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REACTIONS OF.He3 WIT~ LIGHT ELEMENTS: 
. APPLICATIONS· '.CO ACTIVATION ANALYSIS 

John D. Mahony 

_Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

January 1965 

ABSTRACT 

A simpie, rapid· technique of analyzing for carbon, oxygen, and 
3 · fluorin_e, individually .arid simultaneously by He activation is presented. 

This method, which can easily be extended to other e;Lements, is capable 

of analyses at the ppb level or even less in some cases.and an ultimate 

accuracy of 5%. Milligram amounts of total sample are sufficient and 

are not destroyed· in the analysis. The advantages ·of this technique. 

~th especial reference to energetics, versatility and the elimination 

of interferences are discussed and compared to those of other charged­

particle "and neutron-activation analysis procedures. 

The excitation functions for the production of F18 from 

c11 and N13 from c12, and.F18 from F19 by. He3 reactions for the energy 

range, 0 to 31 MeV have been determined and are discussed with particular 

application to activation analysis·. 

An absolute analysis for_ oxygen in thorium was performed; simul­

taneous absolute analyses of ·gold, silicon, Mylar, and polyethylene for 
~ . . 

carbon and oxygen, and Teflon for carbon and f'luorine are described. 

Results of analyses by the relative method for oxygen in thorium,beryl­

lium, niobium, and lead are-also reported •. 

Although the Berkeley Hilac was used for the work described, a 

small cyclotron is shown t~ be quite. adequate .for extensive He3 activa­

tion ~alysis. The· specifications of such an accelerator ar.e given. 
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.I. I~RODUCTION 

The rather exotic identification of' He3 ·as both a stable nuclide , . 
and a potential projectile in nuclear· reactions was reported by Alvarez 

and Cornog in 1939, 1 ;housed the 60~inch Crocker cyclotron as a mass 

spectrograph .. The importance of investigating He3 reactions was recog-
. 2 . . . 

nized by Ba.rkas in the same year. However,:the availability of He3 was 

. extremely limited and eleven years later .. the gas was still prohibitively 

priced at $~50 per ml at S.T.P., about 10 million times that of gold. 

By 1959 the price had dropped to $1.50 per ml; the current pric~ ia $0.10 

per ml. ~ot surprisingly experimental studies of He3 reactions were 

somewhat rare until after·1950. 

By 1959 considerable material on He3 reactions had appeared in 
. I 

the literature and a:·:general survey of this field was published by 

Bromley and Almquist. 3 From this report it was quite clear that the 

first· expectations as to the value of such reaction studies were more 

than justified. He3 projectiles were found to be useful tools in the 

eluc.idation of nuclear-reaction mechanisms. ·In addi tiori. He3 reactions . 

found application in nuclear spectroscopy especially for. obtaining final 

nuclei at high exci t.ation from low-energy bombardment, for isobaric mul­

tiplet studies of the charge independence of nuclear forces, for shell 

structure i~vestigations.using the (He3 ~n) reaction, which adds two pro­

tons to the target nucleus, and finally for providing information on. 

nucleon clustering. Most of this work, however, was confined to low 

energy (less than ·5 MeV) He3 ions and reactions involving the light· 

elements. 

In an effort to study the re~ction's o;f He3 ions at higher energies, 

Markowitz and H~~14- in 1958. obtained· beams of He3 ions accelerated to a 

maximum energy of 17.7 MeV at the Crocker 60-i~ch cyclotron and to a 

maximum energy of 31.2 MeV at the heavy-ion linear accelerator (HILAC). 

Using the stacked-foil technique, they obtaineq excitation functions 

for the following reactions Al27(He3 ,2a)Na22 , Al
2

7(He3,3a)F18, 
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' 

.-2-

Al27(rre3 ,2p)Na
24

, and.Be9(He3,n)c11 over_the.range 0 to 31..2-MeV He3 .ions. 

In addition they obtained preliminary excitation fUnctions fOr the reac- · 

tions c12(.He3,a)c1\ and c12'(H.e3,d and np)rf-3 as well as ! ... ~ 1 

016(He3 ,p )Fl8 + 016(He3 ,n)Nel8 1 ~+ -> Fl8 • . -
• sec 27 8 

The data for the excitation fUnction for the reaction Al (He3,3a)F1 

(Q = - l0.4)MeV) yieided an appreciable cross section for the formation 

of F18 far below the threshold for its prodUction from' aluminUm (Fig. 1). 

This anomaly was attributed to the reaction of He3 with oxygen on the 

surface of the aluminum. The. possibili~y of He3 activation as a'method 

of analysis for oxygen and other light elements was thus ~uggested. 

'. 

.. 

• 
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II •. ACTIVATION ANALYSIS AND I:Ie3 REACTIONS 
.'' 

The technique of analysis by nuclear actiyation is nearly as old 

as the discovery of art,ificial radioactivity _itself!· In January 1934, 
. . ~ -~0 . 

I. Curie and F. Joliot prepared N and fY from the alpha particle bom-. . . 

·b~dment of boron and aluminu¢. In 1936, the first activation analysis 

was carried out by Hevesy and Levi5 who useO. thermal neutrons·from a· 

radan~beryllium source to determine the concentration of dysprosium in 

yttrium. Charged particles were first used in activation analysis by 

Seaberg ~nd Livingood6 .in 1938 when they used deuterons to deter~ine the 

presence of trace,quantities of gallium in iron. 

From these beginnings the expansion of scientific investigation' 
' . . 

and knowledge in this field has followed the traditional exponential 

pattern. After 1949 review articles have appeared with increasing 
7 8 9 10 frequency. ' ' ' By 1955 activation analysis was an established lab-

t hn . d . dd. t . t l . t . l ' ll' 12' 13' 14 ora ory tee ~que an ~n a ~ ~on o genera rev~ew ar ~c es 

d . . . l l' t• h . h l5 many papers ~scuss~ng spec~a app ~ca ~ons sue .as ~on exc ange, 

gamma spectrometry, 16 and dating o~ minerals17 were published. After 

1955 many excellent review articles appeared, only a few of which can 
18 . . . 19. . 

be cited here. ·Those of Leddicotte, .. Jenkins and Smales, and Taylor 
20 . . 21 22 . 

and Havens are noteworthy. In addition those of Me~nke, ' 

Gibbons, 23 and Koch24 provide not only an exhaustive coverage of the . 

field but also extensive bibliographies. The. theoretical and practical 

aspects of·radioacti.vation analysis are discussed extensively in books 
25 . 26 . 

by Bowen and Gibbons and Albert. Further special applications of 

activation analysis to the measurement of such physical properties as 

particle size27 and ~urface composition28"~e~~ ~lso re;ported. The 

article of Odeblad, 29 which considers in detail the basic principles. 

of charged particle activation analysis, is ·to be notE;Jd.· More specific 

to our work is a review of nuclear methods of oxygen analysis by Bate.3° 

N~utron ·activation has been used in the analysis for oxygen, 

fluorine, and nitrogen; photon3l and charged particle33,34,36,37,38 reac­

tions have been used for these elements, and, in addition, for carQon3l,32,35 

.. 

.. 



.. 

* . where neutron activation is not feasible •. ·Up to 1960 only.: alpha parti-
'1 33,34 a· t' · .' 32,35,36 · · 37,38 ·. ; 

c es, . · eu er~ns, protons were emplo~ed as 1ncident 

particles.· Each of these particles presented c~rtain difficulties, while· 

He3 ions offered distinct and contrasting· advantages. 

The binding energy of the He 
4 nucleu~ i_s 28.3 MeV; the binding 

'energy of the He3 nucleus is·only 7.7 MeV, thus many of.the simple nuclear 

reactions of the mass-3 isotopes are exoergic while similar reactions of 

the a,lpha.particle need-considerable incident-energy. The following 

reactions and their Q-values are illustrativer,:for the case of oxygen· 

analysis. 

016(H~3~p)Fl8 Q = +2.0 MeV 

o16 (He 4, d)F18 
-Q ;:: -16.3 MeV 

ol6(He3,a)ol5 Q ;:: +4.9 MeV 

o
16

(He \an)o15 
Q = -15.7 MeV 

Thus to analyze for oxygen by the de};ection of either 109.7-min F18 .or 

124-sec o15, alpha particl~s of almost 20-MeV laboratory energy would be 

required. He3 particles require only sufficient energy to overcome the 

Coulomb barrier, which is about.4 MeV- for.o16 and increases'to about 
'4o 

8 MeV for Ca . The Coulomb barrier for.He3 ions as a function of 

atomic number is shown in Fi·g. 2. . The capability 1o.f He3 ions to produce 

nuclear reactions at low energies eliminates interfering radioactivities 

considerably. Thus, for.~xgyen analysis, 5-Me~ He3 particles would be 

sufficient and radioactivitiesr.;from all elements heavier than sodium are 

*The use of tritium obtained from the Li6(n,a)t reaction, as the inci­
dent particle in oxygen analysis was reported by Osmond and Smales,39 
however, the limitations of low ~ffective cross section (0.5 rob) and 
necessity of chemical separation limit its applications. (The direct 
acceleration of triti~a radioactive projectile, would present con­
siderable complications to possible use in activation analysis.) 
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excluded. Analysis_by·alpha .... particle bombardment would requir~ an inci­

dent energy of about 25 MeV, at which virtually no element is eliminated.· 

The· deuteron, which has a binding energy of 2.2 MeV, will pro~ 

d.uce exoergic (d,p) reactions and some exoergic (d,n,) reactions. The 

high neutron bac_kgroundJ surrounP,ing deuteron accelerators, induces ( n ;y) 

reactions that g~ve the same product as (d,p) reactions thus complicating 

the analysis. No such compliGation is present with the use of.He3. Fur­

ther, detection of the annihilation radiation from positron·decay is 

quite convenient especially in the presence of other radioactivity. The 

products of (d,p) or (n,')') reactions, however, usually decay by ne~atron 

emission whereas those of He3, being proton rich, a~e positron emitters. 

Although the Coulomb ·barrier for protons ·is lower than that for 

He3 particles, most proton reactions are considerably endoergic. In 

addi~ion most l~w-energy protons induce only (p,n) reactions, thus sharply 

limiting the number of products that can be detected.' For example, in 
18 the case of oxygen, 0 must be used in proton activation; the low abun-

d f th 18 · t tl 1· · t th · t · · t 40 ance o e mass- ~so ope grea y ~m~ s e sens~ lV~ y. 

