benzene by equilibrating the phases for ten minutes. The 

organic phase containing scandium was removed and washed well with small 

portion~ of water. Scandium was re'-extracted into two 3-cc portions of 

1 !'! hydrochloric acid, and it ,was finally precipitated as the hydrous 

.... \ .• l .: -

·~ 
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oxide with sodium hydroxide. The analysis was done calorimetrically 

with alizarin red as the complexing agent. Chemical yields were 30% 

to 50%. 

TITANIUM 

Five milligrams of titanium (IV) carrie.r as titanic acid was 

added. The first precipitation of .titanium was as the hydroxide, which 

.was washed and then dissolved in hydrochloric acid. Tartaric acid was 

added to complex the titan~um, and an iron-manganese basic sulfide 

scavenging was performed. The supernate containing titanium was .made 

1 !!_in hydrochloric acid, andthe 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 

hydrochloric acid. After evaporation of the organic layer over concen

trated nitric acid to destroy all organic matter, the residue was 

taken up.in acid and made alkaline to precipitate titanium hydroxide 

again. This was .dissolved in 6 !!_ nitric acid, and potassium titanium 

iodate was brought down by the ·addition of 0.5 !!_potassium iodate. The 

precipitate was dissolved in hydrochloric acid and sodium sulfite, and 

titanium was brought down finally as the hydroxide for mounting. The 

analyses were done colorimet:dcally, using the peroxide complex in 

sulfuric acid solution. Yields were about 30%. 

VANADIUM 

Two to five milligrams of vanadium (V) carrier as va:hadic 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 !!_ 

hydrochloric· acid solution. Vanadium and iron were extracted as .cupfer

rates, with 1% aqueous ,cupferron reagent, into successive 10-cc portions 

of chloroform. The organic layer was washed with 1 !!_ hydrochloric acid, 

and it was then evaporated to dryness over concentrated nitric acid to 

get rid of. all organic .matter. The residue was dissolved in hydrochloric 

acid, and titanium carrier was added. The solution was made alkaline 

with sodium hydroxide, and the hydroxides of iron and titanium were 

removed. The supernate was made just acidic with acetic acid, and lead 
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vanadate was prec·ipitated by the addition of a IO% solution of lead 

acetate.: It was hormaliy mounted and weighed in ·this form except ,when 

data on v49 were desired. In the latter case, the lead vanadate was 

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

hydrogen sulfide. The gas was .expelled and the solution,\.ras·evapo

rated to dryness, whereupon· the sample was :ignited to vanadium pent

oxide for mounting and x-ray counting~ Yie'lds were close to 80%. 

CHROMIUM 

Ten milligrams of chromium (Vr)' as dichromate was used as 

carrier. The copper was removed from 1 ! hydrochlo:dc 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 amrnonfa and additionai hydrogen· sulfide. 

The·.sulfides were dissolved in concentrated nitric acid, free sulfur 

was removed, and the solution was .made up to 5 cc with fUming nitric 

· a.cid, after which manganese was precipitated as the dioxide by the 

addition of solid potassiuril chlorate and heating. During .this step, 

chromium is reoxidized to the hexavalent state. The solution, con

taining the chromium and holdbacks .of the other remaining elements, 

was adjusted to 1 !! ::i.n 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 b.lue 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 acidified with nitric acid. The ether layer 

was evaporated .over a 0.5 !! sodium hydroxide solution, and, after 

acidification with acetic acid, barium chromate was precipitated by 

the addition' of 0;4 M bariuinchloridesolution. It was weighed in 

this form for the yields o'f chromium; which ranged 'from 20% to SO%. 

MANGANESE 

Ten milligrams of manganous ion was added as carrier. Copper 

was removed as the su.lfide., and, with tartaric acid pre sent to complex 

vanadium and titanium, the solution was made alkaline with ammonia to 

precipitate the basic sulfides, including manganese. These were 
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dissolved in concentrated nitric acid, elemental sulfur was removed, 

and the solution was brought to 5 cc with fuming nitric acid, Manganese 

dioxide was precipitated by ·the addition of small. portions of solid 

potassium chlorate while the solution was heated in a water bath. The 

precipitate was dissolved in a_minimum amount of concentrated nitric 

acid and hydrogen peroxide. Holdback carriers for adjacent elements 

were added, and manganese dioxide was again precipitated from a fuming 

nitric acid solution. ·The procedure was repeated again :when time 

allowed. Analyses were done colorimetrically on permanganic acid. 

Yields .ran close to 8oojo. 

IRON 

Five .milli~ams of ferric ion was added as carrier. The target 

solution was adjusted to 7. 7 !! hydrochloric acid, and the iron was. 

extra.cted into isopropyl ether. The ether layer was washed well with 

7~7!! acid, and then it was evaporated over water on a hot plate, The 

solutd.on containing the iron was made basic with sodium hydroxide, and 

ferric hydroxide was centrifuged after digestion. The precipitate was 

dissolved in hydrochloric acid, and the extraction was repeated, 

Analyses were done volumetrically. Chemical yields were better than 75%. 

COBALT 

Five milligrams ,of cobaltous ion carrier was used. Copper was 

.removed, and cobalt was precipitated ~long with the other basic sulfides 

after the addition of ammonia and additional hydrogen sulfide. The 

sulfides were dissolved in 6 ~ hydrochloric acid and solid potassium· 

chlorate. The solution was adjusted to 3 !! in acetic acid, and coba,lt 

.was pr,ecipi tated by the slow addition of 3 cc of a hot, satUrated 

potassium nitrite solution acidified with acetic acid. The .potassium 

cobaltinitrite was digested in a water bath, and, after centrifugation, 

it .was washed with an acidified 5% potassium nitrite solution. It was 

dissolved in hydrochloric 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 8oojo. 
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NICKEL 
Five milligrams of nickel carrier was added. After removal of 

copper sulfide, the supernate was-boiled to remove hydrogen sulfide, 

and then it was made Eimmoriiac~l to precipitate hydroxides of the 

transition elements not forming arnmonia .complexes. The precipitate 

was washed with hot ammoi1ium chloride solution, and the wash was 

added to the-supernate containing nickel in the form of its ammonia 

complex. A ferric-ion scavenging was performed on .the basic solution. 

After acidification with acetic acid, nickel was precipitated by the 

addition of a slight excess of a 1% alcoholic solution of dimethyl 

gloxime. The nickel precipitate v;as washed with water, and_it was 

dissolved in concentrated hydrochloric acid" Cobalt ~Dd manganese 

holdbacks were added, the solution was ·neutralized with ammonia, and 

it was made just acd:dic with acetic acid to reprecipitate nickel, which 

was weighed as the dimethylglyoxime salt. Chemical yields ~ere 40% 

· to 50%. 

COPPER 

The dissolved target foil acted as carrier for the copper 

activities. The target solution was adjusted to 1!! hyarochloric acid, 

and solid sodium bisulfite was added to reduce cupric to cuprous ion. 

A portion of the copper was then precipitated as thiocy&~ate by the 

addition of a few drops of 3 !:'! sodium thj_ocyanate. · The cuprous thio-. 

·cyanate . was '-rashed wj_th water and dissolved in nitric acid. The 

solution was adjusted to 1 !! acid, after boi1ing with concentrated 

hydrochloric acid to remove nitrate, and c·u.prous thiocy&~ate was pre

cipitated as before. It was weighed ii1 this form. T'n.is proceclLrre 

· t h · t 1· a c 60 a c 62 t b ·1· r·f ,- 61 perm1 s s or - _1ve u an u o e seen eas1 y. on~y Cu 

and cu
64 

_are to be studied, the preCipitation of copper. sulfide first 

leaves the target solution in a more favorable condition for removal 

of other elements. ! 

ZINC 

Five milligrams of zinc was added as carrier. Copper sulfide 

was removed, and zinc was precipitated along with the other basic 

sulfides. The precipitate was dissolved in hydrochloric acid and 
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potassium chlorate) and the solution was adjusted to about 6 !'!.acid. 

The solution was then put on a pretreated Dowex.-1 anion-exchange column. 

Zinc exchanges .with the resin, and it remains down to hydrochloric acid 

molarities below .oneJ while allother exchanging elements -- such as 

cobalt, iron, and gallium -- are eluted by a 1.5 .M acid .concentration. 

The resin was.washed well with 1.5 M acid7 and zlnc was finally eluted 

with pure water. The eluate containing the zinc was adjusted to 1 N 

hydrochloric acid, and 1 cc of saturated oxalic acid was added. The 

zinc was precipitated by ·addition of an excess of·ammoniUI)1 thiocyanate 

and mercurous .chloride reagent, with cooling in an ice bath. Scratching 

·the sides of the .container also aids in inducing precipitation. The 

zinc mercuric thiocyanate was dried forlO minutes in a vacuum desic

cator, and weighed for the chemical yields of zinc, These ·Were greater 

than 70%. 

GALLIUM 

Five milligrams of gallium carrier was added. The target 

solution was adjusted to 7.7 !'!.hydrochloric acid. Gallium and iron 

were extracted into.isopropyl ether, and the organic layer was washed 

with 7.7 !'!.acid. The organic phase was evaporated over water on a 

hot plate. The water solution of gallium and iron was adjusted to 

1 !'!. in sodium hydroxide J and was digested to precipitate ferric • 

hydroxide. An additional iron scavenging was performed on the basic 

solution. The gallilJ!Il supernate was adjusted to 7.7 !'!.hydrochloric 

acid, and the ether extraction was repeated. The gallium was finally 

precipitated as the 8-hydroxyquinolate by the addition of a slight 

excess of a 0.35 M aqueous solution of 8-hydroxyquiholine made'2 .N 

with respect to acet.ic acid, and by the subsequent slow addition of 

6 M ammonium acetate until the permanent yellow precipitate .formed. 

One cc excess of reagent was then added and the solution warmed to 

about 60° C. The gallium 8-hydroxyquinolate was dried at 110° c, and 

was weighed for the yield of gallium, which was 65%. 
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D. Counting Teclmiques 

1. Mounting of Samples 

The final-precipitates .were filtered· onto previously tared 

filter paper by use ··of the chimney setup shown in Fig. 4(a) •. The 

filters were standard 7 j8~inch-diameter disks bored out of a stack 

of No. 42 .Whatman filter papers by means .of a· cork borer mounted in 

a lathe. prepared in this manner, 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 to standard 3.5-by-2.5-inch in

dented aluminum cards ( 350 milligrams per square centimeter). A thin 

covering of rubber hydrochloride (0.6 mgjcm2) was stretched over each 

sample and attached around the filter to the uncovered portion of the 

scotch tape strip, as illustrated in Fig. 4(b). This arrangement .kept 

the samples firmly in place even over many months of counting. 

The aluminum monitor foil was cut into two pieces, which were 

.mounted on separate cards· for counting to insure that none of the Na
24 

activity in the foil would be missed because of a sample size larger 

than the counter window·. No sample cover was necessary for these foils. 

Sa,mples for which the rate of emission of x-rays was to be 

determined were mounted on small.alllininum hats with a zapon film and 

left uncovered. Since the energy of aluminum x...:rays is well below 

that for the transition elements, they would not interfere·with the 

counting of these elements in case the radiations emanating from the 

samples induced x-rays in the aluminum mount. 

