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RADIOACTIVATION BY He ]'SOMlBARDM‘ENT:
A PRACTICAL ANALYTICAL;SYSTEM |
Jemes F. Lamb
. Lawrence Radiation Laboratory
University of California
Berkeley, California 94720
ABSTRACT

Charéed-particle activation analysis using 1-30-MeV 3He ions .as
the nucieér reaction inducing particle is discussed from a practicai

point of view with emphasis upon the light elements,.especially oxygen.

Definitions and expressions fundamental to charged particle acti-~

vation analysis are given with brief discussions. Also included are

3

convenient “He activation analysis reference curves for estimating

Coulomb barriérs and the effects of Rutherford scattering upon the

3

incident beam. Rangé—energy tables for “He ions in nongaseous targets

of the stable isotopes of all elements and an extensive Q-value table

3

for the more important “He-induced reactions appear as appehdices..
A summary of excitation functions and reaction data for'BHe induced
reactions in Be, B, .C, N, .0, .F, Na, Mg, A1, Si, Cd, Ti, Fe, Ni, Cu,

Ge, Ta, and Au is given which contains our experimental measurements as

© well as those from the 1iterature., All the éxcitation functions have

" been re-drawn to the same scale to permit convenient comparison.. A

brief discussion of the recognizable trends in the excitation functions

for the more important 5He-induced reactions follows the experimental

data.
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The resulté of several analyses illustrating special methods and

3

He activation analysis are given. These include.

18

simultaneous isotopic. analysis of 16O and*'LO and -the preparation of

applications of

~ thick Ta O5 oxygen standards, surface depth profile analysis of oxygen
in silicon, use of matrlx actlvatlon as an 1nternal normallzatlon stan-
v dard in the analysis of oxygen in iron and nickel, and the use of Au,!
Pt, and Ta as target supports and cover foils. |

The report is concluded with a discussion of the applicability,

3

interference, sensitivity, and unique features of “He activation

analysis.
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I. INTRODUCTION
‘The importance'of éood analytical data to the écientist is ade- -
quately stressed by the short time which elapses betweén major research
advances and. their application to éhemical analysis. The development
of nuclear analyticalvtechniques provides a striking exampie.
The rapid growth of nuclear physicsl dates from the development

of the particle accelerators by Lawrence and Cockroft and Walton in

_1930 and van de Graaf in 1931. Before this time the only available

projectiles suitable for use as nuclear probes were natural alpha parti-

cles, and these were not available with sufficient energy and intensity

to provide data for any great understanding of the nucleus_itself. By
1934, however, a number of remarkable developments had occufred.' The

existence of the neutron was recognizedvby Chadwick, Cockroft and

Walton had accompiished transmutations of elements using értificially '

accelerafed particies, artificialbradioactivity Was_discovéred by
Curie and Joliot, and the firét neutron-induced activity had been pro-
duced by Fermi. Within two yeérs a'neutroﬁ activation analysis had
been reported by Hevesy and Levizg and in 1938 Seaborg and Livingoodj
had published the results of aﬁ activation analysis using charged
particles. |

The reséérch following‘the discovep& of fission by Hahn and
Strassmann in 1939 provided for such é rapid developﬁent of high-flux'

neutron sources that since 1943 radioactivation analysis has become an

eVeryday procedure at the Oak Ridge National Laboratory.21L



. .

' Developments in electronics, radiation detection, and counting

equipment,such‘as pulse-height analyzers, scintillation'detectors,5 and

6,7,8,9

-lmore recently, semiconductor detectors, have been applied to R
activation:analysis almost imnediately.

.Charged-particle act1Vation analysis has received much less atinne
tion than has neutron activation because of the limited access to
accelerators canable of producing ion beams'of.high,enough beam-inten-
sity and energy. In 1962,'however, Markowitz andlMahonle_showed that

3 S :

activation analysis based upon “He induced nuclear reactions was, poten;
tially, a.powerful analytical system. Sufficient interest wasdaroused

that the first“small, relatively inexpensive,‘practical-application
cyclotronll.was designed and built, nrimarily for 5He_actiVation analysis -
3 '

at the Lawrence Radiation Laboratory in Berkeley. The use'of He, in

particular, as the act1Vating particle'was suggested by Markowitz and-

]

yMahony because the‘low biﬁding energy of the 3He nucleus enables nuclear
.reactions to proceed with minimum energy bombardment,ibecause the two-.
proton,‘oneeneutron configuration of 5He leads to a wkalth of possible
.reaction prodUCtsé and because most of the reactions induced giye rise
touneutron-deficient products whose decay characteristics are favorable.
' From therutset, the main'interest in charged;particle“actiVation
fanalysis‘has been the determinatiOn of‘light elements; Of the elements
:1n the first three periods, few are amenable to‘thermal neutron activa-
_.tion analysia becausesof low cgpture crosslsections and low relative

abundances of suitable stable isotopes and because of unfavorable decay

' 'charactistics of product»activ1ties. There is little doubt that the"



"thermal neutron activation, and the systematic features of

3

/

most exciting aspect of the 5He actiVatioh analysis system is the ability
to detect oxygen with such fantastic sensitiVityle-—an element for which-

there exist no other analytical methods of general applicability at this

sensitivity. Much of this repdrt is concerned, therefore, with reactions

involving those light elements which cannot be éasily determined by

>

He activa-

tion analysis are illustrated using oxygen analysis as an example, The

A

system is by no means limited to light elements, however, A few reactions
involving very heavy targets have also been studied.

" Methods of charged particle analysis not covered in this report

- include "in beam" detection of emitted particles;l3 detection of prompt

reaction v-rays,lh use of Rutherford scattered incident particles_,l5 and

3 16 ’

use of “He reactions as a source of neutrons. These techniques are-

potentially powerful, although not as generally applicable as direct

"activation;

II. FUNDAMENTAL DEFTNTTIONS AND EXPRESSIONS
Many of the concepts“andvmathematicél relationships_ehcountered .
in 5H'e activation ahaiyéis will be listed, for'cohveniehce, in thié
seéﬁion; Fo; detailed discussions and,derivatioqs, the reader is

17,18,19 20,21,22,23

referred to various texts and review articles.
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" A, Production of'Aétivity by Charged-Particle Bombardment
The disintegration rate of a particular induced activity present at
“time t in a target following a charged—particle bombardment of dura- a
tion T is giveh‘by _
A Aty ~-At . 743
) e - _ (1)

D= =5 ;._NoI(:L-e

(w)
]

disintegration rate, in disintegrations per min’

>
1]

count réte'of activity presenﬁ in counts pef.min
ODC = overall detection‘coeffiCient incorporating detector

efficiency, detector geometry, and decay scheme correétions

"N = target thickness in nuclei of target isotope per em?
0 = reaction cross section in cm2
: . T T
I = beam intensity in -He ions per min
A = decay constant of induced activity, O.693/Ti/2. _

The Quantify (1-e’3t) is usually referred to as the saturation factor

and represents the»ffaction of the equilibrium activity realized by a
- bombardment of duration T. The quantity e—kt represents the‘fraction
of the induced activity which remains at the time of radio assay. The
end of bombardment disintegration rate Do’ is then given by
%= Tw | e o
e N . . . .
Time, t, the true decay ﬁime, is measured from the end of bombardment

to the time of count, corrected for*decay during the counﬁing interval.
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The true decay time is given by

t=t ¥ t1/2 At : : o (3)

‘where ts is the time from the end of bombardment to the start of the

counting interval, t is the half life of the radionuclide, and At

1/2
is the time correction factor given by
( l_elen2 )]

~ty /ot [ Rino
" 1n2

At =

The quantity R is the number of half lives counted,

counting interval . \(5)
half life ‘

Figure 1 shows this correction factor plotted as a function of half
lives counted. _
| o o 3t
The beam intensity, I, which enters Eq. (1) as “He = ions per
unit time, may be measured in a variety of units by electrometers and.
integrating electrometers. The most common unit of beam current is the
. , : 3 : .

. . -+ .
microamp, which, for “He ions, is

I=1pa= (1.873 x 100 3k /min. (6)

Usually the total charge'depbsited'by the ion beam impinging upon the

target is collected’in a Faraday cup. This integrated beam is then

.averaged over the bombardmeht time so that
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. . 1 .
i . X ++,
I = (mlcroamphouri)(l 873 x 10 3ge /min (7)
where T is the bombardment time in hours, or _ ' .
. 3 -+
T = nmicrocoulombs 3He +/min- | (8)

(3.2 x 10"13)T

with T in minutes.

B.  Beam Energy
Experimental measurements of the energy loss by éharged particles
as’they traverse targét materials are very few. A number of theoretical
range—energy_tables:have been prepared, however, which reproduce exist-

25,26,27,28 A method has recently

ing experimental data fairly well.
~ been developed by Steward29 for calculating'fanges of any éharged parti-
cle in non-gaseous medla. -An Aextensive table of 3He ion rahges in pure
elements and a few compounds,‘calculétéd using Steward's compﬁter.pro;
gram, is included as Aﬁpendix’A of this report.v The table may be used
to approximaté 3He-ion ranges in other'compéunds by Bragg'S'fbrmula‘

W, ' ‘ . .
Where Rc  is’the range of the iop invthe cémpound, -Wi. is the weight
percent of eiement, i, and Ri is the ion range in pure element, 1i.
The agreement betwéen ranges of élements whiéh méy be fbund in both
Appendix A4 of this report aﬁd the widely used tabulations of Williamson,

v R _
et'al,*5 is satisfactory.
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The residual energy, 'Er, of the SHe ion beam after it has trav-
ersed a target or degrader of thickness t mg/cmg,-may be found from

Appendix i by calculating the'residualvrange from
R =R, -t - . -~ (10)

I

The reéidual'energy,v Er’-

vhere - Rr 'is the range of the emerging_3He_beam and R, is the range

of the incident beam whose energy is EI.
is'the'energy which corresponds to residual range, Rr’ ‘in the table.‘
Thé amount of absorber necessary to degrade an incident beam from its

initial enérgy,’EI, to a final energy, Er’ may be calculated similarly.

cC. Reaction‘Q-#alues

The Q—vaiue_of a.nuclear.reaction, which is a ﬁeasure of thé energy
releaééd.orLabsorbed dﬁring the process, isvdetermined.from the masé
aifférencé bepwéeq reactibn pfodudts and reacfants.A An extepsive'tabd—'
léti@n of reaction Q—valﬁes hag 5een prepared by Maples,. Goth, and

Cerny3q.whiéh includes some of the'reactibns of interest in 3

He activa-
. tion analyéis. Not inecluded in that work are reaétioné in which more
'.than two neutrons, more than.qne'proton, or unbound (pn) and (p2n) afev_:
'Hemipted'from thé compound-sygtem.  The tables may be eitenaed tq thesé

and other reactions, however, using their mass excess data and the

equation

_ | Q= Z’Areéc - Z ‘Aprod o S ‘ _ v(_ll‘)
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where Areac and 'Aprod are the mass excesses of reactants and products,

- respectively. Appendix B contains reaction Q-values for the following

3He induced nuclear reactions with stable targets, calculated ﬁsing the
masé data of Maples, thh, and Cerny:30

(1) Cole,n)  (6) (Cre,ne)

(2) He,2n) (7) (e ,pn)

(3) (Pe,3) (8) (3e,p2n)

(1) (3He,p) (9 (3t etn)

(5) (3He,2p)

D. 'Rééctidn'Threshold .
An energy threshold may be defined for an endoergic reaction '
representing the minimum kinetic energy which must be supplied to the

incident particle for the reaction to be energetically possible;
(12)
where Tm is the reaction threshold, Ml and M2 are the masses of

the 3He ion and target nucleus, respectively, and the negative sign.

arises because the reaction Q-value is negative for an endoergic

reaction.

E. Coulomb Barrier

In order for an incident charged particle to penetrate a target
nucleus, the potential-energy, "Coulomb" barrier must be surmounted.

This barrier may not be thought'of as an energy threshold for the nuclear .
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r;actionsAbécause of the qﬁantﬁm;mechanical effectvof ﬁarfiér tunneling"
and .becausé fhé barfief is, at best,van‘approximation; Reactions ére
offen obéerved to commence at incident particle enefgies somewhat below
the_Coulomb?barrier where energeﬁicallylpossible; _TheAheight of the

Coulomb barrier is given by _ . !
B=5 (13)

2;raré the charges

where E_ is thé'barrier height in ergs if <Zl_'and yA
of the 3He ion-and target nucleus, respectively, in esu and R is the-

interaction radius, approximéted by
R 1.5 x 10‘13(A3i/3 + Aé/B)cm . | - (14)

with A, and A2 the mass numbers of 3He ion and target nucleus.
Fig. 2 shows the approximate Coulomb barrier in MeV to penetration of

target nuclei by a 3

++ S .
He ion as a function of target atomic number. The
"~ yalues of A? were chosen to lie roughly along the line of stability

to B-decay.

v
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Fig. 2. Coulomb barrier to penetration of target nuclei by incident 3He ions. Target
masses lie along line of R-stability.
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F. Excitation Enérgy

A 3He++ ion which has surmounted (or tunneled through) the Coulomb
barrier of a target may form a compound nucleus composed of all the

3

nucleons of both He++ ion and target nucleus. The compound nucleus

will have an excitation enérgy given by

E_=Q+ (—=-) E, . ~ (15)
cn Ml + M2 _ v S

Siﬁcévthe regetion Q is usuélly positive.gr'only slightly negative forx
3He induced reactions of intérést, the excitatién-energies enqountered'
 are iargé. At these energies there is little compétition from de—gxcita— .
tion by gammé—ray emission so that particie.emissign prédominates until.
“the excitation eneréies of product nﬁclei'formed_gre below the_binding
eneréies of nuclear particles.

_ Diréct'reactibh mechanisms lead to formation of product nuclei in
states of excitation below particle binding energies; Most of the |
_kinetic energy of the incident 3He ion rémains with directly ejecteai
particles and ﬁucleons.whpsé'angular distfibution about'fhe.béam line

is predominately in the forward direction.

G. Reaction Cross Sections -

The cross section, U, of a nuclear reaction is a measure of its
probability of occurrence during a bombardment and is a function of thé
-kinetic energy of‘thé incident particles. The variation of reaction

cross section with incident particle energy is called the "excitation
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function" for the reaction. Several types of cross section data may
be found in the literature for 3He induced reactions. For activation

analysis, the excitation funétions for total production of individual

product nuclei are most useful. Other types of cross section dats
encountered involve O as a function of the scattering angle, and

often, they involve observation of reactions leading to only a limited

~ number of specific-energy states of the product nuclei. These "differ-

ential cross sections” meke up the bulk of the nuclear reaction literature

because of the wealth of theoretical information which may be contained

~within them. In this report the term "excitation function" will refer

to total O for individual reactions as a function of incident 3He ion -
energy in the laboratory system.
Of the 3He reaction excitation functions which have been measured

at this writing, only a few have shown details which might be attribut-

34,35,36

able to structural or resonance effects. Small structural de-

tails tend to be "washed out" in most experimental data because of the

uncertainty in the energy distribution in the incident ion beam.

Furthermore, at the high excitation energies encountered in most 3He

‘reactions the high level densities cause serious overlap of individual

energy levels so that resonance structure is not observed. While this

. lack of structure in the cross section datsa tends to iimit the usefulness

of excitation functions in nuclear structure and reaction theory studies,
it enhances their value for activationvanalysis by reducing cémplications
resulting from sudden, large, energy dependent fluctuations in sample

activation.
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The new cross seéfion data presented in Sec. IV of this rebort,
together with the compilation of literature excitatioh fﬁnctions also
included there, indicate definite trends which may be useful in predict-
ing interfefences from reactions whose excitatioh functions have not
been measured. Further discussion of reaction cross séctions is given

in Sec. IV.S.

H. Absoluté Analysis

If the excitation'function for a nuclear reaction hﬁs been accurately
determined, an abéolute_activatibn aﬁalysis can be performed'using
Eq. (1). As the ion_beam traverses the sample the average Beam enérgy
is degraded, and this dégradation.ﬁay bé reflected in cross section |
variation. Thus, a resfriction on samplé thickness is imposed such that
the variation in cross section as the sample is travérSédxmust fallvwithin '
aceuracy limits.i A target which meets this requiremént is- called a,Egigiv'
‘target with respéct to that particular bombarding ehergy.

| Absolute analysg; may also be pefformed using'targets of inter—.

mediate thickness, in which cross section variations are large, and

thick targets which.éompletely stop the incident beam. In either cése"
an average»reactién cross section replaces . 0 in Eq. (1). Ricci and
Hahp16’377havé proposéd an'alterﬁate form(for the reaction cross section
for analysis of.homqgenéous thick targets-called the "thick target - -
average Cross séction, - 0," defined bj | -

. ‘. | - |
U/r; o, 4t - o , ' - (16)

0

al
il
|

<
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where R 'is the total range of the incident 3He ion in the target

material and o is the cross éection as a function of target thickneés.

t

g0 1is intended to be a pérameter independent of the tafget matrix and
a function of the particular nuclear reaction alone. For exampie, the
 thick target average cross section for productioﬁ of l8F activity from.
oxygen in a target of tantalum oxide is the same as that for 18F produc-
tion from an oxygen impurity in'a tafget matrix of silicon. The thick
target average cross séctions may be experimentally messured much more
easily than excitation functions and, since extensive rénge data is
a#ailable, the analysi; of thick targets is almost reduced to the
simplicity of neutron éctiVation analysis. Ricci and Hahn have shown
valid by rigorous mathematical treatment the approximation that . I is
independent of target matrix and have supportéd the calculations with

experimental evidence.

I. Compariéon Standards o

Excitation functions presently availablevmay be consideréd-accuraﬁe
vto no more than about 10 to,ZO percent, and some systematic variations
have led to larger discrepanciés amoﬁg literature valués.' Comparison
standard téchniques remove much of the-dependence upon system calibra-
tioh and provide the most aCCurate‘analytical data.

For He.activafiqn analjsis, the genérai_form is
éfztx

A N T.(1 - x)
X X X X ¢

e~Ats
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where x .signifies "unknown" and s stands for a comparison standard
whose composition is known. The terms are as defined in Eé. (l). For
homogeneous thick targets, the average créss sections are approximafely
equal, but the number of nuclei in the sample and standard»which are
irradiated depend upon the ranges of the beam iﬁ the target mafrix. Then
Ax .“ ZNXRXIX(l _e-er)efktx

Ag NRI(1-eTs)eMs -
S S S

where Rx and R, - are the 3He_ion'ranges invunknown ahd sténdard '

'matrices.

For the impbrtant,class of intérﬁédiatéfthickness'fargets which

3 may be en?quntered (dueveither.to-lack of sufficient éémple material to
‘producéva thiqk target'or'difficulty‘in preparing a uniform. "thin" tar;
.get), a compariéon standard must be used which accurately matches the
-degrading power of the’sample;_ If such,a standafd cannot be obtained?
v-fhen a sgmi—abéolute analysis may be performed using a standard whose
.degrading power is asjhear as possible to that of the unknown éample;
A ébrrection factoribbtained from the excitation function for the reac-
“tion is then applied to account for the difference in the average cross

septions§ This technique is more accurate than the strictly absolute

anaiysis because thé sha§e.of the excifationvfunction suffers less from

systematic errors than doesvits_magnitude.
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J. Rutherford Scattering

Ions incident upon a target may be deflected from the beam line by
coliisions.with target nuclei. The number of particles scattered from
the beam, their geometrical distribution, and their energy change must

be calculated both for prober placement of particle detectors for beam

- energy measurement and for determining convenient geometrical arrange-

ment of degrader foils and targets. Figure 3 shows the percentvéhange
in the incident energy'of Rutherford scattered 3He ions as a function of

the laboratory angle through which the beam is deflected by a single

~collision in gold and aluminum scaftering foils. The angular dependence

of the number of pérticles scattered by those materials which would pass
through a detector whose surface éréa is 1 cm2 plécéd 20 cm from a

1 mg/cm2 scattering foil is shown in Fig. 4 for several incident energies.

1k 3

‘An incident ion beam intensity of 1uA (1.87 x 10~ “He/min) is assumed.

At low bombarding energies the number of particles deflected through

'smali angles may exceed the count-rate capacity of solid-state particle

détectors, while large angle scattgring produces. significant energy
change. Reduction in intensity of these scdttéred partiéles'may be
aCComplished by use of thinnef scattering foils, collimators in front of
the detector, and increased distance between the detector and the foil.

The number of 3Hé ions in the incident beam which might be lost by

‘scattering from beam degraders placed more than a few cm upstream from

the target or Faraday cup may also be estimated from Fig. 4. The total
number of particles scattered through 6 degrees from the beam line,

integrated for all angles about the beam line, is about ten times the

value shown in Fig. 4. For higher energy beam (>15 MeV), the scattering
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loss is negligible; but for & low'energy'bombardment, with degraders
placed about 10 cm upstream, for example, from a 1 inch diaméter target,
a loss in intensity of the 3/8-in collimated beam of 10-15% is incurred.
Targets are usually arranged to minimize distances between degraders,

‘targets, and charge. collectors.

III. EXPERIMENTAL EQUIPMENT

A. Accelerators

Nuclear aﬁalyfical téchniques émploying the activafion prihciple;"
that.is, techniques in which a sample is bombarded with particleé and
the'reaction products detected after'the beam is switched fo,.may be
performed using éimést.any ﬁype of_partiéle accelerator that can supply
(preferably ektefnal) ion beams of sufficient energy and inténsity.

Other techniques which may.ihvolve direct detéctign of reaction products,
emitﬁed particles, or-ﬁrompt radiation, often have limitations imposea
'by'the design characteristics of the accelerator. The large acceléra—
tors such as the Bérkeley Heavy Ion Linear Aécelerator (Hilaé) and the

- 88-inch VariableiEnergy.Cyclotron supply external 3He++ son beams WHose
'-enérgies are above_about 30 MeV. At thié enefgy'even the heavy elements
ﬁsﬁélly used for beam éollimation undergo nuclear reactions ﬁith | |
-aépreciébie croés segtions. These-feéctiqns include (3He,xn) reactipns; 
.Wﬁeré x,“may.be as high as 3 or h.(éee Sec; IV). Thus the higher
enérgy accéleratbrs impose‘a condition of high heutron béckgrouna sur-

rounding the bombardment apparatus. This neutron backgrouﬁd severély
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damages radiation detectors placed too near fhe ta?gét so that routine
"in bean" analySés are unéttfactive. Thé new 27~inch 3He cyclotron
should not_suffer from such limitations since its full energy beam of
less fhan lB'MeV is below the Coulomb barrier to-peneﬁfation_of the
£antalum nucleus. Because the small cyclotron is, at this writing, not
available.for more than very limited experimental use, this.work is
exclusively confined to éctivation techniques. All three of the Berkeley
accelerators mentioned:above have been used during thesé experimeﬂts.

The design characteristiés of these acceierators have been pre-

38,39,11

viously described. The Hilac, which was used throughout most

3

: ' ++
©of this work, supplies a pulsed beam of ~He ions of 2 msec duration
at the rate of about 15 pulses per sec. The beam energy is fixed at
31.2 £ 0.6 MeV. The 88-inch cyclotron supplies an external beam whose

lowest available energy is about 30 MeV with energy resolution of about

3 3 +

0.14%. The 27-inch “He cyclotron produces an external beam of He®
ions whose energy is about 18 MeV. vA beam current of up to 10 uA should

be obtainable.

v Bf Bombardment Appparatus.

Tﬁe bombardment apparatus uéed throughout most.of this_work; shqwn
 in Fig. 55 consists of a welded aluminum vaéuum chamberhwifh lucite
viewpqrté, at the‘ubstream‘end of which is the 3/8-inch borevtantalum
front coliimatér." An initial 3/8-inch diameter fantalumf beam |
collimator, not éhbwn, is mounted within the beam pipe aboﬁt lOvcm
‘uPStream frdm;the bpmbardment chambér.- At the downstream endyof fhe

front collimator assembly'is the monitor foil which is‘insulated from
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its surroundings and cénnectea to an intégrating electrometer. In the
space between the monitor foil and the 3/8-in-bore tantalum rear collimator
may be placed an optional sample holder such as the assembly showﬁvin Fig.
6. The combination sample_holderéFaraday cup, pictured partially with-
drawn from fhe Chambef in Fig. 5, is connected to a seéond integrating

electrometer. The electrometers used were designed by D. A. Landis

and bullt at this Laboratory. The charge collection efficiency of the

Faréday cup was célibrated by attaching a 1.0186 V.Weston standard cell
directly to the Faraday cup body. .Prgcision'resistors were ﬁsed to vary
the cufrect for electrémeter readings on the various scales..

The target‘holderfFaraday cﬁp was designed to incorporate fairly
rapid sample retfieval with the pfecision and accuracy affordedvby in-
cupvbombardment. Removal of an irradiated sample from the chamber,
initially at éccelerator vacuum;may be accomplished within 10-15 sec.
Surrounding the cuﬁ body, when.thg assembly is ldcked int§ place within

\ _ .
the chamber, is a magnet: whbse field serves to deflect away from the

cup any electrons produced upstream as the beam strikes foils, residual

' gas, -and collimators and to retain any electrons which might be ejected

from the target. The magnet field étrength necessary was prescribed by

the distance from the rear cqllimator to the cup body (1 cm) and cal-

- culated for maximum ejected electron energy, Ee, givenvbyl

(19) :

where m and - M are the masses of the electron and 3He ion, respectively,
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-+ R
3™ beam, E_ is

and E is the bombarding emergy. For a 30 MeV .

3 .
about gg:kev. The field strength necessary to deflect an electron of
this energy into a curved path of radius‘l em is about 500 gauss.

" The éample,'with any necessary cover foils and beam energy degraders,
is held in place between the stainless-steel cup body and the tantalum
beam-stopper by spring tenéidnt The beam—stopper; targets, and cup body
are conduction cooled by water floﬁ through the éopper cooling block.

The amount.of cooling necessary is determined by the powervdeposited by
the beam,»which is 1 watt_per microamp per MeV of enérgy lost in trav-
versing the target. A thick target which is a poor heét conductor will

~ heat at thevréte of about 0.2k cal ‘per sec per microamp for each MeV

: Qf degradaﬁion S0 that.éuch a téfget, which completely stops aqvinéident
20-30 MeV beam, could undergo a localized témperature increase of sev-
eral hundred degrees per minute. In practice, 1/4 to 1/2 mil plastic
foils have been bombarded for 30 minutes in-this appafatus without
charring at beam currents up to several ﬁenﬁhs of- a microamp at énergies
of 10-20 MeV.

For irradiatidns in which the half—life'of the activity to bé
detectéd wasvless tﬁan about 30 sec the optional sample holder sﬁoWn_
in Fig. 6 was used. In_ﬁhis case a 1 mil aluminum vacuum foil separates
the acceleraﬁor from the atmosphere within the chamber, which is naﬁural
. heliﬁm gés flowing at a low leak-rate. The helium atmosphere allows fast
sample removal without breaking the accelerator vacuum, witﬁ negligible

3

. s _ .
scattering or degrading of the "He  ion beam. 'The target 1s mounted
over the 0.75-in diaméter centerhole of an aluminum disc held in place,

during bombardment, by a pin attached to the solenoid. At the termination
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of the bombardment the'sblenCid is activated, releasing the pin, and the

. disc to which the target is affixed rolls down the plastic gravity track

to the shielded detector. This appératus allows counting to begin
within a few seconds after bombardment.

The beam current may not be measured directly during irradiations

.performed using the gravity track sémple holder becguse the beam is

partially stopped'Or scattered away’from the Faraday cup by thevtarget.

The beam current is measured, in this case, by the monitor foil. As the

" ijon beam passes through the 0.25 mil aluminum monitor foil, many of the

'~ electrons knocked out by primary and secondary collisions escape to the

surroundings, leaﬁing the foil positively charged. The rate of electron

loss is proportional to-the incident beam intehsity so that an integrat—'

ing_electrométer'COnnected to the monitor foil will provide a relative
measurement of beam. current. The monitor is calibrated by allowing the

beam»to pass through an emptyvsample—holder‘into the Faraday cup, which

‘is connected to a second integrating electrometer. The monitor foil

must be placed upstream from any degrader foils to prevent erroneous

electroh pickup. Therefore, the ratio of the integrator readings, moni-
"~ tor foil: Faraday‘cup, willl increase as the thickness 6f degrader foils

increasés.due to Rutherford scattering losses at decreased beam'energy.

Experimentally, the foil : cup ratios vary smoothly from about 1.k : 1

at 30 MeV to about 2°: 1.at 5 MeV.

&
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C. Detection Equipment

The parallel development of high-rescolution lithium-drifted ger-
manium gemma-ray detectors, associated electronics equipment, puise—
height analyzers, and computefized data~-reduction systems has made pos-
sible the non-destructive measurement of all cross section and analytical
data presented in this report. The raaiation couﬁting equipment will

be deécribed in this section and data treatment in the next section.

1. Gamma—r@y detectors.
a. Ge(Li). There is extensive literature available concerning

the_fabricatioh and operating characteristics of the Ge(Li) semiconductor

Y-ray detectorsLll and their application to nuclear spec‘troscopyhg’LL3 and

6,7,8,9

activation analysis. In the experiments described in this report

3 3 were used.

'pianar detedtors having active volumes of 16 cm” and 6 cm
The resolutions of these detectors were about 2.5 keV and 6 keV>(fuil
width at half maximum), respectively, for the 1332-keV y-ray liné from _
6oCo. The detector systemé were‘designed and built at fhis Labofatdry.
b. NaI(Tl). Sodium ibdide scintillation detectors were ﬁsed to
obtain high-energy y-ray specﬁra, to measure‘clearly resolved y-ray
photopeaké'at lower energy, and in conjungtion #ith Y=Y coincidence
measurements. The detectors used were 3-in X 3~in diameter Haréhaw
integfally—mounted unitsvhéving.enefgy resplﬁtiéns.of about 50-keV(FWHM)
for the 662-keV Y-ray line from 137¢s. | |

2. Associated electronics and anglyzers.

Linear amplifier-biased amplifier systems designed by Goulding and

Laiirzc"ij.sl‘d1l and built at this Laboratory were used with both Ge(Li) and
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y
NaI(Tl) detectors. _The amplifier signals were routed to either a 400-

45 or a lOZh—channel Northern Scientifich6:pulse—height

channel R.I.D.L.
anglyzer for singles spéctra;

Activities whose half-lives were less.than aboﬁt 30 sec were detected
using the cirguitry shown in the blockvdiégram of Fig.'Tl Thé amplified
sighals from two detectors, mixed to incfease detection efficiency, ﬁere
routed to a single—channel:analyzer adjusted to cher oniy the spectfal
region of the photopeak. The single-channel signals were stored in the
puisthéight analyZér o?erated in time mode as a multichannel scaler.
Scaling pulses were geﬁerated by the switch-programmed Time Bas¢ Oscil—_
latorv(TIBO)'designed by K. B. RussellhT and built at this Labqratory.

The TIBO may be:programmed to allow strége_of detector signals during.
intefvals from lo'uséc to 16.5 min with scaling intervals adjustable

over the same time range. ' The complete range of each interval selector

is divided into 7 decades with 99 pdsitions per decade. Signai storage

may be inhibited during the scaling interval or data accumulation may pro- -

ceed for a maximum counting.interval of 33 min~between‘scaling.éulses;
A decay curve of the activated target was automatically obtained with
this apparatus.

. Beéause most of the products osze induced nuclear reactions with

light elements are neutron deficient and therefore decay predominately

by positron emission, a simple coincidence circuit such as that shown
in the block diagram in Fig. 8 may be used. The annihilation of posi—
trons emitted by the activated target results in simultaneous. emission

of two 511-keV photons directed 180° with respect to each other.”.The
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true coincidence rate of the 511-keV photons striking identical detectors

placed in mirror geometry about a fully annihilated positron source is

very nearly 100% of the meximum obtainable with the particular detector
geometry. - The single—éhannel analyzer associated with detector B may be

adjusted to transmit sighals corresponding to Y-ray energies of 511-keV

.or less while the single-channel analyzer associated with detector A _

covers only the region of the 511-keV photopesk. In this way a coinci-
dence rétevof 70—80% of the detector A singles rate ma& be obtained
which results in efficient measurement of the annihilation radiation
almost backgfound free.

The anticoincidénce portion of the éircuit of Fig. 8 is designed
to increéSe the sensitivity of non-destructive measurement of y-ray lines
whose energies are less than 511-keV and pot in coihcidénce with emitted
positrohs by removiﬁg.much of the detected partial energy radiation

resulting from Compton interactions. This Compton distribution; which

. . v + X s .
is very high because of the preponderance of B emitters in the activa-

ted sample, often obscures lower energy photopeaks in the spectra. A

Ge(Li) detectof is uséd as detector A and a more efficient NaI(T1) de-
tector as detector B. The signal from the NaI(T1) detector serves to
block transmissiqn of any Ge(Li) signalbarising during thevllO—nsec
coiﬁcideﬁce resolving time.v The éfficiency of detection éf'the Ge(Li)
deﬁector fog < 51l>keV bhotqns is‘virtually.unaffected, while the height

of the Compton_distributidn’has been reduced by a factor of about k.

The effect on analytical sensitivity of this lessenihg of the background

beneath a photopeak is discussed in a later section.