Finally,_ because many of the He3 reaction products are so neutran­

,deficient and-relatively short-lived, they quickly decay to form a radio­

active daughter of convenient half-life rather than a stable nuclid.e .. 

The measured cross section is thus enhanced because there are two reac-
1 

tions leading to the same product. ·This enhancement cannot, in most 

cases, take place for low-energy proton, deuteron, or alpha irradia_tions. 

The H~3 ion, ·:.like other charged nuclear particles, has a rela­

tively short range (compared to neutrons) e.g., about 0.017 inches (125 

.;_g/cm
2

) in aluminum for a 30-MeV He3 par~icle. Surface etching or grind-. 

ing may be employed, however, to reach de~per portions of the bulk mate­

rial. The same' proc.edures would be necessary for the analysis of substances 

that react with or _absorb oxygen or carbon dioxide from the air. On the 

other hand, by controlling the depth of penetration and successive sur-

face removal and irradiation, a profile rather than a simple bulk analysis 

is possible. 
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The work desc:dbed in this ·report represents.an investigation 

of the reactions ~f He3 with o.x;;gen, .·carbon, . fluorine, and nitrogen, 

primarily from the point of view of application to.activation analysis. 

Because it was the intent to develop the princ~ples an~ breadth of ap­

plicatiOJ1 of this new analytical p'rocedure, the analyzed systems mentioned 

in'this research are by no means developed, at this stage, to the fUll 
~ 

precision and accuracy possible. Additional discussion of thiq technique 

with respect to sensitivity, depth of penetration, sample handling, inter­

ferences and energetics is contained :i,n the paper of Markowitz and 

Mahony. 
41 

t 

l. 



.. 
,. 

-9-

'III. MATHEMATICAL RELATIONSHIPS 

A. · · Cross-Section and Absolute-Analysis Calculations 

42 
Koch defines activationnarialysis as, '"a meth~d of measuring, 

~oncentrations. of constituents in a given sample by measuring the char­

acteristic radiat.ions emitted by the radio!?-cti ve nuclides resulting from 

selected nuclear transformations." For an accelerator bombardment the 

mathematical relationship between the disint~gration rate of an induced 

nuclide and the amount of the constituent in ·a thin target approximation 

is given by 

where 

(1) 

D0 = disintegration rate at the end of bombardment of the 

nuclide produced from the constituent whose concentra­

tion is to be determined, in. dis/min, 1 

n = number of target atoms~per cm2 of the nuclide being 

determined, 

I = average beam intensity, in incident ions per min, 
2 cr =cross section·for the reaction, in em per target atom-

. ' ' ' ) 

incident ian, 

~.=length of bombardment, in minutes, 

T1; 2 = half-li.fe of the product nucli~e, in minutes. 

The .intensity of charged particles ~n an accelerated beam is· 

usually measured in units of the beam current, in microamperes, striking 

the target. Beam current in~ is converted i~to He3(++) ions by a 

factor based o~ the unit positive or negative charge,(l.602 x lo-19 C) • 

Thus 

4 . 
= 1.873 X 10

1 
He3(++)/min. 
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. 

The disintegration rate;' D
0

, at the end of bombardment is deter­

mined by.the relationship 

·where 

D = k jooc 
. 0 0 ' . (2)_ 

A
0 

= product activity, in counts/min, at th~ end of bom­

bardment, and 

000 = over-all detection coefficient, defined as A /D . 
0 0 

. The 000 thus includes decay scheme, counter efficiency, geometry, 

absorption, scattering, and any other counter factors. It is measured 

independently, or estimated, for each detection arrangement used. 

The preceding relation.ships may be used to obtain cross sections 

as a function of incident-particle bombarding energy if the number of 
2 . 

target nuclei per em , n, is known. Once the cross section for the 

production of a particular nuclide is measured, n may be determined 

directly. 
2 . 

The mass per em , m, of the target nuclei can easily be deter-

mined from A,. the mass number, Avogadro's number, and n by the formula 

m ~- nA/6.025 x 10
23 (3) 

If an absolute analysis ±s to be performed, all parameters-in· 

Eq•. (1) except n must be known or determined during the experiment .. 

B. Relative-Analysis Calculations 

A relative analysis may be carried out by bombarding and counting 

a sample and standard under identical, or nearly identical conditions. 

The ratio of A for the unknown sample, x, to that for the standard, s, 
0 

·using Eqs. (1) and (2) is ·. 
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A0 x nx crx Ix (0:00\' .t.l ·- exp(-0.693-r)T1; 2 )]. 

A 0 s = ns crs Is (ooc)s [1-.exp(-0.6?3-r/T1; 2 )] J ( 4) 

where ii and n x. s 
2 are the number of target .atoms. per em available to· 

the beam in the unkno.wn and standard matrices respectiyely, cr and cr 
. · , . X S 

the production cross sections. for the rao.i<?active nuclide to be counted 

·in unknown and standard, (~is energy-variant),· I and I the average 
· . . · X S 

beam intensity received by unknown ~nd standard, (ODC) ·and (ODC) the 
. X S 

over-all detection coefficient for unknown and standard, and -rx and ~s 

the length of bombardment for unknown and standard. · If the standard and 

unknown are counted under identical conditions (ODC) and (ODC) will be 
X S 

the same, If this is not possible then a correction.must be applied. 

When.a thin-sample, thin-standard procedure is used in which both 

are bombarded in the same beam (see Fig. lOa), Eq. ( 4) reduces to . 

when corrections are applied for 
2 

The mass. per em , m ' of 
X 

from Eq. (3) 

·n 
X 

= 
n 

s· ' 

differences 

th~· target 

.in cr and cr . 
X ' s 

nuclei· in the 

1 .· 

2 grams · per em . , 

unknown is, 

( 6) 

where A is the again mass number..of nuclide being determined and N 

is Avogadro's number~ 

When a thin-sample, thin~standard.procedure is used in succes­

'sive irradiations (see Fig, lOb), Eq. (4) again reduces to Eq. (5), 
· however, in addition to a possible correction of cr and cr 

X S 
if 

unknown·.and standard have ..... ::unequal differential ener~:>;-.. loss functions; 

corrections for differences in Ix and Is' .as well as Tx and -rs may have 

to be applied. Equation (6) is again used to calculate m . 
X 
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When a thick sample, thin standard. proceP.ure (see Fig. lOc) is· 

employed only a single bombardment is neces~4ry. Equations (5) and (6) 

are. used with.the appropriate ·correction for cr and cr. In_this case, 
. · . . · . . X S · 

because. the sam~le is a "thick target'" crx is .an a;erag~ cross,...section 

over the effective range of th~ beam. Only the mass .Per 
2 . . 

em of.the un-

known matrix ;i.n this ·range is· used.in percentage calculations. 

·When a ~hick-sample, thick st~nda!d procedure (s~e Fig. lOd) 

must be empioyed, two .successive irradiations are required. Equations 

(5) and (6) are used; corrections for cr and a ,· I ·and I , and~ and 
X· S X S · X 

~· will usually be necessary. s 
Usually only a portion of the cross-sectional area of the sample 

will be· illuminated by the· beam.. This is the case in all of the above 

relationships. When the sample is extremely small; however, it will be 

necessary· to adopt an arrangement wherein the sample is completely im­

mersed in the beam. ·.rn such a case the ratio of A for the unknown 
0 

s~ple to A
0 

for the standard using Eqs. (1) and (2) is 

cr x ( I/ a) ( ore ) x [ 1 

as ( I/ a..) ( orx:: ) s [ 1 

- exp(-0.693~}T1;~)] 

exp( -0:693 .. ~/~.1;21T .. 
(7) 

where· n' . and n' are the number of target atoms available to the 
X S ,-1 • J 

beam in.the uDknowri and ·standard matrices respectively and a is ·the 

cross-sectional area of the beam. If the beam is complete.ly stopped in 

each samp~e, the mass, m, actually bombarded by the He3 ions is. 

m = Rs (8) 

. ·' 

where. R is. the range in mg/cm2, of the He3 ions in the sample at the 

energy used '·lilld p. ··:t·s the. surface area os the sample. If · f is. the 

weight fract.i.on of. the target nuclide· in the s~ple Eq. (3) becomes 

m = nA/fN r· .. (9) 

·where N. is Avogadro's number. Cotqbining Eqs. (5) and (6') we obtain 

·~ 
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n.""' pfNR/A · ,. (10) 

when Eq. (7) is substituted into.Eq. (4), assuming the s~e beam is . 

. used in the bombardment of standard arid unknown and the product activities 

are counted under identical conditions, we obtain for .the weight frac­

tion of the nuclide b~ing determined 

(ll) 

In practice the cross section a is det.ermined for e~ch particu­

lar reaction as a function of energy by bombardment of targets of known 

composition. While this measurement is necessary only for an absolute 

analysis it. is qui~e. useful in relative analyses to establish feasibility; 

as.well as optimum bombarding energy for efficient detection and mini­

mization of interferences. 



IV .. REACTION ST1i'DIES AND EXCI';l'ATION :FUNCTIONS· 

A. General Experimental· Procedures· 

In this section we first describe the general procedures used 

to determine the excitation functions for the reactions 

o16
(He3,p)F

18 + o16(He3 ,n)Ne1~ 
cl2(He3,a)cll 

Cl2(He3,np);3 + Cl2(He3,d)Nl3 

F19(He3 ,a)F1~. 

W,e then consider the.individual reactions and the· exPerimental 

details which are specific to each excitation function. 

1. :He3 Beam 

The Berkeley heavy ion linear accelerator (HILAC). was· used in . 4 . 
all experiments. Mixtures of 2 to 4~ He3 in He gas proved a convenient 

and economical ion source; The Hilac. accelerated single-:-charg~d.He3 , 
which was stripped.to form He3 (++) ions, then bent magnetically and 

collimated through a 3/8-in. aperture before impinging on the target. 
4)· .. 

The ma.ximwn beam energy .'::';was 31.2 ± 0. 6 MeV. 

2. The Target 

The stacked-foil technique was employed in the. determination of 
... 

the excitation functions. Suitable plastic foils were used as ·sources 

of·. the target nuclei. Alwninwn and gold foils were used in the. stack to 

degrade the beam and promote heat transfer from the plastics. Both the 

plastic and metal foils were cut with a precision punch, the plastics 

ll/16 to ·13/16-in. diameter, the metal l-in. di.ameter. Sufficient 

plastic and degrader .foils were used in each stack so that the beam was 

. completely attenuated in the target. Whenever excess beam intensity 

caused the plastic foils ·to be burned or discolored, the experiment was . 

discarded. Protector foils were included to prevent the plastic foils 

from being contaminated with recoiling nu'clei .produced in the metal foils. 