2. Description of Instruments Used 

Four types of instruments capable of.detecting the various 

radiations associated.with the decay of nuclear species were used in 

· this study. The following is a brief description .of each of these 

coUnters: 

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

of this work, argon-filled, chlorine-quenched Qeiger tubes with.a 
2 . 

3-ntgjcm 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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FILTER CHIMNEY 

. ' 

FILTER PAPER 

SINTERED DISK 

RUBBER STOPPER 

MU -13435 

Fig, 4(a). Mounting of sample on filter paper. 
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Fig. 4(b). Mounting of sample for radiation measure~ents. 
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(b) Proportional counter; beta-particle counting. End-window, rnethan,e

f'low proportional counters have since replaced the Geiger tubes mentioned 

above. Several advantages have resulted from this change,.among them 

increased stability and higher geometry obtainable. A 2-mil-dia.!Ileter 

tungsten wire is used as the high-voltage and collector electrode. The 

window is, made of' aluminized mylar l mgjcm2 thick and 1 inch in diameter. 

A notched aluniinum sample holder permits a mounted sample to be placed 

at any one of nine distances from the window} corresponding to dif'f'erent 

geometries. These counters are u::.ed in conjunction with a fast linear 

amplifier and the common scaling nnit.employiilg_powers of two as a 

scaling ratio. Tests .made with high-energy {Na24) and low-energy (co60 ) 

beta-emitting standards .on these connters indicated that there was no 

sensitive-volume discrimination on any shelf over this range of' beta 

energies. 

·.(c) Windowless proportiona,l connter; x-ray connting. For two of the. 

isotopes studied} Fe55 and v49J the absence of' beta and gamma radiations 

necessitated the counting of x-rays in the 5-kilovolt region. A wdJldow

less, 90% argon-10% methane gas-f'low proportional connter and pulse

height analyzer were used for this purpose. 

(d) Sodium iodide scintillation spectrometer; gamma-ray connting. For 

the extensive gamma-ray counting that.was done, a sodium iodide (thal

lium activated) crysta,l, 1.5 inches in diameter by l. inch high, was 

used in conjnnction with .the 50-channel differential pulse-height ana

lyzer mentioned above. The crystal was encased with a coating of 

magnesium oxide and separated from the sample being connted by a t:hin 

berylliwn window. A quartz disk bonded to the crystal was optically 

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 restriction f'or samples obtained in 

Bevatron bombardments. Quite recently, the analyzer described has been 

replaced by a 100-cht:j!lnel fast type} of Los Alamos design} availab.le 

commercially from the Pacific Electro-Nuclear Company (PENCO). All four 

counters were surrounded by appropriate lead housings to reduce back

ground and is0late 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 accu,rate counting rt?-te and the 

minimizing of the c~unting time relative to the half-life involved, 

so that the mid;..timeof the count coUld be taken to represent the 

activity determined.over the interval. 

III. TREATMENT OF DATA 

A. Analysis of Decay Curves 

l. Graphical Analysis 

When more than one isotope .was present in a sample, which was 

generally the case, it was necessary to determine the fractions of the 

total observed activity that were associatedwith these various isotopes. 

It was often possible to select and study a specific gamma ray in the 

decay of an isotope in the scintillation spectrometer, but for following 

the decay of part.iculate radiation on a proportional counter, the over

all curve had to be resolved into the separate contributions. This is 

usually done by observing the decay until only the ,component of longest 

half-life remains, and its counting ra:te is then accurately known. The 

.activity due to this isotope can be calculated at any time .during the 

count;i.ng period from a knowledge of its half-life and use of the first

order rate law, which .is always .obeyed in the decay of nuclear species 

and subsequently subtracted from the gross activity at that time. The 

isotope .of next longest half-life may then be sim:Llarly treated, and 

the process repeated until all the activity observed over the whole 

counting period is attributed·to one or another of the isotopes origi-

.nally present. The analysis may be performed graphically on semilog 

paper, or mathematically, using the decay law and known half-lives for 

the isotopes, The latter method is somewhat more ·time-consuming, but 

was used exclusively 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, decay-curve analysis of tl:;e beta-particle counting data is 

very difficult, and selective gamma-ray counting is necessary for 
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accurate results. Figures 5(a) ru1d 5(b) show the proper decay-curve 

analysis of a scandium sample obtained in this work and counted in a 

proportional coUnter. The actual counting rates of the individual 

components were obtained by gamma-ray analysis with subsequent con

version to beta-particle rates by means of the factors discussed in 

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

counting data .would probably not have yielded very accurate .results 

except for long-lived sc4?. 

2. Least-Squares Analysis 

In some samples, an unfortunate 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 a null 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 

gro~s decay curve of one of these samples, shown in Fig. 6, has only a 

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

cases ,of this sort~ the activities at the end of the bombardment are 

most accurately obtained by employing the method of least squares to 

this complex decay. The equations .for the application of this .method 

of analysis to a two-component decay system are worked .out and presented 

in tabular form for convenient use in Appe~dix 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 involved increases rapidly. The results 

of this type .of analysis for the P32 -plus:~:P·33 :exEUr~ple mentioned above :~.f:s 
included in Fig. 6. Other cases in this study in which it was neces

sary to utilize this method to resolve activities were: K
42 and K

43; 
. 47 47 52m · 51 62 60 Ca and Sc daughter; Mn and Mn ; Cu and Gu • In these .cases, 

eithe.r 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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Least-squares resolution Qf the proportionai-counter'decay 

curve of a phosphorus sample obtained in this work. 
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3. Synthetic Plots 

'Although the least-sq~es .method was used in this study wher

ever necessary for decay-curve analysis, mention will be made of two 

other graphicai methods, which :Were tested and found .acceptable .for us~~ 

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

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

soived from a decay curve are drawn with respective half-lives on semi-

log paper with an arbitrary activity scale.. The two lines ~e then '·'' 

added over a fairly large time interval to give an over-all decay curve 

some portion of' which the actual data will fit. The .resolved lines can 

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

parent.-daughter resolution ~lso. 3 

4, Biller Plot 

.The basis for this method of' resolution may be seen by writing 

the equation for the total activity in a b:vo•component system, 

A _ Ao -r.. t .o ~r.. t - 1 e 1 + A2 e ~ , 

where. A.= total activity measured at .time t, 
0 Ax= activity of'.component .x at .end of bombardment, 

r.. . = decay constant. of component .x. 
X " t .. . . +, ... 

Multiplying both sides by e. 1 . ., one obtains 

A e+r..rt = A~ e(r..l-r..2)t+ A~ I 

. . 

(2) 

(3) 

which has the form Y.= m x + b, a straight line whose slope is equal 

to the activity of' Component Two at ehd of bombardment, and.whose 

y intercept at x = 0 is the activity of Component One at this time, 

Both the synthetic and Biller-plot methods are limited in accuracy 

. because of' their graphical nature, but they may aid in resolving .a 

part or parts of a complex de.cay 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 ~s 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 

.have been studied by several investigators.32,33 The counting rate .of 

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

( 4) 

where A0 is the activity of a beta-emitting ~uclide corrected for back

ground rate, 

D0 is the disintegration rate of the nuclide, 

G is the geometry factor, defined as the fractional solid angle 

at the sample subtended by the counter window, 

fW is the factor for the effect of the beta-particle absorption 

by the counter-tube window and the air in the space between the tube 

and the source, 

f . is the factor for the effect of the finite resolving time of c ' 
the counting .tube and circuit, 

fA is the factor for the effect of air in scattering beta parti

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

to air absorption), 

fH 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 efficien<:!y of the counter; it is defined 

as the ratio between the number of particles counted and the number of 

particles that ·penetrate the counter window, 

f 8 is the factor for the effect of the mass of the source in 

causing both scattering and absorption of beta particles, 

fB is the factor for the increase in counting rate due to back

scattering by the material supporting the source, 

fD is the decay-scheme correction. 

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

the ass.umptians made in this work concerning them. 

(a) Coincidence correCtion, fc: 

The chlorine-g_uenched Geiger counters that were used for a 

small portion of this work had a coincidence correction of 0.45% per 

1000 counts per minute as determined by the method of split sources. 
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The methane-fiow proportional counters had no detectable coincidence 

correction up through 105 counts per minute, so.that it is :PI'obably 

1/50 or ·1/100 of the Geiger~counter-:f'igure; and it was neglected on· 

these counters. 

(b) Air and housing scattering, f'A arid fH: 

. These effects have been shown to be sma1132 ·ror an aluniinum

iined lead housing _such as the. ones used in this work, and they were 

neglected·. 

-(c) Efficiency of the counting tubes, fE: · 

·This factor was assumed to be unity forboth positrons and 
60 24 

negatrons. An experiment using soft Co and hard Na negatrons 

indicated that there was no energy dependence in this factor. 

(d) Air-window absorption, fw: 

For the spectrum. of beta particles emitted by a radioactive 

·sample, absorption is exponential for small absorber thicknesses. 

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

absorption coefficient p. and·maximum beta energy Emax'. from which fW 

can be calculated by the relation 

fw = exp( -~J.t), (5) 

where 1-l is the absorption coefficient, 

tis the thickness of air plus window, in mgjcm
2

. 
. . ~ 

The following empirical relation given by Gleason, Taylor, and Tabern3 

was used· for obtaining -the absorption coefficients: 

= 0 017 E-1. 43 
1-l • max · 

These relations were checked:, -using hard and soft beta emitters by 

actual measurements with thin aluminum absorbers, and found to hold 

(6) 

· within experimental error. Consequently, the factors fW were usually 

calculated for nuclides by means of these equations. 

(e) Backscattering correction, fB: 

.The effect of an increase in the counting rate due to the 

backscattering of beta particles from the sample mount is a function 

· of the beta energy and the backing material, and to a small extent 

.. depends. on the geometry of the counting arrangement, 35 although .it .was 

assumed constant at all geometries in this work. Because aluminum 

cards were used for mounting samples in this work, the saturation 
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backscattering factors for this element were taken from the-data of 

Burtt)3 In addition, this .effect is smaller for positrons than for 

negatrons, as pointed. out and explained by S~liger. 36 ·As a .result, 

all positron counting rates were increased by 10% to make them compa

rable to negatron r~?-tes. 

(f) Self-scattering and self-absorption correction, f 8 : 

This correction is a function of the beta energy and ·the thick

ness of the sample. For thin samples, self-scattering ispredominant, 

and this results in an increase in the counting rate. As the sample 

thickness increases, the effect.approaches exponential absorption of 

beta particles in a material of known density, and the counting rate 

is accordingly decreased. In this study, the self-scattering, self

absorption factors determined by Nervik and Stev:enson37 were used 

exclusively, There is no evidence that the factor is strongly af

fected by the geometry, therefore it was. assumed to be constant .on 

all shelves. 

