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" REACTIONS OF He” WITH LIGHT ELEMENTS: ~
" . APPLICATIONS TO ACTIVATION ANALYSIS ' -
John D. Mahony

. Lawrence Radiation Laboratory
. University of California
‘- . - Berkeley, California

January 1965
ABSTRACT

A simple, rapid technique of analyzing for carbon,’oxygen,_and

“fluorine, individually and simultaneously by He5 activation 1s presented.

This method, which can easily be extended to other elements, 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 aestroyed'in the analysis. The advantages 0of this technique.

. with 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 funcﬁions‘for the production of Fl8 from 016,

1L 5 from Cl?, and. Fl8 from Fl9 by. He5

range, O to 31 MeV have been determined and are discussed with partlcular

reactions for the energy.

appllcation to activation analy51s.

An absolute analysis for oxygen in thorium was performed, s1mul-
taneous absolute analyses of gold, sillcon, Mylar, and polyethylene for
carbon and oxygen, and Teflon for carbon and fluorine are described.

Results of analySes by the relative method for oxygen in thbrium,beryl-

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

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

small cyclotron is shown to be quite. adequate .for extensive He3 activa-

tion analysis. The specifications of such an accelerator are given.
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'I. INTRODUCTION
h . . " The rather exotic identification of He3

and a potential projectile in nuclear reactions was reported by Alvarez

as both a stable nuclide

and Cornog in 1959, who used the 60- -inch Crocker eyclotron as s mass
C spectrograph.. The importance of'investigating He5 reactions was recog-

" nized by Ba'rkas2 in the same year. However,fthe availebility of He3 was
"extremely limited and eleven years later the gas was still prohibitively
'priced at $250 per ml at S.T.P., about 10 million times that of gold.

By 1959 the price had dropped to ﬁl 50 per ml; the current price is ﬁO 10

per ml .Not‘surpr1s1ngly experimental studies of He5 reactions were

somewhat rare until after 1950. .
By 1959 considerable materigl on He

3

reactions had appeared in

'thelliterature and a~general survey of this'field.waS'published by ‘
Bromley and Almquist.5 From this report it was quite-clear that the
first-expectations as to the value of such reaction studlies were more

‘than Justified. He5 projectiles were found to be useful tools in the
3

. elu01dation of nuclear-reaction mechanisms. 'In addition. He” reactions.

found application 1n nuclear spectroscopy especially for obtaining final
nuclei at high exc1tat10n from low-energy bombardment, for isobarlic mul-
tipletrstudies of the charge independence of nuclear forces, for shell
structure investigations'using the (He5;n) reaction, which adds two pro-
tons to the target nucleus, and finally for providing information on.
nucleon clustering. Most of this work, howeyer, was.confined to.low
energy (less than 5 MeV) He5 ions and reactions involving the light"
elements. 4 ' i ) o |
Tn an effort to‘study the reactions of He
v Markowitz and Hallh in 1958 obtained- beams of He3
. maximum energy of 17.7 MeV at the Crocker 60-inch cyclotron and to a

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

3

ions at higher energies,

ions accelerated to a

U51ng the sStacked-fail technique, they obtained excitation functions
for the following reactions Al 7(He ,2a)Na , Al 7_(He ,5a)Fc



" surface of the aluminum. The possibility of He

2.

2105 oot s er e TS
Al 7(He3,2p)1\r , end Be9(He3 n)cll over the range 0 to 31.2-MeV He” ions.
In addition they obtained prellmlnary exc1tation functions for the reac-
tions C (He ,a)C (He d and np)l\'(13 as well as L

(He ,p)F '+ ot (H ,n)Ne 18 ——E~——4> F18

_ 1.5 sec 27, 3 18
N - The data for the excitation function for the reaction Al (He ,Ea)F
(Q = -'10.4)MeV) yielded an appreciable cross skction for the formation
18

of F far below the threshold for its production from aluminum (Fig. 1).

3

This anomaly-ﬁas attributed to the reaction of He” with oxjgen on the

3

activation as a method

of analysis for oxygen and other light elements was thus suggested.
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II. ACTIVATION ANALYSIS AND He’ REACTIONS

' The*techniquelof aﬁalysié ﬁy ﬁuclear activaﬁidn<is nearly és old .
as the discovery_éf artificial radioactivity itself,'-In January 193k,
'I. Curie and F. Joliot prepared N13 and P50 from the alpha particle bom-
‘bardmeht of boron and aluminum. In 1936, the first activatibn analysis
was carried out by Heveéy and Lev15 who used thermal neutrons - from a
radon-beryllium sourceAté'determine the concentration of dysprosiﬁm;in
'Ayttrium. Charged particles were first ﬁsed in activation analysis by .
Seaborg and Livingood6 in 1938 when they used deuterons to deterﬁine the
presence of traceﬂqpantities of gallium in iron.

Frbm these beginnings the expansion of scientific‘investigati@n
and knowledge in this field has followed the traditional exponential -
pattern. After 1949 review artlcles have appeared with increasing
frequency.7’8’9’lo By 1955 activation analysis was an established lab-.
oratory technique and in addition to general review artlclesll 12,13, 1h

~many papers discussing special appllcatlons s$ch as ion excha.hge,15
17

gamma spectrometry,l and dating of minerals™ were published. After

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

l9‘and Taylor
21,22

be cited here. - Those of Leddicotte,lngenkins and‘Smales,

' and..Havenseo are noteworthy. In addition those of Meinke,

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

.field but also extensive bibliographies. AThe théorétical and practical
aspects of radioactivation. analysis are discussed extensively in books
by Bowen and Glbbons25 and Albert.26 Further special applicatlons of
activation analysis to the measurement of such phy51cal properties as

27 28

and surface composition

article of‘Odeblad,29

of charged particle activation anaglysis,is to be noted. 'Moreispecific

partlcle size _vere also reported. The

which considers in detail the basic principles

to our work is a review of nuclear methods of oxygen analysis by Bate.Bo
Neutron activation has been used in the analysis for oxygen,

31 33,34,36,37,38

reac-.

31,32,35

fluorine, and nitrogen; photon” and charged particle

tions have been used for these elements, and, in addition, for carbon

P



' o ' S % Lo
_ where neutron activation is not feasible.. -Up to 1960'0nly : alpha parti-
33,3k 32,35,36 37,38 .

vcles, _ deuterons protons were employed as incident

. particles.. Each of these particles presented certain difficulties, whlle 4
3 ions offered distinct and contrasting advantages

The binding energy of the Heh nucleus is 28,3 MeV the binding
;enengy of the He3 nucleus is"only 7.7 MeV, thus many of the simple nuclear
reactions of the mass-3 isotopes are excergic while similar reactions of
the alpha particle need considerable incident energy. The follow1ng

reactions and their Q-values are illustrative:for the case of oxygen:

analysis. . ‘ _
) 016(Hé3;p)Fl8 Q= +2.0 MeV
016(Heu,d)Fl8 .Q = ~16.3 MeV
L o™ue3,m)ot? Q = +4.9 MeV
16(Heh,oa1)015 Q = -15.7 MeV

Thus to analyze for 0xygen by the detectlon of either 109, T-min F 8
-124-sec O 5, alpha particles of almost 20-MeV laboratory energy would be
required. He5 particles require only sufficient energy to overcome the
Coulomb barrier, which is about .4 MeV-'for'Ol6 and increases to about

8 MeV for Ca . The Coulomb barrier for_He3 ions as a function of

3

atomic namber.is shown in Fig. 2. The eapability’qf He” ions to produce

nuclear reactions at low energies eliminates interfering radioactivities

b

considerably. Thus, for oxgyen analysis, 5-MeV He” particles wodld‘be:

sufficient and radioactivitiés:from all elements heavier than sodium are

The use of tritium obtained from the Li (n a)t reaction, as the inci-
dent particle in oxygen analysis was reported by Osmond and Smales, 59
however, the limitations of low effective cross section (0.5 mb) and
necessity of chemical separation limit its applications. (The direct
acceleration of tritium, a radioactive projectile, would present con-
siderable complications to poss1ble use in activation analys1s )
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~excluded. Analysis by -alpha-particle bombardment would require an inci-
dent energy of‘about 25‘MeV, at which &irtually no element is eliminated;

Thé‘déuteron, which has a binaing enefgy of 2;2 MéV, will pfo;
duce exoergic (d,p) reactions and some exoérgié (d,n,)'reéctions.‘ The
high neutron Background,surrounding deuteron acceleratofs, induces (n,y)
reactions that give the same product as (d,p) reactions thus complicating
the analysis. No such complication is preéent with the use of»He3. Fur-
ther, detectibn~of the annihilation radiation from positron'decay is
quite convénient especially in the presence of other radioactivity. The
products of (d,p) or (n,y) reactions, however, usually decay by negatron
emission whereas those of Hej{‘béing proton rich, are positron emitters.
5 Although the Coulomb barrier for protons is lower than that for

He” particles, most proﬁon reactions are considerably endoergic. In )
addition most low-energy protons induce only (p,n) reactions, thus sharply
limifing the number of products that can be detected.” For example, in

the case of oxygen, O18 must be used in proton aétivation; tﬁe low abun-

dance of'the mass-18 isotope greatly limits the sensitivity.