.-

.. 
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The approximation was usually made that any product nuclei re­

coiling out of the plastic was compensated by recoil gain. from 'the 

adjacent foil. In several experiments the plastic foil yas sandwiched 

between two foils from which :the,·produc.t nuclide co).lld not be formed. 

The th;ree foils, were c.ounted separately and the total .activity from the 

nuc1ei being measured was compared with that obtained by the approximate 

method. No appreciable difference was observed except when the excitation 

function was steeply sloped. In these sections the three-foil procedure 

was used. 

All foils were cleaned with appropriate solvents and weighed 

before mounting in a conventional water cooled] tag target assembly.· 

· The problem of recoil gas-loss from the irradiated foils is 

treated in Section IV, E, Estimation of Errors. 

}. Range-Energy ·Relations 

The energy of the He3 beam at the appropriate foil position in 
. . 3 

the stack is determined from rangeo.energy relations. For He .these 

relations must be cal'culated since experimental values are not available .. · 

When· reliable empirical pro.ton or alpha particle ranges for a given 

material are available it is possible to calculate-.. the range-energy 
3 . ·~ 

relations for He · in .that material from the formulas 

Otherwise it is necessary to.compute the ranges by numerical integration 

of the inverse kinetic-energy.loss function. 

The range-energy .··relations for He3 in aluminum are available , , 4 , 
from several sources. Rich and Madey 5 calculated the ranges from the 

I,ll'i"Ot~ data of Smi th.'46 Bromley and Almqui~t3 compiled their ranges 

from the st~pping cross section data of Whaling. 47 Markowitz has cal-

culated this relation from the experimental proton ranges of Bichsel. 48 



. . 49 
Theoretical computa-tions have r,e?ently be~n publ~sh_ed by Pemildt · and 

. . 50 
-by Williamson and Boujot. The ranges of_D~mildt and of Rich and 

Madey are in very close agreement. Those-of Markowitz and.of William­

son and, Boi.ljot are also in close agreement but are~ about 2r{o higher than . 

the values of Demildt and of Rich and Madey. The ranges compiled by 

Bromley and Almquist are 5% higher than those of Demildt and of Rich and 

Madey. With respect to the rate of energy loss, however, the agreement 

is consideraoly better since the variously reported range-energy rela­

tions are nearly parallel when log range is plotted vs. ·log energy. 

In our calculatiohs we have . used for He3 in alillninum the range·s 

of Markowitz. They are based on the most recent experimental data. In· 

addition these values are in close agreement with the theoretical anal~ 

ysis of Williamson and Boujot. 

For the r.eported range-s· o.f He3 in gold there is not the 51o o..Jer­

·all agreement which exists for aluminum. For example at 25 MeV the 

range of He3 ih gold_is calculated to be 170 m~cm2 on the basis of 
' 51 d d. ' N 1 b . . 52 proton ranges compiled by Rybakov an reporte. 1n uc ear Data Ta les. 

Bromley and Almquist give 193 mg/cm
2 

and Williamson and Bo~jot, 218mg/cm2 

(Demildt reports 201 mg/ cm
2

. as the range of a 25 MeV He3 ion in plati- ·. 

num). Since, however, the various range curves are !!early parallel 
. ../ . 

above 10 MeV when log range is plotted against log energy, the respec-

tive energ~ losses per mg/cm
2 

are not significantly different for'He3 

energies betwee~ 31 and 10 MeV. The use of gold degrader or catcher 

foils below 10 MeV was avoided whenever possible .. 

The range of He3 in-the plastic foils was calculated from the 

element ranges of Williamson and Bouj.ot·according to Bragg's empirical 

formula53 

where 

~t = range of a particle in a given substance, 

wi = weight fraction of each element present, 

_ri = range of the particle in the respective element. 
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'3 
The only ranges available for He, ·in carP,on, hydrogen, oxygen, 

.and fluorine'are the calculated ~alues of .Demildt.and of Willi~son an<t 

Boujot. The results of these two computations are. in fairagreement 

(~bout 4% for the plas·tics used at He3 energy of 30 MeV; 2. 5% at 15 MeV, 

and 1.5% a~ 7 MeV). An experimental range was determined for polystyrene, 

one. of the plastics ~sed, to verify these theoretical values. The re­

sults, which favor the longer ranges of Williamson and Boujot, are 

descriped in the next ·section under the ~pecific procedures for the He3 

+ c12 excitation functions. 

4. Irradiation 

The length of the bombardments varied.between 10 and 25 minutes, 

according.to·product.puclide being studied. The average beam currents 
. ·. . 3 

were about 0.010 to 0.100 1JA of He (++), These irradiation conditions 

produced suitable amounts of the product nuclide for convenient detection .. · 

The total charge obtained.from the bombardment was measured by 

a ·.·Faraday cup and an integrating electrometer. · This electr.ometer was 

calibrated by pas~ing a known current into it for a measured time just 

prior to each bombardment. The current source was a thermally insulated 

l. Ol9-volt standard cell and either a 100.0 ~or lOOO;·o megaohm precision 

resistor! The conditions of intensity and scaling· were the same as 
., 

during the actual bombardment. 

5. Counting Techniques 

The positron emission rate of all.samples was counted by_means 

of end-window, gas-flow proportional counters. The detectors were standard 
. . 

aluminum cylinders of l-inch. inside-diameter with a window ·cover of l/4-

mil goldized Mylar. The collecting electrode, of 1-mil tungsten wire, 

was shaped in a 5 rom-radius semi-circular. loop and supported in a hypo­

dermic needle type fork. Methane gas was used in the counters .which 

. had backgrounds of 8 to 15 cpm. The stability and plateaus were checked 
36 . . 

·with a Cl standard source which counted at 59,000 to 65,000 cpm on· 



Shelf 3 on the variO'\.l.S·counters used. Observed ~ounting rates were 

.normalized to a 63,)~0-cpni standard from the_ counting rate of t~e 

standard determined periodically. during each experiment for each counter. 

The over-all detection c_oefficient, 0~, for each· shelf· and counter was 

also normalized to the 63,300 cpm standard. The resolving time-of each 

of the counters was determined by the paired-source ·technique. These 

values ranged from 30 ·to 5. 6 !lSec. Cor.rections to higl:J. counting rates 

were applied when necess.ary. (See Appendix C.). Since the maximum posi-
, . 18 11 ·, 13 . . . 6" . 54 

tron energies of F , C and N vary from Q •.. 5 MeV. to L 19 MeV, the 

- ODC was separately determined or estimated for each excitation function. 

The specific methods are given in the second part of this section where 

the reactions are·considered individual;ty . 

. The s~ple foils were mounted on 1/16-in. aluminum cards with 

double-faced Scotch tape and coyered with 0.9 mg/cm
2 

of Videne, a_clear · 

·. plastic foil (Goodyear Tire . and Rubber Co. ) . They were. counted at re­

producible geometries in a conventional shelf assembly. 

1. 

B. Experimental Procedures for Specific Excitation Functions 

Production of F18 from Re3 Reactions-with o16 

The material used as the oxygen sourde to determine this exci-
. . . 

tat ion function was Mylar~- a condensate of terphthalic acid and. ethylene 

glycol, which contains 62-..7% carbon,~23.2% oxygen, and 4.1% hydrogen. 

The material.was obtained from Hastjngs and Co., Philadelphia, Penn. 
. 2 

Circles of 0.750-inch diameter were cut from 1/4-mil (0.93 mg/cm_) 

Mylar sheets. 

The variation in superficial density of the foils used was found 

to be about 1ojo. When single Mylar foils were used the recoils were 

caught in oxygen-free polystyrene foils which are described in the next 

section. 

The over-all detection coefficient in the mounted samples was 

determined as follows: The positron counting rate of a sample of F18 
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produced by the reaction of o16 w:i. th He3 ·:in· 1/ 4...,Il).il .Mylar was determined. · 

with a 47T-proportiorial counter<· The f<;>il used w~s. covered. on both sides 

with a thin layer· of al~inum (approxiiil8.tely. 40!lg/cm2 ) to make.it con­

ducting. Activities induced in the aluminum were·insignificant. The 

correction· to the counting rate for s~lf-absorption of F1~ positrons in 

the. Mylar was determined by successively imposing 13.;\,Qm'.i,n:L~ed ': Mylar foils 

on both sides· of the activated one, recd.rding the coun~ing rate adjusted 

for decay at each absorber thickness, arid extrapo~ating to zero thick­

ness. The correction was found to be 1.7%. From the findings of Pate 

~nd Yaffe55 a linear extrapo'la.tion is justified for a ~-emitte:t. of this 

maximum energy, 0.65 MeV. 
.. 

A correction obtained in a sim;i.la.r manner by 

·these $arne workers· for negatrons in VYNS, a polyvinylchloride-acetate 

. copolymer, was approximately 2% at comparable thickness. · 
'e- . . 

_The absolute disintegration rate was then obtained by dividing 

the observed 47T-counting rate of the foil by 0.983 to correct for self 

absorption and by 0.97, the positron branching ratio, 54 the ~ssumption 
being made that none of the soft x-rays or weak Auger electrons from the 

3ofo EC branch are detected by the 1m-counter. This same source with the 

additional absorbers removed was then mounted in standard fashion and 

counted on various shelves of the end-window proportional counters. 

The observed counting rate (corrected for decay) at the proportional 

counter divided by. the absolute disintegration rate is~ ODC. It was, 

, for example, 0.123, on Shelf 4 (about 0.6 inch from the l-inch diameter 

window). A complete listin~ of these -coefficients is given in Appendix 

c. 
The carbon and hydrogen in the Mylar do not interfere with the 

F18 detectionj 4 hours aft~r bombardment, when counting :was begun, ·the 

109.7-~in F18 was the ohly nuclide detected, the 20~4 min c11 
formed by 

12 3 ll . . . . 13 18' 3 13 
the C (He ,a)C react~on and the 10.0-min N fr9m. the,C \He ,np or d)~ 

reactions havd:ng decayed to a very low level. 
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2. 
11 13 . 3 . . 12 

Producti·on of C and N from He Reactions -with C . · 

'):'he plastic used as the carbon sourc·e was polystyrene (Trycite,: 

Dow Chemical Corp.) which contains 92.3r{o carbon and 7,. 7% hydrogen~ 

Circles of o.8i2-inch .diameter and 3/4-mil (2mg/cm
2

) thickness were 

used. The variation in superficial density of the· foils was as:· high as 

10%. However, the polystyrene was supplied in a r911, some portions of 

which were uniformly thinner than others. Thus by weighing and judicious 

selection, foils of fairly uniform thickness were.obtaine:d. Polystyrene 

was .chosen because it was available' in thin films and more. durable than 

the very similar hydrocarbon plastic, polyethylene. When the recoils 

were also counted, 0.1 mil gold foils were used as catchers. 