(g) Geometry factor, G: 

Only a portion of the activity emanating from a .sample reaches 

the counting chamber and is recorded. This fraction is determined by 

the geometry of the counting arrangement, which may be measured ex

perimentally for each shelf. For this study, it actually was not neces

sary to determine the geometry factors for the .counters used, since 
. - 24 

disintegratio!l rates were eventually compared with .the Na monitor, 

which could be counted under the same geometry conditions as the samples 

in every bombardment. However, for other types of experiments and for 

general laboratory use, these factors were measured for the Berkeley' 

proportional counters by :the following three methods: 

1. BUREAU OF STANDARDS Ra DEF No. 3216. This standard was 
2 counted through 3.8 mgjcm of aluminum placed next to the window to 

minimize scattering effects. The absorber was necessary to cut out 

alpha particles. The half-life was taken to be 22.2 years. The back

scattering factor from the palladium mount .was assumed to be 1.61 and 

the .self-scattering, self-absorption correction 1.08. Air-window 

absorption corrections were measured by taking an aluminum absorption 

curve on each shelf. 



2. SODIUM-24. All counters were calib.ratE;d for beta-counting 

of N}4 iri 3 -mil aluminum foils by determining the distntegration rate 

in a hot sample prepared with an (n,o:) reaction on aluminum in the 60-

inch cyclotron, using a beta-gamma coincidence countingtechnique. 38 

Tabulations of all the proportional-counter shelf factors determined in 

this experiment are available in the UCRL Chemistry Department reference 

file, The actual shelf geometries may be obtained from these data if a 

backscattering factor of 1.27 for the alumin~ mount and a self-scatter-

ing, self-absorption correction of.l.l3 for this size foil are used 

with an abs®rption-curve determination of_ the air-window corrections. 
60 .. 

3. COBALT-60. A weightless sample of Co was prepared from a 

tracer solution and the beta-gamma coincidence counting technique used 

to determine the disintegration rate in this sample. _Geometries were 

calculated assuming a self-scattering, self-absorption factor of unity 

and a backscattering factor of 1.19 for the aluminum mount. Air-window 

corrections were obtained through an aluminum absorption .curve on each 

shelf. 

For Shelf Four of a typical counter, the following results were 

obtained for the geometry factor for these three samples: 

.Ra .DEF 

10.6% 

(h) Decay-scheme correction, fD: 

SODIUM-24 

11.2% 

COBALT-60 

lL2% 

In negatron-emitting isotopes, decay takes place lOO% by beta-

minus emission, that is,fD equals unity. A knowledge of the percentages 

of different beta groups is necessary when they exist in the decay of a 

nuclide in order to weight the backscattering and self-absorption cor·

rections accordingly, although the errors made are not .-large if these 

percentages a:r:e known only approximately, .Positron emitters, on the 

other 'hand, may decay alternately by the electron-capture process, the 
't . 

radiations from which are not efficiently detected by window proportion-

al counters of the type us-ed in this work. It is. therefore necessary 

to know the branching ratio between positron emission and electron 

capture, and in these cases, the factor fD·is the fraction of the total 

decay taking place by the emission of positrons. The information for 

making decay-scheme corrections was taken from the recent compilations 
39 . 40 . 41 by Way, Ajzenberg and Laun. tsen, and Endt and Kluyver and stated 

in Section IV. 
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All beta-counting rates.were corrected for. small gamma-ray 

contributions, which were -determined by counting the samples through 

thick absorbers. For the isotopeB studied, internal conversion of 

gamma rays is quite small, so that the conversion-electron contribution 

to beta-counting rates was neglected. 

2. Conversion of Gamma-Ray Counting Rates to Disintegration Rates 

Depending on their energy, gamma rays interact with matter by 

·one df three processes: photoelectric process; Compton scatterings; 

pair production~ The first of these leads to a discrete energy depo

sition, which appears in a sodium iodide crystal as light whose in

tensity-is proportional to the energy of the gamma ray. This is 

utilized in the conventional scintillation spectrometer to display a 

spectrum of photopeaks associated with gamma rays of vari.c:ius energies 

striking the crystal. These photopeaks have a nearly Gaussian shape, 

and the areaunder one of them represents the counting rate of that 

particular gamma ray. An example of a siinple spectrum containing a 

single gamma ray is· shown in Fig. 7. 

There are fewer corrections. that .must be. applied to gamma-ray 

counting rates than for beta particles in .order to obtain tne disinte

gration rate of a nuclide. They are the counting efficiency, the 

geometry, and the decay-scheme correction, and the following is a short 

discussion of each of these factors with the assumptions made: in this 

work concerning them .. 

(a) Counting efficiency: 

Since the probability of a gamma ray's undergoing a photo

electric event decreases with increasing energy of the photon, the 

sodium iodide photopeak efficiency decreases accordingly. For the 

size of crystal used in this work, these efficiencies have been de-
. 42 . 

termined by Kalkstein and Hollander · as a function of photon energy 

up to 1.5 Mev and for several sample-to'-crystal distances. Their data 

were used throughout this. work.· 

_(b) Geometry factor: 

The shelf geometries for the scintillation spectrometer were 

determined by two methods •. 

'.•. \ 
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· Gamma-ray spectra of a sample of Be 7 obtained from a 

:Bevatron-l:?ombardment .. 
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1. AMERICIUM-241. The 60-kev gamma ray that occurs in the 

decay of this isotope was used for geometry determinations. The 

method has the advantage that the counting efficiency of this low

energy photon is unity on all shelves. The gamma-to-alpha ratio 

was taken to be 0.370. 43 

2. SODIUM-24" A check on the above figures was made by using 

the: N~24 sample whose absolute ,disint~gr!'l-:tion rate had: peen determined 

in the beta-gamma .coincidence experiment. In this case, the photo

peak associated with the 1.37-Mev gamma ray, which occurs in 100% of 
. .. . 

the decays in this isotope, was used in co:rljunctionwit~ the countin~ 

efficiencies from the above reference to calculate the geometries. 

Agreement to within 2% was obtained between these two methods. 

(c) Decay-scheme correction: 

A knowledge of the fraction of the total decays ,that take 

place through the particular gamma ray being observed is necessary to 

determine the disintegration rate. These abundances were taken .from . .... •. . . 4o . 
the compilations by Way, 39 Aj zen berg and. Lauritsen, andEndt and 

41 . 
Kluyver and explicitly stated in Section IV. Internal-conversion 

coefficients were negligibly small for all the gamma rays looked at 

in this work. 

In addition to.the above_correetions, .th~:re.are others that 

sometimes have to be applied to the observed;counting rate in order 

to arrive at the true photopeak activity. They are as follows: 

(d) Escape-peak loss: 

In some of the photoelectric events that occur, iodine K x

r[3.ys may escape from the edge of the crystal, giving rise to a photo

peak whose energy is that of the principal peak minus the energy of 

iodine K x~rays, which is about 29 kev" These are photoevents under

gone by the gamma ray, however:, so that this escape-peak counting 

rate must be included in the photopeak integration" The.· fraction of 

the activity appearing in the esca,pe peak is a function of the photon 

energy and the geometry of the counting arrangement, and has been 

studied by Axe1. 44 As the energy of the gamma ray increases, the 

escape peak is amalgamated into the main photopeak in spectrometers 

of normal resolution, and the effect is no longer observed. 

•. 
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(e) Absorption: 

In the cormting of very low-energy gamma rays, absorption in the 

beryllium window and magnesium oxide reflector may be significant enough 

to warrant correction. In addition, it is advisable to cormt .samples 

that are emitting beta radiation .in addition to the gamma g_uanta through 

a beryllium absorber thick enough to absorb the beta rays,since they 

·contribute a broad distribu..-tion of pulse heights if allowed to hit the 

crystal. The small amormt of gamma-ray absorption that occurs in these 

ab.~orbefs may be corrected for using the absorption coefficients of 

D~visson and Evans. 45 It.should also be pointed out that in the cormting 

of annihilation radiation, it is essential that the sample be tightly 

sandwiched b'y'sufficient absorber to stop all positrons, so that the 

geometry of the annihilations is defined as accurately as possible, This 

·was done in this work by placing.aluminum disks on top of the samples 

mormted on .the thick aluminum· cards. 

(f) Coincidence or stack-up correction: 

When an isotope has coincident gamma rays in its decay, a .photo

peak may be observed corresponding to the sum of the energies of the 

·separate gammas in a certain fraction of the e'vents. These again are 

photoelectric events rmdergone by the. gamma rays; and the stack-up peak 

cormting rate should be added to each of the photopeak integrations of 

the individual gammas giving rise to this stack-up. However, it is 

better to cormt the sample at a lower geometry, which tends to eliminate 

this .effect. 

3. Conversion of X-Ray.Cormting Rates toDisintegration Rates 

·In the c'onversion of x-ray cormting .rates to disintegration 

rates' corrections must be made for the geometry-efficiency of the 

cormting arrangement, absorption in the sample, fluorescent yieldj and 

·th~ decay-scheme·branching. The.following discussion concerns the 

assUmptions made in this work for these effects. 

(a) Absorption in the sample: 

. The x-rays observed iri this study were of· such low energies 

. that their absorption in the sample must be corre.cted for. x-ray 

absorption is exponential, and the correction factor f
8 

was determined 

by,averaging the .absorption over the sample in the following manner: 
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·fat 
. 0 

1 ' . . ~IJ.t ... e 
(7) 

j.:J.t 

Separate f.a.ctors were calculated for tb,e fraction of .the total. sample 

thickness corresponding to the diff,erent chemical compositions of the 

samples, since tb,e mass·•absor~ion coefficients for x-rays; which were 

taken from the data .of Allen; ar~,quite strongly dependent on the 

atomic number of the absorbing .material, The over-:-all absorption cor

rection is the product of the sep13.rate contributions. 

(h) Fluorescent ·yield: 

For a. given electron shell, the fluorescence .yield is defined 

as the ratio of the number of .x-rays·actually emitted to the total 

vacancies available. Since K-electron capture is predominant in the 

region of this study, the fluorescent yields were taken from the data 

f B
. h 47 .. d 'D ... 1 ·.· .48 o ur · op ·•: .. an .:.oroy es. 

(c). Decay':"'scheme correction: 

As in beta and gamma .counting, i:t is necessa.r,y to know the 

fraCtion of the. total decays taking place.by the electron-capture 

mode of decay, These data were taken from Way. 39 . 

(d) Geometry-efficiency factor: 

A geometry:..efficiency factor for the x..,ray counter was deter• 

mined for the titanium x-rays in the decay of v48 
and v49 by following 

the decay of the x-ray peak and also making .a separate determination 

of the disintegration rate of v48 by both beta.and gamma counting. An 

application of the correctio:ras (a) through (c) above to that part .of 

the x-ray counting rate due to v48 
then permitted a geometry-efficiency 

factor to be calculated., The data of Studier and James49 on the . 

variation of x-ray counting efficiency in argon !$as as a .function of 

the photon energy was used to determine this geometry-efficiency factor · ... 

for counting :the .manganese K x-rays in the decay of Fe 55 .• 

C. Cross-:Section Calculations 

The following di:f':ferential equation expresses the rate of 

change of the number of radioactive atoms of an isotope during .a 

bomba,rdment and serves also to defihe the cross section, 

•• 
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dN X . 
-·- = I n cr - A. N , 
dt T X X X 

where. I is the number of protons hitting the target per ·unit time, 
. ' ' 

nT is the .number of target nuclei per square centimeter, 

cr is the cross section of isotope x in square centimeters, 
X 

A. is the decay constant .of isotope x, 
X 

N is· the number of atoms of iBotope x. 
X 

'\ 

(8) 

If the beam current I .is·consideredconstant, and if the condition is im

posed that Nx equals zero when t .equals zero, this linear first-order 

equation has the solution 

NA. 
XX 

,(J - --------~-------X 

I nT ( 1 - e -A.xt) 

(9) 

S.inye, in this study, all cross sections were compared with that for Na 24 . 

production in aluminum, the ratio may be written as follows, where 1'y" 
24 represents Na : 

I N.A. (1 -A. t) cr nAl - e y 
X XX 

= 
-A. t) 

. 
(j I N A. nT (1 - e .x y yy 

(10) 

. The actual beam intensity cancels out in this .ratio. Also, since in this 

study the copper and aluminum foils were matched in area, n is given by 

w 6 23 n = M . 02 .x 10 , ( 11) 

where, W is .weight .of foil in grams, 

M is molecular weight of foil material. 