—32.—

3. Detector calibration.

In all experiments the photqpeak éfficiencies_of the y-ray spectrom-
eters were calibrated using a set of eight absoluté Y-ray sfandards,
obtained from the TAEA Laboratories,hB_Whosé activities were accurate:
within #1%. The Y-ray enéfgies of thé standards cover the energy range
60-1836~keV. Gamma-ray énergy and relative intensity data for the.
standard sources were obtained from Haverfield,h9 while othér Y-ray energy
and relative intensity dafa were taken from the Table of Isotopes.so
The ranges of photopeak efficiency for the defectors with the sources

placed 1 cm from the face of the detector were:

16 om> GelLi) - 1.25 x 107 at 1332-keV

Co) to

4.5 x 1072 at 122-keV (°7Co)

6 cm Ge(Li).--é.l x 107" at 1332-keV (6OCo) to
3.0 x 1072 at 122-keV (°7co)

3" 3" NaI(T1) - 2.3 x 10 © at 1836-keV

7.3 x 1072 at 511-keV (%“na).

The photopeak efficiency for 511-keV annihilation'radiation detected
using the coincidencevapparatus (Fig. 8) with two NaI(T1l) detectors

2.5 cm from the source was 2.1 X 10—2. This efficiency was determined

with both single channel anaiyzers adjusted to transmit signals arising
from the spectral region of the‘Sll—keV photopeak only and repreéents

approximately 43% of the photopesk efficiency for the singles spectrum.

I
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D. Data Treitmeni
All excitation functidns and analysgs presented in this feport were
calculated from nondeétructive measurements of the Y-ray sPeétra of acti-
vated targets. The data reduction procedures consisted of spectrum
analysis, decay curfe resolution, and mathematical‘treatment of the
resulting activity datﬁ by thé methods outlined in Sec. IT.

1. Spectrum analysis.

Because high-resolution Ge(Li) y-ray detectors Were'availaﬁle-fof
measurement of all complicated spectra, hand photopeak-area calculation

by the method discussed by Haverfield'd

was extensively used. In this
‘methpd'the background counts beneath thefphotoﬁeak are defined by
aVefaging the numbeerf counts invthe channel corresponding tb‘the maxi-
mum radius of cur?ature (linear plét) on the photopeak's low energy tail
and the number of counts in fhe channél.corrésponding to iﬁs high energy
Base,.and then multiplyingvthis averége by ﬁhé number of’channéls falling
_ bgtWeen these limits. Thé_resulting photopeak aboyé this background
base is a gaussian shape wifh an exponential tail. Havérfiéld has found
~‘the ﬁethod to be consistent to within 1-1.5%. »

Fof some later experiments, automatic daﬁa recbrdihg equipment was
available so that spectrum analysis could be conveniently performed by
a computer cdde. The FORTRAN IV code SAMPO, developed by.Réutti.and

51

Prussin”™ ‘for the CDC 6600 computer, has been used. A detailed-discus— 

sion of the experimental use of this code is given by Bernthal.78

2. Decay curve resolution.

Exponentisl decay curves of product activities were resolved by a
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2 gna CLSQ,53

least squares computer code. Two codés have been used;.RAD
modified for use with the CDC 6600 computer system. The RAD code requires
parameter éstimatés for both the half-lives of the components and their
Ao values while CLSQ requires éstimatés‘of hélf-lives only. Both codes
Successfully tfeat decay curves of up to 10 components whose half-lives
'differ by at least a factor of two and yield iterative solutions for
half-lives, AO values, and standard deviations in‘the fitted parameters.
3. Errors. |

There are many sourges. of systematic error in nuclear reacfion
méasureménts, most of which can be madé quite small. Among the errors
which are, orvcan.be held to, less than about 1%, are weighing, time
3'measufement,'integrating electrometer.éalibration, half—life data, and’
‘decay ‘scheme correction. Décay scheme errofs may be somewhat lafger,
eépecially in older,daﬁa obtained before high-resolution y-ray spectrom-
efers became available. Célibration of spéctrometers mey be accomplished
to within about 2-2.5% using ébsolutély éalibrated.l% Y~ray standards.
Thevvariation in uniformity of the targef wifh respect to the collimated
incidentbbéam may bé'about 1% for most targets; but With.séme plaétics
and targété prepared By sedimentation it may be as high as about 5%.

Statistical counting'errors and.decay curve analysisverrors probably
are the chiefvcontributors to the total error in cross section. For

nondestructive measurement the statistical counting error is determined

from the standard deviation given by : - . d
= <+ .
std dev o+ 0y ‘ (20)

Hi
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where Gt - is the standard deviation in measurement of the total number

.of counts between the defining limits of the photopeak, and Ob is the
standard deviation in measurement of the spectrum background beneath the

photopeak. Since the standard deviations ct and Ob are given by

g, = VNt and o, = '\/Nb (21)

where Nt and l\T.b are the numbers of counts in total photopeak and
background beneath the photopeak, respectively, the standard deviation

can be written

std dev = 7\ /Np + 21\Tb . (22)

Here,: Nt has been replaced by Np + N. , where Np is the number of
counts in the photopeak after the background has!been subtracted.

The decay curve analysis errors are very sm;ll fof-single component
exponential decays, but may be quite large for m%nof constituents of
multicomponent systems. The standard deviations obtainéd as output from

the least squares programs have been used to estimate these errors.

The total propagated error can then be estimated by

o 2 2 o
error ~'\/gs + Op + o - : . (23)

where the subscripts S; P, D, signify the sum of squares of small errors

(weighing, time measurement, electrometer calibration, etec.) photdpeak'
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V counting statistical error, and decay curve analysis error, respectively.
.The total'error for a measurement to within lO%.acéuracy for bqth photo-

péak and decay curve resolution would be about +15%.

3He INDUCED REACTIONS

Iv.

A convenient compilation of excitation functions and reaction data -
is presented in thisisection'for the 3He induced nuclear reactions
étudied in this work and for those in the literature, followed by a
discussion of the trends in the activation data in relation to activation
analysis.

The data are.arrangéd in order of targét atomic number with a tabg—
lar summary éf possible reactions, rédiations emitted, and interferences
!preceding the expefiméntal excitation functions. Unambiguqus réactibns;
that is, reactions which involve the formation of avpartiéuiar produét
nuclide through a single reaction of a specific target nuclide, afe

9513 11

listed with the mass number of the target (e.g., “Be(”He,n) " C), while

- the formation of a product nuclide via the sum of reactions which may

involve several different target isotopes arellisted as total productioﬁ

excitation functions or by reaction equations such as 3He + Si > 30P.

The target isotopic abundahces‘and the product half life, decay mode,
Y-ray energy, and percent y-ray per decay were taken from the Table of

Isotopes.so 3

The interferences listed are energetically possible He
induced reactions with stable isotopes of other elements which may
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result in thé same ‘product as the target‘at bombarding enérgiés below
sbout 30-MeV. Thesé interferences may be minimized. by proper choice of
incident energy and length of bombardment by referring to reaction data
for the.interfering nuclides themselves; if such data are available, or
by estimating the behavior of their excitation functions on the basis

of reaction type (see Sec. IV.S), energy threshold, and Cbulomb barrier.
The excitation functions from the literature Have been redrawn without
experimental points‘and error estimates. Data smoothing follows, as
élosely as possible,beach author's interpretation. Discussion of indivi-

4+

dual reactions is limited to any unusual features in the»daté and to
error estimétes. Numbers labeling individual excitation functions in‘
the figures correspond to reference numbers in the discussion.

Our own experimental data are treated similarly, with the exceptions
that experimental points are shown in the excitation functions and that
a detailed discussion of the experimental procedures is- included.

A1l excitation functions have been drawn to the same scdle to per-
mit convenient cbmparison. It must be kept ih mind, when comparing
data among different authors, that some apparent disagréement may arise

from variations in beam inhomogeniety and from use of different range--

energy data.
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A. BERYLLIUM ‘ ~ Figure 9

98e (3He ,n)tc 1. Hahn and Ricci”

' 5. Hshn and Ricci’’
3. Markowitz and Hallsé_
L. Brill'57 |

The estimated errors in o are 10%,for Hahn and Ricci(l); 15% for’
Hahn and Ricei(2), and 25% for Brill'(L). Markowitz and Ha11(3) indica-
ted a large unqertainty in their energy scale below about 10 MeV because
of the inadequacy of available range-energy data.

The excitation function of Brill'(h)‘is approximately an order of
_maghitude lower than that of Markowitz and Hall(3) but of quite similar
shape. In view of the fair agreement between the other workers at
enérgies below about 15 MeV, it'seems'reasonable.td suspect a powér of
ten error in the data of Brill'. It must Be noted that this reaction

3He,n) reactions studied.

has the highest cross-section of the (

‘Hahn and Ricci(2) calculated the excitation function by numerical
differentiation of thick target yield curves.r At increasing energies
above'that.of'maximum croés seption, the differentiation data is more
subject to error because the increments in bombarding enefgy produce
smaller increments iﬁ total activity.

It will become apparent as the data in this section are compared

that curves 3 and 4 ha#exshapes quiﬁe typical of this type of reaction.



Table I. Reactions induced in Be by 3He ion bombardment. Isotopic abundance: 9Be§lOOZ}

Product Reactions Q(Mev)? Tl/2b Decé.yb | ﬁésociated Y—raysb' Interferences®
. eV(% per decay)

e 98e(3He,n) ~  T7.56 20.3m B'EC . 511(200) 108346 ,pn) e
| l13(3Hé,p2n)llc

126 (3he,0)c

166 (3he ,20) e
0 9Be(3He,2n)  ~5.52 9.5 B 511(200), 717(100), 105(3ge,pon) 10
1023(1.7) 120 3ge .om) 00

Tge ?Bé(3Hé,an) " 0.01 53 4 EC . 477(10.3) 611 (3fte,pn) TBe
11 (3He ,p2n) TBe

12,3

He,2u)7Be

aAppendix B

bReference 50

®Interferences are 3He induced reactions with other elements which may lead to the same product

at bombarding energies below about 30 MeV.
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B. BORON Figure 10
lOB(3He,pn)llc 1. Pé.tterson58
2. Hahn and Ric0155
3. Brillv57
Total B + 3he » ¢ L. Hahn and Ricei”’
11p(3e, pon) e 5. Bri1l'’!
115 3te,n) 3y Hahn and Ricci”’

Estimated errors in 0 are 30% for curve 1, 25% for curves 3 and

5, 15% for curves 2 and 4, and 45% for 13

N. The functions of Hahn and -
.Ricci are calculated by numerical differentiation of thick target yields
and show a sharper decrease with iﬁcreasing energy ﬁhan does the curve

of Brill', just aé in the Be functions previously discuésed; Here,

thére is no reason to prefer either set of data. Curve 4 represénts the
total production of‘llC from 3He + B. Weighﬁed averaging of curves 3
and 5 of Brill' produce a total-production llC excitation function which
agrees vervaell with curve L at about 9 MeV but remaiﬁs substantially
higher at higher energies.

59

Din and Weil have obtained excitation function data at energies

below about 5 MeV (not shown) by integration of the angular distributions
11_,3 13 . : . . \ ;

of ~TB( He,no) N. Their data passes through a maximum of about LO mb

at about 4.5 MeV with an estimated_error of less thaﬁ 30%.



Table II.

Reactions induced ian_ﬁy 3He ion»Eombardment. Iéotopic abuédance: lOB(19.7%), llB(80,3%)
Product Reactions . 1.Q(MeV)a .T " ’ Deca&b . Associated Y—raysb Interferences®
' L A 1/2 - keV(% per decay)
e 503%ke,pn) . 0.97 203  gT,EC  511(200) ?Be (3He ,n) e
18(%e,pen)  -10.48 | 220 (3he,0) e
o | 164 (3ge ,20) 110
0% 10°CHe,pen) <1211 194 g 511(200), 717(100), 7B (3ge,2n) 10
‘ BT T et
By o Wp3p 0 10.18  1om g 511 (200) 126(3ge ,pn)* 3w
| 13¢(34e,pon) 3y
My Bhe,0) 3y
15y (3e yom) 3w

aAppendix B

bReference 50'

®Interferences are 3He induced reactions with other elements which may lead to.the same product

at bombarding energies below about 30 MeV.
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C. 'CARBON : - Figure 11
. o Figure 12
}20(3He,a)llc 1. Markowitz and Ha115§
120(3Hé,a)13N 2. Markowitz and Mahonylo
3. Bridl'?l
60

L. Cochran ana_Knight
5k

5. Hahn éndeicci
35 and Gorodetzky, et al68
(not shown)

Cirilov

' Estimated errors in O are given as #5% in curve 2, #8% in curve
b, +10% in-curve's; and *25% in curve 3. The agreement among the
various.functions is fairly good above about 10 MeV for both llC and

'13N. .The energy scale of Markowitz and Hall is in error below this

energy. The data of Cochran and Knight show the presence of maximé and

3N. Presumably,

minima,invthé excitation functions of both 110 and 1
poor_beam—energy resolution precluded observation of any resonance
structure by other workers.

13§ has been attributed to a (3He,d) reaction

The production of
because the threshold for this reaction is only 4.4 MeV while that for

a (3He,pn) reaction is 7.2 MeV.
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C. CARBON (Cont) Figure 13
1QC(?’.He,n)vlLLO ' 1. Hshn and RicciSh
Osgdodl?’)1L and Cirilov-? (not shown)
lQC(SHe,Qa)TBe 2. Cochran and Knight6o

14

Error estimates are 10-13% for the ~ 0 data and ~15% for‘7Be; The

1y

structure of the ~70 function of Hahn and Ricci agrees well with that
of Osgood (not shown) but is lower by a factor of 2.4. The difference

is assumed to be attributable to systematic errors.
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Table III. Reactions induced in C by 3fe 16n bombardment . Isotopic abundance: ~“C(98.89%), 30(1.11%)'

Product Reactiéns QMev)® Tl/eb Decayb | Associated Y—raysb' ' Interferencesc
. : _keV(% per decay)

_%ho» - PPEen) -1.15 ns gt ' 511(200), 2312(99) 14y 3ge, pon )t
13 (3He 2n) ~6.09 | 16O(3He,ocn)ll-*0

B3y 123k q) .55 1m gt ~ 511(200) Py (3ge ) L3y
'130(3He,p2n) 072 R | o | l?N(3Hé,an)l3N

: llB(3Hé,n)l3

10 2o(Pe,on)  -11.23 19.4s. gt © 511(200), 717(100), 9e (3He,2n) 0c
1023(1.7) : 105346 pon) 10

11, 120(3ge,a) 1.85 203 g*,ec  511(200) - FBeCre,m)to

l3C(3He,om) -3.09 loB(3He,ph)ll

113(3H8,P2n)110"_

| 166 (3ge ,20) 1

TBe 120(3He,2ﬁ) - —5.69> 53d _ EC - b77(10.3) : o 9Be(3He,an)7Be
L | 6Li(BHe,pn)'?Be
11 (3e ,pen) Be

aAppendix B

bReference‘SO

CInterferences are.3He induced reactions with other elements which may lead to the same product
at bombarding energies below about 30 MeV.
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D. NITROGEN ~ Figure 1k
lhN'(3He,ioc)l31\r 1. Hahn and Ricei”?
| o. Bri1i'’!
l)"I\T(3He,pn)150 . . 3, Hahn a.nd'Ricci55

Estimated errors in ¢ are 15% for curve 1 and 15

0 and 25% for
curve 2. The data of Hahn and Ricel are calculatedvby“numerical"differ—
entiation of thick target yields.

| While'curQes 1 and 2 do not_agrée well in shape br-magnitﬁde, the
ﬁrend of thesé excitation functions to risé through early maxima éﬁ low
energy and rise again at high energy will be frequently obserfed in
(3He,a) reactions. Theré is no doubt thét this shape corrésponds'tb a

“ change 'in reaction meéhanism at increaséd energy; Brill’.indicateé tﬁaﬁ--
_the principal réle is probably played 5y inelasfic scatteriﬁg followed

by‘heutron evaporation, the threshold for which is‘l3.8.MeV. That the

preceding‘l2c(3He,a)llC exéitation does not behave similarly is aécounted
for by the 23.4 MeV threshold for the reaction 3He + luN > 3He + l3N + én

15

The shape of the 0 function is not similar to the (3He,d) functions
observed in the carbon reactions. Hahn and Ricci observed that direct
stripping méchanism calculations for reactions leading to staﬁes of known

15

“spin and parity in ~’0 account for about 30% of the measured O. It is
possible that.including other states might account for the remaining 70%,
‘but it is also possible that a large contribution comes from (3He,pn),

threshold -0.5 MeV.



Table IV. Reactions induced.in N by 3He ion boﬁbardment. Isotopic abundance; th(99.6h%), lSN(O.SG%)
Product Reactions.- - QMev)® T o Decayb : vAssociated Y—raysb Interferencésc
: 1/2 ' keV(% per decay)
1Tp o8(3He,n) 5.00  66.6s B8 511(200)  2%0(3te,pn) 1 TF
17O(3He,p2n)lTF
A | | 5 (3ge on) Tr
Yo YyCre,pn)  -0.43 om A 511(200) - 13¢(3e ,n)%0
Px(3te ,p2n) -11.26 o | ' | 16o(3He,_on)150
| o (3fe ,an) 20
1h, 34 pon) - -13.6h Tls gt 511(200), 2312(99). 12430 ) o
| | 166(3ge ,an) 0
Ly Iy (3pe, o) .00 iom BT 511(200) Hg(3ge )3
153(3He, on) ~0.81 120 (34e ,a) 3w
| l3C(3He,p2n)l3N

aAppendix B
b
Reference 50

Interferences are 3He induced reactions with other elements which may lead to the same product

at bombarding energies below about 30 MeV.
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E. . OXYGEN ' Figure 15
l60(3He,-p)18F + 1. Markowitz'and'Mahonylo
- 165(3e,n) 8ye » 185 ' 2. Hahn and Ricei’”
3. Brill'57'

Estimated errors in ¢ are 5% in curve 1, 10% in curve 2, and 25%

in curve 3,

3

The 18F produced in the “He activation of l60 results as the sum of

. the two reactions shown above; direct formation and B+ decay of the

1.6 sec 18Ne.

Figure 16

l_60(3He,oc)150 1. Hahn and Ricci5h

11 ' 1,57

160 (3te,20) 0 - 2. Bril

Error estimates are 10% for 120 and 25% for e, Dpiscussion of

these functions follows the presentation of our own data for the reactions

induced in oxygen.
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E-"QXXEEE.(Cont)_ L :..‘ Eigurétl7. .
160(3Hé;d)150 - o Lee, Lambd, MarROW1tz62 66
28034, 20) 1 |
260(3te,p) 8 + 200(3ke n)lBNe > 18
16"(3Hé;pn)lT
O(3He na)

Systematlc errors are estlmated as descrlbed in Sec. III.D. 3. The
total propagated errors in the cross sections are less than 8%

150 ana e, 278 for 185 ana XTF, AWD +10% for 2%0. The uncer-

" for
talnty 1n beam energy for adjustment by degrader f01ls depend upon
uncertalntles in both range-energy relatlonshlps and foil thlckness
measurements. The accuracy has been est1mated32,to be within tlfMeV
for an'iﬁitial 30-MeV beam degraded to.aboat 11 Merand to decreaSe withv
degradation to atoﬁf‘:z-Mév at 6-MeV. | |

The targets used were 3 5 mg/cm2 Ta2 5 prepared by anodization:of
tantalum foals. The anodization process is described in Sec. V.A of
this report.. |

The~taréeta were inditidually.irradiated at the Hilac forAl min
v,at an incident beam energy of 31.2 % O 6 MeV and at an average current

3 :

“of 0.2 pA He++. Each target was covered with a thin gold f01l back-

ward rec011 catcher which was assayed with the actlvated Ta 205+ Energy

adjustment: for the measurement of the excitation function was accomplished

using aluminum degrader foils. The targets were protected from down-
streaming recoil contamination by a thin gold foillplaced behind the

aluminum degraders.
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The total count rates of the activation products were followed
(without destruction of the target foil).for about 4 hours by counting

'of'the'511+kev annihilation fadiation from'l8F, llC, lYF, and 15

0 and
the 2,31 MeV Y-ray from'lho._ A Y—ray'spéctrometer with a 3-in X 3-in-
diameter NaI(Tl) detector was used. The complex decay curves obtained

by photopeak analysis of the data were resolved using the RAD computer

code’? on the CDC 6600 computer.
The 18F data in Fig. 17 agrees very well with literature values.
The 15O data is in fair agreement, and the agreement between the llC

data of Brill' and our own data is rather pocr, éspecially‘at lower
1 11

energies. Brill' used Be0O targets for measurement of the 0(“He,20. C

reaction, subtracting the'9Be(3He,n)llC contribution calculated from
measurement using beryllium metal targets. Brill's data appears to

‘be an order of magnitude too low for the latter reaction (see Fig. 9),

3

which would result in his l6O( He,2a)llC data being too high, especially

at lower energies.

Figure 18

: o .. 63
180(3He,p)20F7 | Lgmb? Lee, Markowitz

18O(3He,2p)190 ' Lamb, Lee, Markowitz (unpublished)
The -errors in the cross-section data aré estimated to be about 13%

;90. The larger error in the 20

" in the 20p function and about 16% for F
data arises because of the ™% error in determining the decay timevbe-
tween the end of bombardment and the time of each count for a system

whose half-life is as short as 1l sec and because of the added error in
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the deterﬁinéfion of the exact percentage of 180 in the isotopically
enriched tqrgét. Spectrum‘ahalysiS‘offthe 190 activity incurred larger
error because of the difficulty in detecting this ‘small, 1.37-MeV photo-
peak amid those ffom other acfivities.' v

Samples of the Ta,0. were prepared by anodization of tantalum foils

205

1

using isotopically eﬁriched water in the electrolyte. The 18O'enrich—

ment in the Ta205.film was 49.8 * 2.5%, verified by mass spectrometric

analysis of the electrOlyté.' The film thickness was 1.2 mg/cm2 oxygen.

~ The 2OF'and 19

O functions Wérév detérminéd in similar but separate
experiments using thé gravity-track sample-holder described in Sec. iiI._
The 20F aétivity was measured via thé 1.63 MeV Y—ray associated with B;
decay:ﬁsing‘the circuitry described in Seec. III, Fig. T, with‘NaI(Ti)
detectors.. The time mOdé spectrum was resolved by computer céde.RAD; the:
babkground beneath the gated_phdtopeak was treafed as a cqmponent of the

decéy curve. :The‘190.activities were obtained by spectrum analysis-and

_hand-fitted decay curves.



. Table V. Reactions induced in O by 3He ion bombardment. Isotopic abundance;'l60(

-

99.76%), To(0.04%),

He,p2n)

85(0.20%)
Prdauct ‘Reactions | Q(MéV)a -Tl/gb Decayb Associated Y—raysb Interferences®
: keV{(% per decay)
1Bye  265(35e,n) -3.20 . 1.6s B* 511(200), 1040(7)  2°Ne(3He,on) tme
170(3He,2n) ~7.3k |
_ 180(3He,3n) -15.38 ,
Yye 17003 ,n) .30 17.bs g* 511(200) 20¥e (3e ,0.)ne
18o(3He,én) -3.75 |
1y ®o(3He,pn)  -7.12  66.6s  B" 511(200) on(3fe,n)tTr
| 76(3He , p2n) 11.26 9% (3ge ,on) 1 Tr
S8y 1643, 1) 2.03  110m g'Ec  511(10%) 195 (3He ,0) 10F
170(3Hé,pn) —2.11 23y, (3te ,20)0F |
8o(3ke,pon)  -10.16 205e (3tte o) oye » 18
‘ Decay of ;8Ne
20 186 3e.p) ‘ 6.87 ks g 1630(100) 195 (3te ,2p)°0F
g 6(3ke an) -8.31  T1.0s g 511(200), 2312(99)  +2¢(3He,n)M0
| | o P o 13 (3ge,2n) 0
1hN(3 by

F

-ls-



Table V. (Continued)

Product Reéétions : " Q(MeV)a ’Tl/gb Décay? Associatéd Y-rgysb Interférgncésc
: : S keV{% per decay)
o 16 o(3e,) ko1 2om gt 511(200) 3¢ (3ge,,n) 0
-170(3He,an) ‘YO.76 . e : | th(3Hé;pn)150
| o e | | _ Lo0(31e ,pon) 0.
19  o(ue,2p) 376 2018 B 197(97), 1370(59)  Tome
Ao B6503e,)  -5.31 20imm 8hEC 511(200)  %8e(3he,m)
N 10530 on) L
llB(3He,p2n)llC
120 e 0

&pppendix B
b .
Reference 50

CInterferéndeS'are 3He 1nduced reactions with other elements which may 1ead to the same product

at bombarding energies below about 30 MeV:
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F. FLUORINE - Figure 19

l9F(3He a)lBF 1. Br111'57

2. Mahony62+

3. Hahn and’Riccish

54

19 (3 17F Hahn and Ricei

He an)
Estimated errors in .d are 5% for curve 2,v15% for curve 3 and lTF,
and 25% for curve 1. Once again we note the shape of the excitation
19

function’forblBF production from ~“F. The neutron boilQOff threshold

from excited'9F is about 12-MeV.

Figure 20

l9F(3He,oc)18F | J Lee, Lamb, Markowitz62’66

p (3, 2p) 20
.The efrors in the éross—section data for thgse reactions are estima—
ted to be about *8% for 20F and‘tg% for 18F.
| The targets used were 1 mg/cm teflon foils of‘approx1mately 17
variation in thlckness unlformlty. Th. 20F act1v1ty resultlng from bom—

18 o3

bardment of fluorlne was detected as described in thé ,p)gOF reaction
';study?‘ The l8F act1v1ty was determlned from the decay of the Sll-keV
annihilation radlatlon photopeak.

The 18F excitatioﬁ functioﬁ presented in Fig. 20 agfees very well

with the values of Mahony and Brifl', remaining substanﬁially below that .-

of Héhn and Ricci at lower energy. It should be noted, however;-that all
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wdrkers except Hahn and Ricci used degrader foils to adjﬁsf higher ehergy
beams'0§'30—MeV) to desired bombarding enérgiés calculatéd by. the same,
or similar range—énergy rélationShips. Hahn and Ricel pérforméd individ-
ual irradiations using a Van de Graaf,acéélérator Whosé béam—énérgy was

precisely known.



Table VI. Reactions induced in F by 3He ion bombardment. Isotopic abundance:'lg(lOO%)

Product Réactions Q(MeV)a T b Decayb Associatedvy—rayéb Interferences®
. 1/2 .
o keV(% per decay)
Iye  rCEe,n) . 7.56 23.08 g 350(2.3), 511(200)  2%Ne(3He,pn)> Na
. / v
21Ne(3He,p2n)2lNa
| 23%a.(3He ,an)* N
19%e 195 (3He ,pon) S11.7h 17.ks g* 511(200) 20pe (3re ,0)Me
21Ne(3He_,ocn)_l9N,e
170(3He,n)19Ne'
180 (3e;20) e
1Ty l9F(3He,om) 0.99 66.6s g* - 511(200) l?N(sHe,n) Tp.
| 164 (3ge,pn) L Tr-

l'-(O(:’)He,p2n)l'-{F

_gg;



Table VI. {Continued)

b

He,2p) - =l.12

Product Reactionsf | ‘I"O;(MeV)a .Tl/2,- Dééayb“' ~ASsoci;a,ted;y-raysb ihtérferéncésc
: S : . .keV(%.per decay);
B 9%Chen) 10.1%  110.0m  gT,EC 511(20%) 23ya (3tte ,20) L0r
- | | 20Ne(3He;an)l8Ne+18F
160(3He,p)18F
160(3pe ,n) 0nes 107
' lTO(3He,pn)18F
| ~ 8(3ue, pon) Or .
20p P (3 11s . 8 1630(200) 863t ,p)%0F &

®Appendix B

bReferencelso

®Interferences are 3He induced reactions with other elements which may lead to the same product at:

bombarding energies below about 30 MeV.
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G. SODIUM Figure 21

'23Na(‘3He,2p)2hNa " Hehn and Ricci”®

The estimated cross section error for this reaction is $15%. The
excitation function was calculated by numerical differentiation of thick

target yield data. The target used was NaI.



23

Table VII. Reactions induced in Na by 3He ion bombardment. Isotopic abundance: Na(100%)
' ' . a b b ) b c
Product Reactions Q(MeV) Tl/2 Decay Associated ty-rays” Interferences
keV(% per decay)
o2h 2
Al Sa(3He,2n)  -10.69  2.1s g* 511(200), 1368(~-), Mg (3He,p2n)? a1
. 2754 (=) o
2201 ®33a(3fe,n) 6.26 7.2s g* 511(200) e (e, pn) 2281
25Mg(3He,p2n)25Al
, .

Mg wa(Cme,pen)  -12.56 12.1s gt 440(9), 511(200) Lie (3he ,n)% g
221\133(3He,211)23Mg
2)’lMg(3He,Oc)23
25Mg(3He,om)23Mg

2lyg, 23a (3t ,0m) _2.91 23.08 g* 350(2.3), 511(200)  *2F(3He,n)%Na
22N, 23N (3He ) 8.16 2.6y g* .m0 511(180), 1275(100)  “We(3He,pn)??
22Ne(3He,p2n)22Na.'
2hMg(3He,ocn)22Mg->22Na
| 2751 (3He ,20)%Na
2hNa 23Na(3He,2‘p)' -0.76 15.0h B™ 1369(100), 2754(100) 22Ne(3He,p)2hNa

aAppendix B.

bReference 50

Interferences are 3He induced reactions with other elements which may lead to the same product at

pbombarding energies below about 30 MeV.

-0~
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_ H. MAGNESIUM Figure 22

26Mg(3He;p)28Al Lamb, Lee, and Markowit265
26 ' 27
W (SHe ,2p) TMg
e 24
Total production of Na
The estimated errors for cross-section data are 6% for 2-8Al,

7% for 27Mg, and *6% for 2hNa.

Thé targéts used for these functions were magnesium metal, vacuum
evaporated onto platinum foil basé-platés. The mg thicknesses were about
1.5-2 mg/cm2 énd the uniformity éstimatéd to be within about 2%. Each
targét was coveréd with OQOéOlB—in plétinum foil.

28

'Fbr the Al and'QTMg excitation functidns, individual target ir-
radiations were perfdrmed using aluminum degraders to adjust the incident
: 31;2 MeV beam. The beam current was about 0.2 UYA. For the production
of 2hNa; a stack of these targets was bombarded at the full beam energy.

The decay of 28Al and QhNa were foilowed using NaI(Tl) detectors to
'méasure the 1780 keV andv2750 keV Y-rays associated with the B~ décay of
these two nuclides, respectively. The 840-keV Y-ray from 27Mg Was:
.méasﬁred-using a 16-cm> {active volume) Ge(Li) detector.

Thé éxcitation function for production ofv2bNa from Mg inclﬁdes no
'_cofrection for isotopic abundance, as it'is not clear which Mg isotopes

3

contribute to this activity. The threshold for the 2&Mg( He}3p)2hNa

26Mg(3He,0Lp)2hNa'reaction threshold

reaction is about 14 MeV, while the

is about 2.9 MeV.



Table VIII. Reactions

induced in Mg by 3He ion bombardment. Isotopic abundance: 2hMg(78.60%),

Mg (10.11%), 2OMg(11.20%)
Product Reactioné Q(MéV)a Tl/2b ’Decayb Associated Y—raysb Interferences®
| keV(% per decay)
2653 2y (e ) 0.06  2.1s g* 511(200), 820(3k4) 2835 (3he 0n)28s1
25Mg(3Hé,2n)v —7.27
o 26Mg(3He,3n) -18.36
2Tgy “Mg(3He,n) 6.05  h.ls gt 511(200) 28¢: (3He,0)2 st
266 (e, 2n) -5.0b | 295 (3fe,0n) 21
2Tp1(3He,p2n)?Ts1
2hyy e (3He,p2n)  -22.38 2.1s BT 511(2005, 1368(--), l23Na(3He,2h52hAl |
25m e (Che, pn) _5.43  T.2s gt ?Ii?ééé% 2Tp1 (3He,0m)%281
| 25Mg(3He,p2n) ~12.76 23Na(3He,n)25Al

_gL;



Table VIII. (Continued)

Product Reactions Q(Mev)® o, P Decayb Associated y—raysb Interferences®
, . 1/2 _
_ . : keV(% per decay)
%+ Dyg(3He,pn) -1 a0’y BB 511(170), 1120(8), 271 (CHe,q)n1
1810(100)
26m v . + .
Al 6.hsd B 511(200)
261"155(3He »,p2n) -12.50 E ' 28Si (35e ,n)26Si+26A1
-Decay of 2681
28y 26, (3he,p) 8.28 2.3m g™ 1780(100) - 2Tp1 (3te,2p) %801
Byg Mg (Bhe,0) boh 12.1s g* 440(9), 511(200) 234a (3t , pon) g
2Mg (3He ,on) -3.29 ?Iye (3te ,n) Mg
22l\Te(SHe,Zn)QSMg
2Tvg  2Oug(3He,2p) -1.28 9.5m B 1180(0.7), 840(70),  None
1013(30)

®pppendix B
b .
Reference 50

®Interferences are 3He induced reactions with other elements which may lead to the same product
at bombarding energies below about 30 MeV.

dUhderliried decay data indicates metastable or isomeric state.