The range of He3 ion? in polystyrene was approximately measured . 

by bombarding a stack of accurately weighed, 3/4-mil polystyrene foils 

and determining the maximum penetration of reaction-producing beam by 

coUnting ell from the e12(He3 ,a:)e11 reaction. The deepest foil in which 

appreciable activity occurred was equivalent to a beani. traversal 6L 92. 5 

to 94.8 mg/ cm2, of poiystyrene. The energy of th~ He·3 ions at. entry into 

.the first polystyrene foil was 30.7 MeV; c11 production cef:l;ses at 3.8:MeV. 

At this €mer gy Williamson a:nd . Bouj ot, 50 and D~mildt, 49 give. 'as . a range 

for He3 in polystyrene 2:6 mg/cm
2

. Thus the total range for 30.7 MeV. 

He3 particles in polystyrene is between 95.1 an~ 97.4 mg/cm
2

. The range 

of 30.7 MeV He3 particles in polystyrene calculated from Williamson and 

Boujot is <)6.7 mg/cm
2 

and from Demildt 94.0 mg/cm2. Consequently the 

former range-energy tables were used to compute the He3 ranges. in all . 

plastic foils. 

The ODC for c11 
was determin~d in a manner analogous. to that 

used for F
18 

in Mylar. About 35 ~g/~m2 ~f goid was deposited on 3/4-mil 
\ ' I ' 

polystyrene foils by vacuum. evaporation (gold was used here because of 

its being more tractable in the evaporator). One of the foils was bom­

barded in the He3 beam below the eoulomb.barrier .for gold. The'remainder 

were used as absorbers in the 4rr-c6unting which was delayed until the 

N13 activity had reached a very low level. Self-absorption of e11 in 
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the polystyrene foil was foun~4to.be 1.')%.· The·eJectron-:-capture branch­

ing of this nuclide is 0.19~, 5 thus the d~s_integration rate for c11 i~ 
this experiment was obtained by dividing the 4rr counting rate simply by 

0,979, Then on Shelf 4 of the end-window counter, the ODC·was 0.136 

(See Appendix C.). 

- It was not possible to determine experimentally the ODC for N13 
. 13 

in the polystyrene foils. Since the maximum (3+ energy of N ( 1.19- MeV) 
. ll 

is close to that of e , the ODC was assumed to be the same for both 

nuclides. Since the 10-ntinute N13 and the 20-minute e11 activities 

_induced in the polystyrene foils were counted simultaneously, two-com­

ponent decay curves resulted.. These were resolved by means of a 7090 

computer program (LENie), which determines the_ acti '(i ty at the end of 

bombardment, A
0

, and the .standard deviation of this value for each 

component. 

3· 
. w . 3 ~ 

Production ofF from He Reactions with F. 

·The source mf fluorine was polytetrafluoroet.hylene 'film (Teflon­

Dielectrix eo.,-Queens Village, N.Y.), which contains 24.0% carbon and 

76.0% fluorine. The plastic foils were l/2-mil (2.7 mg/cm2) thick and 

o.812~in. diameter •. The variation in thickness of these foils was about . 

1%. The three._ foil recoil technique was empl9yed:.in all the experiments. 

Polystyrene -was used as the catcher foils. 

The. ODC for F18 in this matrix was e~timated from the self­

absorption and effeciency· determinations described above for F18 in 

Mylar. 
.· 

The Teflon foils wer~ counted about four hours after bombardment 

to eliminate the e11. and N13 activity. The counting rate data conformed· 

to a simple 109.7-minute half-life arid was free from extraneous activity 

to level of less than 10 cpm from an initial total counting rate of 
- 4 18 . 

about 10 cpm of F • 
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4. Product~on of N13 from He3 Reactions wi~h N1~ 
An attempt ~s made to determine the excitation fUnction for the 

· .·· . l3 . .H 3 b b ·am f N14 T . product1.on of N · from· the e om ar ent o . he nitrogen source 

was melamine-formaldehyde resin which contains 60.8~ nitrogen, 34.8<%. 

carbon·, and 4. 4% hydrogen. Because the resin is not avai'lable in thin 

foils it was coated on 0 •. 00025-inch. gold foils. Counting techniques 

similar to those·described above were employed. Due to the presence of 

oxygen impurities from residual formaldehyde and the large amount of 

carbon in the resin, too many interfering reactions occurred and incon­

sistent results were obtained above 7 MeV. Below this energy the thick­

ness of the foils severely limite~ the number of target foils that could 
. 13 

be irradiated. Between 4 and 6 MeV, the average cross section for N . 

production. appears to b.e approximately 20 mb. To obtain an accurate 

excitation function for this reaction it will be necessary to use ari 

oxygen and carbon free target. The use of a nitride, such as tantalum 

nitride., is suggested. · 

C. Results and Discussion of Specific Excitation 
Functions .and Mechanisms 

The cross sections·· for the following excitation functions were 

calculated from Eqs. (1) and (2) in the first section. The energy of 

the He3 .beam at the appropriate foil position in the stack was deter.:.. 

mined from the range-energy relations discussed above. The horizontal 

bars on the. points represent the energy loss of the beam in the ;foil.. 
. I . 

Vertical error bars are (!)nly.:a;ppr..chd!mateUdue t>0 the difficulty .in deter-

mining this uncertainty accurately. ·An estimation of the error in the 

cross section measurements is included in Section E. Because a corre­

lation exi·sts between the shape of an excitation fUnction and the general 
....... 

reaction mechanism, we include in this section with out results the mech-

anism studies of other experimenters. 

• 
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Excitation FUnction for Production of FlS from He3 Reactions with 
01 

The excitation function is shown in Fig._ 3· This excitation 

function represents the sum of two reactions essentially: Q16(H~3-,p )F18 

16 3 18 and 0 ·(He ,n)Ne . The relatively high over-all cross section and in 

particular the 400mb value 'at 7.5 MeV is the result of the enrichment 
. . 18 . 18 ( . 3 ) of the direct F production by the ~+ decay of Ne from the He ,n 

reaction. The lowest He3 energy at which these.reactions may be induced 

is 4.5 MeV; the appreciable cross section 2 MeV' below this value is . 

. attributed to the straggling associated with large beam-energy degrada­

tions.(before target entry the beam already.has a 2"/J energy spread) and 

perhaps to accumulated range-energ~ errors. The shape of t'\le.excitation 

function is not greatly changed by this except to. lower the points 

plotted at the low He3. energies and make the slope of the curve steeper 

in that region. Any fine structure is presumably smoothed out because 

of the target thickness, beam straggling and resolution, as well as 

because the cross section represents the sum of two reactions. A con- _ 
56-61 siderable number of angular distribution studies have been performed. 

· Middleto~60 considers .the double stripping process to be the dominant 

mechani~~ at energies in excess of about 5 or 6 MeV for He3 two-nucleon 

· trans~er react:ions. Hinds ·and Hin:ds 60 indicate a direct process, tw~. 
nucleon stripping, as the predominant mechanism for the o16(He~,p)F18 
reaction at·an energy of 10 MeV. Gale, Gar;g, and Ramavataram5 favor a· 

direct interaction (double stripping as opposed ·to a knock-out. mechanism) 

in the o16(He3,n)Ne18 re~ction as l~w as 6 MeV. The data of.Towl~ and 

Macefield5~ s~ggests that a direct process is competing.with ·compound 

nucleus formation at 6 MeV in the (He3,n) reaction. -~ 

2. 
11 . . 3. 

Excita~ion Function for Production of C from He Reactions with · 
c12 

The excitation function is shown in Fig. 4; at these energies it, 

-almost ·exclusively, represents the c12
(He3,a)c11 reactio~. The broken 
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62 
line indicates'the results reported by Co~hran and Knight. They were 

able to obtain this fine structure, which· is· attributed to particle 
. 11 . 

decay of excited. states of C . , because of their employ~ng a variable-

energy cyclotron with very well-defined energy resolution to accelerate 

the He3 ions. Again the cross section obtained below 3.8 MeV is due to 

straggling and range-energy uncertainties. 

The mechanisms by which this reaction proceeds· are not fully . 
. . 6 

elucidated. At very low energies (2.5 MeV) Bromley, Kuehner, and Almquist 3 

have found that the analogous o16
(He3 ,~)o15 reaction is strongly a _ 

compound-nucleus interaction. On the other.hand at 2.0 and 4.5 MeV the 

Cl3(H 3 )cl2 t· f f . :f .t . . h . 64,65 e ,a reac 1on avers some orm o s. r1pp1ng mec an1sm. 

Sincel)Ci2, like o16
, is a so called a-particle nucleus, we would expect 

a compound syste~ to be the primary interaction mod~ for the c12(He3,a)c11 

reaction at very lowenergies. At energies between 6 andlO MeV Hinds 
. ~ . 

and Middleton have fQund this reaction to proceed predominantly by a 

direct process. Taylor et a1. 67 have obtained similar resultsfor the· 
. i6 3 15 . . . 68 
0 (He· ,a)O reaction at 5.2 MeV. Pankratov and Serikov report evi~ 

dence for. a direct process from 26 to 33 MeV for c12(He3,a)c11 . However, 

the work of AgUilar et al. 69 and Garcia et. a1. 70 suggests that at 29 MeV 

while the .formation of the 4.26-4.75 MeV (unresolved) doublet state of 

c
11

is ~eadily fitted by direct-interaction.analysis, the ground·state 
' . 71 . ' 

formation is not; At this same energy Sen Gupta et. al. have found . . 6 
that the (He3,a) reaction for o1 

leading to the 6.15 MeV excited state. 

of o15 is not formed by a direct process alone. At. 29 MeV, however, it 

is difficult to understand how any compound-system interaction can be 
. . 

present since the compound nucleus would have. about 40 MeV 6~ excitation 

energy associated with it. Simple a-particle emission does"·not seem a 

suitable decay channel at this excitation. The simultaneous 'and inde­

pendent release of 2 neutrons and 2 protons is more conceivable. 