With· this substitution, the cross section for nuclide x .formed in the 

bombardment of copper becomes 

0" 
X 

0 ( -A. t) 
· MCu DPM x W Al 1 - e y 

= (j ~~----~~~------~~- J 

Y DP 0 (1 - e-A.xt) MAl .. My WCu 
(12) 

. ' 0 

where DPM represents the disintegration rate at end of bombard,ment of 

n~clide .x .~~ Na24 and is equal to N°A.. For long-lived nuclides in .which 

th~re is essentially no decay during bombardment, the factor ( 1 - .; e~A.x t) 
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may be replaced by the .first term in the series expansion of this ex

pression: 

( ' -:A. t) "' 1-e x =A.t 
X • (13) 

·A cross-section expression for the stop-and-start .type ofrWl sometimes 

experienced on the Bevatron in the early phases .of this work is given 

by · Shudde . 3 

IV. • · EXPERIMENTAL RESULTS 

A. Nuclides Observed 

TRITIUM: 

The only activity observed'in the hydrogen fraction was 12.26-

year tritium. The sample oi' tritium contained about 1000 coWl~S ·per 

minute on the proportional coWlter and showed no decay at all during 

counting over a 6-month period, making the assignment of this activity 

totritium qUite certain. The cross-section calculation involved ap

plying .a 32% correction for the recoil loss of tritons out .of the copper 
' ' 2 

foil, which was only 212 mgjcm thick. This figlire was arrived at on 

the assumption that the tritons formed are mainly evaporation products 

with a mean energy of 12 Mev. The range of tritium in copper was taken 

as l4o mgjcm2 . 17 Calcium was used as an internal monitor in this case 

to eliminate the possibility of any triton contribution from aluminum. 

BERYLLIUM: 

The beryllium samples contained no beta activity, attesting to 

their chemical purity. Gamma-ray spectra .showed only the 479-kev photo

peak associated with Be 7, the ab~dance of which was. taken to be 12%. 

The best sample obtained had 32 coWlts per minute in the photopeak, which 

decayed with a 53-day half-life. 

CARBON: 

The only sample of carbon activity obtained was in a rWl designed 

to look at argon isotopes. The 20.5-minute c11 appeared in the argon 

fraction as an impilrity1 but its assignment was Wlambiguous after sub

traction of the activities of A37 ~d A 41 from th~ over-all decay curve. 

'• 
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It was assumed that the carbon activity mixed completelywith the·argon 

·carrier gas, 'and the same ·chemical yield for carbo:!} as for argon was used 

in the cross-section calculation. Consequently this figure .is listed as 

alowe:r limit, 

·FLUORINE: 

The only activity observed. in the :fluorine samples was 1.87-hour. 
18 F •. The samples were counted in proportional counters, and d~cay was 

assumed to take place 100% by positron emission. 

SODIUM: 

The sodium samples .always showed the· 15.0-hour beta activity of 

Na
24

, and the sample from one long bombardment tailed into 13 proportional 

counts per minute of a long-lived activity which decayed only slightly 

when followed over a 6-month period. The assignment of this activity to 

2,60-year Na22 is quite certain, and it was assumed to decay 90% by 
. 24 

positron emission. Gamma spectra of Na samples showed the 1.37-Mev 

photopeak, which agreed with proportional counting on the disintegration 

·rate .if the abundance of this gamma ray is taken to be 100%. 

MAGNESIUM: 
28 The only activity seen iii magnesium samples was 21,3-hour Mg , 

the negatrons of which. were counted .in equilibrium with those from the 
28 . 

Al daughter on a proportional counter, 

SILICON: 

The only silicon.activity observed was that of 2.62-hour Si3\ 

which decays.completely by negatron emission. It was counted in a 

proportional counter . 

PHOSPHORUS: 

It was necessary to employ a least-squares analysis·to resolve 

14, 4-day P32 and 24. 8-day p33 in samples of this element··, but both these 

negatron-emitting isotopes were observed, Counting.was done in a 

proportional counter. 
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SULFUR: 

The only sulfur sample· obtained was· removed from a :foil that ha,d 

been allowed to cool for two weeks after having been bombarded, As .a 

result, there was no chance of seeing the new isotope, s 38:, discovered 

recently by Nethaway and Caretto)50 who tentatively repor.t a half·-life 

of about 170 minutes for it. However, the sample did contain 87 .1-day 

s35,.decaying completely by the .emission of negatrons, which were counted 

in a proportional counter. 

CHLORINE: 

The activities of Cl34m, Cl38, and Cl39 were identifted in the 

·chlorine fractions. ; The 33.;0-minute Cl34m was studied t:Qrough the 510-

. · ·· kev · photopeak due to the annihilation of the_ positrons emitted in lOO% 

·of the decays of this nuclide. Since these positronshave very high 

energy, it was necessary to sandwich the samples between a pair .of 2-

. gjctn2 .copper absorbers in. order to define the 1 geometry of the annihi~ 
lations. Chlorine-39 was studied through a lower-energy gamma .r.ay, 

·-.. determined in· this work to be 246 kev, which agrees with ,the most- recent 

data on- the decay scheme of this isotope. 5l Its abundance was taken to 

be 45%, and the half-life 55.5 minutes. The known disintegration rates 

of these two chlorine isotopes were ·then converted to beta-particle 

coUnting rates and. subtracted from the total proportional counter 

activity observed, and in this way, the activity of 37.3,-minute .c138 in 

the samples was determined. It decays bynegatron emission. 

ARGON: 
41 

Argon-37 and A were easily resolved from the proportional-

counter decay curve of this sample. The former is a 35-day isotope 

decaying by K and L electron capture, the radiations of which are ef

ficiently counted fu the gas-counting setup used. Argon-41 decays by 

negatron emission with a 1.82-hour half-life. 

POTASSIUM: 

The proportional-counter decay clirves. of potassium samples neces

sitated the use of a least-sg_uares analysi~ to resolve1 12.5-hour K
42 and 

'. 43 
22.2-hour K • Both isotopes decay by~ emission. 

~-
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CALCIUM: 

After about two months of counting, pro:portional:..counter decay 

curves of calcium fractions showed only the 164-day negatron-emitting 
' 45 isotope of Ca • After subtraction of its activity from the gross curve, 

a least-squares analysis was done to sep~ate the activities of 4.8-day 

ca47 and its 3.43-day scandium daughter, which grows in slowly after the 

last chemical separation of these elements, giving the over-all decay 

curve a flat initial portion. A check on the disintegration rate of 

Ca 47 was obtained by counting th~ 1.31-Mev gamma ray that occurs in 77% 

of the decays on the scintillation spectrometer. 

SCANDIUM: 

All the SCI:!lldium :isotopes were identified by counting selective 

gamma rays. The isotopes of mass .number 43 and 44 have identical 3.92-

hour half-lives. They were separated by counting the 510-kev annihilation 

photopeak, whi~h occurs in 79% of the disintegrations in sc 43 and 94% 

of those in sc
44

, and obtaining.an independent determination of the 

disintegration rate .of the latter isotope by studying its l.l6..;Mev gamma· 

ray also, which is in 100% abundance. The fact that' S~ 44 
also grows in. 

from the decay of sc44m was taken into account and corrected for after. 

the disintegration rate of the isomer was determined by counting .its 

distinctive: 270-kev gamma ray, which is 100% abundant. This sc44m has 

a 2.44-day half-life. The 3.43-day sc47 was studied through its 160-kev 

gamma ray in 68%, abundance. Scandium-48, which has a .1.83-day half-life, 

was obtained by looking at its 1.33~Mev gamma ray, occurring in 100% of 

the decays of this isotope. Finally, 83.9-day sc46 was obtained by means 

of the 890-kev gamma in 100% abundance after the other gamma rays had 

decayed .out, arid its disintegration rate was checked by proportional 

counting. All disintegration rates were converted to beta:..counting rates 

and added over the whole counting period. The gross proportional-counter 

decay curve constructed in this mariner agreed exceliently with that 

· actually. observed over several 'months of counting (see Fig. 5). The 

limit listed for 57-minute sc49 is on the basis that 103 proportional 

counts per minute could have easily been detected above that present for 

the other isotopes at the time of the first .count~ 
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TITANIUM: 

. The. only activity observed in chemica,lly pwe titanium samples . . . . .· .·. 4 '• , ..... 
was the positron-emitting 3.10•hour .Ti. 5, which was counted on .a pro"':'.-

portional counter and assumed to .decay 84% by positron emission. 

-VANADIUM! 

. Vanadium-47 and v48 were easily resolved :from proportional-counter-

decay curves of' these samples. The f'ormer is a 31.0-minute isotope 

de~aying 97% by positron _emission. Vanadiwn:-48 -decays 57% by positron 

emission with a 16.0-day ~lf'-life. Its disintegration rate was checked 

by counting the 990-kev and 1_. 33-Mev gamma rays, which occur in lOOojo and 

98% of the decays respectively. In. addition> K x-,ray counting gave about , . . . 4 _. . 
50 counts per minute of 330-day pure.electron•capturing V 9 in one sample. 

. 49 . 
Its cross section was corrected for the pa.rent Cr contribution. 

CHROMDJM: 

Chromium•49, a 4l. 8-minute isotope decaying 92% by posi t;ron 

emission,_w:as resolved easily from a proportional•counter decay curve 

which eventually tailed into a long-lived activity identified as the 
48 . . 48 -

V daughter of' 23.5"'hour Cr • which is a .pure electron-capture isotope. 

_ Chromium"'48 itself was studied by means of a _pair of' gamma rays deter

mined in this work to have energies of' ll7 a.hd 306 kev .and also to be in 

coincidence. The _following decay -scheme was formUlated: 

Chromium;-. 8 

306 

Vanadium ... 48 

Two groups of worke.rs have since published results in agreement w.ith this 

st!heme.52,53 The .27.8-day Cr5l wa:s also identified in these fractiOJtS 

through its 320-kev gamma ray> assumed to .be in 8% abundance. Its .cross 

section was corrected for the.Mn5l parent .contribution. 