5

Finally,_because many of the He’ reaction productsvare S0 neutron-'
1deficient and relatively short-liﬁed; they quickly decay to form a radio-
active daughter of convenient half-life rather than a stablé nuclide. .
The measured cross section is thus enhanced because there are two reac-
tions leading to the same product. ' This enhancemént cannoﬁ, in most
_céses, take place for low-energy proton, deutéfdn,vor alpha irradiations.f
The Hé3 ion,like other charged nuclear particles;'has a rela-
tively short range (comparéd to neutrons)_e.g., about 0.017 inches (125
mg/cme) in aluminum for a 30-MeV He3 particle. Surface etching or grind;~-
ing may be employed, however; to reach deeper portions of the bﬁlk mate-
rial. The same-procdedures would be necéssary fo£>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 success}fe sur-
 face removal and irradiation, a profile rather than a simple bulk aﬁalysis

isvpossible.
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4 The4work descfibed in this report represents.an investigation ‘
of tHeAreactions 6f He3 with oxygen,’carbon,'fluorine{ and nitrogen,
primarily'from the point of yiew of applicatién to,acﬁivétibn analys;s.
' Bgcause it was the intent to develop thé pfinciples-and bfeadth of ap- |
ﬁlication of this new analytical procedure, the analyied systems'meﬂtioned
'in'ﬁhis research are by no means developed, at this stage, to the full
precision and'acduracy possible. Additional discussion of this technique
with respect to sensitivity, depth of penetration, sample handling, inter-
. ferences and energeticé is contained in the paper of Markowitz and

)_’. .
Mahony. L
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'IIIf MATHEMATICAL RELATIONSHIPS

A Cross-Section and Absolute~Analysis Calculations

Koc’h)42 defines activationuanalysis as, "a metnpd of measuring,

' conéentfatibns_df constituents in a given sample by measuring the char-
acterietic.rediaﬁions emitted by the radioactive nuclides resulting from .
, selected nuclear transformations." ‘For an accelerator bombardment the
mathematical felationsnip between the disintegration rate of an induced
nuclide and the amount of the constituent in'e thin target approximation

is given by

D_ = tilo [1 - exp(-0.695/Ty 1)) (1)

where . . .

D, = disintegratien'fate at the end of bombardment of the
nuclide produced from the constituent whose concentra-
tion is to be determined, in dis/min,’ | '

n = number of target atoms:uper cm?‘of the nuclide being
determined, v
I-= average beam 1nten51ty, in incident ions per mln,‘
- 0 = Ccross section for the reaction, 1n cm? per target atom-
| incident 10n, g '_ _ .

‘-T_= length of bombardment, in minutes,

T1/2

half-life of the,product nuclide, in minuteé.

The intensity of charged particles in'an accelerated beam is
usually measured in units of the beam current, in mlcroamperes, striking
the target. Beam current in HA 1s converted into He5(++) ions by a
factor based on. the unit p051t1ve or negative charge (1.602 x 10 -19 c).

Thus

v

1 WA of He (++) = 1.875 x 10°" He3(++)/min.

B T U N R 5 U U o
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The disintegration rate,. Do; at the end of bombardment is déter-

mlned by the relationship ’

poeajoe (@)
‘where
' -Ao = product actlvity, in couhts/min, at the end of bom-
) bardment and
~ OIC = over-all detection coefficient, defined as AO/DO.

‘ _The ODC thus includes decay scheme, counter efficiency, geémetry,
absorption, scattering, and any other counter factors. It is measured
independently,'or estimated, for each detection arrangement used.

The preceding relationships may be used to obtain cross sectiéns
as a function of incident-particle bombarding energy 1f ﬁhe number of
target nucleil pér cm?, n,'is known. Once the cross section for.the
production of a particular ﬁuélide is meaéured, n may be determined
directly. - ' v |

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

mined'from A, the mass number, Avogadro's number, and n by the formula
s o
= nA/6.025 X 10 > ()

If an absolute analysis ts to be performed, all parameters'in-
Eq:. (1) except n must be known or determined during the ekperimentm

T

B:. Relative-Analysis Calculations -

A relative analysis may be carried out by boﬁbarding and counfing
- éample and standard under ldentical, or heérly identical conditions.
The ratio of A for the unknown sample, x, to that for the standard s,
‘using Bgs. (l) and (2) is
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Aoy n* éxllx.(éDC§nﬁLl“'éxp(—o'6931x/Tl/é)J‘
"Aosf='ns.cs IsV(ODC)s [l‘-'exP(fO'693¢s/Tl/é)]

..(.u)

where ﬁ <. and n, are the number of target-atomsiper om? awailable to -

~ the beam in the unknown and standard matrices respectlvely, o and %

»the production cross sections for the radloactive nuclide to be counted
-in unknown and standard, (c is energy- variant), I and I the average :
beam intensity received by unknown &nd standard, (ODC) and (ODC) the
over-all detection coefficient for unknown and standard and Ty and T

. the length of bombardment for unknown and standard. '+ If the standard and
uhknown are counted under identical conditions: ODC)x and (ODC)S will be
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. 10a), Eq. (4) reduces to .

' Abx _ nX ' (5)
¢ . AOS ns o ‘ .

when corrections are applied for differences.in c and o .

2.
The mass per cm ) m o of the target nuclei in the unknown is,

“

from Eq. (3) :
. 10
n,_ A , Lo
' X i 2 . ’
m = —~— grams-per cm. (6)

" where A 1is the'again'mass number of nuclide being'determlned and N
is Avogadro's number, , ‘ '
When a thln sample, thin-standard. prooedure is used in succes-‘

‘sive irradiations (see Fig. 10b), Eq. (4) again reduces to Eq. (5),

- however, in addltion to a possible correction of Ty ~and - 9 if

.o

i unknown-and standard have :.. unequal differential energywloss functions)
o correctlons for differences in I and I g 88 well as Ty and T, may have

to be applled FEquation (6) is again used to calculate mx}
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When a thlck sample, thin standard procedure (see Fig. 10c) is-
employed only a 51ngle bombardment is necessary Equations (5) and (6ff
are. used with. the approPrlate correction for o and Oy In this case,
because the sample is a "thick target " o, is an average cross-section

" over the effectlve range of the beam Only the mass per cm? of ‘the un-
known matrix in this ‘range is used in percentage calculations.

When a thick-sample, thick standard pr0cedure (see Fig. lOd)

" must be'embioyed, two successive irradiations are required. Equations
(5) and (6) are used; corrections for o, and o, Ix'and I, and Txiand o
T, will usually be necessary.

Usually only a portion of the cross-sectional area of the sample

: w1ll be’ 1llum1nated by the beam.. This is the case in all of the above
relatlonshlps. When the sample is extremely small, however, it will'be

_ necessary'tovadopt an arrangement wherein the sample is completely im-
mersed in‘the beam. In such a case the ratio of Ao for_the unknown
sample to A for the standard using Egs. (1) and (2) is

hoy, 1m0 (1/8) (OI8), 12 - expl-0.6951 /1, )]

Bog 0Ty 0 (17a) (o) T1 = exp(-07895 %/‘?‘1/2)1..'

(7)

where - n'x and n' g .are the number of target atoms avallable to the
beam in the unknown and ‘standard matrices respectively and a 1is 'the - .
cross-sectional area of the beam. If the beam is completely stopped in

each sample{.the mass, m, actually bombarded by. the He5 ions is,
m=Rs -~ , - (8)

wnere R is the range in mg/cme, of the He3 lons in the sample at the
. energy used and P- is the‘surface aréa os the sample. 'If "f. 1is the

welght fraction (of the target nuciide in the sample Eq. (3) becomes
= pA/fN .6 : (9)

"where N. is Avogadro's number. Combining Eqs. (5) and (6) we obtain
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n = p.fNR/A",.' S 2 - (10) "

- when Eq. (7) is substituted into Eq. (4), aSsuming the same beam is .
< ~ .used in the bombardment of standard and unknown and the product activities
- A are counted under identical conditions, we obtain for the weight frac-

tion of the nuclide being determined
Ao, R P fs

8 "8 ' ’
£ = . o (11)
X Ao Rx P, ‘

S

In practice the cross section ¢ 1is determinéd for égch particu-
lar reaction as a function of energy by bombardment of targets of known
composifion. While this measurement is necessary only for an absolute
analysis 1t is quite useful in relative analyses to establish feasibility,’
as.well as optimum bombarding energy for efficient detection and mini-

mization of interferences.
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IV. REACTION STUDIES AND EXCITATION FUNCTIONS

A. General Experimental'Procedures

~In this section we first describe the genefal procedures used
to determine the excitation functions for the reactions o
16,3 .18 . 16,.3 18 B+ _ 18
+ -~ \ T ————
0 (ae ,p)F 0" (He”,n,)Ne DT Sec>‘ F
lE(He5,a)Cll .
Clz(HeB,np')Nl5 + Clg(He3,d)N13

Fl9( He5,a)Fl£.3,

We then consider the individual reactions and the experimental'
details which are specific to each excitation functlon
1. He> Beam

The Berkeley heavy 1on linear accelerator (HILAC) was - used in -
all experiments. M1xtures of 2 to h% He in Heu gas proved a convenlent-;
and economical ion source. The Hilac accelerated single-charged. HeB,
" which was stripped.to form He3(++) ions, then bent magnetically and
collimated through a 3/8 in. aperture before 1mp1ng1ng on the target

The maximum beam energy 2. “was 31.2 * 0.6 MeV.