_WL-
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I. ALUMINUM - Figure 23

‘Figure 2k
Figure 25
Figure 26
2741 (3ke,2p) 2801 Bri11'”!
2Tp1(3He,3p )27_Mg
2741 (3te,30) CF | 1. Markowitz and Hall’C
. 2. Cochran and Knight
27Al(3He,a2p)2hNa 1. Markowitz and Ha1156
2. Brill'57 ,
e 3, 60
3. Cochran and Knight
2Tp1 (3te, 20)%%Na 1. Bri11'”’
' . .56
2. Markowitz and Hall
60

3. Cochran and Knight
Estimated errors in o for 27Mg, ghNa (curve 2), and 22Na (curve 1)

are given as $25%. Error estimates were not given for the other reac-

tions. The ?8Al data in Fig. 23 is relative but was'roughly estimated

to be on the order of a few tens of millibarns.

It is interesting to note the structure of the 18F excitation func-

tion of Fig. 24. The peculiar low-energy (< 10 MeV appearance of 18F

27 18

below the ~'Al ~» F threshold) behavior of this data was found by

Markowitz and Hall to be due to surface oxide contamination on the
aluminum-foil targets. This observation led Markowitz to consider use
of accelerated 3He ions for activation analysis. The first such analyses'

by Markowitz and Mzhony were reported in 1962.10



~T7- ,

Tﬁe low~energy portién of'exéitationffunctioh 1, Fig. 25, for pro-
duction of 2hNa cannot be attributéd‘to“thé 27Al(3Hé,dép)2hNa reaction
because.the;thréshold fof’thisireaction'is.12.1 MeV. Thié‘ghNa activity
might arise from'production'by:27Ai(n;d)2hNa'(Q = -3.1 MéV) initiatéd by
the reaction;prodﬁcéd néutrons and secondary néutrons producéd_at the

accelerator whose energies average a few MeV.

‘ Figuré 27
27Al(3Hé;2p)28Al_ .Léé, Lamb, Markowitz (unpublished)
_ The estimated error in O 1is *5%. |
- Targéts were each composed of thrég 0.00025-in aluminum foils indiv-
idually ifradiated‘ for 2 min at a beam Eurrent of about 0.2 WA. The
centef foil of each target was radio-assayed using a 3~in % 3~in diameter
ﬁaI »(}Tl') detector to follow decay of _the 1.78-MeV photopeak from 28Ai.
The dashed portion of the curve in Fig. 27 was obtéined by.sufer—
imposing the data of Brill', Fig. 23, multiplied by 10, on our own data.

28

Brill's Al data was given in relative units. The relative magnitude of
this excitation function is supported by thick target activation data of

37

Ricci and Hahn.



Tablé_IX; Reactions induced in Al by ke iqh bombardment . Isotopic abundance: 27Al(lOO%)

Product Reactions Q(MéV)'a Ti22b -Degayb Associated Y—faysb Interferences®
» keV(% per decay) -
29 2141 (PHe,n) 6.61 4.5s gt 511(200), 1280(0.8) 285 (35e,pn)%°p
, _29Si(3He,p2n)29P
2Ts4 2151 (3te,pon)  -13.31 h.1s g* 511(200) 28 (3pe,0)2 751
| 2951 (3ge,an)?Ts1
25Mg(3He,n)27Si.
| 26Mg(3He,2n)27Si.u
QSAL .27A1(3H¢;dn) 3.83  T.2s gt 511(200) ‘QuMg(3He,pn)25Al.
| | 25Mg(3Hé,p2n)25A1
_ 23Na(3He,n)25A1
26A1+ 27A1(3He,d), 7.52 7x105y B+,EC '511(170), 1120(L), 25Mg(3He,ph)26A1
S ' ' 1810(100)
- 26m). | 6.4s? 8" 7_ 511(200) ) 26Mg(3He,p2n)26A1
2y Tmire,2p) 001 2.3 & ~ 1780(100) 21tg (3ke,p)?a1

~8L-



Table IX. (Continued)

Prbdﬁcfs}Réa¢tiqns - Q(MéV)a Tl/eb‘ Decéyb A;sociatéd Y;raysb Intérfgréncesc
. keV{(% per decay)
22y, 2Ta1(3He,20) 194 2.6y g*.EC  511(180), 1275(100) QONe(3He,p)22ﬁa
21Ne(BHe,p'n)zzNa
22ye (3He ,pon)%Na
| * 238 (3He ,0)°%Na
?hNa | n?7A1(3He,a2?) ~10.85 15h B~ 1369(100), 2754(100) 22Ne(3He,p)2Na
; | 23Na(3He,2p)2hNa
185 " 211 (3He, 30) ~10.41 110m 8TEc s11(19%) - 160 (3ge,p)or
170(3He,pn)18F
| l80(3He,p2n)18F
l9F(3He,a)18F

_6L_

aAppendix B
b '
Reference 50

: cInterfereﬁcés_are 3He induced reactions with other elements which may lead to the same product at

bombarding energies below about 30 MeV.

dUnderlined'decay'data indicates metastable or isomeric state.
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J. 'SILICON Figure 28
e + 51 > % ' Lamb, Lee, and Markowitz®2*®?

The estimated error in ¢ is #14%. An error of *10% assigned to
sample uniformity accounts for most of this.
Targets were prepared by first grinding lump silicon under ether,

then tranéferring this'slurry'to a sedimentation column!from which the

~ether was allowed to evaporate, leaving finely divided silicon particles

dispersed on the thick platinum backing-plate. One drop of a solution

of 100 ug/ml polystyrene (C8H8—) in dichloroethylené was added to
stabilize the deposit. The targets Weré covered with 13.5 mg/cm2 tantalum
foils. The target thicknesses varied from 1.7 mg/cm2 used for lowest

beam energies fo 6.2.mg/cm2 used for higher energ& bombardﬁent.

Thesé_térgets were individually irradiated for 2 min at a 3H¢++
béam current of 0.1 pA.

Thév5ll—kéV B+ annihilation’radiétion‘vfrpm 30P was followed using_
a 6:cm3 (activé Volﬁmé) Ge(Li) detgctér,

Contamination in the activated sample‘produced by the polystyrene
déposit stabilizer was not detectablevin the resulting deéay.curVes be-
cause the amount of carbon introduced was only about 1.8 ug/cmg. Lénge
| )18 n)l8Ne > 18F feact}ons

lived l8F, produced in the l60.(3He,p F o+ 160(3He,

with surface oXygen, was observed in the decay of the activated samblé,‘

but it was easily accounted for by decay ¢urve resolution. The presence

18 15

of ~7F, however, indicated the présence of ~70 also, produced'in_the



_86~

l60(3He,oc)150 reaction. The half life of ~°0 is 2 min, inseparable from

the 2.6 min 3OP. Using the known cross sections of these two interfer-

ence reactions and the measured 18F activity in the silicon targets, the

15

contribution by ~“0 was roughly estimated to be less than 5% of the end-

of-bombardment activities.

<3



Table X.

8

Reactions induced in Si by 3He ion bombardment. Isotopic abundance:

Ps1(y.722), Ps1(3.129)

2851 (92.18%),

Product Reaétions Q(Mev)? Tl/2b Decayb ﬁssociated Y—raysb Interferences®
eV(% per decay)
‘305 28Si(3He;n) ~0.57 = 1.ks gt 511(200), 687(80) 3251(3He,an)3°s
2951 (3tie,,2n) ~9.05 | | |
 30%3%He,3n) -19.66
3 2955 (3ge,n) 3.96  2.7s g* 511(200), 1270(1.1) 32s(3me,0)s
303i(3He,2§) - _6.66 335(31e ,an)31s
| 31 (3He,pon)3ts
29p 2851 (3He,pn) “4.97 k.58 gt 511(200), 1280(0.8)  Tp(3He,0n)?7P
2951 (3He,pon)  -13.45 Pisofo-2) 2Tp1 (e ;n) P
30p 2855 (Bhe,p) 6.35 2.5m g* 511(200), 2230(0.5) >1p(3He,0)3%p
2951 (3te, pn) -2.13
30Si(BHe,pZn) ~12.7h

-lg-



Table X. (Continued) .

Product Reactions | Q(Mev)® Tl/gb Decayb Associated Y—raysb Interferences®
keV(% per decay)
| 32p . 3031(3Hé,p) 7.51 1k4.3d B | No Y-rays | 31P(3He,2p)32P
eééi B Bhe,an) . -9.93 2.1s gt 511(200), 820(34) 2y Btte ,n) P51
| | 25Mg(3He,2n)26Si
26Mg(3He,3n)268i
23 288i(3He,a) | 3.140 y.as gt 511 (200) - 2731 (3He ,pon)?Ts1
29Si(3He,dn) ~5.07 - ‘25Mg(3Hé,n)27Si
‘ ‘ 26Mg(3He,2n)27Si
3lg; 305 (3He,2p) -1.12 2.6h g™ .1260(6.07) None

-gg-

aAppendix B
b
Reference 50

cInterferences are 3He induced reactions with otherlelements which may lead to the same product at

bombarding energies below about 30 MeV.
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K. CALCIUM Figure 29

%OCa(3He,p)h2mSc " Lamb, Leé, and Markowitz65 o
Estimated error in ¢ is *13%, including an uncértainty of ®0% in
photopeak analysis becausé thé hemSc Y-ray‘detécted was superimposed oh
the Compton distribution beiéw the 511-keV B+ gnnihilation photopeak.
The targets used were prepared by vacuum-depositing calcium onto
~gold backing—platés and then.aepositing a thinAfilm of gold over the
Calcium to minimize oxidation. The thicknesses of the célcium targets
were determined by standard analytical procedures after irradiation and
assay. Thé thicknéss of calcium on éach target was about 0.9 mg/cmg.
The activity of hzmSc was measured using a 6 em Ge(Li)'détector to
folloﬁ the decay of the 438-keV y-ray photopeak. No otherbactivities
~induced in Ca could be detected non-destrucfively.
The excitation function shown in Fig. 29 may be considered entirely

4 ) i ‘
attributable to the J'OCa.(?’He,p)h‘QmSc: because the threshold of the only

other possible reéction, tha(3He,p2n), is about 16 MeV.



Table XI.

Reactions induced in Ca by 3He ion bombardment. Isotopic abundance:»hOCa(96.97%), h2Ca(O;6h%),
:h3Ca(O.15%), uhCa(2.06%), Ca{0.003%), 48a(0.182) -

Product Reactioﬁs Q(Mev)® Tl/2b> Dec‘a‘yb Associatedby-raysb Interferencesc
' . R keV(% per decay) -
Mg 4208 (3ke,n) 5.98 Mgy EC 68(90), 78(98) %611 (3ke ,an) '

Y30a(3ge,on)”  -1.95

uhCa( He, 3n) -13.68
4504 4300 (30e,n) 7.47 3.1 g*,EC 511(170), 718(0.5) 671 (3me )71

, 1408(0.3) -
lmCa(3He 2n) -3.67 rhTTi(?’He,an)l}STi
455c (3Ke,pon)*omi
Mg, %0, (e p) 4.90~ o;7sd s: 511%200; ooy hOK(3He,n)hiSc
L2om k2. .3 . - 60.6s B 438(100), 511(200), b1 .3, 2
—Se | Ca(~He,p2n) -14.93 L= 152071003 ; 1520(100) K(~He,2n) “Sc
“35¢  *20a(3fe,pn)  -2.80 3.9h gt 375(22), 511(176)  Psel He,dn)h38q 3
| *30a(3He,p2n)  -10.72 Mg (BHe,n)"3
hhSc+ ' h"Z'Ca(3He,p) 6.92 '3.9h gt.Ec 511(188), 1159(100) 1‘5&:(31{&3,0‘)&ll
B, 336 (3ge,pn) 1.0l 2.4d IT,EC 2.71(86), 1020(1.3),
. N 1140(2.7)

o “oa (e, pon) -12.15 - |
4ges  Moa(3he,p) 7.9% 8la- 8"  889(100), 1120(100)  se(3He,2p)*
Lbmg, u6Ca(3He,p2n) -9.88 20s iT 142(100)
4Tse %0, (3he,pn) 0.76 3.4 ° B 160(73) . None

-T6f



Table XI. (Continued)

b

S

Pfoduct Réactions Q(Mé‘V)a Tl/2 Decayb Associatéd Y—-raysb InterferéncesC
e keV(% per decay) -
h8Sc h60a(3He,p)' 9.01 - 1.84 BT 175(6), 983(100) None
48 3 S 1040(100), 1314(100)
Ca(~He,p2n) -8.21 :
h98c h8Ca(3He,pn) 1.90 57.5m B 1760(0.03) None
et ca(Gre,p) 8.39 1.7m B™ 520(100), 1120(100), None
Som ' : ~ 1550(100)
29me 0.ks Ir - 258(100)
394 400, (3ge ,a) 4.95 0.9s gt 511(200) 380r (3tte,2n)%a
39K(3Hé,p2n)390a
Ca hOC_a(3He,2p) 0.63 8X10hy EC No y~rays hoAr(3He,2n)tha
4204 (3he ) 9.09 b0y (3pe pn)* e

L1

th(BHe,pEn) Ca

-26~



XI. (Continued)

Table
Prod: o a b ) . b c
roduct Reactions : Q(MeV) Tl/2 Decay. Associated Y-rays Interferences
: keV(% per decay)
uSCa . b'hCza.('?He,2p) —0.30 1654 g™ - No Y-rays ' None
| h6Ca(3He,a) 10.17;
l*_7c'a- . 'h6Ca(3vHe,2p')> T k.54 R™ - 490(5), 815(5), None
s 3 N , 1308(74)
Ca(~He,0) 10.63 '
”9Ca h8ca(?’He,zp)' © o =2.57. 8.8m I I "."3’1"0’0(89)’, 4100(10) None

\aAppendix B

bReferenCe 50

®Interferences are 3He induced reactions with other elements which may lead to the same product at

~ bombarding energies below about 30 MeV.

’vdUnderlined>decay data indicates metastable or isomeric state,

-£6-
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L. TITANIUM : - Figure 30
B4 + i > o Lamb, Lee, Markowitz®?
34e + 13 » 4By
3 L8

© SHe + Ti > oCr

i L 49 o 48
Estimated errors in O are +7% for ~Cr, =14% for "V, and *9%
48 | |

for Cr. The h8V excitatiéh function has errdrs compounded from measure-
ments of &y activity and its parent,hBCr.' |

| Tafgets for these expepimeﬁts were 0.00025—in thick titanium foils.
The h9Crvdata were obtalned ﬁy individual.S min bomba?dhent of three

foils, of which only the center foil was radio-assayed. The l}801' and

L8

V- data were obtained in a stacked foil experiment with a bombardment

time of 1 hour. The beam currents were about 0.2 YA for each experiment.

3

The activities of the products were measured using a 6 cm~ Ge(Li)

Lo

detector. For the Cr excitation function, the decay of the 153-keV

- y-ray line was followed. The decay of the 116-keV photopeak was fol-

lowed for the h8Cr function. The activity of h8V in irradiated titanium

48

arose from direct production and from decay of Cr. The h8V activity

was followed via the 983—keV YFray, the contribution from h8Cr decay

L8

calculated from the Cr}activ;ties obtained in the same run, and directly

produced h8V obtained as the difference..

None ¢f the excitation functions shown in Fig. 30 have been corrected

for isotbpic‘abundahces. The h9Cr curve represents the sum of (3He,n);

(3He,2n), and (3He,3n) resctions with the various stable isotopes of

"~ titanium. The shape of the'functionasuggests that the contribution from
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single neutron emission is small. Go has predicted a maximum cross
4 (ko :
section of only 7 mb for the 7Ti(BHe,n)l@Cr reactlon.67 Because

natural Ti is about Th4% h8Ti, and because the threshold for the

hgTi(3He,3n)h9Cr reaction is about 13.3 MeV, it may be assumed that

this thr production excitation function is almost entirely due to

L8 (3 48

Ti He,2n)h9Cr. The "V curve is composed of contributions from

(3He,p), (3He,pn), and‘(3He,p2n). Of these three reactions, the (p2n)
emission (threshold = 13.3 MeV) is predominant because of the high rela-

L8

tive abundahce of LL8T:"L. The Cr function shows contributions from at

least two of the possible three neutron boil-off reactions.



Table XII. Reactlons induced in Ti by 3He 1on bombardment Isotoplc abundancef u6Ti(7;99%), hTTi(7.32%),
- “8T1(73 99%) , Tl(s 46%), ~Omi(5.25%) ‘
Product Reactions Q,(MeV)a T. L. Decayb Associated Y—raysb Inferferepcesc
~1/2 _
keV(% per decay)
Mor M00i(3he,n) 5.81 ©  23n EC 116(98), 310(99) 5%¢r (3te ,on) *Eer
h7T1( He,2n) = . -3.07 |
8y (3ge,3m)  -1k.70 | ,
“or o 4Toi(3ke,n) 7.32 s.om  BY,EC 7 63(1k), 91(28), 500 (3te ) cr-
48 . ,3 , - 153(13), 511(186)
Ti( He,zn). =4.30 o
i (3ke,3n)  -12.45 |
Plor “90i (3Re,n) - 9.75 27.84 EC 320(9) 0y (3ge,2p)tor
2005 (3He, 2n) -1.19 | 220r (BHe,q)?Xer
‘ 53Cr(3He,ocn)51Cr
. 5lV(3_He,p2n)51Cr
by 4615 (3He,pn) 2.5k 33m gt .Ec 511(192),1550(0.7), *Pse(3fe,n)"T
) . : 1800(0.5), 2160(0.2)
Toi(3e,pon)  -11.42 | -
h8v h6Ti(3He,p) 7.99 © 164 B+,EC 511(100), 945(10), Decay of L’801«
W3 ' 983(100), 1312(97)
Ti(~He,pn) -.089 22b1(3)
Y8p; (3ge,pen)  -12.51

Decay of u8Cr

o o=le-



Table XII (Continued)

~1.34

928(5)

Product Reactions Q(MeV ) Tl/2b Decay?  Associated y-rays®  InterferencesC
. _ keV(% per decay)
hoy h7Ti(3He,p) 10.67 3304 EC No -rays 51y (3ge ,an) %y
h8Ti(3He,pn) -0.96'
h9Ti(3He,p2n) -9.10
Decay of h9Cr-
o2y ?OTi(sHe,p) 7.65 3.8m B~ 1434(100) 21y (3He ,2p) 2y
Mg Bns (3he ) 7.38 3.1h 8%, EC 511(170), 718(0.4)  “3ca(3te,n)*o1i
| “Toi GHe,on)  -1.b9 | Ho8(0-3) W e (3te , 20) *Ors
455c(3He,pen) T
Slps 5% (3ge,2p) 5.6 8™ 320(95), 605(1.5),  None

aAppendix B

bReference 50

]
Interferences are 3

bombarding energies belowvabout 30 MeV.

He induced reactions with other elements which may lead to the same product at

_86_
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M. IRON Figure 31
56Fe(3He,pn)57Co Hazan and Blanﬁ32
56Fe(BHe,an)Séco
56Fe(3He,p)5800
56Fe(3He,n)57N1

56

57

Estimated errors in O are *20% in

5T 56

Co, %25% in “ Co, *25-30% in

5800, +20% in “'Ni and *25% in ~ Ni.

»



Table XIII. Reactlons :|_nduced in Fe by 3He ion bombardment Isotopic abundance: 521LF (5.8L4%), Fe(9l 68%),
*Tre (2,177), Sre (0. 31%)
Product Reactions Q(Mev)® Tl/gb Dé_ca.y‘D Associated Y-—raysb Interferences®
’ keV(% per decay) '
56y1 Shpe(3He,n) 4.53 6.14 EC 163(99), 276(31) 58y (3te on) On1
56 3 , L72(35), TL8(LB),
N Fe(®He,3n)  -15.97 812(85), 1560(14)
>Tyi 50pe (e, 2n) -5.71 36h EC,8T  127(14), 511(92) By1 (Bte 0)° Tt
57 3 . - 1370(86), 1890(1k) -
Fe(~He,3n) -13.35 '
5o Shpe (3he,pn) ~2.66 18.2h g*,5C 480(12), 511(160),  °°Ma(3He,3n)’°co
' 930(80), 1k10(13)
6co ShFe(3He,p) 7.43 77.34 c,pt 511(40), 847(100),  2Mn(3he,2n) Cco |
'_.l
56 _ 1040(15), 1240(66), 56, 3 56 56 S
e(He,pen)  -13.07 1760(15), 2020(11), Ni( He,on)? Ni+""Co )
Decay of 56Nl 2600(17), 3260(13) |
Moo 56Fe( He,pn)  -1.70 2704 EC 1&(%), 122(87) , 2%n (3e ,n)° T co
’ 136(11), 692(0.1L4)
57Fe( 3He ,p2n) = -=9.3L ' 59Co(3He ,0Ln)57Co
Decay of 5F{Ni 58Ni(3He ,0L)57Ni+5700
8o 56re (3he,p) 6.87 71.3d Ec,p’ 511230)3 810(9?), 9co(3e ) 800
- - 865(1.L4), 1670(0.6)
58m: 57 3 ) . >
o, [Fellepn)  -0.TT g.exd IT No_y-rays
' 58 ' -10.81

Fe(3He,p2n)




Table XIII. (Continued)

1095(56), 1292(kk)

- Product Reactions Q(Mev)® Tl/2b kDecayb Associated y—raysb Interferences®
keV(% per decay)
-22§° 58pe (3he,p) 7.15 5.3y B 1173(100), 1332(100) 2co(3He,2p)%0co
—Co 10.5m IT,8 59(2.1), 1330(,25)
2pe Shpe( -3.49 8.2h g*,EC  165(100), 511(112) 50cr (3He ;n)*2re
20r (3He,3n)”%Fe
>3pe Shpe 6.95 8.5m 8*,5C 380(32), 511(196) 220r (3He ,2n)?3Fe
5pe Mre(3he,2p) 1.58 2.6y BC No y-rays | >3¢r (3He,n)*"Fe
565 9.37 ShCr(3He,2n)55Fe
>Tre (3e,an) 1.73 155Mn(3He,p2n)55Fe
Decay of |
e Pre(me,2p)  -1.13  usa 8™ 143(0.8), 192(2.8), None

aAppendix B

bReference 50

CInterferences are 3He'induced reactions with other elements which may lead to the same product at

bombarding energies below about 30 MeV.

dUnderlinedvdecay data indicates metastable or isomeric state.

-c0T-
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. N.. NICKEL . Figure 32

O1y; (3me pn)®%u Smitn®?
61Ni(3He,2n)622n
61Ni(3He,n)63Zn

63

The estimated errors in o are 7% for ~Zn, L% for 622n, and 8%

62

Cu. The data were obtained using targets isotopically enriched

in 61Ni, having 79.4% 61Ni and from approximately 3.5 to 7.5% of the

other natural Ni isotopes. Natural Ni has only 1.25% 61Ni. The data

61

for the Ni(BHe,n)62Zn reaction includes a contribution from

Ni(

'3He,2n)63Zn.
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N. NICKEL (Cont) Figure 33

3 61 65

He + Ni > ~Cu | Lamb, Lee,‘and Markowitz
3He + Ni» 6OCu

He + Ni » 59Cu

STy
56

He + Ni »
3He + mi > “mi

3te + mi » 2zn

Estimated errors in G- are *15%.

fwo sets of Ni targets were irradiated. The first set, for déter—
mination of the ghort-lived activities of 60Cu and 59Cu, were prepared
by sandwiching 1.2 mg/cm2 Ni foil targets between two 6 mg/cm2 Au recoil
catcher foils which were, in turn, protected from qontamination'by ahv
additional Au foil on either side. Individual irradiations were per-
formed at 0.25 A, énd the nickel foil was radio-assayed together with
the recoil catchgrs (inner two Au foils) using a 16 cm3 Ge(Li)vdetector.
'The second target, a stack composed of 1.2 mg/cm2 and 3.0 mg/cm2 Ni foils,
was bomﬁardéd with 0.25 pA-of 31.2 MeV 3He++'vions for 40 minutes.
Seiected foils were assayed using the 16 cm3 Ge(Li) detector.

The aCfivities of the products were obtained by following the decay
of'convenient Y-ray photopeaks in the spectra. These weré:v 284 keV for

S1u, 1332 keV for PCu, 872 keV for >9Cu, 1370 keV for TNi, 163 keV

56Ni, and 590 keV for 622n.

for
The excitation'functions shown in Fig.(33 are total productionv

curves, uncorrected for isotopic abundance.
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61

The ~—Cu activity results directly via (3He,pn) and (3He,p2n) reac-

tions and from decay of 61Zn produced by (3He,2n) and (3He,3n) reactions.
Because of unfavorable decay characteristics, 61Zn activity was'not
determined. The 59Cu activity may be attributed entirely to (3He,pn),

50Ni entirely to (3He,om) and the 2TNi entirely to (3He,0), all

58

the

Ni. The activity of 6OCu results from

5831 and from OONi(3He,pen)®Ccu. The

reactions with 67.8% abundant
the summed (3He,n) and (3He,p) dn
threshold for the last reaction, 15.4 MeV, cofrésponds very well with
the higher-energy behavior of the 6OCu excitation funtion. 62Zn may
arise from (3He,n), (3He,2n), and (3He,3n) reactions. The last two

reactions involvé minor cdnstituepts of natural nickel, while the first
involves the 26.2% 60Ni. The behavior of the function at low energy

suggests that the contribution from (3He,n) is predominant, while at

higher energies the multiple neutron boil-off is observed.



Table XIV. Reactions induced in Ni by 3He ion bombardment. Isotopic abundance : 58Ni(67.76%),
' 60Ni(26.16%), 61Ni(1.25%); 62Ni(3.66%), 6hNi(l.l6%)

Product Reactions Q(MeV)a Tl/gb'- Deéayb Associated Y'—rayb Interferenc_esc
. keV(% per decay) '
60, 58y1 (3He ,n) — 2.1m Ec,gt _— None
60Ni(3He,3n) —_—
170 Oni(GHe,2n)  -9.10 1.5n 8¥,EC  1480(11), 511(198),  None
61 .3 » - 980(3), 1640(6)
Ni(~He,3n) | -16.92 .
622n 60Ni(3He,n) ' 3.51 9.1h 'EC,B+ L2(20), 511(47), 6th(3He,an)622n
€1 .3 590(22) _
Ni(~He,2n) 4,31 .
62N1(3He,3ni ~1k.91
®34n 6151 (e ,n) 4 .86 38.hm g . Ec 511%186), 66%(8), Ol 1 (3he ,0)%32n
. ' 962(6), 1420(0.9) .
62y (3¢ on) 5.74 - €304 (3ge ,pon) 3z
'652h 6hNi(3He,2n) -2.40 2454 -Ec,s+ 511(3.4), 1115(Lk9), 630u(3He,p)6szn
65Cu(3He,p2n)65Zn
6th(3He?2p)6SZn
66Zn(3He,a)652nv
6TZn(3He,an)652n
6th(3He,pn)65Ga+6SZn

-L0T- .



-Table XIV.

(Continued) .
Product Reactions Q(Mev)? 7., P Decayb Associated Y—raysb Interferences®
1/2 .
: ST keV(per decay)
8oy Byi(3ge,pon)  -17.07 3.2s 511(200) None
290u 5841 (3He ,pn) 4,30 81.5s - 343(5), 463(5), 2900 (3He,3n) 7 cu
: 511(197), 872(9),
1305(11), 1700(1)
60, 2811 (3te,p) 5.76 23.4m  BT,EC 511(186), 850(15), 2200 (3He,2n)®Ocu
60.. 3 1332(80), 1760(52),
Ni(~He,p2n) - -1L.63 2130(6), 2640(5)
Décay of 6OZn _
61lcy, 60y (3ge,pn) -2.92 3.3h 8* . EC 67(k), 284(12), 59¢0(3te,n)% cu 5
6L 3. .. 380(3), 511(120), ®
Ni(~He,p2n) =-10.Tk 580(1.5), 660(11),
_ 61 9ko(1.5), 1150(1),
Decay of ~Zn 1220(5) : ,
624, 60y; (3ge,p) 5.98 9.8m 8", xC 511(195), 880(0.3), 3cu(3He,a)®%cu
‘ - 1170(0.5)
61Ni(3He,pn).- -1.8k4 ' 6th(3He,an)6?Zn+62Cu
62y (Bge,pon)  -12.4k
v Decay of 6?Zn
Oy 62Ni(3He,p) 6.32 12.8h Ec,8-8"  511(30), 1340(0.5)  3cu(3ge,2p)®cu
6hNi(3He,p2n) Q10.18 65Cu(3He,a)6hCu
%cy | %41 (3tie,p) 6.79 5.1m ©1039(9) ® 6

: Cu(3He,2p). Cu



Table XIV. (Continued)

1481(25)

Product Reactions - Q(Mev)® o P Decayb Associated —rayéb Interferences®
. ! 1/2
- keV(% per decay)
56Ni 58Ni(3He;an)‘ -1.88 6.1d - 'Ec 163(99), 276(31), ShFe(3He,n)56Ni
| | h72(35), Th8(L8) 56. 3 56
812(85), 1560(1k4) Fe(~He,3n)” Ni
2w By1 (e, q) 8.38 36h BC,8T 127(1b), 511(92), 56pe (3ge,2n)” Thi
1370(86), 1890(1k) 57 3 57
_ ' TFe( He,3n)” 'Ni
291 Byi(3He,2p)  1.29 gx10%y  EC No y-rays >Tre (3He ,n)7Ni
6°Ni(3He;q) 9.19 58Fe(3He,2n)59Ni
61Ni(3He,an) 1.37 59Co(3He,p2n)59Ni
Decay of ?7Cu | 59Co(3He,3n)59Cu,+59Ni
63Ni 62Ni(3He;2p) -0.88 92y B~ No y-rays None |
6uNi(3He,a) 10.91
65Ni 6uNi(3He,2p) -1.62 2,6h A - 368(4.5), 1115(16), None

aAppendix B

bReference 50

CIn_terferences are 3He induced reactions with other elements which may lead to the same product at

bombarding energies below about 30 MeV.

-60T~
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0. COPPER o Figure 3l
’ 63Cu(3He,p3n)622n ' Bryant, Cochran, and Knight 31
63Cu(3He,n)65Ga
63

63Cu(3He,p)6SZn

63Cﬁ(3He,a)620u~
63

63
63

Cu(3He,au)58Co

Cu(3He,an)6lCu
Cu(3He,2p)6hCu

63 63

Cu(3He,p2n)63Zn + Cu(3He,3n)63Ga +>. " Zn

Figure 35

65Cu(3He,n)67Ga Bryant, Cochran, and KnightBl

65Cﬁ(3He,up)63Ni
65

65

Cu(3He,3n)65Ga
Cu(3He,2n)66Ga
65Cu(3Hé,p2n)6SZn

65 33

Cﬁ(3ﬁe,a)6uéu Saha and forile
.ThéieStimated errors in G forrthé data of:Brjant, Cochran and
Kﬁightfare.less:than 15418% for all?reactions.excépﬁ 650u(3Hé, p)63Ni
(136%). ' The data of Saﬁa and Porile are corréct to an estimated *15-20%.-
- The exéitation functions shown in Fig. 3L énd Fig. 35 weré corrécted
for ambiguitiés résulting from formatiop of.thé samé product from more
than one target isotope by using isotopiéally enriched targets where
neéessary. ‘Only the 63Zn retéins such unresolved ambiguities and these

are believed to contribute less than 10% tb the total O even at the

highest energies studied.



Table XV. Reactioﬁs'inducea in Cu by 3He ion bombardment. Isotopic abundance: 63Cu(69.1%),‘650u(30.9%)
Product Reactions Q(Mev)® Tl/zb Decayb © Associated Y—rayéb Interferences®
' ‘ keV(% per decay)
. ‘  63Gé 63Cu(3He,3ﬁ) -17.87 33s B+,EC e None
6hda 63Cu(3He,2n) - =7.87 2.6m B+,EC 511(196),v800(15), 6th(3He,p2n)6hGa
o : 992(43), 1250(7), :
1380(1k), 1560(7),
1780(5), 2180(11),
| | 2340(9), 3320(18)
56a  03cu(3He,n) 3.93 15.2m gt EC .5&(%),)61(12%, | B Che,pn)®ca
U S B | 115(55), 152(10),

S0u(3e,3n) . -13.89 - ' 206(k4), 511(180), ok 1 (3He 2n) %6+
| - | 750(10), 930(3) |
%ca  ScuCEe,on) b7 9.5n  gfEC  s511(11k), 828(5) O 20 (3te ,p)%6ca

2183(5), 2748(25)  ""Zn(-He,p2n) Ga
6th(3He,n)66Ge+66Ga
76 cuie,n) 6.46 77.9n  EC - 93(40), 184(24), %64 (3te ,pn)®Tca
' ) ' 296(22)9 388(7) 67 3 67
_ _ 'Zn(~He,p2n) 'Ga
A 69Ga(3He,ocn)67Ga
66Zn(3He,2n)67Ge;>67Ga.
| 6T 20 (3te,30)%T6e-0Tga
350 ®3cu(Che,pen)  -11.87 38.4m  gY,EC  511(186), 669(8), 61y (3tte,n)32n
: _ : : ‘ 962(6), 1420(0.9) 62 3 6
| Ni(>He,2n)%3zn
64 63

Zn(3He,a) 7n

~ETT~ .