.. 
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MANGANESE: 
52 From a proportional-counter decay curve, 5.72-day Mri and 2,58-

hour Mn56 could be easily resolved, The first of these· decays 33% by 

positron :emission, and a check on the disintegration rate of this. is?tope 

was obtained by counting the 730- and 940-.kev gannna rays, which are iooojo 

abundant. Manganese-56 is a negatron emitter, and the disintegrations 

of it were also checked by counting a lOOojo-abundant 845-kev gannna. When 

the activities due to these two isotopes had been subtracted from the 

proportional decay curve; the residual activity was subjected to a least

SC];li.ares analysis in order to resolve 21. 3-tnimite Mn52m arid 45. 2..,minute 

Mn5
1

. These are both positron emitters with abundances of 98.5% and 97% 

respectively. After al-l.these activities had decayedout, gamma-ray 

spectra of these samples showed the lone lOOojo-abundant ,840-kev gannna as-
. 54 

sodated with the 291-day pure electron-capturing Mn • 

IRON: 

The iron isotopes of mass numbers 52., 53, and 59 were easily re-

solved from proportional-counter decaycurves. Iron-53 is an 8.9-minute 

imclide decaying 98% by positron emission. Because of its short half

life; experiments involving this isotope were conducted .with .a stop-watch 

to record times to the nearest second. Iron-52 is an 8.3-hour isotope 

decaying 59% by positron emission, and was counted with its 21.3-minute · 

Mn52m daughter in equilibrium. In addition; a .check was .obtained 9n the 

disintegration rate. of this nuclide by means of a 163-kev gannna ray dis

covered in this work and occurring in lOOojo of the decays of Fe52 .. The 

following decay scheme is proposed for the Fe52 .:_ Mn5 2m couple: 

800 kev 
(59% positron, 41% electron capture) 

kev 
21.3 minutes 

390 kev (< 1%) 

Ma.ngane se -52 ( T1; 2 = 5. 72 d.H.ys) 
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Iron-59 is a 45.0-day 13- emitter. A check in its proportional-counter 

disintegration rate was obtained by counting the 1,10- and 1.29-Mev gammas 

'bt:icutt.ing with 57% and 43% abundance respectively, finally, on the x-ray 

counter, one sample contained about 10 counts per minute of 2.9-year Fe55, 

whic,h decays entirely by electron capture to the g;ound state of :rvm55 

(stable). 

COBALT: 

Proportional-counter decay curves of cobalt samples could be re

solved to obtain the activities .of 18.0-hour co55, ~hich decays 69% by 

positron emission, and the negatron-e.m:itting 1.65-hour co
61 

In addition, 

one sample counted over two years eventually tailed over into 4o counts 

per minute of 5.25-year co
60

• A check on the disintegration rate of the 
6o 

Co was obtained by counting the 1.17-Mev gamma occurring in 100% of the 

decays. However, the isotopes of Co56 , co57, and co58 had to be resolved 

in the scintillation spectrometer for the desired accuracy, Cobalt-56 

and co58 have very similar half~lives, which makes their separation dif

ficult. These are 77 days and 71.3 days respectively. The fact that 

the branching ratio was not known for the former also.complicated the 

.counting situation. These isotopes were resolved as follows. The 510•kev 

photopeak due to positron annihilations .was counted. The percentage of 

the decays of co58 taking place by positron emission was known to be 14.5%. 

A gamma ray at 840 kev was also .counted, It is a composite of 845- and 

805-kev gammas in the decays of these two isotopes, the abundances of 

which were taken to be 82% and 100% in Co56 and Co58 respectively from 

the data of Way.39 In addition, a 1.24-Mev gamma taken to occur in 61% 

.of the disintegrations (see .Reference 39) of Co56 was counted. With these 

three pieces of information, . the disintegration rates of the two cobalt ., 

isotopes could be calculated. along with .the branching ratio of Co56, which 

turned out to be "• 

electron capture = 4 26 . 
positron • 

This is equivalent to 19% of the decays taking place by positron emission. 

A very recent reference54 quotes the same. figure., which also lends support 

to the disintegration rates determined by the counting procedure described. 

Cobalt-57 was identified by its clean 123-kev gaxr.ma occurring in 100% of 



the decays of this 270-day pure electron'-capturing isotope. ·.In Qne sample, 

an attempt was made to observe the 25- kev gamma· }:'ay in the decay of 

9-hour Go58m to the Co58 growid state. This gamma ray was not seen, but 

pulse-height analysis is difficult in this energy region. Because of 

this, no linli t is reported for the yield of Co5
8
m. 

NICKEL: 

Only two activities were observed in nickel fractions. The 

negatrcn-emitting 2.56-hour Ni65 was easily resolved on proportional

counter decay curves from 36-hour Ni5~ which decays exactly 50% by 

positron emission as determined in this work. In addition, since there 

was a disagreement concerning gamma-ray abundances in the decay of this 

.isotope} the 128-kev and 1.39-Mev gammas were studied and found to have 

abunda~ces ,of 22% and 83% respectively} which agrees with one group of 

workers who have investigated this nuclide (see Reference 39). The 

limit placed on .the cross section of 6.4-day Ni56 is based on a search 

(results .of which were negative) for some of the low-energy gamma rays 

reported in the decay of this pure electron-capturing isotope. It was 

assumed that five photopeak counts per .minute would have easily been 

seen. 

COPPER: 

All the copper activities were resolved .from proportional-counter 
. 8 64 - + decay curves. The 12. •hour Cu emits both ~ and~ particles whose 

. sum accounts for 57% of the total decays .. Copper-61 is a 3 .33-hour 

isotope decaying 66% by positron emission. After subtraction of these 

two activities from the gross de.cay curve, a least-squares analysis was 

applied· to the residual activity in order to resolve the 23.4-minute 

cu
60 

and the 9.73-minute cu
62

, which decay by 93% and 98% positron emission 

respectively. 

ZINC: 

The beta activities associated with 9.33-hour zn62 and 38.3-minute 

Zn
63 were easily resolved from proportional-counter decay curves. The 

former was counted with its 9.7-minute copper da~ghter in .equilibrium with 

it. Zinc-62·itself decays 26% by positron emission. The percentage of 
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the decays taking place by positron .emission in zn63 was taken to be 90%. 

In addition, in one .long bombardment a zinc fraction was removed and 

searched for 243 .5-day zn65, which decays entirely by electro!! capture 

but has a 1.11-Mev gamma ray in 45.5% of the ¢lisintegrations. This long

lived secondary product was observed. 

GALLIUM: 
68 

Gallium-66 and Ga were .easily resolved from a proportional-counter 

decay curve of the gallium sample. The half-lives of these secondary prod

ucts are 9.45 hours and 68 minutes respectively, and they were assumed to 

decay 60% and 84% by positron emission. 

·B. Experimental Cross Sections 

Table I gives the experimental cross-section results obtained in 

this work. It is arranged in three columns. The first gives the nuclide; 

the second gives the cross section in millibarns, which is the weighted 

· average value of the number of separate determinations given parenthetically 

in the third column. These cross sections are based on a value of 10.5 

millibarns for the Al
27 (p,3pn) Na24 cross section discussed in Sect,ion II. 

A realistic figure for the probable uncertainty in these results due to 

the individual errors in the factors comprising the cross-section calcu

lations and a .systematic uncertainty in the monitor cross section is ± 20%. 



.. 

Table I. Experimental Cross Sections 

! Cross 
ltr Nuclide ~ · Section 

z__. . . . . I ~---y 
(mb) 

I 1 Number of ~, · Cross 
• .J Nuclid ...- S t• DetermJ.natJ.ons I; I {:; v ec J.on 

(1) 
(1) 

(2) 

(2) 

. (1) 

(2) 

(5) 

(1) 
(5) 

(3) 

(3) 

(2) 

(2) 

(2) 

(3) 

(1) 

( 1) 

(5) 

(2) 

( 2) 

(6) 

(3) 

(3} 

(~) 

I I~ · . o (mb) 

Number of 
Determinations 

* The d·ossl section for Ni05 is b1ased on the isotopic abundance of cub5 
.rather than natural copper; all the othe.r nuclides are based on the 
naturally occurring.isotopic .mixture of copper. 
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V. . DISCUSSION 

A. Cross ... Se.ction Distributions-Estimation of U:hmeasured Yields 

An inspection of the experimentally measured cross sections 

leads to the following general observations: 

l. The yields across an isobar, an element, or .an. isotone are largest 

in the region of the stable isotopes and fall off rapidly on the wings 

of these isolines. This is a reflection of the shape of the mass sur

face that passes through its minimum at the stable isotopes" 

2. Many of the measured cross sections are independent in that either 

they are shielded by stable isotopes from Tormation through decay, or 

their yields may be corrected for any contribution from a parent due to 

decay of the parent. The high cross sections.for these products indicate 

that they are formed directly as a result of proton collisions with copper 

nuclei. Actually, to a.good approximation, all measured yields are inde

pendent, owing to the distribution of products and the rapid fall-off of 

cross sections with dista~ce from the line of stability. 

3. Along isodiapheric lines (constant N-Z) originating at the various 

copper isotopes, the measured cross sections seem to vary in a smooth 

manner although the :respective lines do not necessarily duplicate one 

another. This is because each line corresponds to a different path along 

the ·yield surface, some crossing its valley and others merely wending 

along its sides. Plots of the cross sections along these lines are shown 

in Figs. 8 through 15. 

These observations lead to the conclusion that the s'table. 

isotopes are formed in quite high yield. For estimation of the formation 

cross sections of stable and unmeasured radioactive isotopes, the pre

viously stated observations were utilized in the following manner. It 

was assumed that the yields across elements, isobars, and isotones follow 

a Gaussian distribution, that is, a parabola on a plot of the logarithm 

of the cross section. Since there' are not enough measurable cross sections 

across any of the isobars below copper to test this assumption rigidly, 

the method was first applied to the elements .cobalt, iron, manganese, and 

scandium. Three cross sections for isotopes of a given type, namely odd

odd, odd-even, or even-odd, whichever were sufficient to apply the method, 

were fitted to an equation of the form 
2 log cr = a A. + b A + c, (14) 

.. 
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obtained from parabolas across elements. 
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where a = measured cross section of isotope in millipa:r:qs, 

A =mass number for that isotope. 

Having determined the parameters a, b, and c, .one could calculate the 

cross sections for nuclides of the other type involved and compare them 

with the actual measured ones. The results are shown in. Table II. 

These results lead to the following inportant conclusions: 

1. Within experimental error, the cross-section distribution across an 

element does indeed follow the assumed shape. 

2. There are no outstanding anomalies in the yieldEl of isotopes of dif

ferent type as predicted from this distribution, although insofar as this 

limited portion of the data i;s; concerned, there does seem to be a con

sistent indication that the yields of odd-even isotopes are of the order 

of 20% higher than those of odd-odd ones, as seen from the ratio of pre

dicted to measured values. For co56 , the ratio is somewhat higher than 

the 20% figure quoted, but the cross section for this isotope was very 

difficult to measure. This conclusion is somewhat surprising in ,view of 

the generally accepted assumption that the level density of a nuclide, 

which governs the final stages of an evaporation process according to the 

Weisskopf formulation, is greater for odd-odd isotopes than that for odd

even ones, which is in turn greater than that for even-evens,.and the 

cross sections should be favored in this order because of this .effect.· 

However, the idea that the separation energies of a neutron or a proton; 

which also affect the evaporation process, as a rule favor the cross 

sections in just the inverse order from that above,55 namely even-even 

highest, would explain the results if these two effects approximately 

offset each other. The data are consistent with the latter factor's being 

slightly favored. 