2. The Target

- The stacked-foil technlque was employed in the determinatlon of
the excltatlon functions Suitable plastlc foils were used as ‘sources
offthe target nuclei. Aluminum and gold f01ls 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 precislon punch, the plastics
4 ll/l6 to 15/16 in. diameter, the ﬁetal 1-in. diameter. Sufficilent
plastlc and degrader £o0ils were used in each stack so that the besm 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 nuclei produced in the metal foils.
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The approximatlon was usually made that any peruct nuclei re- ,f
coillng out of the plastic was compensated by recoil galn from ‘the "
adjacent foil. In several experiments the plastlc foil was sandwiched
'between'two-foils from which the.product nuclide couldvnot be formed. _
The three folls, were counted sepafately.and the total activity from the
nuclei being measured nas compared with that'obtained by the abproximate
method. No appreciable'difference was observed except Wwhen the.excitation
function was steeply sloped. In these sections the three-foil procedure
was used. o | : ' o

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 foilsris.

treated in Section IV, E, Estimation of Errors.

3., Range-Energy Relations
5 beam at the aﬁpropriate foil position in
5,these o

The energy of the He
the stack is determined from range-energy relations. . For He _
relations must be calculated sinoe.experiméntal values are not avaiiable.;
When reliable empirioal proton or alpha particle fanges for a éiten
material are available it is possible to calculate;the range-energy

relations for He5 inlthat material from the formuias

RH 5(3E) = 3/ R, (E) or

4

Ry 3(E) = 3/ R () .

Otherwise it is necessary to compute the ranges by numerlcal integratlon

of the 1nverse kinetic- -energy . loss function.

N o ‘ . The range energy.relations for He5 in aluminum are available
, from several sources. Rich and Madey 2 calculated the ranges from the
o L - Proton data of Sm1th.u6' Bromley and Almquistj compiled their ranges

b7

.from the stoPping cross section data of Whaling. Markowitz has cal-

. 5_ culated this relation from the experimental proton ranges of Bichsel.
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Theoretical computatlons have recently been published by Dem:l.ld.’c,l1L9 nd
- by Williamson and Boujot.50 The ranges of Demildt and of Rlch and
Madey are in very close agreement. - Those- of Markowitz and of William-
son and Boujot are also in close agreement but are about 2% higher thano |
the values of Demildt and of Rich and Madey' The ranges compiled by
Bromley and Almqulst are 5% higher than those of Demildt and of Rich and
Madey. With respect to the rate of energy loss, however, the agreement
is considerably‘better since the variously reported range-energy rela-
tions are nearly parallel when log range is plotted vs. 1log energy.

In.our calculations we have used for He3 in aluminum the rangesA
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 thebreported ranges - of He5 in gold there is not the 5% over-
'all agreement which-exists forAaluminum For example at 25 MeV the
-range of He3 in gold is calculated to be 170 mg/cm on the basis of -

proton ranges complled by Rybakov51 and reported in Nuclear Data Tables.

52'
Bromley and Almquist give 193 mg/cm2 and Wllllamson and Boujot 218 mg/cm
(Demildt reports 201 mg/cm? as the range of a 25 MeV He5-1on in platl-:
num) Since, however, the various range curves are nearly parallel
above 10 MeV when log range is plotted agalnst log energy, the respec- N
tive energy losses per mg/cm? are not s1gn1f1cantly different for. He5 -
energies between 31 and 10 MeV. The use of gold degrader or catcher
foils below 10 MeV was avoided whenever possible..

3

The range of He” in the plastic foils was calculated from the

‘element ranges of Wllliamson and Boujot accordlng to Bragg s emplrlcal

form.ula55 . .
Ry &y’
where _ | » _
o 'R£ = range of a particle in a giren substance,
W, = weight fraction of each element present,
r, = range of the partlcle in the respective element

g s e i e v i o+ am e et e
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The only ranges available for He5 4in carbon, hydrogen, oxygen,
,and fluorine are the calculated values of Demildt and of Wllllamson and

Boujot.. ‘The results of these two computations are in fair agreement

v', ;(about h% for the plastics used at He” energy of 30 MeV, 2.5% &t 15 MeV,

. described in the next 'section under the spec1fic procedures for the He

and 1. 5% at T MeV). An experimental range was determined for polystyrene, |
one_of the plastics used, to verify these theoretical values. The re-
sults, which favor'the longer ranges of Williamson and Boujot are

3

+ 012 exc1tation functions ' ' :

~ The length of the bombardments varied between 10 and 25'minutes,
.vaccordlng to product nucllde belng studied. The average‘beam currents |
were about O. 010 to 0.100 pA of He” (++). ‘These irradiation conditions
produced suitable amounts of the product nuclide for conVenient'detection.,

The tOtalfcharge obtained. from the bombardment was meaéured'by ‘

a Faraday cup and an integrating electrometer.- This electrometer Was.
vcallbrated by passlng a known current into it for a measured time just .
prior to each bombardment The current source was a thermally insulated .
'1.019-volt standard cell and either a 100.0-or 1000:;0 megaohm nrecision
resistor. The‘conditions of intensity and scaling were the>same as

Bl

during the actual bombardment. - ’ : : . : .

5. CountingvTechniques

The pos1tron emission rate of all samples was counted by means
of end-w1ndow, gas-flow proportional counters. The detectors were standard '
© aluminum cylinders of l-inch inside-diameter with a window cover of 1/k-
mil goldized Mylar. The collecting electrode, of 1-mil tungsten mire,
was shaped in a 5 mm-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
“with a ClB6AStandard source which counted at 59,000 to 65,000 cpm_on'
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Shelf 3 on the various counters used Observed counting rates were
-normallzed to a 63 500 cpm standard from the counting rate of the
standard determined periodically. during each experiment for each counter.
’ The over—all detection coefficient, OIC, for each'ehelf?end counter. was.
also normalized to the 63,300 cﬁm standard. The resolving time»of each
of the‘counters-ﬁas determined by the paired—seurce'technique. These
velues ranged from 30 to 5.6 psec. Corrections to high counting rates
were applled when necessary (See Appendlx C.). Since the maximum posi-
tron energies of F18 Cll and N13 vary from(L65NbV]to 1.19 MeV,5LL the
ODC was separately determined or estimated for each excitatiOn function.
- The speeific methods are given in the seeona part of this section where
the reactions are considered individually.

.The eample foils were mpunted on 1/16-in. aluminum cards with
double;faced Scotch‘tape and covered with 0.9 mg/cm? of Videne, a clear
- plastic foil (Goodyear Tire .and Rubber Co.). They were‘counted"et re-

producible geometries in a convenﬁional shelf assembly.

B. Experimental Procedures for Sﬁecific Ekcitatien Funétiohs

16

1. Production of Fla from He5 Reactions . with O

The_meterial used as the oxygen sourde to determine this exci—j;
- tation funeﬁion-wee Mylar; a dondensate of terphthalic acid and,eﬁhylenej
glycol, which contains 62:7% carbon, 33.2% oxygen, and 4.1% hydrogen.
The material was obtained from Hastings and Co., Philadelphia, Penn.
Circles of 0.750-inch diameter were cut from 1/4-mil (0.93 mg/em?)'-
Mylar sheeﬁs. | o ' B

- The variation in superf1c1al density of the f01ls used was found'
~to be about l%. When single Mylar foils were used the recolils were
caught in oxygen-free polystyrene foils'whicﬁ are described in the next
section. S - - '
The over-all detection coefficient in the mounted samples was

* determined as follows: The positron counting rate of a sample of Fl
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p'ro'du-ced by the reaction of 016 with He " in l/h—mil'M-ylar was .de.terminedf a
with a Mﬂ-prOportlonal counter.” The foil- used was covered on both s1desn
 with a thin layer: of aluminum (approx1mately Lo ug/cm to make it con-

: ductlng. Act1v1ties 1nduced in the aluminum were- ins1gn1f1cant The .
correction to the countlng rate for self- absorptlon of F18 p051tr§ns in:l
.the,Mylar was determined by successively imposing &luminiZedi Mylar foils
on both sides of the activated one, reédrding the counting rate adjusted
for decay at éach'absorber thickness, and exﬁfapolating to zero thick-
ness. The correction was found to be 1.7%. From the findings of Pate

and Yaffe55

maximum energy, 0.65 Mev. A correction obtained in a similar manner by

a linear extrapolatlon is Justlfled for a B-emitter of this .

these same’workers'for négatrons in VYNS, a polyv1nylchlor1de acetate .

b.copolymer, was approximately 2% at comparable thickness. - o
The absolute disintegration rate was then obtained by dividing

‘the observed Um-counting rate of the foil by 0.983 to correct for self
ébsorptibn-and by 0797, the positrpn branching fatio,sg the gssnmption
being nadé that none of the soft x-rays or weak Auger electrons from the
3% EC branch are detected by the Mﬁ-counter. This same sance with the
additional absorbers removed was then mounﬁed in standard fashion and
counted on various shelves of the end-window proportional counters.
The 6bserved'connting rate (corrected for decay) at the proportional
counter di?ided.bynthe absolute disinﬁegration rate is:ODC. It was,
. for example, 0;125,-on Shelf 4 (about 0.6 inch from the 1-inch diameter
window). A complete listing of these coefficients is given in Appendix '
c. o )
| The carbon and hydrogen in the Mylar‘do'not.interfere wi%hvthe 
F18 detection; U4 hours after bombardment, when counting was begun, -the
109.7-nin F18 vas the only nuclide detected, the 204 min Cl; formed by
the Cle(He?,a)Cll reaction and the 10.0-min N> frpm,the\cl%ﬁeB,np or d)N15

" reactions haﬁing-decayed to a-very low level.
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13 5 Reactlons with 012

C2, Productlon of C11 and N from He

3

The plastic used as the carbon source was polystyrene (Tryclte,
Dow Chemical Corp. ) which contalns 92.3% carbon end T.7% hydrogen.
Circles of O. 812 inch diameter and 3/b-mil . Emg/cm ) thickness were
used. ' The variation in superficial density of the’ foils was as‘hlgh as
'lO%. However, the polystyrene was supplied in a roll, some portions of
which were uniformly thinner than others. Thus by weighlng and judicious
selection, foils of fairly uniform thickness were obtained. Polystyrene
was chosen because it was avallable'in thin films and more durable than
‘the very similar hydrocarbon plastic, polyethylene. When the recoils
were also counted, O. 1 mil gold foils were used as catchers.