3. Excitation Function for Production of ~3 from He? Reactions with 
cl2 

The excitation function is shown in Fig. 5. This excitation 

function, which was obtained simultaneously ~th that for the 
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12 3 ll . . ' . 12 ' . 3 13 
C (He ,a)C ·reaction primarily represent~;~ "the C (He ,d)N + 

c12(He3 ,~p)~3 reaction~. The 10-minute .activity ~f N13 was resolved. 

out of the 20-minute c11 
activity by means of the .LEN:tc computer. program .. 

. ' . . ~ 
The broken line represents the results obtained by .Cochran and Knight 

using a variable energy cyclotron. The rather low, maximum cross sec­

·tions are to be attributed ·to the instability of all excited states of 

N13 to particle emission.. The re.sults reported here do not distinguish 

between the (He3, d) and (He3 ,np) .reactions. By integrating the deuteron 
72 . 62 

_angular distribution data of Priest et al. at 24 Mev·eochran and Knight 

have foundthe contribution of the (He3,d) interaction mode to be about 

. 4)11/o, 27%, and 24% at 14, 21, and 24 MeV r.espe.cti vely. Both Priest et al. 72 

and Wegner and Hall73 have_obtained deuteron a~gular distribution which 

give good agreement with simple stripping theory. 

4. 
. 18 . ' 3 

Excitation Function for Production of F from He. Reactions with 
Fl9 

The excitation function is shown in Fig. 6. The cross section, 

. which is prim~ily of the F19(He3 ,a)-~18 reaction, is extremely low 

· · ·12(H 3 )c11 t · · thr h t th compared WJ..th the C e , a reac 10n oug ou e energy range 

studied. ·rt is difficult to explain the apparently forbidden character 

of this reaction at low energies. The high positive Q-value of 10.1 MeV . . 
suggests that the peak for the reaction probability occurs below the 

coulomb barrier f~r the interaction of.He3 and F19 . This may account 

in part for the rather low cross section, but other factors .seem· to be 

responsible for the peculiar shape of the excitation function. 

D. Discussion of Excitation Functions and Activation Analysis 

The maximum cross section of about 4co mb for the formation of 

F
18 

from o16 
occurs at 7.5 MeV and the maximum cross section of 320 mb 

.for the c
12

(He3,a)c11 reaction, at 10 MeV. These high reaction proba­

bilitie~ at relatively low He3 energies are favorable to activation 
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analysis of high sensitivity· .. The produc:tion o;f N
13 

from c
12 

will not 

interfere with either carbon or oxygen determimitions because· ·at the . 
13 .. 

half-life difference. In fact, N may be used as a check on the r.esults. 

if nitrogen is known to be absent from the sa,n:tpl~ •. The presence of 

sodium or fluorine would constitute an interfererce to oxygen determina­

tion as would boron or beryllium to carbon. Iri most of these·cases 

another reaction or determination would have t"o be used, for example, 
. . 19 3 21· ' 

fluorine in the oxygen sample by the F (He ,n)Na reaction; carbon 
. 12 3 14 21 

i~ the presence of beryllium by the C (He ,n)O reaction (Na can 
. 3 16 - 14 3 12 

not be produced from He and 0 , nor 0 from He and C ). 

. . At He3 energies between 3.8 and 6 MeV the relatively hi§h cross 

section for the c12(He3,o:)c11 and o16(He3 ,p)F18 + o16(He3,:h)Ne
1 

l r::f3+ ;> FlS .:; sec 
reactions compared to the negligible cross section· for the formation of 

Nl3 from c12 implies that o1?; N14, and c12 can be studies simultaneously 

in the same sample. The reactions, o16(He3,ad)N13, o16(He3,2o:)c11, and 

N14(He3,ad)c
11 

have thresholds above 7 MeV. Nitrogen would be determiried 

by the N
14

(He3,o:)N13 reaction. 

For the purpose of activation analysis the. low reaction proba-
19 ' 3 . 

bility for F and He represents a loss in sensitivity. However, from 

the point of view of interference in the determination of oxygen in the 

presence of fluorine, this difference of a factor of 10 to 20 at energies 

below 10 MeV between the cross section for the formation of F18 from 
16 19' 0 and from F is ·an advantage. 

· E. Dis"cussion; of Errors 

In this section we present an estimate of the uncertainty of 

our resu~ts based upon the errors involved in determining each of the 

relevant parameters; .an estimate of error based on replicates is not 

sensitive to systematic errors. 

·The uncertainty in the determination of the total charge re­

ceived by the target is minimal. The integrating· electrometer was 
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calibrated before each bombardment by me~ns of a standard cell and pre- . 

cision resistors that supply a current ~easU:red'to an accuracy'of better 
' . 

than 0. P/o. Collimation was such to insure total reception of the beam 

by the target. Chronometry is reliable to at le~st lap. 

The half-lives of a~l the·nuclides studied are known to an 

accuracy considerably better than lap. The determination of the disinte·­

gration rate involves errors which including decay-curve analysis, 

cumulatively amount to about 2ap. In this we include counter instability 

as well as counting statistics generally.. The· weighing of the foils 

introduces an error which is·quite small in the case of Mylar and Teflon 

because of their lr{o uniformity of thickness. However, ·the superficial 

density of the polystyrene foils must be assigned an uncertainty of 

5rfo. ';('he problem of recoil gas loss had to be considered. This loss 

is a hot-atom diffusive loss not related to the previously considered 

fast-recoil loss from the reaction itself. 
. . . ll· 

It is possible that C , 
. 13 ·. 18 
N , and F can escape into 'the Hilac vac~um during irradiation,. or 

after irradiatfon when the stack-is separated arid mounted. After 

mounting no further gas loss_can occur because the foil is covered and 

. sealed on the aluminum card .. (The fact that the observed half-life of 

~·:c 11 always .corresponded with the. published value suppo~ts this conclu­

sion .. ) The probability for diffusive gas loss· is much highe·r during 

irradiation because of the heat generated in the target by attenuation 
. 62 

of the beam. Cochran and Knight have observed that open and sealed 
. . 2 ' 

targets.of Teflon 1/2-mil (approx. 2.5 mg/cm) and polyethylene (approx. 
2 . 

1.5 mg/cm ) gave results that fall within the 5% scatter inherent in . 

their measurements. And thus. they concluded that in· their open stacked­

foii bombardments no more than 5% of the c11 and N13 escape .-as gaseous 
''74 oxides or hydrocarbons. Cummings et al,; · · however, have· reported up to . . 2 . 

15% loss in proton bombardments of approx. ) mg/cm polyethylene foils, 

and up to 7% loss in approx. 2 mg/cm2 polystyrene foils.· 

In.our work the close (5rfo) agreement for mylar and polyethylene, 

for oxygen e1nd/or .carbon. ·Seetion v~. 4, and Teflon for carbon and fluorine, 

Section V,5, to give the empirical formulas with the use of open stacked-
. 11 18 . 

foils indicates that the diffusive gas-los·s of C and F was less than 

.. 
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5'/o. This conclus_ion is .suppor.ted by the fact that when thicK.er foils 

were-used the same results were obtained.· Iri Teflon, p~rhaps; the dif·-. . 11 . . . 
fusive recoil loss of C is prevented by the lack_ of hydrogen to make 

volatile species; ·in metals,by carbide formation. 

Multiple experiments.were performed to determine each excitation 

function. In the case of c12(He3,cx)c
11 a~d c

12
(He3,np or d)N~3, with 

-
target foils of less reliable thickness, ten experiments were carried out; 

for the o16(He3 ,p)FlS + o16(He3,n)Ne18 l 5~+ Y F18 .reactions, six, and. 
19 3 18 · · sec 

f?r the F (He ,cx)F , three. Thus notwi~hs~anding the additive property 

of the uncertainties considered above, the smooth-curve cross sections 

reported represent averages and consequently are more reliable than the 

sum of the various errors. An over-all standard deviation in the cross 

sections of about 5rfo would not seem excessively optimistic. 



". 

~33-: 

V. · ACTIVATION ANP.LY~IS.: ·.EXPERIMENTAL ·?ROCEDUR~S AND RESULTS 

In the following sections we' describe the absolute andthe rela~ 

tive me.th.od of an~lysi.s by "lie3 activation .which have been used at this 

laboratory as a conseq_uence of the reaction·studies. re:Ported·herein as· 

well as certain specific· analyses. 

A. Absolute Method 

The first method, absolute analysis, employs the thin-target 

procedure. It is simp~y an extension of the stacked~foil technique used 

to determine excitation £unctions. A thin foil of the material to be· 

subjected to analysis is placed between suitable:catcher foils in a stack 

of degraders. The catcher foils must be. of material that will not con­

taminate the sample from. extraneous sources of the radioactive nuclide 

being studi:ed .. The sample is placed in the sta?k at an energy determined 

from consideration for both maximum cross section and the elimination or 

minimization of interfering reactions. At times it is not po~sible to 

utilize the maximum c.ross section,. however, because· of limitations. imposed 

.by the. thin~target approximation or cross-section integration over. the 

beam-energy decrement in the foil. Surface etching or grinding may be 

necessary for analysis of samples that react with or absorb any of the 

atmospheric gases. The same cou~ting and irradiation procedures may ~e 

used in the analysis as in the determination of excitation functions. The 

determinations in which this method was used are described below. 

1. Analysis o~ Thorium for Oxygen 

In order to determine the utility of this method to detect a light 

nuclide in a host material which is itself radioactive, S. B. Hingorani 
'16 . 2 

and the author attempted to_analyze thorium for 0 • Foils of 35 mg/cm 

thickness were mechanically cleaned ·and washed in a nitrogen atmosphere. 

I 
2 . . 

Each ·was then SE;aled in a 2. 0 mg em polystyrene envelope be·cause of the 

reactivity of thorium with oxygen and irradiated for about 14 min with a 

·peam intensity of 0.010 ~at energies of 11.1 and 17.1 MeV. Determination 
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18 of 109•7-minute F was accomplished by ordinary positron counting and by' 

a 3 x 3· inch Nai(T:L) · ·scinti:Llation counter and ·100-chan~el pulse-l:eight 

analyzer which were caiibrated for annihilation radiation. The .samples, 

in which annihilation radiation was counted, were plac~d _between 50 mil 

copper plates. A pulse height spectrum is displayed in Fig·. 7~ The 

0.511-MeV fl1.ll-energ-y peak from F18 positron annihilation ·in the source 

was greater in intensity than the ~-ray background from the thorium 

daughters by a factor. of about 50 in the annihilation energy cb.Ei.nnels. 