3. The parameter a, which .is a measure of the width of the parabola, re

mained essentially constant for all four elements, indicating that this 

width is the same at least over this range of atomic numbers (21-28). 
Its values were 

cobalt 

a = -0.121 

iron 

-0.150 

manganese scandium 

-0.137 -0.154 -

4. By use of ·the parameters a and b, the quantity -b/2a was calculated 

for each of the four elements mentioned. (This quantity is the mass 

number at the peak of the parabola and corresponds to the· most p1·o'uable 
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Table II. .Data for testing the assumption of a parabolic 

distribution of yields across elements. The 

type denotes the number of protons and neutrons 

respectivel~ as being odd or even. .. 

DAT.A FOR ISOTOPES FITI'ED TO DATA FOR ISOTOPES 
EQ. (14) PREDIC'mD COMPARISON . 

Cross Pred. Meas. .Ratio: 
Mass· Section Mass Cross Cross Pre d. 

Element Number Type (mb) Number Type Section Section Meas. 

cobalt 55 o-e 1.8 56 o-o 8.7 5.1 1.70 

57 o-e 24 58 o-o 38 33 1.15 
61 o-e 5.3 60 o-o 18 14 1.29 

iron 53 e-o 1.3 52 e-e 0.13 0.13 1,00 

55 e-o 17 

59 e-o 0.77 

manganese 52 o-o 7.1 51 o-e 1.8 2.2 0.82 

54 ·o-o 16 

56 o-o ' 2.8 

scandium 44 o-o 9.3 43 o-e 3~5 3·8 0.92 
46 o-o 7.8 47 o-e 2.4 3.0 0.81 
48 o-o 0;,38 
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A for a given z. These were plotted 13-s __ ~a function of Z .in Fig •. 16 and found 

to be linear. The unmeaswed cross sections for all elements between 

Z = 21 and Z = 28 could then be determined as long as there was one 

measured cross section for the element, since a parabola of good shape 

was available from any of the four elements discussed whose .maximum in 

A could be obtained from the·above plot. The measured yields for a 

particular ·element fixed the vertical scale for its parabola. The above 

procedure was performed graphically. 

The .cross sections obtained in this manner were then included in 

the plots of data .along isodiapheric lines shown in Figs. 8 through 15, 

strengthening the assumption of a smooth variation along these series. 

In order to ascertain whether or not the above procedure could be ex

tended down to low atomic numbers, the yields for Mg
24 and Mg

26 
were 

obtained from isodiapheric-line systematics and used in conjunction with 
·. 28 

the measured value of Mg to construct a parabola for this element. Its 

width parameter, a, was ..:0.15 as in scandium, and the most probable A 

for Z = 12 fell nicely on the line previously constructed in Fig, 16. 

Thus unmeasured cross sections for elements 12 through 21 were deter

mined by the same procedure as described above, using measured cross 

sections for elements and isodiapheric-line interpolations to keep the 

whole analysis consistent. Only two experimental results seemed out of 

line with this treatment of the data. The measured value for s35 was -

lower by aoout a factor of three than that predicted. This may be due 

to the possibility that .complete exchange between th~ active atoms and 

the carrier added was not effected with the chemical separation procedure 

used. The very soft negatrons emitted in the decay of this isotope also 

contribute larger-than-average uncertainties in the corrections applied 

to the counting rate. The only alternative explanation for this devi

ation would be to i:issume an effect due to the adjacent 20'-neutron closed 

shell, although one would expect a similar effect for the isotopes 

adjacent to the 28-neutron shell, which is not observed. Also, the ex

istence of an Undiscovered isomer cannot be ruled out. The other ex

ception was the cross section for p33, which was lower~by a factor of 

two than predicted, In this case, the combination of very difficult 

decay-curve resolution (see Fig. 6)- and soft negatrons in the decay 

could easily account for the discrepancy. 
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Since the cross sections for, elements below magnesium are of 

interest to some workers, chiefly because the energy of the protons used 

in this study represent those .of cosmic -ray particles, the interpolation 

methods described were extended down as far as beryllium, with reserva

tions. In this range of atomic numbers, the sparsity of measured cross 

sections anci the onset of low·level densities where: individual level 

structures in nuclides may strongly affect the formation cross sections. 

make the results questionable. In addition, as·will be seen presently, 

the formation .of these products is probably due to a different mechanism 

from that leadirrg to the nuclides already treated, although an under-· 

standing of this process indicates that the extension is warrented. Never

theless, these latter results should be looked upon only with relation to 

the methods used to obtain them. 

Finally, nuclides close to the target, namely those of copper and 

nickel, were treated individually owing to the presence of the two stable 

isotopes .of natural copper, giving rise to specific effects such as the 

reactions discussed in Section E. The (p,p') cross section·was taken to 
115 56 be > 5 millibarns from the data of Nethaway on In • The final cro:3s 

sections for all isotopes, both measured and interpolated, are shown in 

Fig. 17, which is a "G. E. Chart of the Nuclides" type of plot. 

B. Application of a General ·cross .,.section Formula 

To facilitate discussion of the data and to confirm the validity 

of the parabolic distribution across isobars, three yields for each.mass 

number were fitted to an equation analagous to ( 14): 

2 log a = a Z + b Z + c, (15) 

lvhere Z is now the atomic number of the isotope with cross section cr. 

Other cross sections in the isobar were then predicted and found to agree 

with those obtained by the previous methods. The width parameters, a, 

remained constant, and a plot of the most probable Z for a given A was 

eonstructed from the values of -b/2a just as in the previous treatment 

of elements. It is shown in Fig. 18 with a least-squares straight line 

passed through the data. The reason for constructing this plot will be 

made apparent in the ensuing discussion. 
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Go~ 1.0641 
Zn .20 .87 .96 

Cu .01 .30 3.0 I& 32 )10 22 )1.& 
Nl .o~ .12 4.2 22 37 36 19 12 1.& .22 

Co 1.8 5.1 24 33 32 14 &.3 .20 
Fe .13 1.3 6.8 17 22 1& 4.7 .77 06< 3& 

Mn .27 2.2 7.1 16 16 10 2.8 .& 
Cr .22 2.8 9.0 14 II 6.5 1.4 .36 

v .45 :s.t to t3 to 4.2 .ao :so 
· Tl .09 .60 3.3 9;7 12 8.5 2.9 .52 .18 

Sc .10 .57 3.8 9.3 12 7.8 3.0 .38 .10 
Co .II .77 4.5 9.8 II 6.6 1 .. 2 .23 8 .01 01 

K ,16 1.1 5.2 9.4 9.2 5.4 1.1 .15 .06 50 
A .21 1.6 5.9 9.5 8.9 4.5 .87 ,II 25 

Cl .23 1.7 5.0 8.8 6.5 2.0 ,60 
.s ,29 2.0 5.5 8.3 2.0 2.1 .31 

p .38 2.2 &.6 1.8 2.2 1.6 20 
Sl .43 2.2 &.4 6.9 2.9 1.3 

At .os .sa z.s s.s s.t :s.z 
Mg ,60 2.6 5.4 5.4 2.7 .65 

No .II .84 2.9 5.6 4.8 2.2 15 
Ne .95 3.2 7.3 4.7 1.9 

F 1.2 3.5 5.3 3.9 
0 .26 1.7 4.6 6-9 4.7 1.7 

N .39 2.1 5.4 7. 7 4.9 1.5 
C .70 )3.1 7.3 II 5.0 1.3 10 
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40 

8 2.6 10 22 25 II 20 ' 
Be 17 33 30 14 
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60 

10 

Neutron Number -
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Fig. 17. Summary of measured and interpolated cross sections for all 

isotopes formed in the 5.7-Bev proton bombardment of copper. 
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The cross sections for each mass number were summed and plotted 

as a function of mass number. The resulting distribution, which is 

referred to hereafter as the yield-mass curve, is shown in Fig. 19. It 

is apparent that this over-all curve from A= 6l·down to about A= 20 

may be approximated by a decreasing exponential expression such as that 

employed by .Rudstam for several spallation studies. 
2 Two other oqser-. 

vations were made by Rudstam, namely: 

1. The independent yield versus the atomic number for isobars is a 

Gaussian function of the atomic number with a precision index (this 

quantity is directly related to the width pa,rameter, a, discussed 

previously)· which is independent .of the mass number. 

: 2. The most probable Z for a given A can be approximated by a linear 

function of A passing through the origin. 

The detailed study of the data in t~is work substantiated these 

assumptions. Consequently, the empirical treatment .of the results was 

carried one step further. The experimentally measured cross sections 

for 44 of the 59 nuclides studied from mass number 61 to 22 were fitted 

to the following four-parameter equation, 

cr (A, Z) = exp [ PA - Q - R ( Z - SA) 
2 ] , (16) 

where cr (A,Z) = formation cross section for the nuclide with mass 

nillnbe.r A and. atomic number Z. 

The parame.ter S is the slope of the linear plot for the most probable 

Z versus A mentioned at the beginning of this section and shown in Fig. 18. 

The value of S was found to be 0.467. Having fixed this quantity, the 

remaining paramaters P, Q, and R were obtained by fitting the data by the 

method of least squares to the above equation. This gave the values 
p 0.0528, 

Q -0.0168, 

R ·- 1.47. 

These values are consistent with the systematics for the parameters 

established by Rudstam .. The final general expression for the cross 

section of any of the isotopes included in the analysis is 
. 2 

ln cr (A,Z) = 0.0528 A + 0.0168 - 1.47 (Z - 0.467 A) • (17) 

rable III shows the comparison of the cross sections calculated from this 

formula with those actually measured for the 44 nuclides used, For 

... 
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Table III. Comparison of calculated and measured cross sections, 

Cross Cross Cross Cross 
Section Section Section Section 

Nuclide Predicted Measured Nuclide Predicted Measured I' 

~ 

61 Cu 17.4- 15 v49 13.3 13 

cu6o 5.9 3.0 Ti45 2.6 3.3 
'~ 

Ni57 1.3 o. 72· ' Sc43 2.9 3.8 

Co 55 1.5 1.8 Sc44 7.7 9.3 

Co 56 6.8 5.1 Sc 46 8.2 7.8 

Co 57 16.7 24 Sc47 3.} 3.0 

Co 58 21.6 33 Sc48 0.68 0.38 
·-

Co6o 5.3 14 Ca45 2~4 1.2 

Co6l l.O 5.3 Ca47 0.047 o.o86 

Fe 52 0.21 0.13 K42 5.4 5.4 

Fe 53 1',7 1.3 K 
43 1.8 l.l 

Fe 55 16.1 17 A37 3.4 5.9 

Fe59 0,67 0.77 A4l 1.3 0 •. ~7 

Mn5l 1.9 2.2 Cl38 3.3 2.0 

Mn 52 r .5 7.1 Cl39 0.92 0.50 

Mn54 16.4 16 s35 . 5.4 2.0 

Mn56 2.8 2.8 p32 
5.5 7.8 

Cr48 0.32 0.22 p33 4.5 2.2 

Cr49. 2:2 2.8 s·3l -
l - 3.8 2.9 

Cr5l Mg28 
-'\\\ ... , 

14.3 14 -0.82 0.65 

v47 2.4 3.1 Na 22 _1.5 2.9 

v48 7.8 .10 Na24 3.4 4.8 
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isotopes close to the target, the pred~cted values are not. quite so good 

as those more distant, but in general, the agreement is satisfactory. A 

graphical presentation of these data shown in Fig, 20 gives a good visual 

impression of the accuracy of the fit: It utilizes the fact that a plot 

of the quantities lna ~ PA + Q versus Z - SA should be parabolic, as seen 

from Eq. (16). Finally, the root-mean-square error of the logarithms 

of the cross sections was calculated as m = 0. 501. The <±uanti ty 

±m 
exp = 1.65 

gives the average ratio between experimental and calculated cross sections 

and is thus a measUre of the success of the formula (17). By comitting · 

from the analysis a few cross sections for elements close to the target 

(specifically the cross sections for the isotopes of copper, nickel, and 

cobalt), the latter figure could be lowered appreciably, which would 

indicate a better fit. However, an empirical formula like Eq. (17) is 

.more useful when it covers as wide a range of mass numbers as possible. 