Table XV. (Continued)

Product Reactions - Q(Mev)?® T. P Deca.yb Associated Y—raysb Interferences”
1/2
keV(% per decay)

57n  ©3cu(3pe,p) 7.98 2L5d Ec,8t 511(3.4),1115(L9) 6hyi (e ,2n)%%2n
5cu(3He,pon)  -9.85 | | ek (3he,2p)%%2n
Decay of 65Ga 66Zn(3He,0c)65Zn
67Zn(3He,Ocn)65Zn
6th(3He,pn)65Ga+65Zn
1o ©3cu(3He,on) 0.83 3.3 Y. 67(k), 28(12),  co(3He,n)®lcu
_ 380(3), 511(120) 60 3 61 ,
580(1.5), 660(11) Ni( He,pn) ~Cu -
gko(1.5), 1150(1), 4 4 61 ¥
- 1220(5) Ni(°He,p2n) " Cu
60y; (3xe ,2n) 2> lcu
- _ 61Ni(3He,3n)6lZn+6lCu
%20 %3cu(3He.q) 9.73 9.8m 8*,EC 511(%95)3 880(0.3), i (3He,p)®2cu
1170(0.5) _
61Ni(3He,pn)62Cu
62Ni(3He,p2n)62Cu
601\Ti(3He,n)62Zn~+6QCu
61y (3ne ,2n) 0220020y
62 62, 6

Ni(3He,3n) 7Zn> 2Cu

6th(3He,an)622n+620u




Table XV, (Continued)
Product Reactions Q(MeV)a T b Decayb' - Associated Yy-rays Interferences
. o . e . _ u..keV(%.perAdecgy) v .
el 6304 (38, 2p) 0.20 12.8n  EC,B7,8" 511(38), 1340(0.5) 62y; (3ge,p)%%cu
65Cu(3Hé,a) 10.66 ,6hNi(3He,p2n)6hCu
%cu  cu(3He,2p)  -0.66  5.1m B 1039(9) 8411 (3He,p)®Ccu

aAppendix B

bReference 50:

bombarding energies below about 30 MeV.

CInterferences are ~He induced reactions with othér elements which may lead to the same product at

. =GTT-
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Fig. 34. Excitation functions for 3Cu(3He,p3n) QZn, 3Cu(3He,n) 5Ga,
%3 0u(3He,20)8¢0, 3cu(3He,p)®52n, ©3cu(3He,a)82cu, S3cu(3re,om)® ey,
63Cu(3He,2p)6hCu, and 63Cu(3He,p2n)63Zn + 63Cu(3He,3n)63Ga > 63Zn.

The reference is given in the text.
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P. GERMANIUM |  Figure 36
3He + Ge » 7538 Lemb, Lee,ramd Markowi£z62’65
3He + Gé > 71As
3He + Ge » 7hAs
Estimated errors in ¢ are #8% for 7lAs,. i12% for 75Se, and *25%
s,

for

Germanium targets weré prepared by vacuum evaporating the metal‘onto
thick, platinum backing-foils. Each target W;S covered with a 6 mg/cm2
Au-folil recoil-catcher. Individual 30fmin bombardments were carried out
at a beam current of aﬁoﬁt 0.2 1A,

The activated targets were coﬁnted ﬁon—destructively using a 6 cm3
Ge(Li) detector ovér a period of:sevéral weeks. Because of the extréme
complexity of_the resulting épeétra only three of the twenty poséiﬁle
reactioﬁ products were measﬁred. The Y~ray lines followed were 175-keV

1 7SSe, and 596-keV for Th

. for lAs, lé6—keV for As. The presence of a
large oxygen contaminant and the nine possible B+ emitters among the
préducts precluded accurate early measurements of Y-rays whose energies
were less fhan 511-keV. Thg excitation functions which appear in Fig.

36 were not corrected for isotopic abundances in the targets.



2030(19)

Table XVI. Reactions 1nduced in Ge by 3He ion bombardment Isotoplc abundance: 7OGe(2O.55%),
"26e(27.37%), 3ce(7.67 7) Ge(36 T4%), Ge(? 67%)
Product. Reactions Q(MeV)a Tl/2b Decay ‘ Associated Y—raysb .interferencesc
keV(% per decay)
T0g5¢ 0% (3He,3n) — hhm 8", EC 511 (=) None
71 70, 3. - + -
Se Ge(“He,2n) -8.28 L.5m B ,EC 160(--), 511(195) None
7256 0%e (3te,n) 3.92 8.4 EC 46(59) Thse (3he om) T2se
"26e(38e,3n)  -1h.2h .
"3ge "26e (3He ,2n) -5.62 7.1h ", EC 66(65), 359(99), Tse(3He ) 3se
73 3 511(130)
. Ge(~He,3n) -12.40
Tose "36e(3He,n) .73 1204 EC 66(1), 97(3.3), T 5e(3me,2p) Pse \
, 121(17), 136(57) 6 TSg. =
3 ) 265(60), 280(25) - Se( He,a) b
Ge(~He,2n). - -2.46 401(12) 7 75
- isel( He,an) Se
75As( He,p2n)758e
Tmsr  06e(3he,2n) 0.02 17.5s% 1T - 161(50) T05¢ (3tte,2p)  ™se
T85e (3ge,0) Mg
75As( He,p)YTmSe
T0,¢ e (3He,pon) -~ -14.74 5om ", xC 511(183), 600(23),  %%ca(3He,on) Cas
10 670(25), T750(23),
Decay of ' ~Se 910(17), 1040(78),
‘ 1120(23) 1360(12),
1h20(1o), 1540(7),
1710(22), 1800(6),




Table XVI. (COntinued)
Product Reactions Q(MeV)a Tl/2b Dééayb Associated thaysb Interferences®
keV(% per decay)
Mas "0%e(3He ,pn) ~3.09 62n .8t 175(90), 511(60) 960 (3He ,n) s
Decay of 7lSe |
T2ps "0%6e (3te, p) 5.30 26n Ec,8" 511(150), 630(8), " 6a(3se,2n) Pas
- 835(78)
72(}63(3He,p2n) -12.86 7hSe(3He,an)723e+72As
Decay of 728e
"3ps "24e (3e,pn) —2.09 80.34d EC 54(9) 6o (3te,n) as
' 73Ge(3He,p2n) -8.87 | 175As(3He,an)73As %.
(@]
Decay of 73Se 7hSe(sHe,0!,)73Se—>-'-{3As !
Tagr  "26e(3He,p) 5.92 17.9a  EC,87,8" s11(59), 596(61),  as(3He,a) "as
635(1k4)
Ty T36e(3He,pn) ~0.87 8s 1z 283(100)
7hGé(3Hé,p2n) -11.06
76As 71‘Ge(3He,p) 6.51 26.4n g™ 559(43), 657(6), 75As(3He,2p)76As
6. 3 1220(5)
Ge(“He,p2n) -9.42
TMas 766 (3te,pn) 0.28 38.7h g~ 86(0.1), 239(2.5),  None
78 6. .3 | - 522(0.8)
As Ge(~He,p) 7.18 91m B 614 (k2), T00(15), None
830(8), 1310(11)




~ Table XVI. (Continued)

Product Reactions

Q(Mev)®

b

Associated Y-raysb

Interferences

T Decayb
.‘;/2 ' keV(% per decay)
685, "¢ (3He,an) 0.4 2754 EC No y-rays 660 (3te,n)%8ae
| | 67Zn(3He,2n)68Ge
| 68Zn(3He,3n)68Ge
9% T%e(3he,a) 9.05 36n #e,g* 511(68), 573(13), - ®Tzn(3He,n)*%ce
872(10), 1107(28), 68 .3 69
1335(3) Zn( He,2n) ~Ce
69Ga(3He,pzn)69Ge
. 69Ga(3He,3n)69As+69Ge %
e T06e(3He,2p) -0.31 11.44  EC No y-rays. 1020 (3te ,2n) T ge }T
"26e (3He,0) 9.82 696a (3te,p) e
73Ge(3He,dn). 3.0L 71Ga(3He,p2n)7lGé.




Table XVI. (Continued)
. a b b . ' b : c
Product Reactions Q(MeV) T Decay Associated y-rays Interferences
1/2
keV(% per decay)
75Ge+ 7LlGe(3He,2p) -1.23 82om R™ 66(0.3), 199(1.4), None
75m 6. 3 . 265(11), 427(0.3), - .
“Ge Ge( He,0) 11.13 a brr(0.3), 628(0.1)
' L8s IT 139(34)
MToer  0e(3He,2p) -1.69 11.3h B~ 210(61), 263(45),  None
TTm 777 368(15), u17(25),
Ge Decay of ''As 563(18), 632(11),
. - 730(1k), 800(6),
930(5), 1090(6)
'54.0s B™,IT '159(12), 215(21)

aAppendix B

.bRefefence 50

cInterferences>aré 3He induced reactions with other elements which may lead to the same product at

bombarding energies below about 30 MeV

dUnderlined decay dats indicates metastable or isomeric é%ate.

~2c1-
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Q. TANTALUM Figure 37
l81T5(3He,hn)180Re Lamb. Lee, and Markowitz65
lnga(3He,3n)l8lRe
Estimated errors in o are *8% for 18oRe and l81Re".

The targets, composed of thrée'23.5 mg/cme.Ta foils, were irfadiated
individually for 2 min at a beam current of about 0.1 yA. The resulting
activity of 18ORe in the.centef foils were measured using a 6 cm3.Ge(Li)
detector to follow the decay of the 104-keV Y-ray. The activity of
l81Re in the center foils was measured after several hours using.a NaI(T1)
detecfor to follow its 18-hour decays via the 365-keV y-rays.

Many. Y—fays are associated with the decay of both 18O_Re and l81Re,
but the relative intenéities are not known. The excitation functions,

therefore, are calculated without correction for the number of Y4rays

"per disintegration.



181

Re

Table XVII. Reactions induced in Ta by JHe bombardment. Isotopic abundance: 180ra(0.012%),81Ta(99.988%)
Product Reactions Q(MeV)a T;. o Decayb Aséociated_y—raysb Intérf‘erencesC
. 1/2_ keV(% per decay)
1805, 180q, (3 3y — 2.4m BT,ECC  110(--), 511(--), 180y 3ge ,pon) 80
180p,d  181p, (3he,un) - 20h g*,EC gf?ﬁ::; |
WBlp,  800,(3ge,0n) - 18n EC 365(--) others 180 (ke , pn) 81Re
181 ( He 3n)b —— lBOW(3He,2n)l8lOs+l8lRe
1823, 280, (3he,n) 3.29 12.7n EC,8*  68(--), 100(--), 180y (350, 5)18%5e
. - e Dt
et Blrs Bhe,on)  -4.35 6un EC 68(--), 100(--) 182y (3he ,pon)19%Re
| others 180,30 n)10205+1825,
182, 3y  30)1820>182ke
1840 (e ,an) 1820182
l83Re 181y, ( He,n) 3.83 T1d EC 46 (--), 53(=-), 182W(3Hé,pn)183Re
igié;;)’ 209, 183(3ge, 2pn) 3re
182, 310 | pn) 183051835,
183y (3ge,3n) 1830521835

184, (3ge ) 18305183

Re

-G21-



Table XVII. (Continued)
Product Reactions QMev)® Tl/gb  Decay® As;ociatéd y-rays®  Interferences’
. , keV(%per decay)
8y 180n, B3pe pn)  -1.05 1404 EC 136(0.1), 152(0.1)  ‘T%H(3He,n) W
1817, (3ke,pen)  -8.69 1804¢ (3ge, on) By
180, (3. 2p) 8Ly
182, 3y, o) 181y
183y 3ge,0m) 181w
| 18ow( He,p n)181 81W '
1800+ 8000 (3pe,on)  5.93 9.km c,8t  93(100), 511(10),  TCHr(3He,p) "o
ot 5 SERIERE et
’ 2.1h EC 89(54), 93(1k4), 178Hf(3He ,p2n)+18pq
| iiEiKS)ﬁgi%gé%Qo con 176Hf( fie ,n) 181 Tpq,
| LT The He,zn)l78w+l78Ta
178 (3He,3n)178 -*178 Ta
180y (3pe o) T8 T8a

=921~



‘Table XVII. (Continued)

b
1/2

Product Reactions _ Q(Mev)® T Decayb - Associated Y—raysp_ Interfereﬁceéc

keV(% per decay)

17T 17,

19, 1807, (3,0 13.79 600a EC  No yrays ur (3He ,p)

181 178

Hf(3He,pn)179Ta

ngHf(BHe,p2n)l79Ta

TThe (3He ,n )t Pu 4118

178Hf(3He,2n)179w%39Ta |

179Hf(3He,3n)l79W-}79Ta »

Ta(3He,an)  6.15

180y (34 . )1 %2 T0pg

-leT-

100m, 18 (3ge,a)  12.70 8.1e EC,§  93(4), 103(0.6) 1T8%¢ (3he ,p) 10 1a
179Hf(3He,pn)180mTa

, lBOHf(SHe,p2n)180mTa




Table XVII.

(Continued)

Product Reactions Q(Mev)®

b

T2

Associated Y—raysb

keV(% per decay)

Decayb

Interferencesc

182Ta

102,

lBlTa(

3Re,2p)  -1.73

1154

'16.5m

- 68(k2), 100(1kL),
152(7), 222(8),

" 1122(34), 1189(16),
1222(27), 1231(13),
others

hyy 1h7(Lo), 172(40),

184(20), 319(5),

356(0.3) - -

18046 (3pe, p

>

aAppendix B

bReference-SO

‘QZT‘

®Interferences are 3He induced reactions with other elements which may lead to the same product at

bombarding energies below about 30 MeV.

d'I‘he isomeric relationship between the two states of this nuclide is not known.

®Underlined decay data indicates metastable or isomeric state.
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Fig. 37. Excitation functions for 181Ta(3He,hn Re and

The cross sections were calculated assuming 1 y-ray per disintegration.
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R. GOLD Figure 38

197Au(3 1970

He,3n) Lamb, Lee, and Markowitz (unpublished)

l97Au(3He,0(.)196Au

l97Au(3He,2p)l-98Au

196 98

Au and 1 o7

Estimated errors are *8% for Au and *12% for 1

l97mHg

T1 and

A stack of ‘L4.6 mg/cm2 Au foils was irradiated for 30 min at 2.0 uA.

3 Ge(Li) detector. The y-rays

196

Selected foils were counted using the 16 cm

which were measured for each product were 359-keV for

Au, 13k4-keV for
197m '

198

Hg, 310-keV for “2IT1, and 412-keV for 1°°Au.

All excitation functions shown involve only one reaction except the

197

mHg. This function could not be corrected for the

197

production of

(3He,3n) contribution because Y-ray relative intensities for Tl are

196 198

unknown. The excitation functions for Au and Au,.only, are absolute

-functions.

196

The excitation functipn for Au provides an example of the high-
energy portion, only; of a (3He,u) reaction. The high Coulomb barrier
of the 197Au nucleus and the high Q-value (12.5 MeV) pfeclude observa-—
tion of the iow—energy porition. |

That the calculation of a Coulomb barrier from a rigid sphere approxi-

0

reaction is demonstrated by these reactions of Au. Significant activation

mation (r,. = 1l.5f, Fig. 2) cannot be considered an accurate threshold for

occurs 5-6 MeV below the calculated 21-MeV Coulomb barrier.



Table XVIII. Reactions induced in Au by 3He ion bombardment. Isotopic_abundancé& .197Au(100%)

 Product Reactions Q(MeV)® Tl/zb- Decay’ = Associated y-rays®  Interferences®
keV(% per decay)
l97T1+ l97Au(3He,3n) -12.23  2.8n EC 152(--), 426(--) 196 g He,pn) 3Tpy
My, | 0.5 I 222(M0), 385(90) |
1980+ 9Thu(Cke,2n)  -4.87 5.3 gc,8t  412(90), 650(40),  *Pug(3He,p)*%m
198my, | o | 25‘388%3 %8%) 1984, (3te ,pen) 011
1.9n IT,EC ggg?égg, b2(ss), % (3he,3n)%ppr1 %
) | 586(35), 635(35)
‘T@9Tl 19730 (3t ,n) Cohak o 7.n EC 158(5), 208(12) l98Hg(3He,pn)199Tl
31 A2 1994g (38e ,p2n)1Pm1 .
1984, (3ke, 2n) 95519 B
19944 (%He ,30) %P
197Hg+ l97Au(3ﬁe,p2n) -9.26 65h EC _  - 77(18), 191(2), l95Pt(3He,n)197Hg
2l | Décay or 19Tqy | 2kn I7,EC f§f§32%3)279<7> 196p¢ (3ge,2n) 9 THg
196Hg(3Hé,2p)197Hg
198H (e ) g

199Hg(3He Ocn)lg7

1964 (e ,pn) 971519 g




Table XVIII. (Continued)

Product Regctions Q(Mev)? 'legb o Decayb Associated Y-raysb Interferences®
: : . keV(% per decay)
1090 Mau(Pre,p)  6.02 b 12 158(53), 375015)  1%%e(Be,on) g
| Decay of 1271 | - 198Hg(3He,2p)199mHg
20044 (3te ,0) 9 7Mhg
201H ( He,0n) 99m
.198 g(3He,pn)l99Tl+ 99mHg
199 (3He ,pon ) 199m1 199y,
1950+ | 19714 (3e an) 5.81 1834 EC -99(10), 129(1) 193 (3He,n)195Au ;é
12myy 30.6s ir - 261(77) 19hPt( ,pn)195Au '
Pt(BHe,pZn)l95Au
l9L‘Pt(3He,2n)l95Hg->l95Au
195Pt(3He,3n)l95Hg+l9sAu
196 (3He ,0) 5 9%nu




Table XVIII.. {Continued)

b

Product Reactions Q(MeV)a Tl Decay Associatea Y—raysb Interferences®
/2
keV(% per decay)
960 9Tau3re,a) 1249 6.2a EC,ET 333(25), 356(9%), 9Pt (3me,p) %
196m ' 426(6), 1091(0.2) 195 3 106
Au 9.7h T - 148(42), 188(32), Pt(~He,pn)™” Au
285(5), 316(5)
;2IEAu Decay of l97Hg 7.2s S IT 130(8), 279(75) See 197Hg
98 YTauChe,ep)  -1.22 2.7a B~ 412(95), 676(1), 1960¢ (3ge,p) 9au
‘ ' : ' 1088(0.2) '
19851 (3he,pon)

#pppendix B

.bReference 50

~gE€T—

cInterferenqes are 3He induced reactions with other elements which may lead to the same product at

bombarding energies below about 30 MeV. .

dUnderlined decay data indicates metastable or'isomeric-state.
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S. Discussion of Excitation Functions

Nuclear reaction excitation functions are of paramount importance in
charged partiéle activation analysis because they enable the analyst to
optimize the systematic variables.of beam energy, length of bombardment,
and radiation detection procedure so as to enhanee the measurement of
desired.products while minimizing the effects of interferences. 1In this
secfidn the recognizable trends in the previousl& presénted*eXcitation
' fuﬁctions willvﬁe dischssed in relation to 3He activation analysis.for
the pruposé of estimating the épplicability of the system to elements
for-which experiméntal 3He induced reaction data are not available.
These trends may élsb-be useful for approximating sensitivities.of, and
interferences to, such analyses.

The discussion is Qrdered as the number of particles emittedvfrom
the compound system 3He + target nucleus. Unless otherwise noted’oniy
those excitation.functions are included Which resulf.from a singlé reac-

tion of a particular target nuclide.

1. Single particle emission.

The (3He,n) excitation functions for reactions induced in 9Be, llB,

120"63

Cu, and 650u are re-drawn in Fig. 3G for comparison. The data for
the reactions shown (ﬁith the eicepti§n of 9Be) and our failure to ob-
serve significant (3He,n) contributions among the reaction products in
the nondestructiVe_méasureménts in this work support the generalization
of Brill‘57 that (3He,n) cross sections seldom exceed 10-2Q mb. The .

cross sections decrease with increasing beam energy after an early maximum

near the Coulomb barrier. The reiative importance of (3He,n) among the
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reactions induced in a target may be expected to decrease for targets

having Coulomb barriers greater than about 10 MéV.

(3 26 40 56

Mg, Ca, 63

He,p) excitation functions for 180, Fe, and ~Cu

3

The
| and the (3He,p) + (®He,n) sum functions of oxygen and silicon are shown

in Fig. 40.. The L‘_OCa function represents production of isomeric 2mSc
only so that a low isomeric ratio probably accounts for its small magni-
tude. The data shown for the (3He,p) reaction reveals that the excitation
functions have shapes similar to the (3He,n) functions but are générally |
larger. A large apparent (3He,p) reaction often results as a sum of
(3He,p) and decay.of the neufron deficient (3He;n) product also produced.
These neutron deficient nuclidés are frequentiy very short lived, reach-
ing saturation activity quickly during bombardment'with resuitant feeding
of thé (3Hé,p) prodﬁct by.théir poéitron and electron capture decays.
Because the (3He,p) and (3He,n) excitation functions reach their maximum
cross sections at low bombarding enérgiés, an analysis of light elementé -
may_often—be accomplishéd nondestructively in a heaviér sample matrix

using a beam whose energy is below that necessary to overcome the Coulomb

barrier of the matrix. .
' 3 12, 16 1b4 63. 65

The (“He,0) reactions of ~°C, ~°0, ~ N, ;9F, Cu, Cu,58Ni, and

197Au aré shown in Fig. 41. For most of the reactions shown contributions
from more than‘one'reacﬁion of reaction mechanism cén‘be seen. The low v
energy (< 15 MeV) portions of the curves of Fig. 4l are attributable to
the (3He,a):reactioh which has a positive Q-value for all stable target
nuclides. .The cross section increase at higher energies has been vari—_

81

ously interpreted as a change tb predominant (3He,2p2n) and as inelastic
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scéttering followed by neutron evaporation,57 either of which has a
negative.Q—value for eéch reaction shown. The threshold fcr both of
'these reactions is so high as to preclude their observation in the data
for 120 and l6O. The Coulomb barrier for l97Au is too high to permit
l9-6Au |

observation of low energy l97Au(3He,d)

2. Emission of two particles.

65 56 3

Fe and the (
197

The (3He,2n) excitation functions of ~“Cu and He,2p)

®30y, Bya, 180, 9, By, ang

reactions of 27Al, Cu, Au are shown in
Fig. 42 and Fig. 43, respectively. Among the light elements the
(3He,2n) reaction has been seldom observed because multiple neutron
emission usually leads to ﬁnknown products or products whose half-lives
are very short. The (SHe,Qp) and (3He,2n) excitation functions are ob-
served to be slowly.varying with energy near the éross section maxima
which are comparativelj large. The (3He,2p) reaction, howevér, leads

to the same product as the (n,Yy) reaction so that contribﬁtions form the
iatter reaction induced by reaction and accelerator-produced neutrons
are sometimes difficult to assess. Among the light elements this effect
- 1s often ﬁinimized by very low neutron capture cross sections.

The (3He,pn)'and (3He,d) excitation functions for 56Fe, th, lOB,

16O,.and 120 are shown in Fig. LY, These reactioné have been included
among two particle emissions because their shapes resemble multiple
particle emissions mére than single particle emissions shown in this
report. Also, statistical model predictions for particle evaporation

from excited copper nuclei82 estimate bound deuteron and triton evapora-

tion probabilities of only a few percent or less of the evaporation
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probabilities of neutrons and protons at excitations of about 30-MeV.
The relative probabilities of deuteron and triton evaporation decrease

rapidly with decreasing excitation. The relative contributions of bound -

3

deuterons and tritons among the ~He induced reaction products is of

interest in avtivation analysis ﬁecause the reaction thresholds are about
2;2—MeV and 8.5-MeV lower than‘the.corresponding (pn) and (p2n) reactions
respectively. The (3Hé,pn) + (SHé,d) réaction products may often be

- enhanced_thrdugh decéy of shortAlivéd, néutron déficient (3He,2n)
products as described for'thé (3Hé,p) reactions.

The (3He,2a) reactions of 1205 16O, 21

(3

Al, and 63Cu, the (3He,dp)
63 56

reaction of 63Ni and thé Hé,dn) réactions of 19F; Cu; and “ Ni are
shown togethér in Fig. 45. The data aré too few and toé scattered for
any general tréhds.to stand out other than the smooth, slowly varying
shapes of the curves néar the cross section maxima characteristic of

" the other two particle emission reactions.

3. IXmission of three or more particles.

The three particle emission excitation functions re-drawn together

in Fig; 46 are the (3He,3n) reactions of lBlTa, 197 56

56

Au, 650u, and Fe,

Fe, and llB, and the (3He,3p),
181Ta( )180

the (3He,p2n) reactions of 65Cu,

(3He,u2p), and (3He,3a) reactions of “/Al. The 3He,hn Re and

the 630u(3He,p3n)622n reactions are shown in Fig. 47. The relative
magnitudes of the (3He,3n) curves are not significant because a relative
intensity of 1 y-ray per decay was used for the unknown values for the

the éctivities induced in Au and Ta.
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- It is interesting'to-hote that the cross,sections for these mﬁltiple

-particle emissions tend to be quite high, even at bombarding energies

well below the Coulomb barriers. Production of activity will be possible,

therefore, from almost all elements using modest Béam energieé_of.15—20
‘MeV. Furthermore, discriﬁinatioh_of unwanted activation is clearly pos-

sible on the basis of reaction threshold and Coulomb.barrier.

V. SPECIAL METHODS AND APPLICATIONS _
16 180_63

A. Simultaneous Isotopic Anaiyéis of ~20 :

Charged par£icle,activa#ioﬁ analysis affords'the.sometimeé ﬁhiquej
6ppor£uni£y to ﬁeasﬁre.isotépic coﬁpositions of VariousAlight eléments
bj nuciearuﬁethodé. In the case of 16O'and 18O, analysis by 3Hé activa~
tioﬁ is simultaneous for the isotopes, fast,‘fairly:sensitive,.and'nonn
'd¢5truétive. The only general interferencevmay be fluéfihe,-which? upon
bombar@ment,’yields prbducts identicai with those of.oxygen.

~Isotopic analysis of oxygen is more difficult than that of most
other elements because of the problems encountered in preparing standards
of accurately. known composition. Oiygen, enriched invlSOa is available
- in thérfofm of O2 gaé; H20, and sévéral preparéd compounds , most of
which‘have constituents which thémsélvéé.activaﬁé:ﬁhén bombardea with = -
3Hef+ ions. Practical samples for which an isqtopic'analysié:is désired»
may not be available invsufficient quantity for.freparétion of_é thick
target, and methodslof preparatioﬁ of ﬁniform thin targeté oftén alter

chemical composition. For intermediate thickness targets, comparison

standards of idéntical beam-degrading power are most useful.
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We have developed a method:fcr‘préparihg isotopic oxygen standards-
from lBO—enrichéd'water byvanodic~oXidation:ofvtantalum foils. These

_targets mey be used to produce any degree of beam'energy attenuation,
3

~from neéligible to completc degradation of incident 10 MeV He ions,
ahd the target matrix does not, itself, activéte.

Anodization of tantalﬁm7o'is usually performed in a dilute elecfrolyte—
.solﬁtion:of'salt'or acid'concentration dfvabcuf.oll% by weight, Qith |
either a constant current or a constaﬁt‘potential_appliea'across the
:électrolytic.cell, the anodé of which is avﬁantalum foil. In‘the con-
stant—?oltage method, the potential is maintained at the'deSired ievcl
whiie the currcnt'décrcascs as the‘oxidc film thickens. Theoretically,'

a fiim'of any thicknésé may be prcparcd by this mcthod; but, in practice,
the.cﬁrrent is so low.aftér a fcw minutes ahodizationlthat furtﬁer
thickening is impractical. In the ccnstant—currcnf mcthod the current
is held constant while the poténtiéi riscs as.thc fiim thickneés in;‘
creases. The thickness of oxide film‘obtained,depénds upon the final
voltagel The iimiting voltage which may be applied haé ‘Deerrd‘e‘scribed'_(O
as characterized by sparking, oxygen evolution, and the formatioc of a
thick, aiscolored film.

The films which- have been prepared as described above are;a maxi-
muonf a few thousana Angstroms thick; brightly‘colored, and amorphcus,‘
having avdensity of 8 g/cm3;7l as opposed to the crystalline Ta205'
density‘of‘8.7 g/cm3.A Davies,bg§.§;)72,have found that the anodization

mechanism involves mobility bf both tantalum and oxygen ions through

the oxide film. Vermilyca73 has described the effects of various
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surface treatments of the Ta foils on the uniformity of the film pro-
duced.and Thompson7h has described a film-thickness determination based
on proton activation.

Our method of standard preparation69
tion et increased temperature by which films as thick as 36 mg/cm2

Ta20 have been produced.

>
The electrolytic cell, shoﬁn in Fig. 48, is-made of teflon with an
aluminum base and is fitted Wifh'a smaii reflux condenser to minimize
loss of the isotopically enriehed electrolyte. This electrolyte is
prepared by adding KC1l to l80-_enriched HéO to make a 0.1% solution. A
mannally-eperated DC power supply is used, with the current and voltage
measured by a milliammeter and voltmeter in the external circuit.b The
current is neld at 40 mA throughout each anodization with the cathode
1l ‘cm from the Ta foil anode. immediately before each anodization the
electrolyte ie brought to the bhoiling point. During the procese, cell
temperature is maintained near the.boiling point by directing an air
stream on the aluminum cell-base to carry off the power-deposited heat.
The'behavibr’qf the'voltege applied over a 160 min anodization period
is shown in Fig. 49..

It must be noted that some sparking does occur briefly_as the volt-
age passes through its maximum value after about % min of plating and
" continues for Jork minutes until the voltage has fallen to about 380 V.
The sparks appear as tiny light flashes over the surface of the film.

Foils removed from the cell during this time are a uniform gray color

with tiny whitevspots evenly distributed over the surface. These spots

is a constant-current anodiza-
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Fig. L8. Flectrolytlc cell for anodlzatlon of tantalum metal foils at
the electrolyte boiling point ( & 100°C).
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are undqubtedly small, iocal non-uniformities in the film Caused by
éparking, but their evén distribution should average over the area of
the collimated bombarding ion beam. After'15 min of plating the entire
surface of the oxide film is white and appéérs uniform to visual inspec-
tion.

The amounts of 6xygen in the)énodizédafoils, obtained directly by
weight difference, afe shown'as.é‘function of anodization-time in Fig.
50. These préliminary anodizations Weré performéd with'natural.HZO
in the-electrolyté. Thé réproducibility of this data has been demon-
strated in thé préparation of 25-30 targéts in which thévpredicted
oxide thicknesses have been correct to within 2-5%.

The relativé thicknéssés of thésé targéts haye also been measured
by.gHe activation analyéis via the 16O(3He,p)l8F reéction. These data

are shown in Fig. 51. The ordinate is a relative scale expressed as

18

lgF producﬁion at 10 MeV. The excitation function of Markowitz and

F activity per unit-beam-current normslized to the cross section for

Mahony in Sec. IV.E, Fig. 15, was used for normelization. The dashed

line represents the maximum thick-target yield at the bombarding energy
of 10 MeV.

Isotopic standards prepafed'as described above were used to measure

3He + ;80 excitation functions described in Séc. IV.E, and as stan-

dards for the_SHe activation'analysis df'samples‘of glycine and KHQPOh

. of various 18O‘enrichments. The l80 enriched samples, obtained from

18

the»Weizmann_Insti.tute,75 were prepafed by isotopic exchange in 0

enriched aqueous solution, with the degree of enrichment determined
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Fig. 50. Thickness of oxide coating produced by anodization of Ta
foils in 0.1% KC1 at the boiling point. Current = 40 mA,
temperature = 100°C.
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Fig. 51. Activation of 100 in the Ta 05 films by the 160(3ke,p and n)'8r
reaction using 10-MeV 3He +ions. The dashed line represents the

approximate thick target activity normalized to 10-MeV.
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from mass spectrometric analysis of the solution béfore and after equi;i—
bration. Targets of these.materials Wére pfepared by sedimenfation of

the finely;ground crystals onto a platinum base-plate from an ether
suspensién. The powder targets were stabilizéd by adding one drop of a
solution of 100 ug/ml polystyrene (C8H8_) in dichloréethylene. Several
dilutions of 180 _enriched H,0 weré also analyzed asu"unknowns" using the
anodization method to prepare the targets. The standards were prepared
from an aqueous KCl solution of 9.4 atom % 18O, vefified by mass spectro-

3

. , _ .
metric analysis. Each sample was irradiated for 10 sec with 10 MeV ~He *

ions at a beam current of about 0.1 pA. The 18O was determined through

. ) Lo : 2
the 18O(3He,p)20F reaction by counting the 1.63 MeV y-ray from Op decay
’ 16

using the time-mode scaler appératus described in Sec. III.C.. The T 0

)18F reaction via the 511 keV

18F.

was determined through the 16O(3He,p

annihilation radiation from the positron decay of The l80 content

16

was calculated from the measured ~ O : 18O ratio of the samples and

standards. The results of the analyses are shown in Table XIX.

B. Burface Profile Analysis: Oxygen ih Silicon

One of the main advantages gained through use of charged particles
for activation analysis'is the ability to'differenfiate between surface
and bulk constitgents. This advantage is.accentuated with thé usé of
.3He‘as the activating particle begause the low binding ene?gy of -the 3He
nucleus allows reactions to take place at lower energ&;'minimizing re-

coil-distortion of the surface profile.