The range of He3 ions in polystyrene was approx1mately measured
. by bombarding a stack of accurately weighed, 3/h-mil polystyrene foils .
and determining the max1mum penetratlon of reactlon-produc1ng beam by
counting Cll from the CT (He ,a)C reaction. The deepest. foil in which
"appreciable activity occurred was equivalent to a beam traversal .0f.92.5

to 9L.8 mg/em?xdf polystyrene. The energy of the He3 ions atientry into

; .the first polystyrene foil was 30 T MeV; Cll production beases at 3.8 .MeV.
At this energy Williamson and Bougot,5o and Demlldt k9 give as a range

3

2
for He” in polystyrene 2.6 mg/cm . Thus the total range for 30.7 MeV.

He 3
of 30.7 MeV He

. Boujot is 96 T mg/cm and from Demildt 94.0 mg/cm . Conseqnently the
>

partlcles in polystyrene is between 95.1 and 97.4 mg/cm . The range
3

particles in polystyrene calculated from Williamson and

former range energy tables were used to compute the He” ranges in all

"plastic f01ls. '
The ODC for Cll WaSs determlned in a manner analogous. to that
used for.F18 ln Mylar About 35 ug/cm of gold was deposited on B/M-mll
polystyrene_folls by vacuum‘evaporatlon (gold was used here because of
1ts being more tractable in the evaporator). One of the foils was bom-

"

barded in the He” beam below the Coulomb barrier for gold. The ‘remainder

were used as absorbers in the hﬁ—counting which was delayed until the

' N13 activity had reached,aAvery low level. Self-absorption of Cll in
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- the polystyrene foil was found to be 1. 9% The'electron cepture Branch-

ing of this nuclide is 0. 19%, Sh thus the dislntegration rate for Cll

' this experlment was obtained by dlvidlng the b countlng rate simply by

0,979+ Then on Shelf u of the end-window counter, the ODC: was 0. 136
(See Appendix C.).

, It was not possible to determine experlmentally the ODC for N 13
in the polystyrene foils. Since the maximum B+ energy of N 5(l 19. MeV)
is close to that of C;l, the ODC was assumed to be the same for both
nuclidés. Since the 10-minute N 15 and the 20-minute C ‘ act1v1ties .

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

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

- computer program (LENIC), which determines the activity at the end of -

bombardment,'Ao, and the,stahdard deviation of this value for each

ecomponent .

- 3. Productioh ofAFl8 from He3 Reactions with F;9‘

'The source ¢f fluorine was polytetrafluoroethylene‘film (Teflon-
Dielectrix Co., "Queens Vlllage, N. Y. ), which contains 2k, O% carbon and
' 76.0% fluorine. The plastic foils vere 1/2-mil (2.7 mg/cm ) thlck and
0.812-1in. diameter The varlatlon in thickness of these folls was about .-
l% The thrée-foil recoil technique was employed. .in all the experlments.
Polystyrene was used as the catcher foils. ‘ '

The 0DC for F 18 in this matrix was estlmated from the self-
absorptlon and effeciency. determinations described above for F18 in

Mylar.

The Teflon foils were counted about four hours after bombardment
to eliminate the C l.and N 13 activity. The.countlng rate data conformed’
to a simple 109.7-minute half-life and was free from extraneous activity

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

about lOh cpm of Fl8
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b, 'Production of N15 from He” Reactions with N

An attempt vas made to determlne the ex01tation functlon for the
‘productlon of N™ 13 from the He5 bombardment of Nlh The nltrogenlsource
was melamine-formaldehyde resin which contains 60.8% nitrogen, 5&,8%.A
carbon, and 4.4% hydrogen. Because the resin is not anailable_in thin
foils it was coated on 0.00025-inch. gold foils. Counting techniquee
similar to.those'described above were employed. Due to the presence of
oxygen inpufities from residual formaldehyde and the large amount of v
carbon in the resin, too ﬁany interfering reactions'occurred and incon-
-sistent results were obtained above 7 MeV. Below this energy the thick-
ness of the foils severely limited the‘nnmber of target foils that could:
be irradiatéd. Between 4 and 6 MeV, the average cross section for NlB.
’ productlon appears to be approx1mately 20 mb To obtain an accurate
excitation function for this reactlon it w1ll be necessary to use an

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 ex01tation functlons were -
calculated from Egs. l) and (2) in the first section. The energy of”
the He5

mined from the range-energy relations dlscussed above.' The horlzontal

beam at the approprlate foll position in the stack was deter-

bars on thé points represent the energy loss of the beam in the f01l
Vertical error bars are only-approximateedue t6 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 exists between the shape of an excitation function and fhe general -

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

anism studies of other experimenters.
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1. Excitatlon Function for Production of F from He5 Reactions with
o 16 . S , ,

P )

The excltatlon functlon is shown in Flg 3. ThlS exc1tation

5’ )F18

function represents the sum of two reactlons essentially O (He

T : - and O (He ,n)Ne 8, The relatively high over-all cross section and in
particular the 400 mb value at 7.5 MeV is the result of the enrichment
of the direct Fl8 production by the p+ decay of Ne18 from the (He5,n)
reaction. The lowest He3 energy at which these,reactions may be induced
is h.5 MeV; the appreciable cross section 2 MeV below this value is.

. attributed to the straggling associated with lafge beam~energy degrada-
tions . (before target entry the beam already'has a 2% energy spread) and
perhaps to accumulated range-energy errors, The shape of the 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 1is presumably smoothed out because
of the target thickness, beam straggllng and resolution, as well as

" because the cross section represents the sum of two reactions. A con-' o

sidefable number of angular distribution studies have been pérformed 56- 61
'Middleton60 considers the double stripping process to be the dominant

b

mechanism at energies in excess of about 5 or 6 MeV for He” two-nucleon
‘transfer reactions. Hinds and Hiﬁds6o indicate a direct process, two
nucleon stripping, as the predominant’mechanism for the 016(He ,p)F
reaction at an euergy of 10 MeV. Gale,lGarg, and Rainavataram5 favor a’
direct interaction (double stripping as opposed to a knock out mechanlsm)
in the O (He ,n)Ne 18 reaction as low as 6 MeV. The data of Towle and
Macefleld57

nucleus formation at 6 MeV in the (He

suggests that a direct process 1s competing with compound

3

,n) reaction. A

2. Excitation Functlon for Productlon of Cll from He Reactions with-

012

e

: " The excitation function is shown in Fig. I; at these energies it,

-almost‘exclusively, represents the Cle(HeB,Ot)Cll reaction. The broken
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g liﬂe indicates'the results reported by‘Cophran and Knight.62 They.wére‘
able to 6bfain this fine structure, whiéh'is“attfibuted to particle ‘ N
E decay of'excited.stafes of C;;,'becaﬁse‘of their employ;hg a yériable-
 energy eyelotron with véfy well-defined energy resolﬁtion.to'acdelerate
the He§'ions Agaln the cross sectlon obtained below 3.8 MeV is due to
'straggllng and range-energy uncertaintles. , '

The mechanisms by which this reaction proceeds are not fully ' .
elucidated. At very low energles (2. 5 MeV) Bromley, Kuehner, and Almqulst6
have found that the analogous O °(He ,OL)Ol5 reaction 1is strongly a
compound-nucleus 1nteractlon; On the other hand at 2.0 and 4.5 MeV the
ClB(HeB,Ot)C12 reaction favors some form of strlpplng mechanism. b 65
SinceCClg,-like 016, is a s0 called ¢a-particle nucleus, we would expect
a compound system:to be the primary interaction mode for the'ClE(Hej,Oﬁ)Cll
reaction at Very.lOW'enérgies. At energieé betweenr6 and 10 MeV Hinds
and Middléton66 have found this reéétion to.pfoceed predominantly by a

67

dlrect proééss. ‘Taylor et al. have obtained similar resﬁlts.for the
(H ,a)O reaction at 5.2'MeV. Pankratov and Serikov68 report evi-’

dence for a direet process from 26 to 33 MeV for Cle(HeB,a)Cll. However, -

the work of Aguilar et al.69 70 suggests that at 29 MeV

while the fofmation of the L4.26- 4.75 MeV (unresolved) doublet state of

and Garcia et al.