C. Reaction Mechanisms-comparison with Monte Carlo Predictions 

The shape of the yield-mass curve of Fig, 19 reflects the proc

esses that occur when 5.7-Bev protons strike copper nuclei, The following 

discussion of the present ideas on high-energy nuclear reactions is pointed 

toward explaining this distribution of products .. 

The first stage in th<: sequence of events that occur in a high

energy nuclear· reacticn is the trensfer of energy by the incoming particles to the 

target nuclei. According to the ideas of Serber, 57 this transfer takes 

place by means of collisions between the projectile and individual nucle

on in the target nucleus. The result is the generation of a nucleon 

cascade, which occurs in essentially the time it takes for the projectile 
-22 . 

to traverse the nucleus 1 about 10 second:.o The knock-on protons and 

neutrons which escape from the nucleus have a continuous distribution of 

kinetic energies up to that of the original incident particle, leaving 

a wide range of excitation .energies in the residual nuclei, and their 

angular distributions are strongly peaked in the forward direction. 
- 58 ' ' 

Goldberger has treated this cascade or knock-on model quantitatively, 

using.a Monte Carlo technique. Bernardini59 and several other workers 

have measured angular and energy distributions of cascade nucleons, which 

are. in satisfactory agreement with the calculated predictions. 
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Below about 400 M~v, where meson production is insignificant, .the 

excited residual nuclei resulting from the fast .cascade process then pass 

into the second stage of the reaction, which is a relatively slow dis

sipation of the excitation energy by evaporation of neutrons, protons, and 

light particles such as deuterons, tritons, alphas, and heliuin-3 nuclei. 

Quantitative calculations of the evaporation process are based .on the 

treatments by Wei'sskopf ~ 60, 61 and Le Couteur. 62 Rudstam63 has obtained· 

good ag;reement between radiochemically measured cross sections for 170-

Mev protons .on arsenic and .calculations based on the cascade-followed-by

evaporation model, utilizing .the Monte Carlo method for both stages .of 

the reaction. He also introduces the idea of a.combined cascade-compound

nucleus picture for the first .step of the reaction. 
<::· 

Recently, G. Friedlander of Brookhaven National Laboratory, 

J. Miller of Columbia University, N. Metropolis; R. Bivins, and M. Storm 

of' the Los Alamos Scientific Laboratory, and A •. Tu.rkevich of the Uni• 

versi ty of Chicago· have set up an extensive program for making .cascade 

calculations using the Monte Carlo techniq_ue. 64 The essentials of the 

calculation have been computer-programmed so that the particle energy 

and target element may be varied. This .enables many more initial events 

to be followed, leading to smaller statistical errors on the results than 

had previouslybeen practical by hand calculations. The writer is in

debted to Dr. A. Turkevich for making some ·of the pr~liminary .results of 

their calculations available. Their predicted yield-mass curve for360-

Mev pflcto:ns on copper is .compared. with that .constructed from the data of 

Batze16 for 34o-Mev protons (these data were corrected where necess?-I'y 

for better-known decay schemes) in Fig .21 (a). The agreement is very 

good. Although these calculations have not yet been carried out for 6-

Bev protons on copper; it is interesting to compare the 2-Bev proton 

predictions with the results of this study, for the measured cross sec• 

tions do not differ markedly from those of Friedlander65 for 2.2-Bev 

protons .on copper" Figures 22 (a) and. 22 (b) show the freq_uency distri .... 

bution and average excitation energies respectively of the residual 

nuclides resulting from the casca.de process. The application of a crude 

evaporation calculation leads to a .predicted yield-mass curve, which is 

.compared with :that found in this study in Fig. 21 (b). In this case, the 

agreement.is not so good as that found at the lower energy, and it.would 
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Comparis9n of the experimental yield-mass distribution for 

340-Mev protons on copper with the Monte Carlo prediction 

for this energy. 
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Comparison of the experimental yield-mass distribution for 

5.7-Bev protons on copper with Monte Carlo prediction for 

1,86-Bev protons on copper, 
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Frequency distribution of residual nuclides after the cascade 

process in the 1.86-:-Bev proton bombardment of copper (Monte 

Carlo prediction). 
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Fig. 22(b). · Average excitation energies of residual nuclides after the 

cascade process in the 1.86-Bev proton bombardment of copper 

(Monte Carlo prediction). 



.. as-.. I 
I 

be expected to be even less if the comparison were with 6-Bev ca,lculations. 

The cascade process has evidently been overestimated in the Bev region. 

The eventual publication of the details.of the Monte Carlo cascade -calcu

lations used for making the above comparison, especially the assumptions 

regarding meson participation, may suggest a reason for the discrepancy. 

One conceivably could account for the high yields .of products .close to 

the target (which are observed ·experimentally but not predicted by the 

· 2-Bev calculations) by including ,in the calculations a-nucleon density 

distribution extending outwards from the nucleus:}, which is a more 

realistic picture than the ·present model of a square-well potential· 

containing the .degene.rate Fermi gas. A density distribution would 

enhance the probability of surface reactions with smali energy tr~sfer, 

which would lead to products close to the target. Anqther possibility for 

the discrepan!=!Y may lie in the following description of a newly observed 

mechanism that accompanies the onset of meson production and certainly 

operates for proton energies in the Bev range. 

Wolifgang et al., 66 in bombarding lead with protons in .the Bev 

energy ,range, have introduced the term ·;,fragmentation" to account 'for the 

formation of products that require large amounts· of: excitation.energy and 

exhibit steeply rising .excitation functions above 0.4 Bev ~· They describe 

the process in terms of the production and reabsorption of 1( mesons, 

leading to the deposition of large amounts of excitation energy in rel

atively . small zones of the nucleus. This results in the emission of 

light fragments of nuclear matter in a time short compared with the life 

of a compound nucleus. Since it is a fast process, like the casc.ade, the 

emitted fragments initially have a neutron-to-proton ratio essentially 

the same as that of the target nucleus. The fragmented products then de

excite by the evaporation process. The data herein are consistent with 

this idea. The increase with lower mass number that starts at about A = 20 

in the ·yield.-mass curve can be explained by assuming these products are 

fragmentation residues. There are of course products which are the 

partners of the fragmented units that have also dissipated their excitation 

energies by evaporation; their distribution increases with larger mass 

number. This distribution is mixed up with the straight cascade-evapora

tion residues described previously. The cutoff at very low mass .number 

between evaporated par.titHe.s and fragmented ones is not clear-cut. There 

,.. 
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is rmdoubtedly a continuous gradation in both mass yield and time scale 

between slow evaporation' and fast fragmentation. 

The possibility of a fission contribution to the yields of prod

ucts centering arormd mass number 30 cannot be ruled out. In the light 

of the previous discussion, the fission process would differ from frag

mentation only in the time scale for these events. Actual fission as 

such would be a slow process preceded by compound-nucleus formation. The 

data of Batzel indicate that ·this can occur, 10 but it is probably un

important in the bombardment .of copper at these energies. 

In summary, the yield-mass .curve observed in this work .is the 

summation of products .resulting .from the following reaction mechanisms: 

Step 1: ·Energy transfer by a nucleon cascade process and reabsorption 

of n:;..mesons produced. 

Step 2: De-excitation of the residual nuclei by either 

a. Spallation or slow evaporation of particles, or 

b. Fragmentation.or fast emission of light fragments 

followed by evaporation from the fragment and its 

partner. 

'l'he yield-mass ·.curve of Fig. 19 has been labeled in terms of the regions 

.of products resulting from each of these .mechanisms. 

D •. Total Absor;ption Cross Section-Estimate of r
0 

A summation of the exper~ental and interpolated cross sections 

over the appropriate mass numbers will yield a total absorption cross 

section for the bombardment Df copper with 5.7-Bev protons. An exami

nation .of the yield-mass .c\]Xve (Fig. 19) with an insight into the mech

anisms involved indicates that the summation should properly be carried 

out .from about mass 20 .up through mass 65, excluding the gallium yields. 

Summing .in this .manner will insure as closely as possible that· each 

event ·is .Colll1.ted o:nly once. The result of this summation is 893 milli

barns,of which 318.m:illibarlis, or 36% of the total, is represented by 

directly measured yields •. For.comparison, if'the summation is ca,rried 

.out from mass .number 30 through mass number 65, the result is 810 

millibarns. Taking .the first 893-millibar:q. figure and assuming .that it 
I 



is a measure of the cross•sectional area of a copper, nucleus, neglecting 

transparency, one can calculate an r
0 

-defined by 

1/3 . . -13 . . 
R = r A x 10 centimeters, 

0 

where R equivalent square-well radius of a nucleus of definite 

boundary having mass number A,. 

since .. we have 

The result is 

rc R2 = 893 i 10 -'27 · square. centimeters. ·• 

r = 1.33. 
0 

(18) 

(19) 

. 67 
Sinha and Das have rece:htly measured a cross section for copper cor-

responding to the distance at which nuclear forces are effective, using 

cosmic-ray interactions of 4 Bev average energy. Their result was 899 .. 

millibarns and an r of 1.34 . 
. 0 

As a .function of particle energy, the absorption cross section 

for protons or neutrons on copper passes through a shalJ.ow minimum in 

the hundreds -of.-Mev energy range , 68 owing to the phenomenon of nuclear 

transp~rency interpreted i~ terms of the optical model of the nucleus. 69 

However, ultra-high-energy cosmic-ray data indicate -that it .rises again 

to the geometric value, presumably because of an increase in the ele

mentary nucleon-nucleon cro.ss sections. 70' 7l The result in this work 

is consistent Mith this trend, but it is somewhat higher than other 
. . . 

estimates of the absorption cross section for accelerator particles in 

the Bev energy rarige. 7Z This may be 9-ue to the difficulty of deciding 

on a low-mass-number cutoff for the summation. 