[

157~

Table XIX. Non-destructive analysis of'l80 by 3He activation
Sample % 180 Quoted % 186 Found
KH,PO), 4o.0 L4.8 % lfh
KHzPoh 8.7 7.7 £ 0.5
ICHQPOh 1.6 1.9 0.1
“Glycine 10.0 11.5 £ 1.7
Ta205 0.204 0.24+ 0.01
Tazos‘ 3.13 3.3 £ 0.1
Ta,.0 9.4 standard -

275
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The energy with which a prbduct of a nuclear reaction recoils from
the target is dependent upon'thé reaction mechanism. The maximum recoil
energy will be obtained in pure compoﬁnd-nucleus reactions in which the
incident particle and the target nucleus are fused into an_intermediate
product having the.total—system linear momentum. This compound nucleus
then de-excites, predominantly by particle emission which is symmetric
in the forward and backward'directions. The averaged result is almost
total linear‘momentum transfer to the recoiling product. 3He reactions
among light elements have been shown to proceed in part by compound
nucleus mechénisms and in part by diréct méchanisms in which the inci-
dent ion and the target nucleus transfer nucleons from one to the other.
The linear momentum transferréd to the récoiling product is much émaller

in the latter case. The recoil energy of product nuclides is often a

good test. of mechanism.76’32-’33

3

For “He activation analysis it will be practical to assume complete

T

linear-momentum transfer and to calculate the recoil energy, Er’ from

E = AI AP
r —_—

5> E ' ' {ak)
(AI + AT) '

I

where AI is the mass number of incident 3He ion, AP is the mass

number of the product nucleus, AT is the mass number of the target, and

EI is the incident beam energy. Using this calculated value of recoil

energy, it is possible to estimate the maximum recoil range for reaction

products in various target and absorbing media. ' For example, the re-

18 160(3 )18

coil energy of F produced in the He,p F reaction is
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E, = 0.15 E. - \ _ (25)

Figure 52 shows the theoretical ranges of 18F recoiling subsequent to

3

. e ' .
reactions induced by 1-35 MeV “He ions, in various target materials,

calculated by the method of Steward.-d
' 18

An experimenfal illustration of thé F recoil in gluminum is given
in'Figs. 53 and 54. The targets wefe composed of 5 upstream aluminum
catcher foils, a 1 mg/cm2 mylar foil (33% 0, 63% C), and 1k downstream
aluminum catcher foils. The aluminum foils, each 100 Ug/c %, were held
iﬁ place in 0.005-in alumiﬁum envelopes with l-in-diameter center holes.
The total thickness of this target stack, when held in place in the
Faraday cup§sample holder, was about 1 cm. The total thickness of the
catcher foils and mylar through Whiéh the beam passed was 2.9 mg/cmz.
The targets were bombarded for 20 miﬁutes at a beam-current of about
0.05 WA at 5, 10, 20, and 25 MeV. The l8F activity of each foil wés
determined via 511-keV B1 amnihilation radiation usiﬁg a NaI(T1)
detector. The activitieé for a typical bombardmenﬁ at 10 MeV are shown
in Fig. 53. After subtracting the lBF activity in each foil arising from
the naturalvoiide cbating (deterﬁined by avéraging the activities of the
last five foils), the.percenﬁage of forward.recoils which passed thfough
each catcher foil was calculated. This is shown in Fig. Shvfor all bom-
barding energies. |

Because the thickness of thé'mylar foil was too large With'res?ecﬂ

to the recoil energy, an average recoil range may not be accurately
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calculated from this data. It is meaningless to apply thick-target raﬁge
76 |

calculations beceuse the assumptien of isotropic particle emission is
not valid for the 16O(3He,p)18F reaction.6; The data do, hewever, give

‘a practical quantitative estimate of recoil range of 3He_acfivationv
analysis because the 1 mg/em2 mylar may be considered a 'thin target" at
these bombarding energies. From Fig. 52 we ﬁay estimate the maximum range
of recoiling 18F in‘aluminum for each experimental energy. These ranges'
are approximateiy 0.9 mg/cm2; O.8’mg/cm2, 0.6 mg/cmz, and 0.4 mg/cm2 at
25,.20, 10, and 5> MeV, respecti#ely. .The maximum experimental recoil
ranges are roughly obtained from Fig. 54 by adding the weights of suc-

cessive foils, each 0.1 mg/cm2.

A.surprisinély high receiling 18F activity was observed in the back-
ward direction. This-is shown in Fig. 53 for the 10 MeV bombardment by
foils L4, 3, 2, and 1, which were upstream from the mylar foil, M. The
percentages of total recoils foundvin fhe upstream foils for the various

bombardments were

05 MeV  ——m  T.44

20 MeV  ——= . 12.7%
10 MeV - ———  17.6%
5 MeV  ~—~  2Lh.2%.

Almost all,of this activity was found in the ﬁpstream catcher;foil-nearest
the mylar at the lower energies, while a small but significant amount

was found in the second upstream foil at 20 and 25 MeV. This result was
later verified by M. K. Go,79 Who obtained a backward recoil of 12% of
the total lBF activity produced in bombardment of a thinly anodized
target at a bembardingvenergy of 12 MeV. ‘In that experiment,

Ta205
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18p activity was found to a depth of seVeralvpg/cmg in the

significant
aluminum catcher-foils. Thé éxplanation'for these results remains to
be explored.’

The utility of recoil-range data in.surface analysis is demonstrated
by the analysis of éxygen on the surface of high-purity silicon. Mahony6h
has’ obtained the total oxygen content of some silicon samples by 3He
activation and Saito, 93_5;3,80 have dgtermined surface oxygen uéing
G-particle activation.

A 1-in dismeter silicon disc, 800 mg/cm2 thick, prepared from zone
refined silicon for fabrication of a sémiconductor particle detector,
was ground flat on a gl;ss plate using 600 hesh silicon carbi@e powder
and washed withvwater and'éthanol immediately beforé irradiation. The
éurfaée was‘brofected from ddwnstréaming contaminatioﬁ by a thin gold
foil. The sample was irradiated for 45 minutes at 8 MeV at a current
of O.l,uA'3He+‘+ énd the decay of the tdtél activity in the.irradiated
sample followed via the 511-kev Bf annihilatiqﬁ'radiation using»a
NaI(T1) detectqr until all short—iivea activities had decayed to a negli-

gible level, leaving only the 110 minvactivity‘of ;8

160 )18

F prodﬁced in the

(3He,p) °F reaction. A thin layer of silicon was removed by surface

grinding on a glass plate, its thickness determined.by weight difference,

and the acfivity on the remaining silicon disc re-determined. This
process was repeéted, using fresh grinding compound each time, until the
activity per mg of Si removed remained constant.

3

: ++
The effective range of the 8 MeV “He ion in silicon is about

12.6 mg/cmg. If the target is thought of as being composed of a stack
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‘of thin layers up to this ﬁhickness, then the total integrated cross-
section for‘lBF production, méasuréd from the front face of each layer,
~decreases with each succéssive layer. The variatioﬁ'in ﬁhe average Cross-
section, however, ié less than about 10% over the first 2.5 mg/cm Si.
Because this varilation in ¢ 1is small, the apparént concentration of
oxygen in the Si disc was obfained after éach surface grinding by

comparison with a thick Ta standard irradiated for 5 min under the

205
same conditions (8 MeV and 0.1 MA), Shown in Fig. 55 as a function of

depth from the surface is the oxygen concentration calculated as though
the oxygen were uniform over the silicon disc remaining after grinding.

3He bombardment d4id not recoil from the

It 18F nuclei produced'by
originél positions‘bccupied by oxygen atoms, Fig. 55 Woulq be an exact
surface profile.' Instead, the profile must be deduced by comparison
"with the recoil raﬁge. From Fig. 54 it may be seen that only a few 
perceﬁt of recoils produced from oxygen at 10 MeV bombarding energy
penetrate to a depth gfeater than about 0.5 mg/cm2 in aluminum. Because
of the close.éimilarity of the raﬁge of 18F in silicon and aluminum, little
recoiling activity:would be expected at depths beléw about 0.5 mg/cm2
in the §ilicon target if all the oxygen were contained in a very thin
surface layer. The data in Fig. 55 illustrate that the surface oxygen
is,indeed, a thin layer. It should be noted that the silicon disc was
ground‘by hand in this experiment with resulting-non—uniformity in the
layers removed. An accuratejmechanicai griﬁder should produce surface

. profile data sufficient to deduce fairly accurate surface-film thicknesses.
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Chemical etching, is of iittie use because the etchant aftacks the sili—
con surface preferenfially over the beam damaged areas. The oxygen pro-
file description is completed by the activitonf.lBF present at depths
greéter fhan about 1 mg/cm2 Si. This represents the oxygen content in
bulk (non-surface) high purity siliéon. This concentration; 1.2 ppm,

is comparable to fhe data of Saito, gE_g;.,BO who found by a-particle
activation analyéis that bulk silicon contained from a few tenths to

several ppm, among different samples;

C. The Self Standard Method

Samplevmatrix'activation may be used as an internal normalization
standard in.the comparative deﬁermination of contaminants in samples of
very similar composition. The relative oxygen analysis of a number of
samples of high-purity iroﬁ and nickel was used as ah.illustrativé 
example.

The production of activities by 3He-ion bombardmeht of ifdn énd

"nickel, shown in Figs. 31 and 33, is appreciable even below about'f MeV
when compared with activity produced by a parts-per—million oxygen

165 (3ge,p) 18r

impurity, even though the cross-section (Fig 15) for the
reactidh is many times higher than,thebcrossbsection for matrix activa-
tibn. Use of lowaf bombarding energiés to reduée matrix activation is
.limited by loss of sensitivity, and, in fact, matrix gctivation of iron
and nickel is observable below about 5 MeV. This would be of small con-

cern were it not for the unfortunate circumstance that most of the

'pfoduct activities decay by positron emission. The result is g multi-
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component B+ or- 511-keV annihilation radiation decay-curve which may

be difficult to resolve nondestructivély. If matrix activation is
‘appreciable, but not large compared to the activity induced in'the im-
purity, then long-lived components ma& be used to provide a normalization
between samples from which impurity contributions may be calculated
without solving the decay curve.

Several samples of thick iron and nickel foil were obtained (from
the Low Temperature Grouﬁ of this Laboratbry) whose anomalous behavior
in magnetic fields at Qery low femperature was thought to result from
variations in oxygen content produced by difference surface treatment.
The extent éf the variation, rather than theféb301ute oxygen content,
was desired. These foils énd several untreated pure-metal-foil stan-
dards were washed with ethanol and covered With a high-purity goid foil
befofe irradiation. The targets were individually bombarded for 20 min
at 5 MeV beam energy at a cufrent of 0.2 WA 3He T+ and the induced
positron activity followed via the SIl;keV annihilation radiation using
a NaI(Tl) detector.

The induced activities in the foils afé shown in Fig. 56 for Ni
and Fig. 57 fér Fe plotted as a function of time after bombardment.

The 3-4 hours which elapsed betﬁéen the end of bombardment and the time
df the first count allowed short-lived actiyities to decay to a negligible
level.

All bombardments were of the same duration and performed at the
same beam energy sé that any differences in matrix.activétion céuld arise
only from variations in beam intensity, which is a multiplicative term

in the radioactivation equation. Assuming that the long-lived components
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ih the decay,curfes of Figs. 56 and 57.resulted,entirely.from matrix_
activation, supéfposition of'thé data beyond“about tén hélf—lifé of
18F (10 x llO‘min) would éffectivély normalize thé curves. Variations
in the curves at shorter timés might then bé interpreted as resulting
from differences in impuritiés. This is shown in Fig. 58 for Ni. The

result is completely superimposable curves for samples and standards.

The sensitivity of the method is illustrated by the dashed line, which

.represents a hypothetical sample 20% richer in oxygen impurity. A

rough decay-curve resolution approximating the complex long—lived com-
ponents as a pure exponential decay yilelded an approximate oxygen concen-
tration of several‘ﬂg/cmz.over the effective beam range in Ni (the oxygen
distribution is considered homOgeneous).v

Figure 59:shows the result of a similar superpositioh of long-lived
components'in‘the.décay of activated Fe. That this difference is
attributablé to variations in oxygen content may be shown by a sémilog
plot of the differences between the curves. The data were first smoothed
and then thé differences, Fe(I) ~std(1l) and stda(2) —std(1), calculated.
These'diffefences are shown in Fig. 60 as a function of time. The half-
lives of the cur?es are 110 min; the corréct value for l8F.

If we interpret the activity difference in terms of avdifference in

surface oxidation, an approximate difference in oxygen content of 3

ug/cm2 is found between std(1l) and Fe(I), with the calculation based upon

. the cross section for the 16O(3He,p)l8F reaction at 5 MeV.

A further‘complicatioﬂ in the data interpretation arises from the

- large difference found in the oxygen content of the three standards.



=172-

10 — - T M T e —— ———— —

w
2 .
2 10 ¢ »
4 L ]
s [
[
o r
w
a
7)) 1
Lol
< 3
2 10 b
o] 4 ® ]
O [
' [ ® ]
4
+ ®
&
10 PP N S G A S A W U P SR S N -A_,g;.L.LAg%..IA. U -
0] 1 2 3 4 S

3
TIME (10 MIN) )
) XBL 697-1028

Fig. 58. Normalization of Ni activation data (Fig.55) .obtained by
superimposing long-lived matrix activities. The dashed line
represents a hypothetical sample 20% richer in oxygen.



-173~-

- 10 —— — v T ——— , e —
3
w
[ d 4 A ) .
D> 10 | : . : . 1
P .
s )
x J
w
a
W
» [
4
o} E 3
o 10
© [
]
2
10 II_LAAAA_>L PR R o pdmnihe A a4 a " PUREPEE SV SR ST S S S U U WP S P S S S "
0 1 2 3 ) 4 5

3
TIME (10 MIN)
XBL 697-1029

Fig. 59. Normalization of Fe actlvatlon data (Fig. 56) obtained by
super1mpos1ng long—llved matrix activities.



-1T7h-

10 Y M A vy MAASAE ASAA A LE A 00AANANES

PP S Y

COUNTS PER MINUTE

10 LvA;A_L&‘LA s o S b N . | Sy - | & At

' 2
TIME (10 MIN) XBL 697-983

Fig. 60. Decay curves of the activity differences between Fe standards
. : 1
and samples. M = Fe(I) - std(l), O = (stda(2)-stda(1) x 10 .



_175_

Of these, std(l) was obtained at the same time as the two samples Fe(T)
and Fe(II). The.other two standards, std(2) and std(3), were obtained
later, cut from thé same, or Similar,’pure—metalifoil. Tt is possible
that the methods of'surface prefreatment for the various samples and
standards were not identical.

The differences in bxygen content between these samples ﬁay or
may not explain any anomalous propéfties of the metals, but it does
demonstrate that the self.standard method of charged particle activation

analysis is fairly sensitive, accurate, and much easier than resolution

of complex decay curves.

D. Tantalum, Platinum, and Gold as Target Supports and Cover Foils

A few excitation functions for 3He induced reactions in‘tantalum

‘and gold were presented in Sec. IV. The y-ray spectra of targets ir-

radiated at about 20 MeV were too complex to allow non-destructive

measurement of all reactions. Samples of platinum were also irradiated

at various energies with resulting spectra even more complicated because
Qf the greater number of stable platinum isotopes. Reactions were
observed in all three materials commencing at about 15 MeV. The approxi-

mate Coulomb barriers, shown in Fig. 2, are near 20 MeV. Of the heavy

- elements which might be used as cover foils or as support foils for

‘samples to be irradiated, these three materials are most readily avail-

able and are stfucturally most suitable.. Thefchoicé:between then, then,

depends upon interferences produced by activation of trace impurities,'

6L

_notably carbon and oxygen. Mahony and Ryan, gg_glj83 analyzed gold

f0il by SHe activation, obtaining about 0.006% l60 and 0.01% 2,



=176~

Foil stacks of platinum (773 mg/cmz) and gold (6 mg/cmz) were pre-
pared by decking together five foils, thé sécond and fourth of which
were considered targets and the others as recoil compensators. The
second foll and the surfaces of the compenstaor foils facing the second
foil were surface etched in aqua regia, briéfly, two hours before ir-
radiation. All foil surfaces were then éleaned in acetone. The‘foil
stacks were bombarded for 30 min eaéh at 11 MeV aﬁd a beam current of
about 0.25 ﬁA. The.Sll—keV _B+ annihilation radiation from éach:target
foil was followed for h.hours using a NaI(T1l) detector.

11 3N, and l8F from ‘the resolved decay curves

The activities of ~7C,
were used with the -experimental cross-sections of Mahony6h to calculate
the 120 and 16O content of the foils, assuming uniform distribution of

these impurities. The results for gold were 0.005% carbon and 0.002%

oxygen, accurate to within about #20%. No differences were found between

etched and unetched foils. The results for platinum were 0;002% oxygen
and 0.006% cdrbon.

Tantalum foils (12.6.mg/cm2), treated in the same manner, were
anaiyzed for.qugen only. The results indicated an oxygen content of
about_0.0lB%, Most of this oxygen céntent may be aésumed to be surface

contamination because tantalum is unstable to oxidation in air.
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VI. CONCLUSION
The usefulness and practicality of an dnalytical'syStem depends

upon four factors: the extent of gpplicability, limitations imposed

by interference, obtainable analytical sensitivity, and benefits de-

rived from any unigque features. In this section each of these factors

will be summarized.

A. Applicability

An analysis by radiocactivation is applicable to the estiﬁatioh of
a particular element .if a nuclear reaction with a reasonable reaction
' crosstection can be induced by the method which leads to formation of
a convenient product nuclide. The 2 proton-l neutron configuration of
the 3He nucleus and its low binding energy allow formation of nine difF
ferent reaction products (plus'a few other less common ones) frém a
singlé target isotope at bombarding energies less than 20-30 MeV..'From '
these possiﬁle products, at leaét one can usually be selected for detec-
tion whose half—life, décay characteristics, and formation croés;section
are convenient. .Ambhg tﬁe light elements, the predominance of neutron

++ : v
3He ion activation permits detection of

deficient products induced by
activities through positron annihilation radiation where no conveniently
detectable decay-associated Y-rays are emitted. The cross-sections of

the 3

He induced reactions are comparatively quite high at low bombard-
ing energies, many of them characteristically in hundreds of millibarns.

The trends in the excitation functions allow reasonable estimates of

cross~sections for reactions which have not, as yet, been studied.
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Because more than one isotope of an element can often react with an
<iﬁcident 3He ion to yield the same nuclear reaction products, total pro-
duction cross-sections are frequently observed which are very high.

Another -factor which increases apparent production cross sections of

(3He,p) and (3He,pn) reactions is the decay feeding by simultaneously

induced (3He,n) and (3He,2n) products which characteristically decay by

positron emission and electron capture. The total cross-sections for

3

He induced reactions generally increase with the size of the nucleus

so that among the various reaction products induced in heavier nuclei by

3

4+ . : ' '
15-20 MeV ~He ions some convenient reaction products will usually be

found.

B. Interferences:
The same‘factofs which are.responsible fér the ﬁide range of appli-
’ cability of 3He activation analysis may also lead to increased inter-
ferenceé. The most sévere interferenge'results from formation of’the_
same reaction product by more than one element,usually a neighbor in
atomic number. The_interferences 1isted in Table I through XVIII are
of this type. It is soméﬁimes possible to minimize these intefferences
by adjustment of bombarding energies. For example, in the simultaneous
determination_of carbonvand_oxygen the l8_F‘produced by l60(3 )18

He,p F

is unambiguous, but the most convenient detectable product of “"He + C

.1 ‘
is 10, produced by both 16O(3 )llC and by 12C(3He,0L)llC. Reference

He, 20
to Fig. 17 shows that adjustment of_the incident beam energy to less

than about 12 MeV will eliminate the ambiguity in ;1C production. In

3 -
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many practical situations, however, this prbcedure may not work. Some-
timés the extent of interference can bé asséssed by bombarding standards
prepared from the interfering element. If at least one other unambiguous
detéctable activity can be'induced in the standard, then the extent of
interference to detection bf the activity in question can be estimated.
A second t&pelof interference results from complication of the
spectra bf emitted radiaﬁions. The use of High resolution Ge(Li) detec-
“tors and the devélopment of computer codes for spectrum analysis have
minimized the effects of many closely spaced Y-rays in the samejspectrum,
and the use of these systems, coupled with chemical separations, virtually
eliminates any interferences. There ié one type of spectral interference,
however, which cannot be so easily elimiﬁated. This is the production
of two or more activities which must be assayed by measuring radiation
of the éame energy. This situation is encouﬁtered in the analysis of
many of the light elements whose réaction products decay by positron
emission directly to the ground stéte of a(stable daughter. The result-
ing detectable radiations are either the pdsitrons themselves or the
Sll-keV radiation from positron annihilation. Measurement of the
radiations emitted from complex activated samples almost always results
in very,compiex’decay cur#es. These may be treated by decay-curve reso-
lution computer codes With the successful solution depending upon the
relafive half-lives and activities of the components. The most ée&ere
- limitation to this procedure is that the ratio of the half-lives of any
two components must bé about 2 or moré. An example of this iﬁterférence

is the analysis of silicon in glass. While 288i produces 3OP unambiguously,
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the non-destructive measurement of detectable radiation yields’511—keV
annihilation radiation decay curves among whose components are 2.6 min

30 ;50. Accurate separation of these two activities is not

P and 2 min
possible. If; however, the atomic number (and therefore the Coulomb
barrier) of the interfering element is sufficiently larger than that of
the element sought, or if tﬁe interference reaction has a higher reaction
threshold, then spectral interferences can bé miniﬁized by beam energy
manipulation. |

A further interference which arises bééause of the preponderance
of B+ 'emitting products from 3He induced reactions is the masking of
Y-rays ﬁhose energigs are less than 511-keV by the enormous Compton
distribution froﬁ incomplete photoelectric absorptioh bf»the annihila-
tion radiafion in the detector. The low-energy Y-rayS'are.superimposed
over a high>background with resultanf loss in detection sensitivity.
Aﬁticoincidence counting methods as described in Sec. III produce_some
feduétion of this effeét and can increése the analytical sensiti#ity

(see Sec. VI.C).

C. Semsitivity
The'sensitivity of an analytical method is a measure of the smallest
amount or concentration of a species sought that can be-detected'within
some éccepfabie limité of accuracy under the specified conditions. In
activation'analysis,.because the count rates of tﬁe ihduéed activities
are low near the sensitifity_limits, the tﬁeoretical limiting efror is

usually expressed as the counting statistical error. All other error .
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sources are considered small in comparisoﬁ. The representafidnvof the
counting statistical uncertainty is given in Sec. III.D.3. For spectral
analysis the sensitivity mey be expressed in terms of the amount of
materiél which must be bombarded under specified conditions to result
jn I\T:p .detected photopeak counts,8
N =_1__-[i+‘\/1+81<2 ] | (26)
Pox? ® . |
where K 1is the desired accuracy limit and Nb is the spectral back-
ground count beneath the phoﬁopeak. This representation applies equally
to analytical procédures involving chemical sepafations of product
activities-and to ﬁon—déstructive methods in which the spectral back-
ground may be‘the domingting source of counting statistical error.
Because there are factors such as counting methods, interferences,
and target restrictions encountered in practical analytical situations,
ﬁhich cannot be parameterized in the fashion of the.sysfematic_vafiables
.beam current, incident beam energy; length of bombardment,‘etc., sensi-
tivity estimates weré not included in the reaction data of Sec. IV.
There afeisuch éstimates in the litérature, giving thickFtarget sensi-
tivities?7 and thick;target za_.ctivity»yields65 forbmost 6f the light
. elements, however. Theée senéitivity éstimates.are feall& nothinglmqre
-than»felative measuréments éf the average cross-sections for total pro-
duction of vafious activities by 3te bombardmeht of thick targets. |
VIn this author's opihion, the measured excitation functions and

the trends observable in them, together with reaction and decay data
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such as that tabulated in Sec. IV, will serve the purpose of sénsitivity
‘estimation. Comparison between sensitivitieé obfaingble in 3He activation
analysis and other highly sensitive methods is better understood by com-
.paring systematic parameters directly. )

The cross-sections for reactions induced'by‘thermal neﬁtrons are
generally higher than those induced by 0-30 MeV charged particles except
in the light eléments, for which the cross-sections of 3He induced
reactions are often higher. 1In very few instances are the néutroﬁ cross-—
sectiohs more than about an order of magnitude higher than the larger

3He induced reaction cross-sections, even among the heavier elements.

L

Available reactor neutron fluxes are typically lOl - lO15 neutrons/cm2min

» while the Dbeam curfent from small cyclotrons is about the same number of.
'3He++ ions per minute for 1-10 HA beams. The length of bombardment may,
of course, be the same for both mgthods excépt for extremely long boﬁ—
bardments. Samples may be irradiated in the fhermal facility of a
réactor for many days while such long bombardment using a particle -
accelerator is impractical.

The only other parametric variable is the sample thickness. While
the amount of material which can be irradiated with thermal neutrons is
often limited only by physical dimensions of the reactor facility, the
short range of the 3He ion in a sample material permits effective irradi-
ation of only 1021--.1022 target nuclei at about 20 M=V incident'enérgy.v
The number of nuclei "seen" by the neutfon flux is often hﬁndreds or

even thousands of times greater. Of course, in practical analyses using

reactor neutrons, analysis of a massive sample may be complicated by'self—
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absorption of neutrons in the samplg and by inhomogenieties in the flux
over the sample area.

- We may then conclude that for analyses in which the sample size is
restricted to a few hundred mg/cm2, 3He activation provides the most
sensitive method for the light elements, in general, and is comparable

to thermal neutron activation for many heavier elements.

D. Unigue Features

3

The abilit& of the “He ion to inducé many different nuclear reactions
with high relative éross—sections increases the opportunity for iso-
topic analysis, Such analysis can be performed simultaneously and non-
destructively, as in the case of l60 : 18O. This feature is shared by
d—particle aétivatioﬁ, which requires accelera£ion to much higher ener-
gies, and tQ a limited extent by p, a, and t bombardments, which induce

fewer probable reactions.

Charged particle acti&ation analysis also provides a highly-sehsié
tive method for surface and éurface—profile analysis. The recoilbranges
of the.activétion products are faiflj short at low activating energies,
causing little distortion of the depth distribution of a sample;s suré

3

face constituents. ©>He ions are more suitable than other particles be-
cause of their ability to induce many reactions at low bombarding
'énergies. The recoiling reaction-products résulting from 3He actiyation
of the surface oxide on‘high—purity silicon, for exAmple, were completély
contained within the first few hundfed ug/cm2 of the surface whereas the

same products were found to a depth of almost 10 mg/cm2 after a-particle

activation.
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Another interesting feature of chargéd particlevéctivation analysis
results from taking advantage of the Coulomb barriér differences between
the constituents sought and the elementsvof the sample matrix. Inter-
ference can sometimes be eliminated compleﬁely by reducing the beam
energy-below the threshold for such reactions. It has beén demonstrated
that even in situations in which the Coulomb barrier difference betweeﬁ
thé trace and major sample constituents are not sufficient for exclusion
of métrix activation the low reaction cross-sections encountered far
below the barrier provide a convenient point of normalization for com-
parative #nalysis. This analytical procedufe, termed the self standard
" method, could pfo&ide a rabid method of quality control for oxygen con-
centfation in various high—purity metéls requiring little or no

mathematical treatment of the data.
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APPENDIX A

Range-Energy Table fOr.3He'IOns

Total pathlength ranges of 0~35 MeV 3He ions in nongaseous targets
are given for elements 1 through 96.  Also included are 3He ranges in

the compounds Ta KHQPOh, PbCl and Glycine and the plasties Mylar

205’ 2

and Teflon. The range data were calculated using the computer program

of P.FG. Steward.29
The computer code uses a combination of experimenta data, the
nuclear and electronic stopping-power theory developed by Lindhard et al.,

i

and Bethe's theory for ions at higﬁ energy .
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63
1.09
1.60
2.19
2.88
3.59
4¢51
543
6,34
Te47

B.61.

9.74
1l.16
12,58
14,00
15,43
16,85
18,27
20,03

21,79
23,5%
25.31
27.07
2B8.83
33.01
37.19
4]1.36
46453
51,69
56.8%5
62.01
67«17
72433
784,99
85,65
92.31
98.97

105.63

112.29

118495

- 125461

132027
139.90
148,02
156.,22
164,42
172.62

S

63

1.09
1.60
2.18
2487

3,58

4448

5,39

6,29

Tetl

8,53

9.65
11.06
12.46
13,86
15,27
16,67
18,07
19,81
21,54
23,28
25,01
26475
28,449
32060
364,71
4083
45490
50498
56.06
6ls14
66421
T1l.29
T7.84
84,38

90492

97047

104401

110455
117.10
123.64
130.18
137.67
145,64
153,69
16173
169,78

cL

68
116

1.71

233
3406
3.81
477
S5¢74
6,69
7.88
9.07
1025
11e74
13.22
14.71
16,19
17.68

19'16'

21.00
22,83
24,66
26,50
28,33
30016
34451

38.85

43419
48,455
53.90
59.26
64¢6]
6996
75.32
82.21
89.10
95499
10288

10977

116466
123456
130645
13734
145022
153060
16207
17054
179.01

AR

o715
1.28
1,87
2.55
3,34
4,16
$5.20
6,24
T.28
8,57
9,85

11.14
12,74
le,35
15,95
17.56
19,17
20,77
22,75

26,73
26,1

28,69
30,67
32.65
37,34
42.03
46,71
52.49
8,26
64,03
69,80
719,57
81,34
88,76
96,18
103.60
111.0?
118,44
125,86
133,28
140.70
148,12
156,60
165,62
174,73
183,84
192.95



-196_

HE=3 IONS INCIDENT ON NONGASEOUS TARGETS

ENERGY RANGE (MG/SQCM)

MEV K CA Sc TI v CR
5 072 o712 80 84 « 89 .90
le0 l.22 1,23 1,35 1e42 1,49 1,51
145 1.78 1.79 1.96 2406 2415 2,17
2e¢0 2¢63 2,43 2466 2.78 2,91 2.9?
2¢5 3.17 3,17 3,47 3.62 3,78 3,79
360 3.95% 3.94 4431 4,49 4,68 4569
305 4093 ' 4.91 5.37 5059 5081 5.82
4e0 592 5,89 6,43 6,69 6,95 6,95
405 6090 6.87 7.49 7.78 8.08 8.08
Se0 8e11 8,06 - B,79 9.13 9,47 9,46
SeS 9432 9,26 10,10 10,47 10.86 10,83
6¢0 1053 10,46 11,40 11,81 12.25 12,21
6e5 12005 11.96 13.02 13,49 13,97 13.92
Ten 13.56 13,45 14,64 15,16 15,70 15,613
7.5 1527 14,95 16,26 16,83 17442 17,34
BeS 18410 17,94 19,50 20017 20.87 20,76
9.0 19.61 19,43 21.12 21,84 22.59 22,47

905 21047 - 21.27 23.11 23090 ] 24071 24656
1040 23.33 23,11 25,10 25,95 26,82 26,66
10.5 2520 24,95 27409 28,00 28,94 28.75
11,0 27406 26,79 29,09 30,05 31,05 30,85
11.% 28492 28,63 31,08 32.11 33,17 32,9
12.0  30.78 30,47 33,07 34,16 35,28 35,04
13,0 . 35.19 34,81 37.77 39,00 460,26 39,97
1440 39,59 39,16 42447 43,84 45,25 44,90
1540 44400 = 43,50 47,17 48,68 50423 49,84 -
1640 494,41 = 48,84 52095 54,62 564,34 55.88
1740 54,83 54,18 58,72 60,56 62445 61,92
18.0 6025 59,52 64,49 66,49 68,56 67,96
1900 65.67 64,86 70.26 72.43 74.67 7“.00

2000 71.09 70,20 76,04 78,37 80,78 80,06
2140 76451 75,55 81,81 84,31 86,88 86,08
2240 83,46 82,39 89,21 91,91 94,69 93,80
23.0 90,42 89,24 96,60 99,51 102,50 101,5)

2640 97.38 96,09 104,00 107,11 110,31 109,23
2540 104.33 102,94 111,39 114,71 118412 116,96
2640 111.29 109,79 118,79 122,30 125.93 124,66
27.0 118.25 116,64 126,18 129,90 133,73 132,37
28,0 125.21 123,49 133,58 137,50 141,54 140,009
29.0 132416 130,34 140,97 145,10 149,35 147,80
3000 139,12 137,19 148,37 152,70 157.16 155,5)
31.0 167,06 145,00 156,80 161,36 166,05 164,30
32,0 155,52 193,32 165,78 170,58 175,52 173,64
33.0 164,405 161,71 174,83 179,88 185,06 183,06
34,0 172,59 170,11 183,86 189,18 194,61 192,49
35.0 181,12 178,51 192,95 198,48 204,16 201,9?