Cll is readlly fitted by direct-interaction analysis, the ground state
formatlon is not: At this same energy Sen Gupta et‘al.71 have found ‘
that the (HeB.a) reaction for O]'6 leading to the 6.15 MeV excited state.
of Ol5 is not formed by a direct process alone. At'29 MeV, howevér, it
is difficult to understand how any compound—system 1nteract10n can be
present 81nce the compound nucleus. would have about 40 MeV of exc1tat10n
energy associated with it. Simple Q-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.

>

5. Excitation Functlon for Production of Nl5 from He; Reactions with

012

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

function, which was obtaine@'simultaneously with that for the
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_ R .
12(H 5 )Cll reaction primarily represents the c (He3 a)N 5
13

(He ,np)N13 reactlons. The 10-minute activ1ﬁy of N~ was resolved.

out of the 20-minute C act1v1ty by means of the LENIC computer program
The broken line'represents the results obtained by,Cochran and Knlght
using a variable energy cyclotron. The rather low, maximum cross sec-
‘tions are to be attributed to the instability of all excited statee of

Nl§ to particle emission.' The reéults reported here do not‘distinguish'

~ between the (He5,d) and (He5,np) reactions. By integrating the deuteron

"~ angular distribution data of Priest et al.72 at 2l MeV Cochran ahd Knight62
have found the contribution of the (HeB,d) interaction mode to be about

 b43%, 27%, and 24% at 14, 21, and 2k MeV respectively. Both Priest et al.
™ v

72

"and Wegner and Hall '~ have obtained deuteron aﬁgular distribution which

give good agreement_with simple stripping theory.

L, Excitation Function for Productlon of F 18 from Hej Reactions with
19 ' .

The excitation function is shown in Fig. 6. The cross section,.
_which is primariiy_of the Fl9(He5,a)F18 reaction; is”extremely low
compared with the ClE(HeB,a)Cll reaction throughout the energy'range
studied..'It is difficult to explain the apbarentiy forbidden character
of this reaction at low energies. The high positive Q-valﬁe of 10.1 MeY
suggests_that the-peak for the reaction probabiligy occurs below the |

coulombibarrier for the interaction of'He5 and F This may account
in part. for the rather low cross section, but other facﬁors.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 400 mb for the formation of
FlS'from O16 occurs at 7.5 MeV and the maximum cross section of 320 mb
-for the ot (H )Cll reaction, at 10 MeV. These high reaction proba-

b;lities at-relatlvely Low He5 energies are favorable to activation
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analysis of high sensitivity. The producﬁioh of Nl5 from C12 will-not”
1nterfere w1th either carbon or oxygen determinatlons because of the
half-llfe difference. In fact, N 5 may be used as a check on the results
if nitrogen is known to be absent from the_sample.._The presence of
sodium or fluorine would constitute an interference to oxygen determina-
tion as would boron or beryllium to carbon. ‘In most of theseacases
another reaction or determination-would have to be used, for example,
fluorine in the oxygen sample by the F 9(He ,n)Na reaction; carbon

12 1h . 21
in the presence of beryllium by the C (He ,n)O reaction (Na = can

. not be produced from He® and O 6, nor Ol from He” and 012)
At He5 energles between 3.8 and 6 MeV the relatlvely hl h cross
3 1 16 g+ . 18
section for the C ( ,a)C (He D )F (He )N T5 50 F
reactions compared to the negllglble cross section for the formation of
15 from C 12 1mp11es that O16 Nlu, d 012 can be studies 31multaneously

in the same sample. The reactions, ot (He ,04) 15, 016(H 2a)C , and
u(H aﬁ)C have thresholds above T MeV. Nltrogeﬁ would be determlned
by the N (He ,a)N reaction. o | | C
For the purpose of activation analysis the low reaction proba-
bility for F 19 and He5

the pblnt of view of interference in the determination of oxygen in the

represents a loss in sensitivity. However, from

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

below 10 MeV between the cross section for the formation of Fl8 from

mOl6 and from Fl9‘iS'an advantage.

"BE. Discussion:of Errors

In this section we present an estimate of the uncertainty of
our results based upon the errors involved in’deﬁermining 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-

celived by the target is minimal. The integrating electrometer was
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calibrated before each bombardment by means of a standard cell‘and pfe;.
cisien resistors that supply a current measured to an accuracy of better
than 0.1%. Collimation was such to insure total reception of the beam
by the target. Chronometry is reliable to at least 1%.

'The half-lives of all the nuclides studied are known to an .
accuracy considerably'better than l%. The determination of the disinte-
gration rate involves errors which 1nclud1ng decay-curve analysis,
cumulatively amount to about 2%. In this we 1nclude counter 1nstability
as well as counting statistics generallyﬂ The weighing of the foils
introduces an error which iS'duite small in the case of Mylar and Teflon
because of their l% uniformityvof thickness. However, the superficial
den81ty of the polystyrene f01ls must be assigned an uncertainty of
5%.‘ The 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. It is possible that Cll

J

13 . 18
N 5 and '~ can escape into the Hilac vacuum during irradiation,. or

after irradiation when the stack .is separated and 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

fC always corresponded with the published value supports this conelu-

sion. ) The probability for diffusive gas loss is much higher during
1rrad1ation because of the heat generated in the target by attenuation
of the bPeam. Cochran and Knight62 have observed that open and sealed
targets . of Teflon l/2-mil (approx 2, 5 mg/cm ) and polyethylene {approx..
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-
foil bombardments no more than 5% of the C and N15 escape .as gaseous '
ox1des or hydrocarbons Cummings et al.,7 however, have' reported up to
15% loss in proton bombardments of approx 5 mg/cm polyethylene foils,
and up to 7% loss in approx. 2 mg/cm polystyrene foils.

' In our work the close (5%) agreement for mylar and polyethylene,
for oxygen amdﬁx'carbon. -Section V, h and Teflon for carbon and fluorine,
Section V,5, to give the emplrical formulas with the use of open stacked-

foils indicates that the diffusive gas-loss of Cl and F 18 was less than
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5%. This conclusion is supported by the fact that when thicker foils
were-used the same results were obtaine& " In Teflon, pérhaPS'.fhe dif-
fusive recoil loss of Cll is prevented by the lack of hydrogen to make
volatlle spe01es, 1in metals,by carbide fcrmation

Multiple experlments were performed to determlne each exc1tat10n
function. In the case of C (H ,a)C and C* (He ,0p or d)N ’, with
target f01ls of less rellable thickness, ten experiments were carried out;
for the O (He ,p)F _ (He ,n)Ne18 i—sgggé> F18 reactions, six, and
for the Fl9(He5 ,a)Fl8, three. Thus notw{thst_anding the additive property
of the uncertainties considered'above,'the smooth-curve cross eections
reported represent averages én@ consequently are more reliable than ﬁhe

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

sections of about 5% would not seem exceSSively optimistic.
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V - ACTIVATION ANALYSIS EXPERIMENTAL PROCEDURES AND RESULTS
. In the following sections we describe the absolute and the rela-
. l_ . tive method of analySls by _He5 activation which have been used at thls
' labofatory es a consequence of the reaction-studies. reported herein as’

well as certain specific analyses.

A.  Absolute Method
The first method absolute analysis, employs the thin-target

. procedure. It is simply an extension of the stacked-foil technlque used
to determine exciltation functions. A thin foil of the material to be

‘ Supjected 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 radiocactive huolide
being studied.. The sample is placed  in the stack at an energy determined
from consideration for both maximum cross section and the elimination or
mlnlmlzatlon of 1nterfer1ng reactlons.. At times it is not possible to g
utilize the maximum cross section,. however, because  of limitations imposed
by the, thin-target approximaetion or cross-section integration over. the
beam~-energy decrement in the foil. Surface'etching or grinding may be
Anecessary for analysis of samples that react with or absorb any of -the
atmospheric gases. The same counting and irradletlon procedures may be
used in the analysis‘as in the‘determination of excitetion functions. The

determinations in which this method was used are described below.

1. Analy51s of Thorlum for Oxygen
In order to determine the utility of thls method to detect a llght

‘nuclide in a host material which is itself radioactive, S. B. Hingorani
ST and the author attempted to analyze thorium for 616. Folils of 35 mg/cm2
‘ thickness were mechanically cleaned and washed in a nitrogen atmosphere.
N _‘..* Each was then sealed in a 2,0 mg/cm polystyrene envelope because of the
‘ - reactivity of thorium with oxygen and irradiated for about 14 min with a

. o . -beam intensity of 0.010 pA at energies of 11.1 and 17.1 MeV. Determinatiom
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‘The sample shown had decayed through 2.4 F

3l

of 109:7~-minute F18 was accomplished by ordinary p051tron counting and by_
a. 3 X 3 1nch NaI(Tl) scintillation counter and 100- channel pulse-height

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

Ain which annihilation radiation was counted, were placed{between'50 mil

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

0.511-MeV full-energy peak from Fl8 positron annihilation in the source
was gregter in intensity than the y-ray background from the thorium
daughters by a factor of about 30 in the amnihilation energy channels.
18 half-lives (268 minutes after
bombardment). ‘The decay of the full energy peak, which confirms that the
positrons are from Fl8, is given in Fig. 8.. The signal-to-background |
ratio could have been enhanced by factor of 100 or more by increases in
beam intensity and bombardment time.