The sample shown had decayed through 2.4 F
18 

half-lives (2.68 minutes after 

bombardment). The decay of the full energy peak, which confirms that the 
't .f F18 · . . F' . 8 Th . l t b k d pos~ rons are rom , ~s g~ven ~n ~g. . e s~gna - o- ac groun 

ratio could have been enhanced by factor of 100 or more by increases in 

beam intensity and bombardment time. 

The results of this absolute analysts gave 0.61 ± 0.06% o16 by 

~eight. The thorium samp~es were analyzed at the Lawrence Radiation 

Laboratory, Livermore, by the vacumn'fusion technique. Thorium was·fused 

in a graphite crucible, and CO and co2 were measured. The results obtaineQ 

thereby gave 0.35% oxygen by weight.· Although these differ from each other 

by more than the experimental uncertainties, later results, referred to 

below, and in the following section give better correlation between the 

two methods. 

2. Analysis of Gold for Carbon and Oxygen 
2 . 

Th.in gold foils of 0.0001-in. thickness (8.4 mg/cm ) and l-in. 

diameter were washed with distilled water and acetone and irradiated in 

a stacked-foil target for"approximately 15 minutes at 0.01 lJ,A. The gold 

foils were placed at about 10-MeV He3 energy in groups of three; only the 

center foil was counted. ·Positrons corresponding to 20.4-minute c 11 and . w . 
109.7-minute F were counted in standard end-window proportional counters 

where the ODC for each nuclide was known. The decay curves, which included 

10 0 
. 13 . .. 

. -minute N , were analyzed by the LENIC program. The results of this 

absolute analysis were 0.006% o16 ~nd 0.01% c12 . Ryan, Green and Lowenhaupt 75 

report a comparable level of oxygen in pure gold by He3 irradiation in a 

rotating target. In their relative analysis a Si02 standard and coincidence 

counting of the 0.511-MeV annlhilation.radiation were used. 
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3. Analysis of Silicon.for Carbon and OXygen 

··Silicon wafers measuring 1 inch in diameter· and weighing approxi­

mately 30 mg/cin2 were irra~iated with 18- and 6-MeV :He3 ions, ~n a stacked­

foil target. The average current was O;Ol ~; the bombardment length, 

15 minutes. In a second irradiation the beam .intensity was increase_d to. 

0.02 ~; the duration was again 15 minutes. The resulting activities in 

some of the foils were I!leasured by end-:-windO'W f3-proportional counting, 

in others by a.3 X 3-in. Nai(Tl) scintillation counter and· 400 channel 

analyzer which were calibrated for annihilation radiation. A representa­

tive 0.511-MeV photopeak decay is shown in Fig. 9· The 13-decay curves, 
11 12 . . 18 16 

which contained both 20.4 MeV C from C and 109.7 MeV F from 0 , 

.were analyzed by the LENIC_program. The results from the various foils 

and counting techniq_ues averaged 0.13 ± 0.02% o16 and 0.24 ± 0.03% c12 • 

These contents are undoubtedly.q_ui~e high in part due to a thin 

layer of oxygen which is always present on the surface of elementary 

silicon. In our experiments, the si~icon was washed with distilled water 

.and acetone before bombardment; the wafers WET e too brittle t.o be mechani-. 

cally cleaned by grinding. Chemicaletching was not feasible because 

measurement of the amount of silicon removed was not possible. ·However, 

0.13%. oxygen and even higher, 0.24% carbon cannot be explained by surface 

contamination alone. 

The exact process by which the silicon used for these wafers was 

made is not known. However, oxygen and carbon can easily be present as 

impurities in silicon. .If the silicon is prepared in a q_uart·z crucibl~, · 
. 0 . 

SiO (g), which has a vapor ;pressure of alx>ut 10 mm Hg at 1412 C, the melt.;.. 

ing point of silicon, can vaporize at an appreciable rate according·to 

the eq_uation 

= 2SiO(g) 

and thus become incorporated into the sELlicon piece. · carbon is· also a 

common crucible for molten silicon, thus .it is possible that some carbon 

dissolves since carbon and silicon are chemically.similar. 
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When silicon is·melted by the floatirig zone process, no criucible 

is used; however, oxygen may still be prese~t· f'~r Kai~er ~ .· Ke:ck, . a~d 6 . . 
Lange7 have shown that oxygen will readily dissolve in the silicon melt 

and b'ecome incorporated into the crystal. According to. Tanenbaum, 77. .boron 
11 . . 

is a common impurity in fused silicon, thus part of the C may be forme~ 

·from B10 (He3,d or np)c11, instead of c12 (He3,a)c11 • 
8 . 

. Saito, Nozaki, .and co-workers 7 have analyzed silicon by alpha- . 

particle irradiation and subse~uent grinding of the sample; In the first 

.·2.mg/~m2 they report about 80 ppm oxygen;.below a depth 9f 5 mg/cm2 they 

have found that the bulk oxygen content varied from 0.1 to several ppm 

in various types of silicon. They suggest that this method can be applied 

to the determination of carbon also. 

4. Analysis of Mylar and Polyethylene for Carbon and Oxygen 

.These plastics (~/4 mil Mylar and·l mil polyethylene foils) were 

treated as unknowns. and subjected to,carbon and oxygen analysis by ·con­

ventional stacked•foil irradiations. Mylar gave results of 33% oxygen 

and 63% carbon which agree with the known composition of this material. 

Polyethylene gave a result of·86% carbon and about 0.01% oxygen impurity; 

the carbon content corresponds to the known composition of polyethylene,. 

the oxygen leve~, which varied considerably among the samples, is probably 

due to surface contamination and occlusion during the rolling of the 

sheets. The agreement, for these macro-sampl~s, with the known empirical 

composition, is evidence that the beam intensities, cross sections, and 

over.all detection coefficients, are accurately known; these are the major 

sources of error for the absolute method. 

5. Analysis of Teflon for Carbon and Fluorine 

Again us,ing the stacked-foil techni~ue and t3 end-window propor..:. 

tional counting, a Teflon foil was treated as an unknown in a He3 irradi­

ation. Carbon was determined from the c12 (He3;a)c11 reaction and fluorine 

from the F19(He3,a)F18 reaction. The results, 24% carbon and 76% fluorine, 

were in accord with the known composition of this plastic, again indicating 

accurate knowledge of beam intensities, cross sections, and overall detec­

tion coefficients. 
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B. Relative Method: 

1. General 

The results of Sec. 4 and 5 of the previous Part A in~icate that 

.it is possible to obtain accurate analyses by.the absolute method for 

· thin tar gets • (A "thin" tar get is one in which the intensity of the. beam · 

"does not diminish as the beam traverses the target; variations. of the 

energy of the beam as it traverses the target are taken into account· 

through prior measurement of the excitation .functions.) In analogy with 

.activation analysis by neutrons, it is possible, -however, and convenient, 

to employ a 11relativeu method of charged particle analysis wherein .it is 

·not necessary to-know the values of tDe cross sections, beam intensities, 

irradiation tim~s, and overall detection coeffi~ients. What is necessary 

however, is that a 11standard" of known composition be -irradiated and. 

··counted under identical (or nearly identical) conditions as the sample 

of unknown composition. While it is easy to count the radiations, 

especially gamma rays, from botn standard and unknown under identical 

condit_ions, it is a subtle and often difficult task-both for neutron· 

and charged-particle irradiations-to as.sure::.that the irradiation .condi­

tions are actually identical. 

For neutron irradiations in neutron reactors, sample and standard 

are often irradiated in vials side~by-side and the assumption is implicitly 

made that both receive the same neutron fluX, the same both in intensity 

and energy distribution. However, in many reactors, and in a given 

reactor, the .flux and. energy di_stribution varies with distance from the 

fuel or· core. Also, the meaningful flux is that received within the ·sample . 

·itself, not that which is at the given reactor position; because of sharp 

neutron resonances, self-absorption and self-shadowing in ·the ·samples, 

which are functions of gross sample composition, must be taken into account 

even in the relative method..· Analogous concerns are evident in fast­

neutron irradiations in which the small d-t accelerators are currently 

being used for analysis. 

··While important advantages of the He3 activation analysis method 

are that.sharp nuclear resonances, if any, are smoothed out by the experi­

mental technique empilioyed, and that the c;:ross sections for similar reactions 
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do not change greatly in magnitude from .element to e1emel?-t! care niust be 

taken in a relative method to assure· irrGidiat'ion under· id~nt_icai, or 

·nearly identical conditions. The next paragraphs discuss various modi­

fications of the charged-particle relative method. 

2. Relative Method with Thin Sample and Thin Standard 

It is possible in the same beam to irradiate in the same 'stacked­

foil sandwich both the unknown and the standard, if both are thin with 

respect to the total range of .the incideht beam. Mapy thin samples can 

be analyzed in the same irradiation. This, of course, will depend on 

the total energy· of the beam available, 31-MeV He3 for the present work. 

but possibly less if a small cyclotron is used. Fig~e lOa shows such 

an arrangement. The beam is collimated into the center of the stack .. 

The appropriate range-energy relations and the excitation functions must 

be used to correct the yield for the loss in energy as the beam traverses 

the stack, if the variation in beam energy causes significant change in 

the production cross section. The production cross section is ·an average 

over the beam-energy entering and leaving the given foil. It is not 

actually necessary to know .the variation of absolute cross section with 

energy; it suffices to know the relative variation for the production of 

a given nuclide with beam energy. If, however, the absolute cross section 

is known as well as the integrated beam current and ODC, this "relative" 

method can be used in the same irradiation as a check on the absolute 

calibrations. An example of this system is the analysis of oxygen in 7 
mg/cm2 aluminum, in the same stack in which, at a close position, a Mylar 

\ 

standard of known thickness is placed. 

A simple variation of the above is the irradiation of the sample 

in one stack, followed by the standard in an identical stack, in two sue~ 

cessive bombardments. This would eliminate the need to correct for the 

possible difference in cross section mentioned above because both sample 

and standard would receive the same energy beam. The ·intensity and length 

. of -each irradiation would be easily measured with any beam-monitoring 

system, relative or absolute, i.e., scintil~ation counter placed near the 

target or a calibrated Faraday cup. This system is illustrated in Fig. lOb. 
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TARGET ARRANGEMENTS 

He3 beam 
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-Std. foil 
Sample foil 

_Other sample foil 
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il 
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3. Reiati ve Method with Thick ·sample and Thin Standard 

In many cases, samples may be 'ina. form wher~· it·is _difficult 

or inconvenient to prepare thin foil samples·.. Such might be powders,. 
. . 