-197-

HE~3 TONS INCIDENT ON NUNGASEOUS TARGETS

ENERGY RANGE (MG/SQCM)
MEV MN FE - co ‘ NI cu ZN
5 «95 096 la02 le02 ~ 1e08 . 1.09
le0 158 1.60 1,68 1068 1e77 1,78
145 2427 2,29 2440 2439 2452 2454
2e0 305 3,07 3.21 3.18 3436 3,39
2eB 395 3.96 belé 4409 4¢32 4,35
3.0 4.88 . 4,89 Sen9. 5¢02 - Se32 5.35
3.5 6¢04 6.06 6.29 619 6455 6.60
4ol Te21 7,20 Te48 7435 7.78 7.84
445 8¢37 = Ba36 8.68 BeS52 = 9.02 9.08
S5e0 979 9,76 10,13 9493 10451 10.59

S5e¢5 1121 11,17 11.57 1134 1200 12,09
600 1262 12,58 13.02 1278 1350 13.%9
645 14438 14,32 14.81 14449 1534 15,44
740 16414 16,09 16460 16423 1718 17.30
TS 1789 17.79 18.39 . 1797 1902 19,15
Be0 19465 19,53 20018 19.72 2086 21.00
BeS 2le4l 21.27 21.97 2le46 2270 - 22485
Qen 23416 23,01 23,76 23.20 24454 24,71
9.5 25432 25,14 25.95 25432 2679 - 26,96
10e0 27«47 - 27,27 28,13 27645 29.03 29,22
1065 29+62 29,39 30.32 29.57 31.28 31.48
110 3177 31,52 32.51 31469 33.52 = 33,73
115 33492 33,65 34,69 33.82 35477 35,99
12¢0 36407 35,78 36,88 35.94 38401 38,25
13¢0 " 41413 40.78 42p02 40693 ‘ 4328 43,54
l14e0 46419 45,78 47416 454,92 48455 48,84
1560 5125 50.78 - 52430 S091 53.82 54,13
1640 57¢464 956,90 58,58 57.01 6025 60,58
17¢0 63464 63,02 64,86 63010 6668 67.06
" 18e¢9 69+83 69,13 T1.13 69.19 73010 73.49
19.0 760402 75,25 7741 T5.28 7953 79,95
"2000 R2e22 81,37 83.69 81437 85.96  B6,49
21e0 88¢41 = 87,48 89,97  8T.46 92439 92,85
22+ 0 96431 95,28 97.96 95,21 10055 101,08
230 104421 103,07 105.96 102496 10872 109.24
2440 112+11 110,87 113,95 11071 11689 117,44
2540 12001 118,66 121.94 118e46 125406 125,63
2640 127e91 126,46 129.94 126421 133.23 133.83
270 135.81 134026 137.93 133.96 141440 142.02
28¢0 14371 142,05 145,93 14171 149457 190.22
290 151+61 149,85 153.92 149446 15774 158,47
300 159.51 157,64 161.91 157.21 16591 166,61
310 16850 166,51 171,00 166.02 175019 175.92
3240 178¢06 175,94 180.66 175437 18505 185,80
33«90 18771 185,45 190441 184,82 19500 19%.78
3440 197436 194,96 200.16 194,26 204495 205.76
35.0 207.01 204,48 209,91 20371 21491 215,73
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-198-

HE«3 JONS INCIDENT ON NONGASEOUS TARGETS

' RANGE (MG/SQCM) :
Ga GE AS SE BR

1413 1.15 l.16 1.20 1419
1.86 1,90 1.92 1,98 1,97
2465 2,70 2474 2.83 281
354 3.61 . 3,65 3,78 - 3,75
4e55 4,64 4,70 4,486 4086
5459 5,71 5,78 5.98 5495
6.89 7,04 7.13 7.37 7.33
8019 8,36 8447 8.76 Be71
9449 9,69 9,81 10,15 1010

1106 11,29 11,44 11,84 11.77
12.63 12,90 13,06 13,52 13,44
14.20 14,50 14,68 15,20 15.11
16414 16,47 - 16,68 17,26  17.16
18407 18,44 18,67 19,32 19,21
20.00 2,42 20,67 21,39 21,26
21,94 22,39 22,67 23,45 23,31
23,87 24,36 24,66 25,51 25.36
25.80 26,33 26,66 27,58 27441

28416 28,73 29,09 30,09 29490

30451 31,13 31,51 32,59 32439
32.87 33,53 33,94 35,10 34,88
35.22 35,93 36,36 37,61 37437
37.58 38,33 38,79 40,11 39.86
39,93 40,73 41,22 42,62 42435
45445 46,35 46,90 48,49 48,17
5097 51,98 52458 54,35 . 53,99

56,449 57,60 58,26 60,22 59,81

163,21 . 64,44 65,17 67,35 66,89
69.94 71,29 72.09 744,49 73,96
76.66 78,13 79,00 81,62 81,03
83,39 84,97 85,91 88,75 88,11
90011 91,82 92.82 95,89 95,18
96,83 98,66 99,73 103,02 102.25
105436 107,34 108,49 112,05 111,20
113,89 116,02 117,24 121,07 120414

122,43 124,69 126,00 130,10 129,09

- 130496 133,37 134,75 139,13 138,04

139,49 142,05 143,5] 148,16 146,98
148,02 150,72 152,26 157,19 155.93
156,55 ° 159,40 161,02 166,21 164,87
165,08 168,08 169,77 175,24 173.82
173.61 176,75 178,53 184,27 182477
183,29 186,60 188,46 194,51 192.91
193,58 197,05 199,00 205,37 203.67
203496 207,60 209,646 216,34 214,53
214434 218,15 220,28 227,30 225.39
22472 228,70 230,92 238,27 236,25

KR

1.23

2,03

2,90

3,87

4,98

6.13

7,56
8,99
10,41
12,13
13,86
15,58
17,69
19,8¢
21,92
24,03
26,14
- 28,29
30,82
33,38
35,94
38,50
41,06
43,63
49,62
55,61
61,60
68,87
76,14
83,42
90,69
97.96
105,24
114,43
123,62
132,81
142,01
151,20
160,39

- 169,58

178,77
187,97
198,38
209,43
220,58

231,74

242,89



ENERGY

MEV

5
1.0

15

200
2¢5
3.0
3¢5
4e¢0

45
50
55
6o
65
Teh
Te5
Be0

Be5

9,0

9.5
1.0
105
1l1.0
11.5
1240
1340

14.0

15,0
16.0
17.0
1840
19,0
2040
€l.0
2240
. 2340
2440
25.0
2640
2740
2840

2940 -

3040
31.0
32.0
33.0

34.0

35.0

-199-

HE=3 IONS INCIDENT ON NONGASEOUS TARGETS

RB

123
2003
291
. 388
500
6¢15
758
9402
1045
12418
13«90
15463
1775
19.87
21.98
24410
26422
28.34
3090
© 33,47
36,04
384,61
41,417
43,74
49,74
55.73
61,73
69,01
76429
B3.57

. 90,85

98,12
105440
114,59
123,79

132498

142,17
151.36
160455
169475
178.94
188,13
198.54
209459
220473
231.88
243,03

SR

l.24
2405
2,93
3.91
5.04
6.21
7.65
9.10
10,54
12,29

14,03

15,77
17,91
20,04
22,18
24,31
26,45
28,58
31,17
33,76
36,34
38,93
41,51
44,10
50,14
56,18
62,22
69,55

16,87

84,20
91,52
98,85

106,17

115,41

124,66

133,90
143,15
152,39
161,64
170,88
180,12
189,37
199,83
210,94
222,14
233,35
244,56

RANGE (MG/SQCM)

Y

1¢23

2e04
2,92
- 3091
5604
6.20
Te65
9.09
10,54
12,28
l14.02
15,76
17.89
20,02
22,16
24,29
26,42
28,55
31,13
33,71
36,29
38,87
41,45

44,04 .

50,06
56,08
62,11
69,41
76,71
84,01
91.31
98,61
105,91
115,12
124,33
133,54
142,74
151,95
161.16
170,37
179,57
188,78
199.20
210.26
221,41
232,57
243,73

ZR

1¢25
2¢06
2¢95
395
. 509
6.27
Te73

9.19

10465
12.4]
14417
15,93
18.09
20.24
22,439
24,54
26,70
28,85
31.46
34,06
36,66
39,27
41,87
44,48
50.56
56,63
62.71
T0.07
77.44
84,80
92,16
99,52
106,88
116,16
125,44
134,72
144,00
153,27
162,55
171,83
181,11
190,39
200,88
212,02
223,25
234,49

245,73 -

NB

125
2¢07
2096
3096
Sell
629
Te76
9.23
10069
1246
1423
1600
18416
20.32
22448
24463
26479
28.96
31457
34,18
36.79
39,40
42,01
44,62
50.71
56,80
62.89
70427
T7.64
85,01
92.39
99,76
107,13
116442
125,70
134,99
144,27
153,56
162.85
172.13
181.92
190,70
201.20
212434
223,58
234,82

246406

MO

1,26
2.09
3.00
4,02
5.18
6'38
7.87
9,36
10.85
12464
14,43
16,22
18,41
20,60
22,79
24,98
27,16
29,35
32,00
34,64
37.29
39,93
42,57
45,22
51,38
57,55
63,71
71,17
78,63
‘86,09
93,54
101,00
108,46
117,85
127,24
136,62
146,01
155,40
164,78
174,17
183,56
192,95
203,56
2l4,8)
226,17
237,53
248,89



ENERGY
MEV

5
lon
1.5
2e0
25
3.0
345
440
4e5

.5e0
S5
6.0
6¢5
Te0
Te5
Ben -
8.5
9.0
9.5
10,0
1045
11(0
11,5
12,0
13,0
14,0
15.0
16¢0
1700
1800
19.0
20e¢0
2100
220
2300
2440
25«0
2640
270
28en
2900
300
3100
32e0
3300
3400
3500

-200-

HE=3 IONS INCIDENT ON NONGASEOUS TARGETS
RANGE (MG/SQCM)

Te RU RH PD AG
1029 1.29 1.30 1.32 ' 1032
2014 2.15 2016 2020 ’ 2.20
3.06 3,08 3,10 3.16 3.16
410 4,13 4,15 4424 424
5029 5.33 5.36 547 S5.48
6452 6,57 6,60 6,74 6,75
8406 8,11 8.15 B,32 8,33
9.57 . 9.64 9.69 9,90 992

11.09 11,17 11.23 11,47 11449
12.92 13,02 13.09 . 13,37 13439
1475 14,86 14,94 15,26 15.29
16.58 16,71 16,80 17,15 . 17,18
21405 21,21 21,32 21,77 21.80
23.29 23,46 23,58 24,07 24.11
25452 25,71 25,84 26,38 26442
27.76 27,96 28,10 28,69 - 28,73
30.00 30,21 30,36 30,99 31,03
32.69 32,93 33,09 33,78 33,82
35,39 35,64 35,82 36,56 36,60
38409 38,36 38,54 39.34 39,38
40,79 . 41,08 41,27 42,12 42,16
43,49 43,79 44,00 44,90 44,94
46.19 46,51 @ 46,72 47,68 47,72
52.48 52.84 53,07 54,15 54,19

58477 59,16 59,42 6062 6066

65006 65,49 65,76 67.09 6713
72067 73.13 73.43 74.90 T4a94
80'27 80.78 ,81010 82.71 82075
87.88 88,42 88,77 90453 90.55
95649 96,07 96,44 98,434 98436
10309 103,72 104411 106415 106417
11070 111,36 111.77 113,96 113.98
12027 120,97 121441 123.77 123.78
129¢83 130,58 131.06 133,58 133.57
13940 140,19 140468 143,39 143437
148497 149,81 150.31 153.20 15317
15854 159,42 159.94 163.01 16297
168410 169,03 169,58 172.82 172+76

) 177.67 178.64 179.?1 182.63 182056

187424 188,25 188,85 192,44 19236
196.81 197,86 198,48 202425 202015
20762 208,72 209,.36 213.32 213.21
21909 220.24 220490 225.06 22494
23065 231.85 232453 236,91 ) 236,76
242023 243,47 244,17 248,76 268459

25380 295,09 255,.,R2 260461 260042

cO

1.37
- 2428

3,27

4,38
5,66

6,97

8,60
10,23
11.86
13,81
15,76
17,7
20,09
22,47
24,84
27,22
29,59
31,97
34,83
37,69
40,55
43,41
46,27
49,13
55,78
62,43
69,08
77.10
85,13
¥3,15
101.17
109.20
117,22
127,28
137.3¢
147,40
157.46
167,52
177.59
187.658
197.71
207,77
219,17
231,16
243.3n
2550“4
267,58



ENERGY

MEV

5
lé0
145
2e0
2%
3.0
3.5
440

445
5.0
55
6.0

65 .

Te0
TeB
8.0
8.5
940
9,5
1040

105

1le0
11.5
12.0
13,0

1440

15,0
16.0
17.0
18,0

19,0

2040
21,0
2240
23.0
24,0
25,0
2640
270
28,0
2940
3060
31.0

32.0

33,0
34,0
35,0

~201~

HE«3 IONS INCIDENT ON NONGASEOUS TARGETS

IN

139
231
3.32
4444
573

- Te06
8.71
10,35
12400
13,97
1594
17.91
20031
2270
2510
27«50
29.89
32.29

- 35.18

38.06
40495
43483
46,72
49460
56431
63,01
69.72

7780

85,88
93,97
102,05
110,14

118,22

128,35
138,49
148,62
158,75
168.89
179.02
189,15
199,28

209.42

22085
232.96
245,19
257441
269463

SN

1,43
2,38
3,41
4,56
5,88
T.24

8,92

10,60
12,28
14,30
16,31
18,33
20,77
23,22
25,67
2s,12
30,57
33,02
35,96
38,91
41,85
44,80
47,74
50,69
57,53
64,37
71,22
79,46
87,71
95,95
104,20
112,45
120,69

131,02 .

141,35
151,68
162,01
172,34

182,67

193,00
203,34
213,66
225,31
237,66

250,12

262,57
275,03

RANGE (MG/SQCM)

S8

l.46
2.42
3,47
44,65
5.99
Te37
9.07
10,78
12.49
14,53
16,57
18,62
21.10
23,58
26,06
28.55
31.03
33,51
36,50
39.48
42,47
45,45
48,43
51,42
58,35
65,28
72.21
80,56
88,91
97,26
105,61
113,96
122,31
132,76
143,22
153,67
164,12
174,58
185,03
195,49
205,94
216,39
228,18
240,67
253,27
265,87
276,47

TE

1.52
253
3,62
4484
6423
Te66
9.43
11.20
12,97

15,09

17.21
19,33
21.90
244,47
27,04
29,62
32019
34,76
37.85
40,94
44,04
47,13

S50.22 .

53,31

60,48

67.66

74,83

83,47

92.11
100,75
109,39
118,03
126,67
137,49
148,30
159,11
169,92
180,73
191.55
202,36
213,17
223,98
236,17
249,08
262,11
275,13
288,16

1

1451
2450
3.58
4,78

6,15 -

757
9,31
11.05
12.79
14.88
16,96
19.05
21.58
24011
26.64
29.17
31,70
34423
37.27
40,30
43,434
46,38
49,42
52446
59,51
66,56
73.61
82,10
90,58
99,07
107,55
116,04
124,53
135,14
145,76
156,37
166,99
17760
188,22
198,83
20944
220006
?32.02
244069

» 257,48

270.26
283,05

XE

1,56

2,58

3,69

4,92

6,33

T.77

9,56
11,34
13,13
15,26
17,40
19,53
22,12
24,71
27,30
29,489
32,48
35,07
38,18
41,29
44 4,39
47,50
50,61
53,72
60,93
68,14
75,35
84,02
v2.70

101,37

110,05
118,72
127,40
138,24
149,09
159,93
170,77
181,62
192,46
203,31
214,15
225,00
237.21
250,18
263,21
276,26
289,32



ENERGY
MEV

5
le0
1¢S5
2¢0
2¢5
3.0
3.5
440
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16,0
17«0
18,0
19,0
2040
2140
2240
23.0
2440 -
25,0
26,0
27.0
28.0
29.n
3040
31.0
32.0
33,0
34,0
35,0

-202-

HE=3 IONS INCIDENT ON NONGASEOUS TARGETS
RANGE (MG/SQCM)

Ccs BA LA Ct - PR
157 1,62 le64 1,65 166
2460 2,68 2470 272 273
3,71 3,82 - 3485 3.87 3.88
4495 5.09 5013 5015' 5016
6¢36 6,54 6,58 6460 660
7.82 8,03 8.07 8,09 8,10
9.61 9,86 9,91 9.93 9493

11640 11,69 11,74 11,76 11.76
13419 13,52 13,58 13,60 13.59
15432 15,71 15,77 15,79 15.77
17446 17,90 17,96 17.98 17.95
1960 20,09 20,18 20,17 20.13
22420 22,74 22.81 22.82 22,77
24479 25,39 25,47 25,48 25441
27.38 28,04 28,12 28.,13. 28,06
29.98 30,70 30,78 30,78 ° 30,70
32457 33,35 33,43 33,43 33,34
35416 36,00 36,09 36,08 35,98
38,28 39,18 39,27 39,26 39,14
41.39 42,36 42,45 42,44 42,31
464,450 45,56 45,64 45,62 45447
47461 48,72 48,82 48,79 48,63
50472 51,90 52.00 51,97 51,79

- 53.83 55,09 55,18 55,15 544,96 .

61005 62}46 62.56 62051 62.28
68426 69,83 69,93 69,87 69,60
75448 77,20 77,31 77,23 76,93
84416 86,06 86,17 86,07 85,72
92.83 94,93 95,03 94,91 94,51
101.51 103,79 103,90 103,75 = 103,31
110.19 112,65 112,76 112,59 112.10
118,87 121,52 121,62 121,43 120,89
127,54 130,38 130,48 130,27 129,69
138,39 141,45 141,55 141,30 140,65
149,23 152,52 152,61 152,33 151,62

160,07 163,58 163,67 163,36 162,59

170.91 174,65 174,73 174,39 173.55
181.75 185,72 185,80 185,42 184,52
192.60 196,79 196,86 196,45 195,49
203,44 207,86 207,92 207,48 206,45

214428 218,93 218,99 218,5] 217,42

22%.12 229,99 230,05 229.54 228,39
237,33 242,46 242,50 241,95 240,73
250.27 255,66 255,69 255,10 253,79
263,32 268,97 269,00 268,36 266,97
276,36 282,29 282,30 281,62 280,15
289.41 295,61 295,61 294,88 293,33

ND

'1070
2,79
3,96
5.26
6,73
8,2%

10,10

11,96

13,82

16,03

18,258

20,46

23,14

25,8

28,49

31,17

33,858

36,53

39,73

42,93

46,14

49,35

52,55

55,76

63,18

70.59

78,01

- 86,92

95,83
104,73
113,64
122.54
131,45
142,55
153,65
164,75
175,85
186,95
198,08
209,15
220,26
231,36
243,84
257,07

270,60

283,74
297,08



ENERGY
MEV

5
10
1.5
20
2¢5
3¢90
3.5
440
405
5.0
5.5
640
6e5
T+0
T8
Be0
845
Qe n
9.5

10e0
105
11le0
115
12¢0
130
140
15.0
16e0
170
180
190
200
.21e0
220
230
2400
2540
26¢90)
27+0 .
28e 0
29«0
3000
31'0
3240
330
34490
3969

-203-

HE=3 IONS INCIDENT ON NUNGASEOUS TARGETS
RANGE (MG/SQCM)

PM SM EU GDh T8
1073 1.77 1079 1086 1088
2+84 290 2493 3.03 3007
4¢03 4,11 4415 4029 4433
5e364 5,45 5449 5467 5.72
6083 6.96 7.61 7.23 7028.
Be36 8,51 8457 8483 = 8490

1024 10,42 10.48 10.80 10486
1212 12,32 12.39 - 12.76 1283

14400 14,23 14430 14472 14480

16423 16,50 16,57 17405 1713

18¢47 18,76 18,84 19.38 1947
20+70 21,03 2l.12 21.71 2181
23041 23,77 2386 2453 24663
26s11 26,51 26.6] 27434 27045
28e81 29,25 29435 30416 3027
3152 31.99 32.09 32,97 33.09
34022 34073‘ 34084_ 35079 35091

36692 | 37,47 37.58 384,60 38,73

40'16 v 40075 40.86 41997 42410
43439 44,02 444,14 45,33 45.67
46463 47,30 47442 48,69 48.84
4986 50,58 S0.71 52.06 52420

53410 53,85 53499 55442 55.57

56433 57.,13 57.27 58479 .58496
6382 64,71 664.85 66+56 6673
T1e30 72-29 72044 Té4e34 74451
T78¢79 79,87 80.03 82.11 8230
8777 88,96 89,12 91¢43 91063

9675 98405 98,22 100475 10095

105073 107.14 10732 11007 11028
11471 116424 116441 119.39 119461
12369 125,33 125.51 128,72 128494
132.68 134,42 134.61 138,03 138.27
14386 145,74 145,93 149463 - 149.87

155006 157,07 . 157.26 161.23 161447

166¢24 168,39 168,58 172.83 173607
17744 179.71 179090 184043 184068
188462 191,03 191.23 196.02 196428
19981 202,36 202.55 207.62 207.88
21101 213,68 213.87 219.22 219448
222019 225,00 225420 230481 231409

233.39 236,32 236,52 242441 242:69
24597 249,06 249,25 255,445 25573

259.29 262,53 262,73 269.24 269452
27273 276,13 276.32 283,16 283444
28617 289,72 289,91 297.07 29735
29961 303,32 303.50 310.99 311.27

Dy

1.93
3,14
4,62
5.83
Teb3
9.07
11.06 .
13.06
15,06
17,43
19.80
22,17
25,03
27.89

- 30.75

33,61
36,46
39,32
42.74
46,15
49,57
52.98
59,81
67,79
75,58
83,47
92.92
102.37
111.81
121.2¢
130071
140.16
151,90
163,65

175,39

187.14
198,89
210463
2224 3R
234,12
245,87
259,07
273,03
287,11
301.19 -
315.28



ENERGY
MEV

5
le0
15
2e0
25
3.0
3¢5
400
405
Se0
SeS
6e0
6.5
Te0
Te5
Ben
Be5
- Gen
9%
10¢0
10+5
11.0
11.5
12.0
13,0
14,0
15.0
16,0
17.0
18.0
19.0
20,0
2le0

2240
23.0
24,0
5.0
2640
27.0
2840
29.n
3040
31.0
32.n
33.0
3440
3%.0

~20k4~

HE=3 IONS INCIDENT ON NONGASEQUS TARGETS
RANGE (MG/SQCM)

HO "ER ™ YB Ly
196 2.00 2403 2009 2.12
3419 .24 3.28 337 3442
4049 4,55 4460 4eT2 4,78
5.9] 5.99 6.05 6019 6426
Te52 T.61 T«68 785 Te93
9.18 9,28 9,35 9.56 - 9.65

‘1119 11.31 11.38 1l1.62 1173
1320 13,33 13.42 134,69 13.80
1521 15,36 15,45 15476 15.88
1760 17,76 17.86 184,21 18,34
1999 20416 20426 - 20066 2080

2237 22,57 22+67 23011 23025.v

2525 25,46 25.57 26405 26.21
28413 28,36 28447 294,00 29.17
31e01 31,25 31,37 31.95 32.1°2
33088 34.14 34.27 34090 35008
36076 37.06 37.17 37.84 3B.04
3964 39,93 40407 4079 40099
43.08 - 43,39 43,53 444,30 . 464,452
" 4645] 46.84 46499 4T.82 48404
49¢94 50,29 50,45 51433 5157
53.38 53,75 53,91 564,85 . 55,09
56.82 57.20 57.37 . 58,36 58,61
60¢25 60.65 60,83 61.87 62914
68418 68,63 68,81 69,98 70027
76012 76,60 76,79 78,09 78440
84,05 84,58 84,78 86,20 86,53
93,55 94,12 94,33 95,90 96,25
103.05 103,67 103,88 105,59 105,97

112055 113,21 113,44 115,29 115,69
122005 122,76 122,99 124,99 125,41

131.55 132,30 132,54 134,69 135,14
14105 141,85 142,10 144,39 144.86
152,85 153,70 153,96 156,43 156,92
164 .66 165,56 165,82 168,47 168,98
176446 177,42 177,69 180,51 181,05
188,27 189,28 189,55 192,55 193.11
200407 201.14 201,41 204,59 205.17
211.88 212,99 213,27 216,63 217,23
223.68 22“.85 225'14 228.66 229030
235449 236.71 237,00 _240.70 P41.36
247.29 248,56 248,86 252,74 253442
260455 261,88 262,18 266,26 266,96
274 .58 275,97 276,27 280,58 781,28
288,73 290.18 290.49 294597 295072
302.88 304,38 304,69 309,39 310.17
317.04 318,60 318,91 . 323,81 326461

HF

2el7
3.50
4,88
6,39
8.09
9,83
11.93
14,04
16416
18,63
21.12
23,61
26.61
29,690
32459
35,59
38,58
41.57
45,14
48,70
52.27
55,84
89,490
62,97
71,20

. 19,42

. 87,64
97 .48
107,31
117,14
126,97
136,81
146,64
158,83
171,03
183,22
195,42
207,61
219,81
232,01
244,20
256,40
270,08

. 284,56

299,15
313,75
328,35
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-205-

HE«3 IONS INCIDENT ON NONGASEOUS TARGETS

Ta

222
3456
4496
6449
Be20
9.95
1207
14419
16432
18.82
21433
23 .84
26.85
29486
32.87
35.88
38,89
41491
45449
49,08

52.67 -

56425
59,84
63443
7170
79,97
88,24
98e12
108401
117.89
12777
137.66
147.54
159.80
172.05
184431
196.56
208,481
221407
233.32
245.58
257.83
271.58
286,412

300478

315445

- 330.11

2,27
3,63
5,06
6,60
8,33

10.10'

14,39
16,53
19,06
21,59
24,12
27,15
30,19
33,23
36,27
39,31
42,34
45,96
49,58
53,19
56,81
60,42
64,04
72,38
80,71
89,05
99,01
108,97
118,92
128,88
138,84
148,80
161,14
173,49
185,83
198,17
210,52
222,86
235,20
247,55
259,89
273,74
288,38
303,14
317,91
332,68

RANGE (MG/SQCM)

RE -

2432
3.70
S.14
6.,70
Bedb
10.23
12,39
14,54
16,70
19,24
21.79
24,33
27.38
30 ."‘
33,49
36,55
39.60
42,65
46,29
49,92
53,56
57.19
60,83
64,46
T2.84
81,22
89,59
99,59
109,60
119,60
129,61
139,61
149,61
162,01
174,40
186,80
199,19
211,59
223,98
236,38
248,77
261,17
275,07
289,76
304,59
319,41
334,24

0s

2439
3.80
5.27
6.86
10045
12,64
14,83
17.02

19,60

22.18
24,76
27.86
30,96
34,06
374,15
40.25
43,35
47,03
50472
54,40
58,09
61,77
65,46
73,95
82,44
90,93
101.06
111.20
121,34
131,47
l41.61

151,75

164,30
176,86
189,41
201.97

214,52
227,07 -

239,63
252,19
264,74
278,82
293,70
308,71
323,72
338,73

IR

2443
3.86

5.35

6,95
8,73
10.56
12.76
14,96
17.16
19.76
22,35
24,94
28405
31.15
34426
37.37
40.48
434,59
47.28
50,98
54,67
58437
62.07
65,76
T4,.28
82.79
91,30
10147
111.63
121.79
131,95
142,12
152,28
166,86
17744
190,02
202461
215,19
227177
240435
252494
265,52
279,62
294,53
309,57
324.61
339,65

PT

2.49

3,95

5,45

1,07

8,88
10,73
12,95
15,17
17,39
20,01
22,62
25,23
28,37
31,50
34,63
37.77
40,90
44,03
47,76
51,48
55,20
58,93
62 ,6%
66,38
74,95
83,53
92,11
102.34
112,58
122,81
133,05
143,28
153,57
166,19
178,85
191,52
204,19

216,86
. 229,52

242,19
254 ,8¢
267,52
281,72
296,73
311,87
327,01
342,18



ENERGY
MEV

5
1¢0.
15
2e¢0.
2¢5
3e0.
3.5

. hel
445
5.0
Be45

HE=3 JONS INCIDENT ON NONGASEOUS TARGETS

AU

2¢55
4e02
5¢54
Tel7
8.98
1084
13.07
15631
1754
20016

- 22478

25440
2854
31.69
34,83
37.97
4l.11
44,25
47,98
51.72

55445

59,19
62.92
66465
75025
83.84
92444
102.70
112.95
123,20
133446
143,71
153,97
166,65

"179.34

192,03
204072
217440
230409
242,78
255446
26815
28237
297e40
31255
32771
342487

HG

2,62
4,13
S.67
7.33
9,17
11,06
13,32
15,58
17,84
20,50
23,15
25,80
28,98
32.16
35,34
38,51
41,69
44,87
48,64
52,42
56,19
59,97
63,75
67,52
76,21
84,90
93,59
103,95
114,32

124,68

135,05
145,41
155,77
168,59
181,41
194,23
207,05
219,87
232,69
245,50
258,32
271,14
285,50
300,68
315,99
331,30

346,61

-206-

RANGE (MG/5QCM)

TL

270
426
5.82
T¢50
9.37
11,29
13,58
15,87
18,16
20485
23,54
26,23
29,44

32,66

35,87
39,09
42,31
45,52
49,34
53,16
- 56,98
60,80
64,62
68,44
77,23
86,02
94,81
105,30
115,78
126,26
136,74
147,22
157,70
170,66

.f183.62
196,57

209,53
222 49
235,45
248 ,4)
261.37
274433
288.84
304,19
319,66
335,13
350461

PB

2478
4434
5.94
T.65
9.54
11447
13,79
16,10
18,41
2l.12

23,82

26,53
29.77
33,01
36,25
39,49
42,73
45,97
53,66
'57051

61,35

65,20
69,05
77.89
B6,74
95,59

'106014

116,69
127,23
137,78
148,33
158,88
171,91
184,95
197,99
211.02
224,06
237,10
250,14
263.17
276421

v290081

306424
321.8)
337.37
352.93

Bl

2.84

4,43
6,04
TeT6
9,66
11,61
13.93
16,25
18,57
21.28
26,00
26,71
29.96
33,20
36,45
39,70
42,94
46,19
50,04
53,90
5T.75
61,61
65,46
69,31
78,18
87.04
095,90
106,46
117,03
127,59
138,15

148,71 .

159,27
172,32
185,37
198,42
211,47
224,52
237,57
250062
263.67
276473
291436
306,78
322.36
337.93
353,51

PO

2,90
4,50
6,13
7.8%
9,75
11,70
14,02
16,34
18,64
21,38
24,09
26,80
30,04
33,29

- 36,53

39,77
43,01
46,25
50,10
53,95
57,79
61,64
65,49
69,33
78,18
87,02
95,87
106,41
116,94
127,48
138,02
148,56
159,10
172,11
185,13
198,15
211,16
224,18
237,19
250.21

263,23

276.24
290,82
306,22
321,758
337.28
352.8




ENERGY
MEV

5
len
15
2e0
245
3en
35 .
4e0
45
Sen
5«5
60

645
Ten
Te5
8.0
8¢5
Se()
95

1060

10.5

1100

118

120

13.0

1460

1500

1600

1760

180

1940

200

210

22«0

23+0

240

250

260

27490

2840

29+¢0

30.0

31e0

3240

33.0

34¢0

35.0

HE=3 IONS INCIDENT ON NONGASEOUS TARGETS

AT

2+95
4¢56
6019
Te91
9481

1175

1406
1637
1868
2138
24407
2677
2999
3321
3643
39466
4288
46010
49492
S3+¢74
5756
6139
6521
6903
7781
8660
95439
10585
11631
12678
13724

14770

158417
17109
184401

" 19693

20985
22277
235+70
248462

- 26Y¢54

27446
288493
304621
319062
335003
350445

RN

3.17
4.88
6061
8e43
1043
12448
1691
1734
19.77
22061
25+44
28.28
" 31e66
35005
38043
41482
4520
48.59
5260

5661

60,63
64064
68.65
T2+67
8] .89
9112
100.34
11133
12232
133.30
146429
15527
166026
179.82
193.38

206¢94

220450
234406

24T 62

26118
27474
288431
303¢49
319.52
335.69
351 .86

368404

~-207-

RANGE (MG/SQCM)

FR

3,25
4498
6¢71
B854
1055
12660
1503
‘17046
1989
2273
25456
2839
3177
3515
38053
41091
45029
48467
52467
56.68
60.69
64069
68.70
7270
8191
9l1e12
10032
11128
122424
133.20
144016
155012
16608
179461
193013
206066
220018
233071
247023
260476
274028

287.81

302494
318093
335.06
351418
367,31

RA

3436
Se13
6e¢89
8¢74
1077
12¢85
1530
1775
2021
2306
25e9]
2877
32417
35.58
38498
42439
45479
4920
53¢23
5727
61,30
65034
6937
73641
B2 .68
9195
101.22
112425
123.28
134.31
145034
156038
16741
181¢02
194663
208024

22185

235046
249007
26268
276029
289090
305013
321422
337044
353,67
369.90

AC

3.65

5424

Te0)

8¢87
109)
12¢99
15¢44
1790
2035
23e20
26405
28¢9)
323}
3570
39«10
4250
4590

49¢30

53033
57+36
6l.38
6544)
- 69e44
73047
82¢72
9197
101622
112023
123424
134+24
145425
156026
167927
18084

19442 .