The. results of this absolute analysis gave O. 61 * 0. 06% O]-'6
weight. The thorium samples were analyzed at the Lawrence Radiation
Laboratory, Livermore, by the vacuum fusion technique. Thorium was- fused

in a grapnite crucible, and CO and C02 were measured. The results obtained

. thereby gave 0.35% oxygen by weight.‘iAlthough 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‘
_Thin gold foils of 0.000l-in. thickness (8.4 mg/cm ) and 1-in.

. diaméter were washed with distilled water and acetone and irradiated in

a stacked-foil target for approximately 15 minutes at 0.0l pA. The gold
foils were placed at about 10-MeV He3 energy in groups of three;.only the

center foil was counted. Positrons correSpondingAto 20.1+-minute'c11 and

- 109. 7T-minute Fl8 were counted in standard end-window proportional counters

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

10.0-minute NlB,.were analyzed by the LENIC program.A The -results of this

16 75

and 0.01% c*2, Ryen, Green and Lowenhaupt

absolute analysis were 0.006% O
' 3

report alcomparable level of oxygen in pure gold by He” irradiation in a

rotating target. In their relative analysis a SiO2 standard and coincidence

~counting of the 0.511-MeV annihilation,radiation were used.
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3. Analysis of Silicon. for Carbon and Oxygen

‘ Sllicon wafers measuring 1 inch in dlameter end welghlng approxi-

3

mately 30 mg/cm were 1rrad1ated with 18- and 6-MeV He” ions in a stacked-j

" foil target. The average current was 0.0l pA; the bombardment length,
15 minutes.‘ In a secend irradiation the‘beam‘inﬁensify.was increased to.
0.02 pA; the duretion was again 15 minutes. The resulting activities in

"some of the foils were measured by end-window B~-proportional counting,

" in others by a.3 X 3-in. NaI(Tl) scintillation counter and~ﬁOO channel

analyzer'which were calibrated for annihilation radiation. A representa-

tive 0.511-MeV photopesk decay is shown in Fig. 9. The B-decay curves,

which contained both 20.k MeV Cll from 012 and 109.7 MeV F18 om 016,

" were analyzed by the LENIC program. The results from the various foils

and counting techniques averaged 0.13 * 0.02% O16 and 0.2 * 0.0%% ct?

i These contents are undoubtedly. quite high in part due to a thin
layer of oxygen whlch is always present on the surface of elementary
silicon. In our experiments, the silicon was washed W1th distilled water
and acetone before bombardment; the wafers were too brlttle to be mechanl-,
cally cleaned by grinding. Chemical etching was not feasible because
measurement of the amount of silicon removed was not ﬁossible. " However,

0.13% oxygen and even higher, 0.24% carbon cannot be explained'ﬁy‘surfaee
contamination alone. o . ‘ ‘

] The exact process by which the silicon used for these wafers wasv
made is not known. However, oxygen ahd earbon can easily be present as
iﬁpurities in silicon. If the'siliéon is prepared in a quertz cruciblé, 
-v810( ), which has a vapor pressure of about 10 mm Hg at 1412° C, the melt-

ing point of silicon, can vaporlze at an appre01able rate according to

the equation
Si,,y + S1i0., = 28i0
L) T P0%() T )
and thus_become incorporated into the silicon 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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v When silicon is: melted by the floating zone process, no: crucible
is used, however, oxygen may still be present for Kaiser, Keck and

- Lange76 have shown that oxygen will readily dissolve in the silicon melt -
T

and become 1ncorporated into the crystal. According to Tenenbaum,

is a common impurity in fused silicon, thus part of the Cll may be formed

“grom B0(se?,d or np)c™t, instead of CYP(He?,a)ctt
78

- 8aito, Nozaki, and co-workers

“boron

have analyzed silicon by'aipha-.
'_particlevirradiation and subsequent grinding of the sample, In the first
.2\mg/cm2 they report about 80 ppm oxygen; below a depth of 5 mg/cme they
‘have found thst'the bulk oxygen content varied from 0.l to several ppm

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

to the determination of carbon also.

'h. ~Analysis'of Mylar and Polyethylene for Carbon and Oxygen

These plastics (1/4 mil Mylar and 1 mil polyethylene f01ls) were
treated as unknowns and subjected to carbon and oxygen analys1s by ‘con~-
ventional stacked=foil irradiations. Mylar gave results of 55% oxygen
and 63% carbon which agree with the known composition of this material.
Polyethylene gave a result of 86% carbon and about O. 01% oxygen impurity;
the carbon content corresponds to the known comp051tion of polyethylene,

* the oxygen level, 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—samples, with the known empirical
composition, is evidence that the beam 1ntens1t1es, cross sections, and
overall detection coefficients, are accurately known; these ere the maJor

sources of error for the absolute method.

5.’ Analysis of Teflon for Carbon and Fluorine

Again using the stacked-foil technique andVB end-window propor- -

tional counting, a Teflon foil was treated as'aniunknOWn in a He3 irredi=-
ation. Carbon was determined from the ClE(He5,a)Cll.reaction and fluorine
from the Fl9(He5,a)Fl8 reaction. The results, 24% carbon and 76% fluorine,-'
were in accord with the known composition of this plastic, again indicating
vaccurate knowledge of beam intensities, cross sections, and overall detec- |

vtion coefficients.
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| B. Relstive Method: = -
‘1. General _ | »‘ Lo o
' The results of Sec. 4 and 5 of the previous Part A 1nd1cate that
it is pos51ble to obtaln accurate analyses by . the absolute method for _
“thin targets. (A "thln" target is one in which the 1ntensitx of the beam'
‘does not diminish as the beam traverses the target, varlations of the
. energz of the beam as it traverses the target are taken into account
_through prlor measurement of the exc1tatlon funct1ons ) In analogy w1th
.activation analysis by‘neutrons, it is possible, however, and convenient,
to. employ'a "relative" method of charged particle analysis wherein it is
"not necessary to know the values of the cross sectlons, beam intensities,
~ dirradiation tlmes, and overall detectlon coefficients. What is necessary
however, is that a _standard 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 both’ standard and unknown under identical
conditlons, it is a subtle_and often difficult_taske—bgtg_for-neutron'
and charged-particle irradiastions~~to assuretthatvthe irradiationccondl-
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 impllcltly
made that both receive the same neutron flux, the same both in intensity
and energy distribution. However, inAmany reactors,'and in & given
reactor, the,flux and. energy distribution varies with distance from the A
lfuel'or‘core; Also, the meaningful flux is that received ﬁithin~the'saﬁple;
'itself,'not that which 1is atlthe given reactor position;,because of sharﬁt
‘neutron resonances, self-absorption and selfeshadowing in the samples,
" which are functions of gross sample com?oSition, must be taken into account
.e&en in the relative method. Analogous concerns are evident in fast- .
neutron irradiations in whicn the small d~t accelerators are currently |
being used for analysis. '

- While important adventages of tne Hei»activation analysis method
are that sharp nuclear resonances, if any, are smoothed out by the experi-

mental technlqpe empiloyed, and that the cross sections for similar reactlons
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- do not change greatly in magnitude from element to element, care must be
" teken in a relatlve method to assure: 1rradiat10n under- 1dent1cal ‘or
A ‘nearly 1dentical conditions. - The next paragraphs dlscuss varlous 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 éame’sﬁadked-

foil sandwich both the unknown and the standard, if bothpére thin with
respect to the totel range of the incident beam. Many thin samples can
be analyzed ih the same irradiation. This, of course; will depend on

- the totalvenergy-of‘the‘beam‘available, 31-MeV Hé3 for the present workl
bﬁt possibly less if a small cyclotron is used. Figmre 10a shows smch

an arrangement. The beam is collimated into the centerlof the stack.

The appropriate fange-energy‘relations and the excitation functions must
be used to correct the yield for the loss in energy as the beanm traverses
the stack, if the variation in beam energy causes significant change in
the production'cross section. The production cross section is an aﬁerage
over the beam-~energy entering.and leaving the given foil. It is not :
gctually necessary to know,the.varietion'of}apsolute cross section with
energy; it suffices to know the relative vafiation for the produétidn of
a given nuclide with beam energy. .If, however, the absolute cross sectien
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 enalysis of oxygen in'?
mg/cm2 aluminum, in the same stack in whieh, at a close position, a Mylaf
standard of'known'thickness\is placed. ‘

| A simple variation of the above is the ifradiation of the sample
in one stack, followed by the standard in an identical stack, in two suc-
_ cessive bombardments. This would eliminate the need to correet for the
possible difference in cross section mentioned above bécause 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 '

- Bystenm, relqtive or absolute, i.e., scintillation.coumter placed near the

target or a ealiprated Faraday cup. This system is illustrated in Fig. 10b.
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3. Relative Method with Thick Sample and Thin Standard L
In many cases, samples may “be in a. form where it is dlfficult

or inconvenient to prepare thin foil samples._ Such might be powders,
bulky pieces, or liquids. It is then useful (for sollds) to prepare the
-sample in the form of a powder of thickness greater than the range of
the incident Hej‘beam.,‘The powder is placed in a suitable holde;, eovered
-with appropriate absorbers and the thin foil stendard, and the beam is
collimated into the:fstackf. 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 nuciide in the sample is obtained by

. graphical integration of the excitation function (absolute or relative}
while the production cross section for the-obserﬁed nuclide. in the stan-
dard is taken from the excitation function (absolute or relative) directly.