?ulky pieces, ·or liquids. It is· then useful (for· solids) to prepare the 

sample in the form of a powder of thickness greater than the range· of 

the incident He3 beam._ The powder is placed in a suitable hold~~, ~overed 
with appropriate absorbers and the thin foil standard, and the beam is 

collimated into the· ustack11
• _Both standard and sample thus receive 

essentially the same intensity beam up to the range of the beam, but the 

total production of the observed nuclide in the sample is obtained by 

. graphical integration of the excitation function (absolute or relative.) 

while the production cross section for the- observed nuclide. in the stan­

dard is taken from the excitation function (absolute or relative) directly. 

This system is illustrated in Fig. lOc. 

4. Relative.·Method with Thick Sample and Thick Standard 

In order ~o irradiate a thick powder and a thick standard, tw·6 

successive irradiation must be carried out.· An example of such.a ·system 

,would be the dete:rmination _of oxygen in lead powder relative to. _the known 

oxygen content of a thick ''foil 11 of quartz, Si02 . It is .necessary to 

correct for the different ranges of the He3 beam. in the sample and in the 

standard, ·i.e~, lead and quartz in this part.icular eJq3.mple. It is neces­

sary ~o mo~it?r the integrated-beam on each target. In the normal case, 

the area of the beam is less than the. area of the_ sample and standard_, 

because there is sufficient sample and standard available._ This system 

is shown in ·~ig. ·lOd. 
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c. Results of Some Analyses 

Because of the limit of available.· sample material; De:inildt 79. 

modified· our experimental procedure, for the determinatioh.of oxygen in 

actinide metals. He had at most about 1 mg of actinides and not in foil 

form. Basically this modification involved the use of the thick-sample~ · 

,· thin-standard method described above. The standard w~s a:n anodiz~d 7 mg/cm
2

-
. . 

aluminum foil previously calibrated against quartz. The area of the 

target, ~owever, was~ than the area of the. incide~t .He3 beam; the . 

. ·beam "bathed" the target which was 1/8-inch _in .diameter. Demildt 1 s 

results for o16 in thorium averaged 0.52%; 0.6% was-obtained by the vacuum­

fusion technique.· These valuffi compare favorably with the result obtained 

by Hingorani and the author (0.61%) using the absolute-thin target method 

of analysis. The vacuum-fusion result (0.35%) reported on those samples 

. was unexplainably low. 

A further experimental modification, basically in the thick-sample, 

thick-standard method described above, was made by Demildt
80 

and by· 

Green.81 The target area was again less than that of the He3 beam. A 

. rotating target assembly was adopted which permitted the irradiation of 

six platinum-encapsulated samples, including a·quartz standard, by the . 

beam in the same bombardment. Thus, the samples and the standard received 

the same intensity beam. However, because of the sample~holder design 

each position received;· somewhat less than 1/6. of the. total integrated 

beam falling on the assembly. This rotating target assembly was also 

used b~ the author for several analyses for reasons of convenience, but 

in most analyses, it is not necessary to have such a small sample diameter 

(l/16inch), which, aside from the disadvantage of small size, also neces­

sitates a separate measurement of the· area of both.,;Sample\'and standard. 
I 

Because of the high reactivity of thorium and other metals with 

atmospheric oxygen, weighing and scraping of the samples was done in a 

box with a nitrogen atmosphere. The samples were also vacuum-sealed and 

analyzed at Livermore for oxygen by vacuum-fusion method. The result of 

Ryan, Green, and Lowenhaupt75 for o16 in thori':lffi, 1060 ± 220 ppm, compares 

well with' the result obtained by vacuum fusion on_the same sample, 1160 ppm. 
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The difference ·in sample prepara.tion prevents a ·real com_:parison of 1060 

_±. 220 ppm w_ i th Deniildt 's value of o. 6% .( 6000 ~pm) or ·our value of 0. 61%. · 
. . . . 16 . :. 12 . . . 

In the same paper· simultaneous analyses for 0 · and C in terbium are 
. . . . 16 

reported; curium_and americium we~e analyzed for 0 

Using the available rotating tar_get assembly 

only. 

of Dem~ldt80 and 
. 81 . . 
Green, G. Butler, M. Reed, and the author analyzed for oxygen, samples 

of niobium, _lead, -and beryllium. Thorium was included as a means of 

comparisbr,t·J. with the work of Ryan et al; 75 quartz was used as the 

standard • 

. The Coulomb barriers for beryllium, niobiwn, lead, and thorium . . 

are 2.1, 13 .. 2, 21.4, and 22.8 MeV, respectively. To prevent interf.erences 

from riucle~ reactions of He3 with the metal itself, an aluminum foil . . . * . 
covering the targets was used to degrade the beam below 13 MeV. For 

beryllium it was necessary to separate from the decay curve the 20.4-

minute c11 activity produced by the Be9(He3,n)c11 reaction. In the other 

metals only the 109.7-mi:nute F18 activ?-ty was present. 

The samples_>:~ere small disks of quartz or metal which ~ere 1/16 

inch in diameter and about 1/64 inch thick. Theniobium and thoriu.nl. 

samples were very carefully scraped in a ary nitrogen atmosphere to 

remove any surface oxygen contamination •. The lead, which was originally 

in powder form, was pre·ssed into a disk of the above dimensions in the 

nitrogen dry-box. Within experimental error the disks thus obtained had 

the same density as natural lead. The relative areas of the samples were 

determined by means of a microscope and Camera Lucida without removal 

from the dry-box. Finally each dis.k was sealed in an evacuated platinum · 

capsule by cold welding using a hydraulic'press at 1200 psig. 

* In one experiment, the aluminum cover was not thick enough to degrade 
the beam below the Coulomb barrier for the reaction of He3 with niobium. 
The positron-annihilation decay curve obtained-by coincidence counting 
was easily resolved into four components by FRENic.80 The half-lives 
of the~e co~ponents were 52 min, 110 min, 293 min, and 20 h.corresponding 
to Tc9 , Fl , Tc94m, and probably Tc95. If this last ass~~ent is cor­
rect then this Tc isotope, contrary-to a previous report, must decay 
by positron emission as well as electron capture. The t3+ activity was 
quite small, however~ · On the basis of these data above no estimate of 
the percentage of positron decay can be made. 
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The average beam c·urrent during irradiation was 0.15 to 0.3o' !-lA · 

of .He3 · (++): The .'t.otal charge received: by rotating _the: target assembly · 

was 1.0 to 1:60 I-lA· Each sample derived, however, ·less than one-sixth 

of the total. After bolhb~~dment,.the ·platinum ~ap~~le was opened with a 

scalpel. and the sample was mo~ted w~ th~ut loss of material on a standar9-

l/16~inch thick aluminum card in a 1/4-inch diameter aluminuni pod. 

· The positron-emission rate of the F18 produced in the samples . 

at the end of bombardment was determined by measuring the decay of the 

0.511-MeV full-energy annihilation peak. A coincidence counter consist­

ing of two Nai(Tl) scintillation detectors in. conjunction with a 100-·. 

channel pulse-height analyzer, calibrated with a Na22 standard for anni­

hilation. radiation, and a conventional scalar were used. The coincidence 

background was about 4 cpm in the area of the 0.511-MeV peak. 

The ranges of the He3 iOns in.the different metals and the q_uartz 

were obtained or calculated from-Williamson and Boujot. 50 

The weight. fraction of oxygen in the metals was calculated from 

Eq_. (8). The results are tabulated in Table I. 

This thorium result (860 ppm) compares favorably with those 

obtained by Ryan et al.75 (1060 ± 220 ppm). 

The beryllium samples were suppl~ed by Nuclear Metals, Inc. The 

results obtained on them by the Texas Nuclear Corporation using fast~ 

t t . t' 1 · f b th o16 (.n,p)N16 reactJ.'on were neu ron.ac J.va 1.on ana ys1.s or oxygen y e 

Beryllium, Distillate No. 15 81 ±. 28 ppm 

Beryllium, Vacuum-melted Pec.hine:y Flake 302 ± 25 ppm 

That our results for beryllium are possibly high is most probably due to 

surface contamination. The beryllium sample had to be chipped from the 

·piece supplied and roughly shaped to the appropriate dimensions without 

scraping because of the hardness of the metal •. 

The niobium samples were taken from·a rod which was supplied by 

the E. I. DuPont.de Nemours and C~mpany. Samples of this material have 

been analyzed for oxygen with the vacuum fusion.techniq_ue by 18 diff~rent 

laboratories. The average value obtained ~~s 49. ± 3 ppm. The reasons 

for our value, 101 ± 5 ppm, being higher·are not known at this time; the 
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' . ···~ ~-. ::.: 
-~·' ;~.': : .... ' ' 

' .. ~ . 
Metal ·, 

;p;pm oxygen ....... 
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·.:Beryllium, Distillate No. 15 
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1970. 
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' 1470 (j - 290 
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extremely· small sample size (6. 7 ~g). n'ecessitat~d by the·. ro~ating tar­

get assemblymay.well account for part ·of the discrepancy. 

The lead was received in powder form from Stanford University, 

Palo· Alto', Californi~; No other analysis was available on this material. 

The limitations of the rotating target assembly, which was used here 

because: .lt::was the only apparatus available for a thick· tar.get analysis, 

are reflected in the 2oofo.precision of the results. The small sample size 

for a powder target unnecessarily compounds the 'errors in an analysis; 

rarely will the sample material be so limited that the beam must completely 

immerse it. With apparatus designed for.ordinary sample handling we 

expect the precision would improve considerably. 

D. Errors in Analyses 

Ideally, the error in the absolute analyses should be in the same 

range as· that in the determination of the production cross sections. Iri 

the case of the plastic materials such an estimation is probably justi­

fied. However, for the metal and silicon foils used an error of ±15% · 

must be assigned primarily because of the statistical uncertainty of the 

low counting rates and sample handling techniques. 

In the relative analyses the uncertainty is between 15 and 2Qojo 

due to the restrictions of the available apparatus with respect to sample 

size, preparation, and handling. 
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VI • SUMMARY 

The He3 ~ctivation analysis method Offers a pew analYtical method . " . 

to be added to the many already known .. While .no 'single analytical method 

can solve all problems_, and each t=lement in each matrix needs separate 

thOught, the followingmay be suggested as adva:ntages of this method: 

1. Sensi ti vi ty to ppb for many elements, Macro analyses also 

possible. 