20800
22157
23515
248672
26230
27588

289045

304064
320069
336486
353404

1369422



ENERGY
MEV

5
1¢0
15
2e¢0
25
3.0
3¢5
4e0
45
Se0
S5
6e0

605
Te0
Te5
8e0
8¢5
9en
9.5

1000
105
"1lep
115
" 12e0
1360
lée
1509
1600
1740
1849
1949
200
210
,2206
2340
- 2beg
2549
26ep
270
28ep
2900
3090
310
32.0
33.0
3449
3Se0

- -208-

HE=3 IONS INCIDENT ON NONGASEOUS TARGETS
RANGE (MG/SQCM)

PA

3,69
554
T+36
9.25
1132
1343
15090
18438
20086
23.73
26460

29048

32489
36.31
39.73
4315
46457
49099
44064
5809

62e¢14

66019
7024
76029
83.58
92.88
102418

11323

- 12429

13535
146040
157046
168452
182+15
19577
20940
22303
236466
250029
26391
277454
29117
306441
3225]
33874

- 3564498

371.21

v

3,90
" 5,83

Te?l

9967
11079
13006
16.51
19005
21059
260546
27048
30043
33.93
37.464
40.94
44444
47.95
S1¢4S
55.60
5975
63489
6804

72019

76434
8586
95.38
104490

116022

12754
13886
15019
16151
17283
18678

20073

214468
228463
242458
256453
27048
284443
29838
313.98
33045
347407
363468
38029

NP

4,00

Se94

7.83

9077
1189
164005
16057
194009
21462
26453
27.45
30037
33084
3731
40.78
64026
47471
51.18
55,29
5939
6350
6T+60
Tle7l

7582

85426

94.66
104,08
115.28
126,48
137468
148.88
160409

171.28

185,408
198488
212468
226448
240027
254007
26787
281067
29547
31089
327419
343461
360004
376447

PU

4,22
6023
8416

10015

12031
1451
1707
19464
2202
25,17
28,14
31.10
34063
38415
41.67
45419
48,72
S2¢24
56441
6058
64074
68491
73008
77425
86.8)
96037
105.94
11730
128067
140003

" 151e40

16277
17413
18813
20213
216012
23012

244012

258412
27211
286,11
300¢11
315476
332.28
348494
365,61

38227

AM

4039
6043

8038

10038
12055
1475
17032
1989
22446

"25'82

2839
3135
34087
38¢39
41090
65042
4894
52046
56.62
6078
64096
6910
7326
77e43
8697
9652
10607
11741
128475
160009
151044
16278
174012
188009
20205
216¢02
22998
243095
25792
27188
285485

299081

31542
33109)
348¢52
365414
381277

CM

6,66
674
8473
10,77
12.97
15.2)
17.82
20062
23.02
26.02
29.02
32.01
35.57
39413
42,68
46,26
49,87
53,35

- 57,56

61.77

65,97

70.18

T64.39

78.59

88.24

97.89
107.53
118.99
130.45
141.9]
153,37
164.83
176.29
190+40
206450
218.61]
2327
246,82
260.92
275.03
289.14
303.24
319001
335.65
352.43
369.22

38600
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HE=3 TONS INCIDENT ON NONGASEOUS TARGETS

TAZOS

134
2.22
3,19
4,78
552
6,80
8439
9,98
11,57
13,49
1542
1734
19.69
22+ 04
24439
2674
29.08
31443
34,27
37.10
39,93
42,77
45,60
48,43
55.03
61,62
68,22
76,19

84,15 -

92.12
100,09
108,06
116,03
126,03

146,06

156,06

166407
176409
186.10

196410
20611
_217.42

229.41

241450

253,59

'?65069

GLYCINE

36

63
294

1,32

1.76
2.23
2R3
3,44
4,04
4,81
S¢57
6.33
731
8,29
9.26
10424
11.22
12.20
13.43
14,67
15,90
17,13
18,37
19,61
25,56
28,54
32,28
36,03
39,77
43,52
47,26
51,01
55,95
60,89
65,83
70,77
75.70
80.64

85,58

90,52

95.46
101,18
107429
113446
119,63
125,80

RANGE (MG/SQCM)

KH2P04

51
A9
131
1e81
2439
3,00
378
4456
534
6432
7429
8026
9449
1073
1196
13019
14442
15,65
17419
1873
20426
21,80
23,34
24,88
28,55
32,22
35.90
40,47
45,04
" 49,61
54,18
58,75
63,32
69,28
75,23
81,18
87,14
93,09
99,04
104,99
11095
116690
12374
131405
13Re42
145,79
153416

MYLAR
«38

o866

«99
1,38
].85
2,33
2496
3,58

4,2)

5.00
5.79
6.58
Te59
Be60
_9061
10.62
11.63
12.64
13.92
15.20
16,47
17,75
19,03
20,30

' 23.38

26,46

29,53

33,40
37,26
41,13
45,00
48,86

52,73

57.83
62,92
68,02
73,11
78,21
83,30
88,40
93,50
98,59
104449
110,79
117.15
123,51
129,88

TEFLON

*48
e84
1e24
le72
227
285
3e60
435
Se¢10
6404
6497
T9)
9e11
1030
11049
12068
13.88
1507

1657

18006
1956
2106
2256
24 405
2765
31¢24
34.83
39432
4381
4831
52480
57g29
61.78
67,66
7354
79,43
85,31
91,19
G707
10296
10R«84
114072
12150
12Re74
336006

.143037
150,69

PBCL2

1.57
2.59
3,68
4,88
6,25
7,66
9,40
11,14
12,87
14,96
17,06
19.12
21466
2620
26.73
29.26
31.80
34,33
37.38
40,42
43,46

46,51

49,55
52,60
59,66
66,72
73,79
82,29
90,79
99,29

InT,79

116030
124,80
135,43
146,06
156,790
167,33

177.97

188,60
199,23
209,86
220450
232,48

245,18

257,98
270,79
283,59
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APPENDIX B

3He Reaction Q-Values

Reaction.Q—valués are given for 3He induced nuclear reactions with
stable or natufally occurring targets Z = 3 through Z = 92. The mass
data were taken from Maples, Goth, and Cerny.30 In the tables & reaction
leading to a non-existent product is designated "NR", and a-réaction
which results in a product whose mass is unknown has "MU" in place of

the Q-value. All Q-values are given in MeV. @Q-values are given for

the following reactions:

1. (3He,n)
2. (3He,2n)
3. (3He,3n)
4. (3He,p)
:5- (3He, 2p)
6. (3He,pn)
7. (OHe,pen)
8. (3He,a)

j9. (3He,un)




C =211~

'HE=3 REACTION Q=VALUES v
TARGET N 2N 3N P 2p PoN - Py2N HE4  HEG,N

HE-4  RE=6  BE=5 NR LI=6  HE=5  LI=5  LI=s NR NR
=9.09 . MU - 4402 =848 =9,68 MU - .-
LI=g B8 R=T7. NR RE~8 LI=7 BE=7 ‘RE=6 L1=5 Li=s
-1497 MU - 16079 “e47  =2411 =12479 14491 MU
LI=7 He9 B=8 Be7  BE=9  L]=8  BE~g  BE=7  LI~6  LI-=5
9,35  =9,23 MU 11.20  =5.69 9,53 =9,36 13,32 T.66
RE=9 C-11  C€=16 AR =11  BE=10  B~10  B=9  BE=8  BE=7
7.‘:6 . -5.52_ - . 10033 "'.90 "1013 .9057 18.91 .01
Re10 N=12 N1l NR c-12 B=11 C-11 C-10 8=9. B~8
1.56 MU -- 19.69 3,76 W97 =12411 126146 =644
R=11 Ne13 Ne12 . N=11 c~13 B=12 c-12 C=11 B=10 B~9
10,18 =989 MU 13619 =4,35 8.26 =10448 912 '68
c~-12 0=14 0-13. AR ‘Ne14 €C=13 = N=13 Nel2 C=11  C=19
~1415 =24432 -- 4s78  =2,77  *5,77 =25.85 1485 =11.23
C=13 0-15 0=14 0=-13 N=15 =14 N=14  N=13 c=12 C-11
Te12 -6e09 =29,27 1067 046 =17 =10.72 1563 =3,09
‘Nelé F=16 Fe15 NR 0=16 = N-15 0-15 0-14 N-13 Ne12
-.96 MU -~ 15424 3.12 "e43 =13464 10402 =10+05
N-15  Fel7  F-16  F=15  O0=17  Nel6 O=]6  0a15  N=14  N=]3
5.01 ~11.80 MU Re§5  =5,23 4,41 =11426 9.74 .81
0=16 NE~18 NE«l7 . NR - F=18 0=17 Fa17 Fel6 - O0=15 . 0=14
v =3420 =22446 | - 2¢03 =358 aTe12 =23.92 4e9] =843
0-17 NE=19 NE=18 NE=17  F=19  0~18 F=18 F=]7  0-16  O=15§
4030 ~T7e34 =26¢60 Re32 - «33 '2011 11626 16643 o76
0-18 NE=20. NE=19 NE=18 Fe20 0=19 F=19 F=18 0-17 0=16
13.12 =3,7% =15.38 6e87 =3476 27 =10.16 12453 8439
FI19  NA=21 NA=20 NA=19 NF=21  F=20 NE=20 NE=19 . Fe18  F=17
1456  =9.68 . MU 114689  =1,12 S5¢13 =1le74 10e14 +99

NE=20 MG=22 MG=21 MG=20 NA=22 NE=21 NA=2]l NA=20 NE=19 NE-18
© T «20 =18487 =32.32 5e78 496  =5,29 =22.52 3¢71 - =7493

NE=21 MG=23 MG=22 MG=21 NA=23 NE=22 NA=22 NA=2] NE=20 NE=19
6.60 =6,56 =25.,63 "11e44 2e65 =98 =12,05 1381 =305

NE=22 MG=24 MG=23 MG=22 NA=24 NE=~23 NA=23 Na=22 NE=21 NE=2¢
12.77 =376 =16493 Be04 “De52 1607 =11e34 - 10421 3445

. NA=23 AL=25  AL=24 AL=23  MG=25 NA=24  MG=24  MG=23  NA=22 NA=2)
' 626 ~10.69 = MU 1130 ‘“eT6 - 3,98 @12,56 Belb =291

MG=-24  SI=26  SI=25 NR AL=26  MG=25 AL=25 AL=24 MG=23 - MG=22
<06 =19.14 - 5¢92 =439 =5.43 =22438 ' 404 =9.12



TARGET

MG=25
MG=26
AL=27
SI-28
$1-29
$1-30
Pa3]
S-32
S-33
S=34
S=36
cL-35
cLe3T
AR=36
AR-38

AR=40

N
Sl=27
6405
Si=28
12.14
F=29
€ebl
S=30
'-57
$=31
3496

$=-32
He43

" cL=-33
C 3444

AR=34
~s76
AR=35
3433

AR=«36
Tel6

AR=38

166932

K=37
2.64

K=39
8.90

CA-38

-1068_

CA=40
699

CA=42
10.36

SC=41
169

SC=62
. Seb4

SC=43
Tes8

2N

S1=26
~Te27
SI-27
=504
P=28
=11426

Se=29
-19.80

S=30
-9405

5=31

=hebb

CL=32
-12439

AR=33
=17.62

AR=134
-QQAO

AR=35
8,409

AR=137
=492
K=36

1350

K=38
=4e19

Ca=37
-18.20

CA=39

=8e53
CA=41

=l.l2 .

SC=40
-14049

SC=41
=6ell

SC=42

°0065 )

HE=3 REACTION QeVALUES

3N

$1-25

=26447

SI=26
=1B.36

NR

NR

$=29
=28,.,28

S=30
'19.66

NR

NR

AR=33
=26 27

AR=734
=20.82

AR=36

-9071'

NR

K=37
=16425

NR

CA-38
22431

CA=40
=947

NR

SC=40
=22429

SCe41

=16.,20
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[
AL=27
11+65

AL=-28
8428

S1=29
1234

P=30
6435

P31
10419

P=32

Te51°

§-33
9.79

CL=34%
608

CL=35

19007

CL=36
Te?3

Ci.=38
6e 79

AR=37
9-%8

AR=139
G412

K=38
6e20

K=40

6066 )

K=42
Teb2

cA=4]
Re96

ChA=42
12466

CA=43
10649

2P

MG=26
3.38

MG=27
=1.28

AL-28
N1

S1=-29
o 76

SI1=-30
2490

S1=31
=l.12

P=32
.22

S=33
02

S=34

370

S=35
-e73
S=37
=330

CL=36
s BA

CL=38
=leh]

AR=37
1407

AR=39
-1.13
AR=4]
=1e62
Km0
o8
Keaé&)
237

Keé2
e ]8R

PN

AL=26
=1le41

AL=27
~+55

sl-28
3.86

P=29
~4497

P=30
-2413

P=3]
"e43

$-32
1.15

CcL=33
5,43

cL-34

256
ClL=35.

=1,3%
ClL=37
68
AR=36
.79
AR=38
2¢52
Ke37
=5,86
Ke39
=1.34

Kegl
.08

CA=40

62

CA=4]
1.16

CA=42
2456

Pes2N

AL=25
=12.76

AL=26
=12.50

S1l=27
=13.31

P-28
«12+84

P=29

=13445

P=30
-12-74

S=31
=13.95

CL=32
=21e26

CL=33
14407

CL"34
=]13+98
- ClLL=36

=9464

 AR=35

=)4e46

"AR=37
~9e31

K=36
-22400

Ke38
=14443
Ke40
=10.01

CA=39
'15.00

CA=40
=Te19

Chmt)
=8493

HE4
MG=26
13424

- MG=25

9448

AL=26
Te52

SI=27

3e40

S1=-28
1210

SI=29
9.96

P=30
8¢26
S=31
Seb8
§=32
1193
S=33
315
S$=35
10«69

CcL=34
Te94

. CL=36

10.26

AR=35
Se32

AR=37
BeT76

AR=39
1070

‘K'38
TedS

K=39
1277

K=40

10'43.

HE4 4N
MG=23
»3.29

MG=24

2.15
AL=25
‘3.83
SI=26
=9.93

SI=27
~S.07

Sl-28
le48

P=29
«“3,06

S=30
=752

S=31
~3.16

S«32
51
S=34
Je71
CL=33
=3.57

CL=35

le68

AR=34
=Te4)

. AR=36

*e 05

AR=38
4011
K=37

*4457
K=-38
~e32
K=39
2¢68



TARGET

CA=40
CA=42
CA=43
Chw44
Ca=46
Ch=48
SC=45
TI=46
T1=47
T1-48
Ti=49
TI-5¢0

V=50
V=51
CR=50
CR=&?
cs-sé

CR=54

© MN=55

N
Ti=42
-2087

Ti-44
Y98

T1-45
Tea?

Tl-46
9.52

T1=-48
12.20

T1-50
14307

V4T
T7.81

CR=48
.81

Che49
732

Ck=50
8.63

Ch=51
9.75

Ch=52
10.84

MAN=§2
8435

MN=53
9,34

FE=-52
4e94

FE=54

7.69’

FE=55

9405
FE=56
10.53

CO=57

Be49

2N

Ti=4l
-20.23

TI=-43
«10.41

T1-44
‘1.95

TI=45
‘3-67

TI=-47
58
T1=49
3.13

V=46
LYY 4]

CR=47
Ml

CR=48
=3407

CR=49
-4o3q
CR=50

-]
CR=51
~lael9
MN=51

=217 .

MN=52
=271

FE=S1
MU

 FF=53

~Se92

FE=54
=425
FE=55
.67

CO=56
=289

HE=3 KEACTION. Q=VA|UES

13N

NR
TI=42
=22.70

TI-43
~18434

TI=44
-13,08
TI=46
=8430

T1=48
=54062

NR

CR=46
ML)

CRm4?7

My

CR=48
=14470

CR=49
=12¢45

CR=50
=10.46

MNe=S0
=15.88

MN=51
=13,22

NR

FE=52
~16437

FE=53

 =13.87

FE=54

‘9.97

Co=55
-12.97

-213-

P
SC=42
4490

SC=44
6e92

SC=45
1031

SC=46
Te94

SCe=48
9.0l

SC=50

Re39

TI=47
1151
V=48
7.99

V=49
1067
Va50
R.38
ves5l
1128
V=52
Teb6S
CR=52
13084

CR=53

1072

MN=52
8,10

MN=54
T.78

MN=55
1007

MN=56

7462

Fé-s?
10011

2P

- CaA=4]

.63
CaA=43

21 -

Ca=44
3e4?

CA=45
-e30

Ca=a7
-y bb

CA=49

=257

SC=46
175
Tl=47
lel6

Ti=48
3.91

T1=49
043

T1=50
3.23
T1=51
=1e34
veS]
334
V=52
-e4]
CR=5]
1455

CR=53
022

CR=54
200

CR=55
=1e46

MNe56
=e45

PoN

SC=41
6,65

SC=43
«2.R0

$C=44
=140l
sC=45
=83
§C~47

e 76

§C=49
1.90

TI~46
2.63

Ves7
=2.54

Vey8
=+R9
V=49
*.96
V=50
23
V=51
34
CR=51]
le80

CR=52
2.78

MN=5]
-2442

MN-53’

-1-16

MN-S“
-016

MN=§5

¢35

FE-56

2447

Pe+2N

- 8C=40 "

~22483

SC=¢2
=14.93

SC=43
=10e72

SC=44
-12415

SC=46
-3.88

SC=48
=H421]

TI=45
=]10e56

Va4t
=15+55

V=47
=11e¢42

Ve48
=12451

V=49
9410
V=50
10471
CR=50

-7.47,

CR=51
=325

MN=5¢
~16.13

MNeS52
=13.21

MN=§3
" =9.10

MN=S54 -
=-3,.88

FE=55
=8473

HE4

CA=39
4095

CA=4]
9.09

CA=42

12465

CA=43
9e44

CA=45
10617

CA=47
10463

SC=44
Ge25

T1=45
T7.38

TI=46
1170

TI=47
8495

Ti=48
12443

T1=49
963

Ve49
11424

Ve50
9.52

CR=49
Teb4

CR=51
854

CR=S52
1263

CR=53
1085

MN=54

1035

HE4 o N
CA=38
=8+73

CA=4p
o T4
CA=41
lelsp
CA=4?
151
CA=44
2¢75
CA«46
3.3%
SC=41
"e46

Tle=44
=203

Tl=48
~1le49

TI=46
007

TIwa47
« 80
Ti=4R
les48
Vesn -
-e31.
V=49
19

CR=48
=275

CR=59
“e73
CR=5)
60
CR=52
2¢91

MNe=g 3
le4}



TARGET

FE=S54
FE=56
FE-57
. FE=g8
C0=59
VNI-aa
Nl=60
NT=£1
NI-&?
NI-GA
CU=A3
CU=65
IN=E 4
ZIN=h6
ZN=g7
7'\’-_-6é
ZN=70
GA=s9

GA=71

N
Nl=56
453

Nl-58
6.48

Nl=59
T.84

Ni=60
9.18

Cu-61
6.6l

ZIN=60
My

Ih=62
J.51

IN=63
4486

IN=64
6,11

IN=66
B.63

GA~65
3.93

GA=6T7
6446

GE=66
1.60

GE=p8

4455
GE=69
6410

GE=70
7.42
GE~72
9,49
AS=71
5443
AS=73
7465

2N

NI=55
My

- NI=57

‘5071

NI=58
'1016

MI=59
=220

Cu=60

~5410

IN=5Y
ML)

IN=61

'9010
IN=62
=431
ZN=63
=SeT4

IN=65
=240

GA=664
=T487

GA=66
-4 T7

GF =65
«]10e95

GE=67
'7.63
GE=68
=250
GE=6Y
=4¢10

GE=T71
LXE-1]

AS=T70
=6e22

AS=72
-3.13

HE=3 REACTION QaVALUES

3N

NR

NI=%6

=15.97

N]=57
=13435

NI~58
=11.20

CU=59
'15.16

NR

IN=60
MU

IN=61
=16492

IN=62
=14.91

IN=64
=10439

"GA=63
=17.87

GA=65

-13.89>

NR

GE=66
=17.42
GE=g7
~14.69

- GE=68

=12.71

GE=70
-8,?7

AS=49
-15.41

AS=71

11,52

~21k—

P
CO=56
T7+43

CO=58
6eBT

CO=59
Qe70

COo=60
. 715
NI=61
9463
CU=60
5476
Cu=62
S.98

CU=63
9,01

CU=64
6e32

CU=66
fe79
ZN=65
7.98

IN=6T .

Be2b

GA=66
5035

GA=68
S84

GA=¢9
Gell

GA~70
655

GA=T72

- hebB

GE=71

Re22

GE=73
Re80

2P

FE=S5
1.58

FE=ST .

-+ 08

FeE-S8
2032

FE=59
=113

Co=60
-e23

N1=59
1.29

N1=61
10

NI=62
2+R8

Ni=63
LEE-1.]

Nl=65
*1e62

Cu=64
.20

Cu=66
- 66

IN=65
27

IN=67
=466

IN=68
2048

IN=69
=1s22

ZN=71

| =168

GA=T¢

- NE

GA=72
=1.20

PaN
c0=55
“le66

cO=57
=170
co-58

=77
C0=59

=¢34
NI=60

181
CU=59
=4430

CUmg]
-2492

CU=62
'1084

‘CU=63
- =14589

CU=65

=27

ZN=64
~e01

ZN=66
1419

GA=65
=3.77

GA=67
~l e85

GA=68

=l.22"
. GA=g9

=1.10

GA=71
16

GE=70
«80
Gk=-72
2.02

Pe2N
CO0=54
«16475

CO~56
=13,07

Co-57
-9.36

C0=58
=10.81

NI=59
=957

CU=~58
=17.07

CU=60
>14463

Cu=61
=10.74

CU=62
=12444

CU=64
-10.18

ZN=63
=11.87

IN=65
'9085

GA=64
=15.57

GA=66
=13.68

GA=67
=G50

GA=-68

=1l.42

GA=70
-9,15

GE=69
=10.73

GE=71
=B,74

HE4

FE~53
6+95

" FE=5S

937

FE=56
1293
FE=57
10453

co=58

10}11

NI=S7
8.38

NI=59
9.19

NI=60
12075

NI=6]
9.97

NI=63
1091

cu=62

9473

CuU=64
10.66

ZN=63
8e72

IN=65"

9.54

ZN=66
13!52

IN=67
10637

IN=69
11.38

GA-68

1025 .

GA=T70
1126

HE& oN
FE=52
=349

FE=54
«07

FE=8S5
1e73

FE=564
2489

CO=57
154

Nl=56
=l.88

‘NI=-58

.19

NI=59
1.37

NI=g0
2¢15

Nl=62
407

CU=61

«83

CU=63

275

IN=62
-.45

IN=64
155

IN=68
2049

IN=66
3.32

IN=68
4,88
GA=g67
197

GA=g9
3462



X7

TARGET

GE~70
GE=72
GE=73
GE=T4
GE=76
AS=75
SE=74
SE=76
SE=77
SE=78

SE=Q0

SE=E2

‘RR=79

BR=A]

KR=78
KR=RQ
KR=g2

KR=83

KR=84

N
StE=72
3.92

St=74
6049

St«75
7.73

St=76
.70

St=78
1¢e67

BR=77
T.06

KH=76
4408

KK=78

5,75

KR=79
6.71

KR=80
7473

KH=82
G470

KR=84

11.71

Ru=R1

6422
Ri=H3
8,05
SR=80
MU
SKk=82
4499
Sk=84
€491
SR=-85
7.92

Sk=86
8493

SE=71
-8.28

SE=73

‘5062‘

SE=74
‘.29

SE=75
-2e4b

SE=T7
+18

BR=T76
~3.61

KR=T75
- 36

KR=77

-6.12
KR=78
=1+67
KR=79
-3.78

KR=-81
-1.29

KR=83
119

RR=80
=4049

RR=82
=276

SR=79
My

SR=81
MU

' SR=83
-4 ¢85

SR=84
-e56

SR=y5

.'2.60

-215-

HE=3 RFACTION Qe«VA{LUES

3N
SE=70
MU

St=72
=l4.24

SE=73
=12440
SE=74
=10449

St=76
-7.24

BR=7S
'13016

KRe74

=19.50
KR=76
=15.11

KR=77
=13.53

KR=78

=12.16

KR=R0

-9.16

KR=y2

=6a28

RB=79
MU

RB=80
14445

NR
SR=#0

MU
SR-82
=13.85

SR=83

=12.32

SR-84
=-11,08

p
AS=72
5430

AS=T74
5492

AS=75
9.38

AS=T76
6451

AS=78
7.18

SE=77
9,21

RR=T76
6006

BR=78
S.83

BR=79
Q.12

RR=H0
6e50

RR=a2
7039

RR=84
Te79

KR=81
A9y2“

KR=83
965

RB=80

6430

RR=82
601?

RB=84

681
. RB=85

9.81

RB=86
T+93

2P
GE=T71

=+31
GE=T73

'093

GE=T4
2e4B

GE=T5
=123

GE=77
=1+69
AS=76

-e39

SE~T75
31

SE=77
-e30

Se=78
2477

SE=79
.75

Se-R1
=100

SE=83
=179

BR=80
o16

BR=82
12

KR=79
67

KR=81

13

KR«83
=25

KR=R4
280

KR=8%

Y1)

PoN
AS=71
-3,09
AS=73
-2009
A$-74

~.87

AS=75
- R2

AS=77
028

SE-76
1.80

BR=75
'3048

BR=77
‘2.45

BR=78
=1,.58

BR=79
=1437

BR=-81
=21

BR=83
1.00

KR=80
1.39

KKef2
2e19

RB~=79
MU

"RB=g]

-2,89
RB=83

=-1.86

Rb=84
*e66

RB=g%
~eT1

Pe2N
AS=70
“14474

AS=72
-12.86

ASeT73
'8t87

AS-74
«11.06

AS=76
342

SE=75%
~9437

BR=74
-15.30

BR=76
=-13.13

BR=77
~9487

BR=78

=12.07 -
RR=80

=10.37

HR=82
=RBe59

KR=79
«10el12

KR=81
«Be80

.RB=78
My

RB=80

*13¢59
RBw=g?2
=1267
‘RB=83
«9433

RB=84
-11.18

HE 4

GE=69
9.05

‘GE=71

9.82

GE=72
13.79

GE=73
1038

GE=75
11413
AS=74

10433
SE=73

Betb6
SE=75

9441
SE=76
13416
SE=77
10.08

SE=79
10.67

SE-81
11.31

BR=78
5487

BR=80
1041

KR=77 .

8,71

 KR=79

9407
KR=81

9.58 -

KR=82
1311

KR=83
10405

HE4 N
GE=68
046

GE=70
2¢4)

GE=73
3.06

GE=7p
3459

GE=74
466

AS=73
2¢32

SE=72
~.16

SE=74
1¢39

SE=75
2000

SE=76
2e67

SEe78

3470

SE=-80
4460
BR=77 .
1.59

BR=79
2453

KR=76
.28
KRe78
68
KReg0
1e73

KR=g}

2012

KR‘BZ
2459



TARGFET

KR=86A

RB=g5%

PB=87

SR=8%
SR=R6
SR=R7
SR=AR
Y=89
7K=90
7R=91
7R=9?2
ZR=94
7R=%6
NB=93
M0-92
M0-94
MO-QSI
MO=96

MO=97

N

SH=88
11449
Y=-87
T8%
Y=89
9.95

ZR=36
4425

ZR=88
€.13

7R=89

Oe84
2R=G0
1e74

- NE=91

S5.93

‘MO=92
4 4R9 -

MO=93
S.75

MU=-94

€480

MO=96
8439
MU-OE
954
7C=-95
S.71

RU=94
ry

 RU=96

4452
RU=97

.19

RU=98
6429

RU~99
6e94

2N
SR=87
39
Y=-86
-4414
Y-88
'1.53

ZR=85
MU

IR=87
=606

ZR=88
=231
ZR=89
~4426
NB=90
'6'23

MO=91
’7.69

MO=92
=230

MO=93
-2e89

MO=95
77

MO=97
«50

TC=94

54.27

RU=93
My

RU=8S
~5460

RU=96
‘2085

RU=97
‘3097

RU=98
-053

-216-

HE=3 REACTION QeVA{LUES -

3N
SR=86
=9.82

Y-85
~13.65

Y=87
-10.72

IR=84
My

2R=86
=15.75

ZR=8T
=14.50

ZR=88
=13441

NB=49
=16,00

MO=990

=17.88°

.MO=g1
~14489

MO=92

=10.94

MO=94
-8.14

MO=96
-5.92

TC=93
«]12+H89

RU=92
My

RU=94
MU

RU=95
=12497

RU=96
=12+01

RU=97
=10.,78

P
RB=g8
703

SR=87
10435

SR=a9
9.27

Y=86
6-23
Y=88
Tebd
Y=g9
1046

Y=90

625

ZR=91
TeB6

NR=92
533

NB=93
6.95

NB=64
Se54

NB=gé
6002

" NB=g8

5.72

M0=95
‘Bel5

TC=94

4498

TC=96
5410

TC=97 .

Tel7

TC=98
5037

TC=99
Te43

2P
KR=B7
=221

RB=R6&
92

RB=#8

=1459°

SR-85
.76

Spe=87
o 72

SR=88a

338
Sk=89
=133

Y=90
=-sB2

ZR=91
o582

ZR=92 .

92

2ZR=93
=1le00

ZR=95
-1.25

IR=97

=2e¢14 .

NB=94
-e49

MO=93
33

MO=95"

-e34

MO=96
1¢44

MQ=97
=e90

MO=98
202

PaN
RB=87
90
SK=86
l.91
SKR=28
2487
Y=85
-30?8
Yug7
9;078

Y=88
=1.02

Y=89
=64

ZR=90
066

NB=9]
-ZOQSV

NB~92
«1l.87

NB=93
=l.69

NB=g5
~e9]

NB=g7
=25

MO=g4
77

TL-93 .

«3.63

TC~95
-2.79
TC=96
-2028
TC=97
=1.98

© 7C-98

=1,4%

'PvZN

RB=86

=9403

SR=85
=961

SR=87
'8023

Y=84
=14480

Y=86
-13.77

Y=87
=10e22

Y=-88
=12e12

ZR=89
-11433

NB=90
=14¢61

NB=9]
=9.64

NB=Q2
=10e51)

NB=94
’9040

NB=96
-B4¢29

MO«93
=8,92

TC=92

=1655"

TC=94
=12476

TC=95
~10e16
TC=96
=11¢43

TC=97
-8¢80

HE4

KR=8%
1073

RB=-84
10010

RB=~86

10.64

SR=83
B8.81

SR=85
9.05

SR=86
12414

SR=87
Geb7
Y=88
9.10

ZR=89
8458

ZR=90

1338

ZR=91
11493

ZR=93
1235

ZR=95
1274

- NB=92’
1178

MO=9]
7499

MO=93

1088
MO=94

1320

M0=95

11.42

MO=96
1376

HE&4 ¢N
KR=g4
de60

RB=83
leds

RBegg
200

SR=82

*e19

SR=84
087
SR=g85
6?2
SR=g¢
le04
Ye87
=el0
ZR=-g8
~e57

ZR~=89
le38

. ZR=99

4e74
ZR=92
5663
ZR=94
6+27
NB=9}
3.98

MO=g ¢
=2¢20

MO=92
2483

MO=93
3451

MO=94

4¢04
MO=95

.>4060

v



TARGET

MO~G98

M0=100

RU=96¢

RU=98

RU-99
RU=100
éu-lox
fU-102

RU=104

 PH=103

PO-102

. PD=104

PD=-105%
PD=-106
p0-'108
PD=110
AG-107

AG=109

;CD=106

N

RU=100
7497

RU=102
Se77

PC-98
MU

PU=10C
3.62

PLU=101
4464

PL=102
5,56
Pl=103
PD=104
7.17
PC=106
8.68

AG=105
Se98

‘CL=104

2.88

CL=~106

‘0.58

cu=107
5.41

CL-108
6020

Ch=110
7068.

co-112
S.10

IN=109.

4¢99

IN=111
6430

SN=108

My

2N

RU=99
-170

RU=~101
*56

PD=97
MU

PD=99
=771

PDO=100
~3eB5

PD=101
=503

PD=102
-1.24

PD=103
~2485

PD=105

-eB7

AG=104
-4.08l

CD-103
MU

Ch=105
-6el9

CDh=106
=251

cn=107
~4e13

CD=10%

=2¢19 .

co=111
-e30

IN=108

-/4e88

IN=110
=3.52

SN=107
U

217~

HE=3 REACTION Q=VAi UES

3N
RU=98
=9,17

RU=100
~6e25

NR

PD=-98
MU

PD=g99
=-15,18

PD=100
=13.52

PD=101
=~11+83

PD=102
=1G.46

PD=104

=Te96

AG=103
=12443

NR

Ch=104
=14.75

CD=-105
~13.38

=12.06

Ch=108
'9056

C0-110
=7s28

INe10OT7
 -14019

IN=109
=11e47

SN=106
MU

P

TC=100
5438

TC=102
606

RH=98
559

RH=100
Se00

RH=101 °

Tes2

RH=102
Se20
RH=103
Te70

RH=104
Se49

RH=106
S92

PD=105
Re06

AG=104
4e8B6

AG=106
417

AG=107
Tebl

AG=108
Se34

AG=110
Se59

AG=112
SeB7

cD=109
Te?9

CD=111
Be17

IN=108
Se24

2P

~1.80

MO=101

=233

RU=97
«32

RU=99
=25

RU=100
195

Ru=10l
-09‘.

vRUflO?

1.50

'1047

RU=105

'947.69

RH=104
’072

PD=103
-e11

Pn=10%5
=063

1483

PD=107
~1es19

. =157

PD=111
~1.97

- AGw108

A

AG=110"

=89

Ch=107
(X3!