This system is illustrated in Fig. 1Oc.

.h. Relative.Method with Thick Sample and Thiek Standard
In order to irradiate a thick powder and a thick standard, two

successive irradiation must be carried out. An example. of such_a~system'
,would be the determination of oxygen in lead powder relative to'the known
oxygen content of a thick "foil" of quartsz, 8i0,. It is.necessary to

b

correct for the different ranges of the He” beam in the sample and in tﬁe
standard,-i.e;,'lead and quartz in this particular example. It is neces~-
safy to monitef the integrated beam on each target. In the normal case,
the area of the beam is iess than the. area of the sample and standard,A
because there is sufficient sample and standard available. This system

is shown in Fig. 10d.
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C. Results of Some Analysés"s

‘Because of the limit of available sample material, Demlldt79
modlfled our experimental procedure, for the determlnation of oxygen in
actlnlde 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;étandard method descrlbed above. 'The standard was an - anodlzed 7 mg/cm -

~ aluminum foil previously calibrated dgalnst quartz. The ares of the

5

target, however, was ;ggg than the area of the. incident He” beam; the
beam fﬁathed" the target which was 1/8-inch in. diameter. ‘Demildt's

. results for'Olé in thorium averaged 0.52%; 0.6% was obtained by the vacuum-
fusion technique. These values compare favorably W1th the result obtained
by Hingorani and the author (0.61%) using the absolute-thin terget method
of analysis. The vacuum-fusion result (0.35%) reported on those sémples-
. was unexplainably low. ‘ ' ' A
. - A further experimental modification, basically in the thick~sample, -
thick-standard method described above, was made by Demildt8o and by
Green.8l The target area was again less than that of'thé He3 beam. A
. rotating target assemblvaas adopted which permitted the irradiation of
éix 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 '
eaéh position receivédﬁ‘someﬁhat less than l/6_ofvthe,total integrated
beam falling on the assembly. This rotating target assembly was also

used by the author for several analyses.for reasons of convenience, buﬁ

in most analyses, it is not necessary to have such.a small sample'diametér
(lji6inch), which, aside from the disadvantage of small size, also neces-
. sitates a separate meagureﬁent,of #hé‘areafbf both.sample’and standard.
‘Because of the high reactivity of thorium and other metals with
' atmospheric oxygen, weighing and scraping of the samples was done in a
5ox with a nitrogen atmosphere. The samples were also vacuum-séaled and =
Aanalyzéd.at Livermore for -oxygen by vacuum;fﬁsion method. The result of

™

Ryan, Green, and Lowenhaupt '~ for O 16 in thOrigm,'iO6O i 220 pbm, compares

well with the result obtained by vacuum fusion on the same sample, 1160 ppm.
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,The'difference‘innsample preparation prevents & real comparison of 1060
220 ppm with Deriildt's value of 0. 6% (6000 ppm) or our value of O. 61%.1

In the same. ‘paper’ 51multaneous analyses for Ol§ and 012 in terbium are

: reported, curium and americium were analyzed for O16 only.

Using the aveilable rotatlng target assembly of - Demildt8O nd .

'Green,81 G Butler, M. Reed, and the author analyzed for oxygen, samples
of nicbium, lead, and beryllium. Thorium was included as a means of

™

comparisons with the work of Ryan et al; quartz was used as the
standard. | ' . , ' _
The Coulomb barriers for.beryllium, niobium, lead, end thorium

arei2.l,v13,2, 21.4k, and 22.? MeV, respectively. To prevent interferences

from nuclear reactions of He” with the metal 1tself an aluminum f01l
' coverlng the targets vas used to degrade the beam below 13 MeV - For
berylllum it was necessaryvto separate from the decay curve the 20.4-

minute Cll

activity produced by tne‘Be9(He3,n)Cllvreaction. In the other
metals only the lO9 7-m1nute F 18 activity was present. '

‘ The ‘samples were small disks of quartz or metal which were l/l6
inch in diameter and about l/6h inch thick. The nicbium and thorium-
samples were.very carefully scraped in aldry nitrogen atmosphere to

remove. any s.urface oxygen contamination. '.' The lead, which was ‘originally o
in powder form, was pressed into a disk of the above dimenslons 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 disk 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 HeJ with niobium.
The pos1tron-ann1hilatlon decay curve obtained by coincidence counting
was easily resolved into four components by FRENIC. 80 The half-lives

of theﬁe cogponents were 52 min, 110 min, 293 min, and 20 h, corresponding
to Te9 , and probably Ted. "If this last assj ent is cor-
rect then thls Tc isotope, contrary-to a previous report,®— must decay
by positron emission as well as electron capture. The Bt activity was
quite small, however. On the basis of these data above no estlmate of
the percentage of positron decay can be made. :



gt e Tt
AN B E NI

b et St L e

6

. The average beam current during 1rradiation was O 15 to 0. 50 uA .
..olee (++) . The total charge recelved by rotatlng the target assembly . N
was 1.0 to 1.60 uA. Each sample derlved however, less ‘then one- 51xth 1
of the total. After bombardmentjthe'platlnum capsule.was ‘opened with a
scalpel'and the sample was mounted wlthout loss of material on a standard:
- . 1/16~inch thick &luminum card in a 1/b-inch diameter aluminum pod. |
- The positron-emission rate of the F;B'produced‘in the samples .
at the end of bombardment was determined by measuring the decay of the
O.5ll—MeV'full-energy annihilation peak. A coincidence counter-consist-
ing of two NaI(T1l) scintillation detectors in, conjunction with a 100-"
channel pulse-height.analyzer, calibrated with a Na22 standard for annl-
hilation radiation, and a conventional scalar were used. The coincidence
background was about 4 cpm in the area of the 0.511-MeV peak. o
| ‘ The ranges of the he5410ns in the different metals and the quartz
were obtalned .or calculated from Williamson and Boujot. 20 '
. The welght fraction of oxygen in the metals was calculated fromv
Eq. {8). The results are tabulated in Table I.
This thorium.result (860 ppm) compares favorably with those
obtained by Ryan et al. ” (1060 * 220 ppm). _ _
The beryllium samples were supplied by Nuclear Metals, Inc. The
: results obtalned on them by the Texas Nuclear Corporatlon using. fast-
neutron. actlvatlon analysis for oxygen by the O (n,p)N reaction were
" Beryllium, Distillate No. 15 81 & 28 ppm '
‘Beryllium, Vacuum-melted Pechiney Flake ' 302 * é5 ppm ‘
That our'results for beryllium are possibly high is most probably;due to
surface contaminationl The beryllium sample had to be chipped from the
-piece supplied and>roughly shapetho the appropriate dimensions ﬁithout
scraping because of the hardness of the metal.
_  The niobium samples were ‘taken from'a rod whlch was supplled by -
the E. I. DuPont de Nemours and Company. Samples of this material have
been analyzed for oxygen w1th the vacuum fusion. technlque by 18 dlfferent : o
laboratories. The average value obtained was ko * 3 ppm. The reasons

for our value, 101 % 5 ppm, being higher are not known at this time; the
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'Thorlum, Commer01al  "f‘_'jj">v~.';>?v' } ‘;7:', :f*”’,A860
Berylllum, Dlstillate No.,15 vi~3i* f“*,ijﬁ;:  !:l”{5. 120

. Beryllium, Vacuum—melted Pechiney‘Flake ;.Lf;45i sf;fa,f 'v h5d,”

Nloblum

“Average | 101 .0 =5

fffAyéragéf* "fﬂlh?o g 290

X o PN D .
‘Rotating target used. Samples only 1/16 inch diameter. .. ~— =~ . .




L S e L s ke im e ot o e e e A A Sk
[ : ! 3
PR DT MR

i

S

'l}.ii.: !‘_I]

RPN A d SRR NN

- -48-
- extremely small sample size (6.7 mg) neceseitateu by thé}ropaﬁlng far-_u
‘ get assembly may well account for part of the dlscrepancy
- The lead was received in powder form from Stanford Unlvers1ty,
’Palo Alto, Callfornla. No other 'analysis was avallable on this materlalc
The limitations of the rotatlng target assembly, Wthh was used here ‘
-becauee‘lt.was the only,apparatus available for & thick’ target analy51s;
are reflected in theIEO%‘precision of the results. The'small samplelslze
for a powder target unnecessarily compounds the errors in an analysis,
rarely will the sample materlal be so limited that the beam must completely
~immerse it. With apparatus designed for. ordlnary sample handllng we

‘expect'the precision would improve considerably.

D. Errors in Analyses

Ideally, the error in the absolute analyses should be in’ the samev
range as that in the determination of the productlon Cross sectlons. In
the case of the plastic materials such an estlmatlon is probably Justie
fied. However, for the metal and silicon foils used an error of *15%
must be assigned primarily because of the statlstlcal uncertalnty of the
low counting rates and sample handling technlques.