E. Observations.on.Some Specific Reactions of Interest 

1. Difference in (p,pn) Yields 
. . . 64 . 62 

The formation cross sections for Cu and Cu represent (p1 pn) 

or equivalent reactions on the two stable isotopes .. of natural copper, 

which have .mass .numbers 63 and 65 with natll.ral abu.rldances of 69% and 31% 

respectively. Assuming that the (p,p3n) reaction on cu65, which can 

also form cu62 , is negligible compared with its (p,pn)· contribution, the 

observed cross sections for. Cu6~ and cu
62 

may be weighted by the isotopic 

abundances of natural copper to give a pair of (p,pn) figu.'r~s;, which may 
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be compared in order to .see if there is any mass effect in.this ele

mentary reaction. The .results are 

(p,pn) 
63 

·= 46'millibarns"' 
cu: 

(p_,pn) · 
65 

= 71 millibarns. 
Cu _ 

Markowitz73 has measured the excitation -functions for these reactions, 

both with separated isotopes and with natural copper targets, and has 

found t~em to be quite flat in the Bev_ energy region. At 3.0 Bev, he 

found _a value of 66 millibarns for cu63 (p,pn) cu
62

, although in some 

runs- ·his determinations were as low as that found above. Since Cu 
62 

- is a 10-minute activity, experimental difficulties .make the determina-
- . . 64 

tion of its cross. section much less accurate than that of 13-hour Cu , 

for which h~ obtains values in excellent agreement with those found in 

.this .work. In order to insure an overlap of energies, two Bevatron 

bombardments were carried out at 2.2 Bev in which copper was removed, 

The average result f~r cu64 based on the isotopic abundance of stable 

cu65 was 61 millibarns, which verifies the observations by Markowitz· 

that -this .(p,pn) cross section is essentially constant in -the Bev 

energy range, although there may be a slight rise in going from 2 to 

6 Bev, 

However, if the above difference in (p,pn) yields found here 

is actually real, it could be explained by assuming that the extra pair 

of neutrons in cu65 is "concentrated" toward the surface of the nucleus_, 

where cascade collisions leading to this reaction are most likely to 

.occur, 'This idea of a neutron "skin" type of-distribution in nuclei 

was first proposed by Johnson and Teller.74 Wilets,75 on the other 

hand, has concluded that -the density distributions in .nuclei are about 

the same for neutrons and protons, although his calculations do indicate 

that the tail of the neutron distribution extends beyond that for 

protons; Thus, it is conceivable that the excess .of neutrons in cu65 

.over cu63 would tend to participate in surface reactions like the (p ,pn), 

l d . t . l t. . . c 65 . Th . . . t t. ea 1ng o a arger cross sec 1on 1n u . e reaction lS 1n eres 1ng 

enough to WCJ.rrant further study in order to ascertain whether or not the 

difference in yields is actually outside experimental error. 



. .;.89:;; 

2. cu65 (p,p~+) Ni65 

The cross section for formation of Ni65 in the pr~ton bombard-
6 . . . ~ 

ment ,of Cu 5 has been studied by Fung .and Turkevich up to 440 Mev. 

They concluded that this product is due to a reaction involving the 

production of positive pions·according to the collision reaction 

p + (p) --------~ + ~ p + n + ~ ' 
where (p) refers to a proton bound in the nucleus. 

Therefore, one might expect that the excitation function for this 

reaction would resemble that for the production of mesons through 

proton-proton collisionsJ which rises rapidly above the meson-pro

duction threshold to a value of about 28 millibarns at l BevJ after 

which it remains constant out to 6 Bev. Correspondingly_, the above 

reaction has a threshold around 200 MevJ and the cross section in

creases rapidly to 0.083 millibarn at 440 Mev. The value found in 

this work at 5.7 Bevis 0;22 millibarn. In additionJ the data of 

Nethawa~6 on rn115 (p,p~+) Cd115 snow that the cross section for 

this reaction remains constant from 2 .to 6 Bev at 0.21 millibarn •. 

Thus, the shape of the energy dependence of the cross section is 

.consistent with the interpretation of this reaction in terms .of the 

meson process described. 

3. Secondary-Product Yields 

The observed yields of gallium isotopes are attributed to the 

interactions of secondary helium nuclides with target nuclei. These 

.secondary particles may be ejected fragments resulting from the ini

tial cascade step, or ev13,porated particles of lower energy, in which 

case they are probably not nearly as effective as the former in pro

ducing further reactions with copper nuclei. Turkevich and Sugarman77 

have studied this effect, using 2. 2.-Bev protons on copper, and they 

obse.rved product yields up to arsenic corresponding to secondary 

beryllium reactions. In order to gain any kind of useful information 

from a secondary-product study, it is necessary to bombard thick and 

thin foils and note the .. change in effective cross se.ctions .with 

target- thickness. This information allows an estimate of the reaction 

distances of the fragments and their average energies. The number 

of these fragments reacting per proton-copper interaction can then 
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be calculated. by use of low-energy excitation functions for the ap

propriate particle, such as those of Porges78 for alphas on copper to 

give the gallium isotopes. The results obtained in this study were 

on 3-mil copper fo~ls, and simply indicate that nothing anomalous 

occurred with respect to these secondary-product yields in going .from 

.2 to 6 Bev. 

4. Differences in Yields of Isomers 

The ratio of yields for a pair of isomers of a nuclide formed 

in target bombardments may be of significance in determining the effects 
\. 

introduced by states of different angular momentum. For example, a 

residual nucleus from the cascade process .containing a large amount .of 

excitation energy presumably has a high spih !3-lso, and may tend to re"'

tain this state while de-exciting by evaporation, leading to preferential 

formation .of the high spin state of an isomeric pair. On the other 

hand, the evaporated particles, although.of low energy, may carry off 

most of the angular momentum, leading to low-spin-state preference in 

isomers. There is actually no good theory at present on how these yields 

should vary with distance from the target nucleus and with incident

particle energy. The results found in this work are summarized: 

Total Angular Cross Section 

Nuclide Momentum, J (mb) 
Mn52m 2ll 1.9 
Mn52 6n 5.2 
Sc44m 6, 7ll 4.7 
Sc44 2, 3ll 4.6 
Cl34m 3ll 0.73 
C:L34 on 0.92 

4 . 
The Cl3 ground~state cross section is estimated from the measured.value 

for the isomer and from the total Cl34 yield obtained through inter

polation methods. These data indicate that there is a definite dis

crimination toward the high spin state exhib.ited in Mn52 that is not 

apparent for the other two isotopes formed, 
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• APPENDICES 

A. Traversals as a Function of Target Thickness 

. The following is a derivat:ion of the number of :<traversals the 

proton beam makes through a foil stack in terms of theshrinkage of the 

proton orbit due to e:r:tergy loss in the foils and the variation of the 

magnetic field with time. It has been derived by Mr. Paul Benioff, 

to whom the writer expresses his thanks for allowing its reproduction 

here. 

Let r = f (T,t), 

. where. r radius of .proton orbit, 

T =kinetic energy of protons, 

t time. 

Writing the total differential, we have 

dr Clr Clr · 
= ()'T; dT + dt dt, 

since Hev Mv2 
= r 

therefore:, we have 
Mv 

where 

r = 

M = mass of proton at velocity V1 

H = magnetic field, 

e = electronic charge, 

(A.l) ·--

(A. 2) 

(A. 3) 

The relativistic momentum as a function .of the kinetic energy of the 

protons is given by 

where 

(T2 + 2M c
2T)

1
/ 2 

Mv = ... o 
c 

M = rest ma:ss of proton, 
0 

c velocity of light. 

Substituting Eq. (A.4) into (A.3),'one 

(T2 + 2M c
2T) 1/ 2 

· r = -----,H:-e-c-:;
0
--"'----

obtains 

In addition, the magnetic field varies with radius according to 

(A. 4) 

(A. 5) 
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H(r) ,; H(r ) · ... ·(~o) mJ 
. o r 

(A.6) 

where .m = a.constant for the ·Bevatron~ 

Substituting Eq_. (A.6) into (A.5) and evaluating the partial of r with 

respect to T yields 2 
or ro (T + Moe ) 

oT = ( l ... m) (T2 + 2M c2T) • 
. 0 

Also; 
.. dE ·.b 
dT =- n;, 

. dX 

where dE . . . 
dX = rate of proton energy loss with target thickness; 

b = thickness of foil, 

n = number of traversals. 

Inserting Eq_s, (A.7) and (A.8) into (A,l) gives 

r (T + M c2
) 

dr 0 . 0 

= ( 1-m) ( T2 + 2M c 2T) 
0 

dE . or 
bn + """"dt" dt. 

dX 

(A.7) 

(A.8) _ 

(A.9). 

NowJ· the variation of magnetic field with time is such that we have 

or l inch :at"" = constant = ~l~.-::.6="'::0:--m-:-i-:-1-:-ll-:-._ s_e_c_o_n-:d...;.s_ (A.lO) 

and (A.ll) 

where f = proton rotation freq_uency. 

Since the relation is 

f = 4 x 10
6 

revolutions 
1.8 seconds J 

then we have 

or dt dt = 0.0003 n inch. , (A.l2) 

Substituting Eq_. (A.l2) into (A.9) and using the following values for 

the .constants in Eq_. (A. 9) leads to these final results: 
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r 
0 

= 600 inches, 

T = 
M c 2 

0 

m = 
dr 

5,700 Mev, 

= 938 Mev, 

0.6, 
dE . 

!:::. r = (0.220 dX b + 0.0003) n. 

'- Eq. ·(A.l3) is discussed :in Section I of the ma:fn text. 

B. Least-Squares Analysis 

Applied to a Two-Component Radioactive Decay System 

(A.l3) . 

The following,application of the least-squares method of anal

ysis to a two-component decay system serves as an illustration of the 

general principles involved in the use of this method. The total activ

ity in a system containing two separate radioactive components which 

are decaying is given by 
A _ Aoe-Alt o -At - 1 + A2e 2 , 

A = total activity, 

A~ activity of component 1 at end of bombardment, 

A~ activity of component 2 at end of bombardment, 

(B.l) 

A1 ,A2 decay constants of components 1 and 2 respectively, 

t time measured from end of bombardment. 

The residual x is defined by 

. o -A t o -A t 
A - A1e l ~ A2e 2 = x. (B.2) 

By definition, the method of least squares .minimizes the sum of the 

squares of the residuals. Therefore, the first step is to square and 

sum the residuals defined in Eq. (B.2): 

Next, minimizing this sum by taking its partial derivative with respect 
0 0 to the two parameters being sought, namely A1 and A

2
, and setting these 

differentiations equal to zero, gives the following pair of simultaneous 

equations: 
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(B. 4) 

d 1 x2 = 0 =! ( •2Aie•k2\2A~e -t(Al+A?) +2A~e - 2
A2t). 

i 1 

(B.5) 

d A0 

2 

Solving ·this last pair simultaneously leads to the results 

(B.6) 

\ -f... t _ Ao \e-2f..._1t L Aie l. . l L 
AO: = _i ---'----'--.:....__i_-'--_ .• 

2 . 
(B.7) 

\ -t(f... +f... ) L e l 2 

i 
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Experimental data may be set up in the following table for evaluation 

of the quantities necessary for calculating A~ and A~ 

!Item 1 . 2 3 4a 5 6b 7c gd 9e 
No 

t Ai 
-A. t -2A. t -A. t -2A. t A -A.l t A e-"'2t · -t(A. +A. ) e 1 e 1 e 2 e 2 .e e 1 2 

1 i 

' 

I: I, 1 I l 
aProduct of item 3 times item 3. 
b Product of item 5 times item 5. 

cProduct·of item 2 times item J, 

~roduct of item 2 times item 5. 

eProduct of item 3 times item 5. 

Finally, using the summations for the respective columns, one obtains 

0 (8) (9) - (7) (6) A 
(9)

2 
- (4) (6) 

J l (B.8) 

(7) 
0 

( 4) Ao Al = 2 (B.9) 
(9) 
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