PN

TC=99
-1’21

TC-101
=29

RH=97

=3.95

RH«99
-3.13

RH=100
=2e47

RH=101
2425

RH=~102
»le6l

RH=103
-1051

RH=105
~e65

PL=104
.97

AG=103

- 3448

AG=105
=2.71

AG=106

=1l.92

AG-]O7
'1093

AG=109
~l.24

AG-111
=57

cu-108
.42

ch=1190
1.20

IN~107
4406

Pe2N

- TC=98

=10.09

TC=100
-84,84

RH=96
MU

RH=98
«12.70

RH=99
=10.,60

RH=100
«12.14

RH=10}
~F.06

RH=102
=10.82

RH=104
-9465

PD=103
=3,05

AG=102
=13.80

AG-104

=12.77

AG=105
‘9080

AGm]106
=wllebb

AGe=108
'10!42

AG=110

937

CD=107
-9.92

CD=109
8467

IN=106
=15.04

 HE4

MO=97
11.93

MO=99

1227

RU=95
10645

YRU-97

10432
RU=98

1310

RU=9%
1090

RU=100
1377
RU=101
11436

RU=103

1169

RH=102
1126

PD=101
9.98

PD=103
10+55

PD=104
13448

PD=105
11403

PD=107

1135

PD=109
1177

AG=106

"11.04

AG=108
1139

cD=109
9470

HE4 4N
MO=9¢
Sel2

M0-98
6436

RU=94
MU

RU=9¢
2028

RU=97
285

RU=98
3443

RU«99
4e10

RU=100
4¢55%

RU=302
Seb4

RH=101
3.81

PD=100
1e49

PD=102
2094

PD=103
3e46

PD=106¢
394

PD=106
4481

PD=108

5¢62

AG-105
3016

AG=107
4012
CO=104
le24



TARGFT

cD=10R
cD=110
cn;ili
ch=112
: 601113
ch=114
cD=-114
S IN=113
IN=115
SN=112

SN=114

SN=115 .
SN=116-
7 gN-117

SN=118

.SN-IIQ
SN=120
SN=122

SN=124

N

Sh=110
My

SN=112
5416

Sh=113
- 593

SN-]14
6485

She115
7.85

Sh=116
8.36

SN-118
9430

SH=11%
4452

sB=-117
.89

Te-114
MU

JE=116
1.70

TeE=117

1.90
Te=118
3.00
TE=119
3.66

TE=120

4461

TE=121
- 5410

TE=122

"6e05

Te-124
Ti42

TE=126.

He68

2N

SN=10Y
MU

SN=111
=591

SN=112
=1.81"

SN=-113
=347

SN-114
.31
SN=115
=120
SN=117
ol
SH=1l4
~6426

SKR=116
-3.78

TE~113
MU

TE=115
~Ge28

TE~116
=583

TE=117
=-Teb66

TE=118
=3.94

TE~119
-5067

TE=120

‘1-87

TE=121
=4401

TE=~123
-] e9Y

TE=125

| =42

SN=108
MU

SN=110
MU

SN=111
12,89

SN=112
=11.21

SN-113
'10001

SN=114
“-BeT4

SN=116"

=6e47

Sk=113
-14,78
SE=115
=11.82
TE~112
MU
"TE=114
MU

TE=11%
=16,8]

TE=116
=15,39

TE=117
=14461

TE~118
=13.27

TE=119
=12.16

TE=120
=10.98

TE~122
=8.93

TE=124
=Te02

-218- -

REACTION
P
IN=110
4481

IN=112
5e28

IN=113
773

IN=114
5465

IN=115
Bel4

IN=116
Sek2

IN=118
6438

SN=115
8433

SN=117
8449

SB=114
3.29

SB=116
4e05

SB=117
hel8

SR-118
4e0n8

SR=119
6473

SB=120
4ebl

SR=121
Tel7

SR=122
4486

SR=124
Se28
SB=126
Se74

QeVALUES

2P

€D=109
=35

Co=111
C=eTé

Cp=-112
1e68

Ch-113
=1.18

CD=114
133

€0=115
=) eRR

cn=117
=185

IN=114
=e40

IN=110
=409
Sh=113

0031
SN=115
-e18
SN=116
1485

SN=117
-s78

‘SN-118

1.61

SN=119

=124
SN=120

1439 -

SNe121
=1e54

SNe=123
~]1e79

SN=125

=195

PaN
IN=109
=3,15

IN=111
=2.61

IN=112
=1.69

IN=113

-1066

IN=114
.19

IN=115
=90

IN=117
“e22

ShN=114
R0

SN=116
1.55

. SB=-113

'5723

sB=115
-3,99

SB-116
=3.49

SB=117
-3.38

S8-118
«2.87

SB=119
-2e60

Sk=120
-2.08

$B=121

=l.94

SB=123
1,15

SB=125

-039

Pe2N

IN=108
=13.02

IN=110
=12443

IN=111
9,59

IN=112
~11409

INe113

=8e20

IN=114
=9,93

TN=116
5402

SN=113
-9,52

SN=118
=8401

SB=112
MU

SB=114
=14,.78

SB=115
~11.53

SB=116

_-13005
s8-117

~10.32

SB=118
=12+20

SB=119

=9,08

SR=120
=11419

SB=122
=10.12

SR=124
=3.15

HE4

cb=107
1024

Cb=109

10771

coh=110
13460

co=111"

11617

ch~-112
144064

ch=113
1153

co=115
11.88

IN=112

"11e15

IN=]114
1155

SN=111"
£ 9.50

SN=113
1025

SN=114
1304

SN=115
1101

SN=116

13463

SN=117
11e24

SN=118
1409
SN=116
1146

SN~121
1177

SN=123
1207

HE& N

CDh=106
231

CD=108
3¢34

CO0~109

3.73

Co-110
be20
cu'lll
4e66

CO=112
4499

Ch=114
S5¢74

IN=111
3425
IN=113
4623

SN=110
MU

SN=-112
2451

SN=}113
2¢72

SN=114
3eb?

SN=115
4407

SN=116
430

SN=117

GeT6

SN=118
4¢98

SN=120

5459

SN=122
6ela



L]

TARGET

SB=121
SB=-123

TE=120

TE=122

TE=123

TE=~124

TE-125-

TE=126
TE=128

TE=130

 1-127

XE=124

. XE=126

xE~128

- xE=129

XE=130

XE=131

XE-132

" XE=13%

N

1-123
S5.08
=125
6.52

 XE=122

MU
XE=124
4402

Xt=129
4468

XE=126
S.51

xE=127

€e27

XE=128
€466
XE~130
Te76

XE =132
8479

CS~129
Set?
BA-126
My
BA=-128
2493

BA=13Q
4034

BA«13]
5.06
BA=132
5.36
BA=133
6.]2
BA=134
6,44
BA=136

7.88

2N
I1-122
-4465

1~124
-3e11
XE=121
-He45

XE=123
-ho b9

 XE=124

=2.92
XE=125

 =4473

XE=126
-1.09
XE=127
-2482
XE=129
=1.50
XE=131
-.l“
CS=128
-4e28
BA=125
My

BA=127
=719

BA=]129
5492

 RA=130

=257

BRa~131
-¢-20

BA=132

"1024

Ba=133

=2l

RA=135
-1e35

HE=3
3N

I=-121
=12+93

]1-123
=10+70
XE=120
MU
XE~122
MU

XE=123
=13e44

XE=124
=12433

‘XE=125
=11433

XE=126
=10.18

XE=-128

~8e41

XE=130
674

CS=127
=1193
BA=124
MU

BA-IZQ

MU

BA=128
=13.91

BA=129
-12.83

BA=]130
=11.83

BA-=131
=10.80
.BA=132
=~1017

BA=134
'8055

219~

REACTION

P
TE=123
. Te2l
TE=125
Te45
1=122
4039.
T=j24%
4468

1-125
Te36

=126
‘5005

1=-127
Te859

1-128
Se30

1=-130
5.55

1=132
6002

xE=129
735

CS=126
4e54

Cs=-128
4e4]

CS=130
4468

CS=~131
Te0l

CS=132
4496

CS=133
Te¢39

CS=134
5.16

€S=136
S5¢83

Q=VALUES
2P

Sp=122 -
-e92

SBe=124
=129

Te=121
~e T4

TE=123
-.77

TE=124
169

TE=125
*l.11

TE=126
137

TE=127
~1e40

TE=129
1460

TE~131
=182

1-128
-092

XE=125
-e12

XE=127
e 36

XE=129
-sB0

XE=130
1e54

Xg=131
~1.12

XE=132
121

XE=133

~=1.19

XE=135
=1e16

PeN

TE=122
27

TE=124
«85

I=121
-3,88

I=123
‘2091

1124
-2.26

1125
-2.05

I=126
1456

1=127

'1050

I=-129
=930

I-13)
~e33

xt-128
0bé

CS=125
=3.97

CS=127
=3.24

C€S=129
-2.69

C5=130
-2.23

CS=~13)
'2q25
CS=132
~1.65
C5=133
'1.54

CS=135
-.78

Pe2N

TE~121
=G,79

TE=123
=856

1-120
~13.90

1=-122
~12464

I-123
~9,85

I=124
=11467

=125
'8065

I~126
=10465

I-128
=9.77

1-130
=He.95

XE=127
9,04

CS=124
My

Cs~126
~13.30

CS=128
‘12043

€S=129
=9460

CS=130
=9,4,49

CS=131
-8086

CS=132
-10.58

CS=134
'9'83

HE4

SB=120

1132

SB=122
1160

TE=119
1029

TE=121

10652

TE~122
1363

TE~123
1117

TE=124

"1397

TE=125
11448

TE~127
11.82

TE=129

1219

I=126
11042

XE~123
1006

XE=12%
10433

XE=127

11009

XE-128
13+66

XE=129
11.31

XE=130

13097»

XE=131
1164 -

XE=133
1211

HE& 4N
SB=119
4032
SB=121
4480
TE=118
2469
TE=120
3¢54

TE=121
3.57

TeE~122
4e22
TE*123
4e56

TE=124
4.88

TE=126
5851

TE=128
6407

k=125
4¢33

XE=~122
MU

XE=124
2073

XE=126
3¢76

XE=~127
418

XE=-128
4{40
XE=129
4T

XE=130
S5e064

XE=}132
5.58



TARGET

XE=136
és-133
HA=130
Ra=132
HA=13¢

HA=135

BA=-136.

BA=137
RA-138

LA=138

LA-139

CE~136

“CE=138-

CE=140
EE-142
‘bR;141
T ND~142
ND-143

ND=144

N
BA=138
8493

LA=]13S
5452

CE=132
1489
CE-13¢4
3,42
CE~136
4456
CE=137
5420

CE-138
Se44

CE-139

6.00
CE~140

649

PR=140
4493

PR=141
550
NC=138

MU
NU=140
3eb2

ND-142

4.74

ND=144
603
PM=143
3,70
SM=144
2.83
SM=14S
3449

SM=146

4611

2N

BA=137
«39

LA=134
4429

- CE=131

'9.83

CE-133
'619?

CE=135
‘5043
CE=-136
-2464

CE=137
'4003

CE-138.

=1.51

CE=139
=2¢54

PR=13Y

.‘2087

PR=140
=385

- MU

ND=139

‘6057

ND=141
5406

ND=143

=180
- PM=142

-6407

SM=143
-7063
SMe=144
-3027

SM=145
=4434

. HE=3
3N
BA=) 36
‘6056

LA=133
~11.97

CE=130
MU

CE=132
=15.30

CE=)34
=13.19

“CE=135
=12+63

CE=~136

- =11.87

CE=]137
-10098

CE~-138
=10405

PR=138
=12.73

PR=]139
=1].66
ND=136
MU
ND=138
MU

ND=140

=12492

ND=142

=790

PM=141
=14470

SM=1]42

MU

SMe«143
=13.73.

SM=1644
=11.10

-220~

REACTION G-VALUES

P
CS=~138
4488

BA=135
Te46
LA=132
.87
lLA=134
4034

LA=)36
Se06

LA=137
7418

LA~]38
Se21

LA=}39
T¢05

LA=140
3.51

CE=~)40
9.06
CE=141
S5e71
PR=138
4435
PR=140
T 47l
PR=142
337
PR=144
3.82
ND=143
Se61l
PM=144
297

PM=145
4493

- PM=146

"3436

2P

XE=~137

~3e26

Cs=134
=1.01
Ba=131
"09
Ba=133
-+ 35
BA=135
-052
BA=136
1451

BA=137
=77

Ba=-138
oR2
BA=]139
=301
LA=139
1607
LA=140
=2.72
CE=»137
12
CE=-139
=e2l

CE-141
=228

CE=143
=2¢61
PR=142
'1086
Np=143
-lb62
ND=144%
«11

ND=145
'1.97

PN

CS=137
=e00

BA=]134
26

LA=131
"3'83

LA=133
-3-34

LA=135
2446
LA~136
‘2.14

LA=137
.2005

LA-138
-1-74

LA=139
-le49

CE~139
002

Ck=140

27

PR=137

‘3.48

PR-]39
=3.10

PR=14]
'2048»

PR=143

~1495

NU=142
~e49

bM-143

«3453

PM=144
=3.13

PM=145
=2490

Pe2N

CS=136
8,61

BA=133
’8099

LA=130
~14410

LA=132
=13,32

LA=134
'12027

- LA=135
=9.66

LA=136
~11437

LA=137
=9,00

LA=]138
=10428

CE=-138
=Te49

CE=139
'8.77

PR=136
MU

PRe138

')2096

PR=140
'11'84

PRe142
=9,28

ND=141
«10.30

- PM=142

-'13030
PM=143

'9063

PM=144
«10496

HE4

XE=135
12469

cSs~132
1154

BA=~129
10431

RA-131

11401
BA=)133

1132

BA=134
13.37

BRA=]1235
11+34

BA=136
13+62

BA=137
12403

LA=137
13431

.LA=138

11.78

CE=135

10458

CE~137
11.10

CE=139
1154

CE~141
13436

PR=~140
11-22

ND=141

1076 -
ND=142

14¢47

ND=143
12474

HE40NV
XE=134
6¢13

€s=131
4¢33

BA=128
2e32
8A-13Q
3+¢3R
BA=132
395

BA=133
412

BA=134
Theld

BA=135
4¢39

BA=136
S5.08

LA=136
3099_

LA=137
4452

CE=}134
2e82

CE=136
326

CE=138
4403

CE=140
T¢93

PR=139
3e4)

ND=140
2091

ND=141
beb6

ND=1642

beb4b



A

TARGET
ND=145
ND=146
ND=148

ND=150

SM=144

SM=147

SMe148

sv-149
sm-iSo
SMa152
SM=154
50%151

EU=153

6D~152

L GD=154

GD=155

GD-156

GD=157

60=158

N

SM=147
4469

SM=148
S.27

SM=150
€e48

Sv=152
Te94

GU=146
" 496
G=149
2473
GO=15¢
331
GD=151
3.98

GL=152

4451

GU=154
5.77
GU=156
6496
TB=153
3446
TB=155
4464
Dy-154
2.§1

Dy=156

4407
Dy=157
4443
Dy=158
4eT4
DY=159
Seré
DY=160
S.91

eN

SM=146
=1¢63

SM=147
=287

SM=149Y
=150
SM=151
=28
GD'145
My
Gh=14H
=4e22
GN=14Y
=541
Gh=15¢
=PS54’
GDh=151
=4400

60=153’

2 e84
6D-155
=157
TR=152

=535

T8~154
'4032

Dy=153

,'6,75

Dy=155
=582
Dy=156
=239
DY=157
'“009.
DY=158
'1061
DY~159
-2.68

HE=3
3N

SM=145
=10.08

SMw146
‘9020

SM=148
=735

SM=150
=5+89

GD=144
oMU
GD=147
~13,28

6D~148
=12.,37

GD=149
=11.+26

GD=150

=10.52

GD=152
=9.32

GD=154
“6e02

T8=151
=12.,37

?8-153
=11.37

Dy=152
~13.88

DY=154
=12e48

Dy=155

"=12.28
Uy=156"-

~10.692
DY=~157

=10.44

DY=158
=9,54

-221-

REACTION O=VALUES

P

PM=147
5325

PM=148
3¢60

PM=150
3.84

PM=152
523

EU=146
2485
EU=149
4073
FU=150
3.08
EU=151
fel7
EU=152
3.48
Etim154
457
EU=156
530
Gh=153
6009
GP=15%
6e32
TB=154
3.18
TB=156
4408
TR=157
6431
TR«158
 4058

TB-159
et

TR=160
4486

2P

ND=146
=216

ND=147
~2¢43

ND=149
=2+68

Np=151
=231

SM=145
-y 95

SM=148
- 042

SM=149
'1037

SM=150
26

SM-151
=2.11

SM=153

=1.R3

SM=155
'1090

Eu=152
=1e43

Ey=154
=133

GD=153
=le24

GD=155

. =126

GD=156
ofl

GD=157

=137

GD=1%8
2]

GD=159
=169

PoN

PM=146
«2438

PM=147
-2131

PM~149
«1.79

PM=151
=69

EU=~14S

"4-49

EU=148
3445
EU=149
-3041
EU=150
2,77
EU=15]
'2082
EU=153
-1,81

EU-155
1403

6U=152
=439

GP-154
~,14
T8~153
~3.87
TB=155
-2.94
TB=156
=238
T8=157
PZQZI

TB=-158
1,77

Tb=159
-1,52

Pe2N

PM=145
-Be64

PM=146
~9494

PMel48
«9401

PM=150
=84564

FU~l44
=14,82
EU=147
=10.30
EU=148
=11.59
FU=149
_-9026

EU-150
~10.75

EU=1S2
'10g36

EU=154

-9422

GD=185]1 -

=8490

GD=153
«Be74

TB=152
=]12+68

TB=154
-11090

TB=155
9440

TB=156
-10.90

TB=157

~8456 °

T8=158
'9070

" HE&

ND=144
14483

ND=145
13401

ND=147
13+25

ND=149

13+24
SM=143
10.11
SM=146
1425

SM=147 .

12443
SM=148
1473

SM=149
1259

SM=151
12435
SM=153
12+67

EU~=150
12464

EU=152
12403

GD=151-

12406
GO=153
11497
GD=~154
14412

GD=155.

12.05

GD=156
1423

GD=157
1264

HE4 4N

ND=143
Te00

ND=144
Te27

ND=146
_7096

ND=148
8,20

SM=142
MU
SM=145
- 5480
SM=146
6e11

SM=147 .
6459
SM=148
6075

SM=150
6e76

SM=152
678

EU~149
6.15
EU=15])
Se74
GD=150
5454
G0=152
5e49
GDe153
551

G0~154
5459

GO=155
570
GD-156
630



TARGET

GN=160
TR=159
DY-IS&
Dy-158
DY=160
Dy=161
NY=162
NY=163
DY=-164
'H0-165
'gé-lbé
FR-164
fR;lgg

- ER=167

ER=168

FR=170
TM=169
" YR«168

YR=179

N
Dy=162
7415

HO=161
4458
ER=158

MU

FR=160
MU

ER=162
Je56
ER=163
3.95

ER=164
4e54

ER=165
4494
ER=166
5.83
TH=167
4,17
YB=164

MU
YB=166
2461
YB~168
3427
YB=169
3.62
YHE=170
4441
yH=172
6e12
LU=171
3.23

HF=170 -

mil

HF=172
v

HE=3
2N 3N

DY=161 0Y=160
-1¢095 =750
HO=160 HO=159
4438 =11.47

ER=157 E£ER=156
MU MU

ER=15Y ER=158
MU MU

ER=161 ERe160

‘5363 MU

ER=162 ER~16]
=2+89 =~12.,08
FR=163 ER=162
=4¢25 =11.09

ER=164 ER=163

=1e71 =10.50
ER=165 ER=164

"2.72 '9!36

TM=166 TM=165
-4.15 ’11'22

YR=163 . YH=~162
MU MU

YB=165 YB=164
-6e9b MU

YB=167 YB=166
“5,71 =12.,58

YB=168 YB=167

=3417 =12.15

YR=169 YB=]168
“4el4 ’10094

YB=171 YB=1T790
-2.01 -8+77

LU=170 Lu=169

=5.34 =12.74

HF =169 HF=168

MU mis

HF=171 HFe170
MU MU

-222~

REACTION QaVALUES

P
TR=162
Se13

DY=161
6e16
HO=158
31l
HO=160
3e66

HO=162
3.99
HO=163
5495
HO=164
4430
HO=165
6e09
HO=166
4e76
ER=167
6012
TM=164
3.18
TM=166
3465

TM=168
“3.99

TM=169

Sebl"

TM=170
4e22

TM=1T72
Se02

YB=171
Se61

LU=170
3443

LU=172 .

369

2P

Gp-l1e61l
-2008
TR=160
=133
Ly-157
~e90

Dy=-159
-087

Dy=161

'1-27,

Dy=162
+40
Dy=-163
~1447
DY=164
=~y NA
Dy=165
=2+08
'1039
ER=163
-.87
ER=165
*1.07
ER=167
=128

ER=168

05

ER=~169
71072

ER=171
=204

TM=170
=1¢34

YB=169
~eG3

YB=171
96k

PeN

TB-16}
=86

DY=160
-.29

HO=157
MU

HU«~159
'3-45

HO=161
«2,.85

HU=162
-2.&6

HO=163
-2.26

HU=164
=1,395

HO=165
=1,57

ER=166
=32

TMe=163
-3093

TM=165

.-3043

THe167
-3.23.

TM=168
2045

TM=169
'2.16

TM=1T7)
=1,33
Y8170
-1.15

LU=169
-309T

LU=171
=3,34

Pe2N

TE6=160
=H,455

DY~159
-8088

HO=156
MU

HO=158
'12054

HO=160
-11.80

HO=161
=330

HO=162

=10466

HO=163
=8,51

HO=164
~G461

ER=165

-B,87

TM=]162
=13+39

TMe164-

‘lzq‘6

TM=166
-11.564

TM=167
~9466

TM=168
~10.22

TH=1T0
=8,96

YB=169
'9170

LU=168
-13010

LU=170
=11.61

HEG
GD=159
13.20

TB=158
12440

DY=155%
1068

DY=157
1174

DY~159
11.98

DY=160

14413

DY=161
12437

pY=162
1432

ny=163
1292

HO=-164
12453

ER=161

11438

ER=163
11.78

‘ER=165

12402

ER=166
140164

ER=167
12+80

ER=169
1339

TM=168
1252

yB=167

11459
YB=169

1202

HE4 N
GD=158
Tel?

T8=157
Seb1
DY-154
4403

OY=156
4.92

DY=158
5.13

DY=159
554
DY=160
592

DY=161
6412

DY=162
6+66

HO=163

597

ER=160
MU

ER~162
493

ER=164
5,38
ER=165
5¢59

ER=166
6¢37

ER=168
7639

TH=167
5.30

YB=166
4e72

YB=168
Se23

N

\Y



TARGET

YB=171

0 vB=172
L o YB=173
vB=174

'}*5-176

| LU-175

LU=1T76

HF=174

W17

HF=177

HF =178

HFf179

HF=180

Ta=180

TA=181

w=180

'w-182'

w=183

we184-

N
HF =173
MU

HF =174
3413
HF =175
3.87
HF =176
4423

HF =178

574

"TA=177

3.13

TA=178-

3.81
CwW=176
MU
w=178
iy
w=179
MU
w=180
3.95
w=181
4,83

we182
Se49

" RE-182

J.29

RE=183
3483

.05-182

Y

05~184
2.71

08=-185
3433

0S=-186
4421

2N
HF=172
MU

HF =173
MU

HF=174
-3'35

HF=177
=-1,88

TA=176
MU

TA=177

'3006
w=175%
MU
well7
MU

w-178
Mu:"
w-179
My
w~180

-2¢12
we181

_'2050

RE=181
MUv'

RE=182

-4435

0S~-181
MU

0S=183

MU
0S=184

=347

05=-185
'4009

~ HE=3
3N
HF=171
MU

HF =172
MU

HF =173
MU

HF =174

=10e79

"HF=176
~8Bel4
TA=175
]

TA=~176
MU

TW=174
MU
wW=176
MU
W=177
MU

W=178
MU

W=179
MU
Wel80
=9445
RE=~180
MU

RE=181
MU

0S=180
MU

05-182
MU

05=183
My -

0S=-184
=1089

-223-

REACTION
P
Ltu=173
Se4l

LU=174
3.92

LU=17S
Be26

Lu=176
3.99
Lu=178
4427
HF =177
5007
HF=178
6650
TA=176

MU
TA=178
3.57
TA=179
5.ﬂ7
TA=18¢
4e23
TA=181
S5.80
TA=182
4046
w=182
AeQ4%
W=183
Se¢48
RE=182
‘3057
RF=184
3448
95-185
Se12

RE=186
3.92

G=VAL UES
2p PyN Pe2N
YBe172 LU=172 LU=1T1

X3 =3,07 =10,10

YB=173 (LU=173 LU=172
~1e24 =2,71 =11l.20

YB=]1T74 LU=174¢ LU=173
-y 7?8 2,56 =919

YB=175 LU=175 LU~174
']-89 ’2020 .10000

YB=177 LU=177 LU=176
=219 w] 59 =Re48

LU=176 HF=176 HF=17%
=153 '1,29 -0 40N0

LU=177 HF=177 HF=176
L% X! =1.12 =7.48

HF=175 TA=175 TA=174
=e50 MUl MU

HF=1T77 TA=177 TA=176
~1e36 =3.30 My

HF=178 TA=178 TA=177
“e10  =2.79  =9466

HF=179 TA=179 TA=178
’1-65 ‘2’55 -10'41

HF=180 TA=180 TA=179
.39  =1,84 =B,62

HF=181 TA=181 TA~180
=1.77 =1.53 9,17

Ta=-181 W=18]1 " wW=180
-8 -1005 -RoOO

TA-182 W=182  W=181

.'1073 *=s70 =8.69

w=181 RE=181 RE=180
-e?7 MU My

w-lea RE~183 RE=182
=153 =3,19 =11.36

w-184v RE=-184 RE~183
«s30 =2,71 ‘9037

w185 RE=185 RE=-1864
=1e97 '2030 «10e13

HE4

SYB=170

13.81

Y8=171
12444

YB=172 .

14409
YB=173
1313
YB=175
13493
LU=174
1277
LU=175
1438
HF=173
MU

HF=175
1277

HF=176
14421

HF =177
12495

HF=178

14450

HF =179
13424

TA=179
1379
TA=180
1293
w=179
My
wW=~181
12459

W=182
14439

W=~183
1316

HE4 ¢ N

YB=169
5.26

YB=170
5.68

YB=171

596 .
YB=172
6465

YB=174
8410

LU=173
6els

LU=174
6458

HF =172
MU

HF>17¢
555

HF=175
6e41

HF=176
6:59

HF=177
6.88

HF =178
Tel?

TA=178
5493
TA'179
6415

We178
MU

W=180
Seb4

W=181
6¢40

w=182
697



TARGET

W=186
RE=-185
RE-187

NS-184

0S~186

0S-187
0S=188
NS=189
0S=190
nS=192
1R=19]
1R-193
"PT=190
PT-192
PT-194
PT-195
PT=196
PT=198

Al=197

05~188
5,33

I1Kk=187 -

2.66
[Kk=-189
3499
Pl=186

MU
pT=188
le46
PT=189
2ot
3,25
PT=191
3.93

PT=-192
4,51

PT=194
.67
AU-193
3.50
4485
HG=192
74
HG=194
2.53"
HG=196
358
HG=197
4449
HG=198
Se19

HG=200
6446

TL=199
4e164

2N

0S=187
'2051

IR=186

=580

IR=188 -

'4.27

PT=185
MU

PT=187
MU

PT-188
-4078
PT=189
-5.43
PT=1990
'2.75
PT=191
-3184
PT=193
=2.71
AU-192
~5.21
AlU=194
-3445
HG=191
MU
‘6043
HG-I?S
4484
HG=196
“2.15
HG=197
~3e44%
HG=199
‘1057
TL=198
‘4.87

HE=3
3N
0S~186
-8.75
IR=18%
MU
IR=187
=10.89

PT=184
MU

PT=186
MU

PT=187
MU
PT=188
=12.62
PT=189
1143
PT=190
=10.52
PT=192
=-G,00
=11,.,99

AU=193
~10e43

HG=190
MU

=14.29
HG=194

~12.14
HG=19%

-10097

HGQ]9§
=10408

=822

TL=197
-12y23

-224-

REACTION Q=VALUES

[+
RE-188
4000

0S=187
Re06

0S8=-189
Sel34

I1R=186
277
Ir~-188
275

1R=]89
477

IR=190

3.22

1R=191
Sed4T
IR=192
384
IR=194
4e20
PT=193
5¢38
_PT-195
596

AU=192
3e02

AU=194
3¢66
AU-196
4008

AU=197

603

AU=198
4460

AU=200
Ser3

HG=199
6002

2P

w=187
=226

RE=1R6
~le47
RE=188
'1.99

0s=185

-e91

0s=-187
“~1e48

0s-188
12

0S=-189
=le72

08=190
« 05

0S=191
=183

0s8=193
=2.23

IR=-192

_'1058

IR=194

=163

PT=191

- *1e04

~1e43
PT=195
=159
PT=196
21

PT=197
“1e86

PT=199
=215

Ay=198
*1e22

PoN
RE=187
=le73

05-186
-1l.18

05S~-188
~e66

{R=185%
.MU

1R=187
~3.87

IR=-188
=3449

1R=189
=307
IR=199
2,78
IR=191
-24+30
IR=193
«]l,89

PT=192
~.91

PT=194
~s16
AU=191
=3.77
AUf193
=3.31
AU=195
'2060
AU=~196
«2,05
AU=197
-1090
AU=199
-1025
HG=198
"e63

Pe2N
RE=186
=9404

0S=185
-9.48
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IR=186
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~11.33

IR=189
=9,07
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1326

05183
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12.28
0S=-186
14433
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12473
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14457
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12032

IRf192
12.78
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1189
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PT=193
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RE=183
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Te02
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MU
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Se47
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0S=186
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6.73
0S-188
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0S=19¢
Te06

‘IR=189

6e03
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PT=188
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PT=190
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PT=}192
S5¢90

PT=193
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PT=194
6.52

PT=196

Te16
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HG=196
HG=198
HG=199
Hcfzoo
HG=201
HG=202
HG=204

TL-203

- TL-205
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PH=208
BI=209
TH=232
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U=-23%

U=-238
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pH=198
'072

PE=200
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PH=201

259

. PB=202
'3043'

PE-203
4el4

PE=204

T4 .62
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2,17
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‘3410
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PO=-208

+55
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«78
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1.06

AT=~211
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U=-234
4.17

NP=233

L2630

PU~236

2s12

PU=237
2,67

PU=240"
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2N
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PB=199
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PB~=200
-4.65

. PR=201
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PR-202
‘2079

PR=203

=362

PR=205
-2.13

BI-204

‘6129_

B81-206

-4.84‘
PO~205

-8581
PO=-207
=T.86

PO=-208
“6019
PO=209
=659
AT=210
'7035
u=233
=268
Np=232
~§fe97
pPU-235
5423
PU=-236
'3918
PU-239
=248

. Hg~3
3N

' PB=196

_'16071

PB=-198
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 PB=199

=13.55
PB=~200

=12.68"

PB=201
=11.66
PB=202
=10455
PB=204
.-8086
BI=203
=13.29
BI1=205
“12002

PO=20G4
~16019

PO-206
“14e74

PO’é07
“14459
PO=208
=13.56
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=14466
u=-232
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_;Np'23l
=11.54
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'l1046
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. PU=-238
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TL-198
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TL=200
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TL=201"
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TL=202
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TL-203
Se74
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TL-206
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PB=205
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PR=207
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BI-208
2474

RI=209
3446
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pPO=-211
l1.81

PA=234
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U=233
4delé -
NP=236
2439
NP=237
‘3Q68

NP=240
2475
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2P

HG=197
~1.08

HG=199
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31

- HG=201
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HG=202
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HG=205
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TL=204
~1e06
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PE=~205
e s QR
PE=207
-e9R

PR~208
=¢34

PR=209
~3.77

B1~2310
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TH=233
=293
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U-235
~2:42
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U=~239
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TL=197
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TL=199 .
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TL=200
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TL=201
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TL-203

=2.02
TL=205
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-len7

PB=206
=45
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Bl=207
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=3.99
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PA=233
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-3.32
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-2.91
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TL=196
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TL=198
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TL-199
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-10,95
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‘=B85
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“9,32
PE=205
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‘Bl-208
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PO-209
«10439
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=-8,98

U=231
~B486

NP=234
~-10.32

NP=235
8462

NP=238

-8e64

HEG
HG=195
1175
HG=197
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HG=198
13.92

HG=199 .
12455

HG=200
14935

HG=201

12481
HG=203
1300&

TL-202
12.88

“TL=204
1304

. PB=203

12433
PB-205

" 12049

PB=206
13.84

PB=207
13.20

BI-208
13012 .

TH=231
14e14
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u=-233
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‘15e27
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14463

HE4 4N
HG=194
4445
H6=196
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HG~197
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HG=198
SeR9
HG=199
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HG=200
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Te09

TL=201
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6438

PB-202.
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PB=204
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PB=205
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TH=230
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U=-232
T«99
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U-236
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




TECHNICAL INFORIMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

e