In the relative analyses the uncertainty is between 15 and 20%'
due to the restrictions of the available apparatus with respect to sample

size, preparation, and handllng.
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VI. SUMMARY o . ‘
. The.He5 actlvatlon analy51s method offers a new analytical method;

to be added to the many already known. 'Whlle no slngle analyticalvmethod

" can solve all problems, and each element in each matrix needs separate

_thqught; the following_may be suggested as advanteges of this method:

1. Sensitivity to ppb for many elements, Macro analyses also

2( Ultlmate accuracy, after development of sample-handllng

, technlques for certain elements (such as oxygen and carbon), of 5%.

3. Only micro- to milligram samples are required.

L, Meny elements can be analyzed simulteneously, and the "diffi-

cult elements,"” oxygen and carbon, are conveniently determined.

5. Analysis.ls non-destructive, but.chemical separations may be

" done.

6. Interferences are limited, and can be removed or minimized

3

by control of He’ energy and selection of the detecting nuclear reacficn_

and induced radioectivity Positron emitters are generally produced -

'allOW1ng convenient detection of-the O 511-MeV annihilation radlatlon,

'elther singly or in 0.511-0.511-MeV c01n01dence. 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 He5

enables one to eliminate com-

~ pletely any fadioactivities induced in the host.or bulk material when

16

analysis of a light element in a heavier host is des1red, e.g., O
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 resonances from minute
quantities of impurities can produce ‘interfering amounts of induced radio-
activities. .

9. Analyées are rapid and can easily be automated for routine use.
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10. The llmited depth of penetratlon of a charge-partlcle beam

’ 5is both an advantage and dlsaavantage depending. on the goal. "The use. of

a well defined He5 beam enables one to analyze surfaces, especlally for
the dlfflcult elements. oxygen and carbon. If, however,_ "bulk" anslysis

-is desired, surface contamination is a dlsiincf concern and sanple-

~handling techniques in protective atmospheres may be necessary for cer- .
tain elements. Simple glove;boxes, however, and placement'of the sample

in a covering envelope: (such aS’Anufoil) help to minimize this problem.

" The relative seriousness,of the surface problem depends on the maximum:
He5.energy available, and on what one defines as the "surface"” depth.

What might be considered a.“disadvantage“ is a point sharedpby
many forms of analysis, namely, the need for a particular plece.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 .-

\ LIa nuclear reactor, a complex and very costly device. TFor acfivation
analysis by fast neutrons, the small 150 keV deuteron accelerators that
produce 1L4-MeV neutrons by the 4,t reaction are available at "moderate”
cost. ‘ , ’

4 For the-l-le5 activation analysis described herein, the Berkeley
Hilac was used wnlch gave Bl—MeV_He5 ions. Such & 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., H to 16
MeV. We thus suggest the development of a small, simple cyclotron |
3 o

designed especially for He -accelerationlup to energies of about 16 MeV.
Such a machine should be comparable, if not lowver, 1n ‘cost than some of
the devices mentioned: above. It should have. an extracted Pbeam of about
10 microamperes of He3 (++), but lOO A is certainly pos51ble A fixed-
fleld cyclotron at 13 Mc and 15 kilogauss fleld would give. 16 MeV He5 (++)
.at a radius of only 15 inches, similar to the cyclotron previously

suggested. 1
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(the Q-value) and/or the energy ‘of the He”

It 1s calculated that lOO uA of He3 at about lO-MeV 1ncident

shrewd

fﬁ}energy on 9 mg/cm of Be would also produce about lO n/sec of energy

T"','13 MeV.~ The reactlon is Beg(He ,n)C . whose Q—value 1s +7 6 MeV These”‘

neutrons would be emitted malnly 1n the forward dlrectlon and thus use-'

s'?ﬁful for fast-neutron actlvatlon analysiSa .Upon: thermallzatlon 1n paraff1n,\7'

thermal-neutron actlvatlon analysis would be avallable. Neutrons of
different energy would be readlly obtained by varlatlon .of the target
3

beamn.

‘The use of such a small cyclotroh to accelerate other partlcles,

ﬁsuch as protons,,deuterons, and alphas, is also a poss1b111ty._ Further,
the acceleration Qf He?,‘even to low kinetic energies, enables:production"
-of neutron-deficient.nuclides, many of which are positron emitters dif-
Af_ficult to produce by other cyclotrons. Such nuclides are of interest
* for nuclear spectroscopic studiesrand, in some.cases,'medical research'“

::_projects.
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- results of 10 individual experlments which met the F test
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- APPENDIX A" "
The Half-Life of FO

A new,accurate, value fop the haifelife of F18.has been determined
by Markowitz and the author.o® The substantisl amount of data availsble
from the determinatlon of thevexcitatlon function for the productlon of
18 from 016; u51ng He3 as the incident partlcle, and additional half-
life date teken on Fla from neutron and alphe reections, ﬁefe used. |

3

. Mylar was the okygen source in the He bombardments, Li SOu, in
the alpha-particle bombardments, and -LiOH in the neutron activations.

Chemical separations were used to isolate the F 18 in the latter two pro- -

End-window proportional counting of the positrons was used; as s

control, annihilation radiation emitted by'one of the samples was counted

. with a NaI(Tl) scintillatlon counter and 256-channel pulse height analyzer.

The half-life was determined by means of the FRENICBO program

which yields a value for N as well as 1its standard dev1atlon The
83

for consis- -

tency at the 95% confidence level were included in the calculation. The

83 18

. results of. this research gave, for the Weighted mean half- 1ife of F

and the weighted standard deviation of the mean,85. "109.72 + 0.06 min.
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, o - APPENDIX B.’ o
. ~ The Exc1tatlon Functlon for. Production of F 18 from Hell Reactlons W1th 016_. ;' -
In order to compare the cross sectlon ‘and thresholds for the»’A -
-reaction of He5 partlcles W1th the reactlon of Heu partlcles w1th O 16 to -

'produce Fl8

i
~, the exc1tatlon function for the productlon of Fl8 from He -

reactions with 016 was determlned - Exactly the same procedures as in
the»He3

experlments were employed Stecked Myler foils were bombarded
at the Hilac with. .L1.6-MeV a-partlcles;_ The pi8 produced was counted by

- means of conventional end window B~proportional counters. Our results

" are shown in Fig. 11; those reported by Furukawa and Tanaka8h are indicated

by thé broken line. The discrepancy between these results may be due to

the difference in the range-energy relations used.

18

The principal reactions contributing to the production of F

from OF 16 are (a,np), (@,d), and (Ol,2n)Nel8 l_%—ée—c_) Fl8 ; the thresholds

~ for these reactions afe, respectively,’EO L, 23.2, and 29.3 MeV in - the

laboratory system. It can be seen from Fig. 11 that §6 MeV @ partlcles

are requlred to reach the maximum F 8,product10n cross section of only

>

150 mb, whereas a maximum cross section, 400 mb, for the He” reaction

. with O16 is reached at only 7.5 MeV (Fig. 3). Thus only a small accel-

erator would be required for practical,He3 activation analysis rather
than the  large (60-inch diameter) cyclotron.needed for 40 MeV alpha

particles.
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Summary of Overall Detectlon Coefflclents and Resolv1ng Tlme Correctlons -

The follow1ng tables give the. overall detectlon coeff1c1ents for

18 d Cll for the end-w1ndow B-proportlonal counters used 1n the fore—
going work. .These.efficiencies are normalized to a 0155 standard (no. 2)
which had. a countlng rate of 63 300 counts/mln on .shelf 3. The hﬁ stan-
dard, U23

.. the counting rate divided by the disintegration rate The disintegration

had a counting rate of 55,000 count/mln The ODC is simply

2.

rate was calculated from the by counting rate and the positron branchlng

of 97%5 and 99 8%87 for F 18 and cll, respectively.

Table I. Overall detection coefficients: counters A, B, C, D, E.

e s —
— —

| Fluorine-18 (0.65-MeV B+ maximum ) . Carbon-11 (0.95-MeV 8* ma.ximum)
1 0.4%3 1 -
2 0.322 2 -
5 0.228 3 -
b 0.123 b 0.136
5 ~ 0.073k 5 -
6 . 0.0M76. 6 - 0.0538
7 0.0238. T -
8 0.0141 - 8- -
9. 0 9 -

.0095_'

The variation of ODC among the counters is less than 2%. The value
obtained for shelf 1 with Fl8 accurately ‘conforms to that. obtalned by
, Reeder88 using the method of Baghurst and Prestwood. 89 '
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Y . Table II.

ei Counter f  -i-*f “ﬁl' A B c
:'Resolv1ng tlme (p sec) 6.9 8.hi 1k

,]5,§: 

'~ Correction Factors

Observed counting -

'?jf rate (counts/pin) .

)+.

Soovi10t o . 41,001 “1,001 1:002 -
T2 x 200 Lt T i10002 01,003 1.005
TP5% 100 U0 1.0060 1,007 1.012:

10062 1,075 113

~"f'l-Q12,j1-Olu 1,024 -
L 1.024 1,02971,050

a

1.002
_:;fOO5ff
*.1,009
1.019
1,050
1.0

15

H00L: ", 1,002

1,00k
1,010
iel 019;i11
1.059 -
1104
1032

o oakoos Lo
ﬁ,;flﬁolo_'fv7
Con.0e6T0
1053
CLAL et
ﬂfil.35: ffe{ ;f'f>
00

* S
The correctlon factor is that number by whlch the observed countlng rate -

"2 is: multlplled to obtaln the ‘true countlng rate. .
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