2. Ultimate accuracy, after development of sample-handling 

techniques ,for certain elements (such as oxygen and carbon), of 5%. 

'3. Only micro- to milligram samples are required. 

4. Many elements can be analyzed simultaneously, ·and the "diffi­

cult el~ments," oxygen and carbon, are conve~iently determined. 

5. Analysis .. is non-destructive, but chemical separations may be 

done. 

6. Interferences are limited, and can be removed or minimized 

by control of He3 energy and selection of the detecting nuclear reaction. 

and induced radioactivity. Positron emitters are generally produced. 

allowing convenient detection ofthe 0.511-MeV annihilation radiation,. 

·either singly or in 0.511-0.511-MeV coincidence. Thus, gamma~ray spectra 

are simple, in contrast to the. complex spectra ·observed in neutron acti­

vation analysis where computer "spectrum-stripping" techniques may be 

necessary. 

7. The Coulomb barrier for the He3 enables one to eliminate com­

pletely any radioactivities induced in the host or bulk material when 

analysis of a light element in a heavier host is desired, e.g., o16 in 

Au. This is a marked contrast to neutron activation analysis. 

8. Charged-particle cross sections vary fairly smoothly with 

incident energy, and without .drastic change from element to element, in 

contrast to neutron cross sections' where large res·onances from minute 

quantities of impurities can :produce "interfering amounts of induced radio­

activities. 

9. Analyses are rapid and can easily be automated for routine use. 
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10. The limited depth of penetration .of a ·charge-particle beam· 

·is both an advantage and disad\rantage depending on the goal. The use. of 

~_well-defined He3 beam enables one. to analyze surfaces, especially for· 

the difficult elements. oxygen and carbon; If, however, .flbulk" analysis 

.-is desired, surface contamination is a distinct concern and sample­

handling techniques in protective atmospheres l!lay be necessary for cer­

tain elements. Simple g·love-boxes, however, and placement of the sample 

in a covering envelope. (such as Au foil) help to minimize. this problem. 

The relative seriousness of the surface problem depends on the maximum 

He3 energy available, and on what one defines as the trsurface" depth. 

What might be considered a trdisadvantage" is a point shared by 

many forms of analysis, namely, the need for a particular piece of appara­

tus. Examples_in "conventional" analyses of moderately elaborate and 

costly devices are· mass spectrometers, X-ray machines, electron micro­

probes, emission spectrograph, and nuclear magnetic-resonance analyzers. 

In activation analysis by thermal neutrons, one usually employs . · 

a nuclear reactor, a complex and very costly device. For activation 

analysis by fast neutrons, the· small 150 keV deuteron accelerator·s that 

produce 14-MeV neutronE; by the d, t reaction are. available at ''moderate" 

cost. 

For the He3 activation analysis described herein, the Berkeley 

Hilac was used which gave 3l..;MeV He3 ions. Such a· large machine, however, 

is not necessary. The very favorable nuclear Q.-values enable·many of the 

detecting reactions to be induced with low:..energy beams, i.e., 4 to 16 

MeV. We thus suggest the development of·a small, simple cyclotron 

designed. especially ~or He3 acceleration up to energies of about 16 MeV. 

Such a machine should be comparable, .if not lower, in cost than some of 

the devices mentioned above. It should have an extracted beam of about . . 

10 microamperes of He3 (++),but 100 !.I.A. is certainly possible. A fixed-

field cyclotron .at 13 Me and. 15 kilogauss field would ·give 16 MeV He3 (++) 

at a radius of only 13 inche~, similar to the cyclotron previously 
41 suggested. 
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. It is 'calculated that· too JJA of He3 at about io-MeY incident 

·. . energy ~n 9 mg/cm~. 'of. ~E) woul.d also produce about 1011 r:.}~1~~"':~of en~rgy 
·13 MeV. The reacti.on is Be9(He3 ,n)c1~ whose Q;..value. is +7.6 .Mev •. These 

... 

neutrons :wo.uld be emitted mainly in the forward direction and thus use- · 

ful for fast..,.neutron activation analysis. Upon thermalization ih paraffin, 

thermal-neutron activation analysis would be available. Neutrons of 

different energy would be readily ·Obtained by variation .of the target 

. {the Q.-value) . and/ or the energy ·of the He3 beam. 

The use of such a small cyclotroln to accelerate other particles, 

such as protons, deuterons, and alphas, is also a possi bil:i. ty. Further, 

the acceleration of He3, ·even to low kinetic energies, enables production· 

of neutron-deficient. nuclides, many of which are positron emitters dif- . 

ficult to produce by other cyclotrons. Such nuclides are of interest 

for nuclear spectroscopic studies and, in some cases, medical research 

projects. 
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APPENDIX A 

The Half-Life o; F18 

. 18 
A new~accutate, value for the half~life of F .has been: determined 

by Markowitz and the autho~. 82 ~he substantial amount of data available 

from the determination of the excitation function for the.production of 

F18 from o16, us.ing He3 as the incident particle, and additional half-
. 18 

life data taken on F . from neutron and alpha reactions, were used. 

Mylar was the oxygen source in the He3 bombard~ents, Li2so4, in 

the alpha-particle bombardments, .and·LiOH in the neutron activations. 
18 

Chemical separations were used to isolate the F in t~e latter two pro-

cedures. 

End-window proportional counting of the positrons was used; as a 

control, annihilation radiation emitted by one of the samples was counted 

. with a Nai (Tl) scintillation counter and 256-channel pulse height 1:3.nalyzer. 

The half-life was determined by means of the FRENic80 program 

which yields a value for ~ as well as its standard deviation. The 

results of 10 individual experiments which met the "F" test83 for consis­

tency at the 95% confidence level were included in the calculation. The 
. . . .. ~ ~ 

results of.this research gave, for the weighted mean half-life ofF 

and the weighted standard deviation of the mean, 83 109.72 ± 0.06 min .. 
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·APPENDIX B. . . . 
. . .FlS. f H 4 R. . .. t ·. . :th 0.16 

The Excitation Function for. Producti.on of rom e · eac J.ons WJ. · . 

In order to compare the cross section'and thresholds for the 

-reaction of He3 particles with the reaction of He
4 pa~ticies wit~ o16 'to. . . . . 4 

produce F18 , the excitation function .for the production of F18 from He 

t · . · th o16 . t ; d E t 1 th d . reac J.ons WJ. was de ermJ.ne . xac y e same proce ures as J.n 

the He3 experiments were employed. Stacked Mylar foils V/ere bombarded 
18 . . . 

at the Hi lac with 41. 6-MeV a-particles. The F produced was counted by 

means of conventional end window ~-proportional counters. Our results 

are shown iri Fig. 11; those report~d by Furukawa and Tanaka
84 

are indicated 

by the broken line .. The discrepancy between these results may be due to 

the difference in the range-energy relations used. 

The principal reactions contributing to the production of F18 

from o16 are (a,np), (a, d), and '(a,2n)Ne18 
1 

3+ ) F18 ; the thresholds.· 
· . . sec 

for these reactions are, respectively, 20.4, 23.2, and 29.3 MeV in the 

laboratory system. It can be seen from Fig. 11 that 36 MeV a particles 

. d t h th . F18 d t . t. f 1 are requJ.re o reac e maxJ.mum ,pro uc J.on cross sec J.on o on y 

150 mb, whereas a maximum cross section, 4bo mb, for. the He3 reaction 

. with o16 is reached at only 7-5 MeV (Fig. 3). Thus only a small accel­

erator would be required for practic.al. He3 act.i vation analysis rather 

than the large (60-inch diameter) cyclotron needed for 40 MeV alpha 

particles. 
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. APPENDIX C 

Swnmary of Overall Detection Coefficients and Resolving Time Correct1ons 

The following tables give the 9verall detection coefficients for 

F18 and c11 for the end-window 13-proportional counters· used in·· the fore;.. 

going work. .These efficiencies are normalized .to a Cl35 standard (no. 2) 

which had-a counting rate of 63,300 counts/min on shelf). The 47T stan­

dard, tl38, had a counting rate of 35,000 count/min. The ODC is s-imply 

the counting rate divided by the disintegration rate. The disintegration 

rate was calculated from the 47T counting rate and the positron branching 

of 97%54 and 99.8%87 for F
18 

and c11
, respectively. 

Table 'r. Overall detection coefficients: counters A, B, C, D~ E. 

Fluorine-:-18 (0.65-MeV 13 
+ 

maximum) Carbon-11 (0.95-MeV 13+ maximum) 

Shelf ODC Shelf ODC 

l 0.433 l 

2 0.322 2 

3 0.228 3 
4·. 0.123 4 0.136 

5 0.0734 5 

6 0.0476 .. 6 0.0538 

7 :0.0238 7 

8 0.0141 8 

9. 0.0093 9 . 

The variation of ODC among the oourrters is less than '2ojo. The value 

obtained for shelf l with F18 accuratel~ conforms to that. obtained by 

Reeder88 using the method of Baghurst and Prestwood. 89 
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Table II. .· 

''. •· "'. 
Resolving Times. 

Counter: A B c .· . . . 

Resolving time (!-L . secf: 6.9 8.4 . .14··. 

. ,. ·.~ . 

. _.,' 

' . 

Observed. counting . 
rate (counts/;iiin) .· 

. 104 

>2 X 104. 

5 x 10
4 

': 105 
. 2 X 105·' .·.· .. ·· 

5 x 105 . 

106 

.·' , .. 

. ' .. · 

* Correction Factors 

1.001 

.1.002 

1.006 

l.Ql2 

1.001 1.002·· 

·· .. 1.024 

'; ·1~062 

.1.13 .. · 

'• 
1.003 

1.007 

•1.014 

1.029 

·-1.075 

1.16 

.. 
1.005 

1.012 

.1~024 
.. 
1~050 

1.13 

1.30 

.:... r .. 

·.· .. · 

' : ~ 

·n E 

5.6 .. 11.3 

. . 

\HWQL· •. 1.002 .·1.005 

i.oo2 ·l.oo4 ·.· :1.010 

1.005.··. 1.010 1.026 

,L009 1.019 1.053 
.. 

\ 

_1.019 1.039 .. :'1.11 

··1.050 '1.104 1.33 

1.10 1.232 2.0 

*The correction fact~r is that number by which the observed c01mting rate 
is. multiplied to .obtain the tr.ue counting rate . 
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