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FOREWORD

The study of the chemical changes consequent upon the nuclear trang-
farmation of an atem that ig linked with other atoms in a molecule and sur-
rounded by other similar or dissimilar molecules has intrigued chemists
for a number of years. Thie interest is certainly not static but if anything
i increasing, The main theme of this meeting was a discussion of the sug-
gestions and theorieg that have baen advanced to explain the wealth of ex-
perimental observations on the behaviour of atoms at energies and in situa-
tions not normally accessible in the laboratory. Though the subject hag
aome practical implications in the preparation of radicisotopes, this was
not an important consideration at this Symposium.

The firgt Sympocium on hot-atom chemistry organized by the Agency
was held in Prague in October 1960. Comparison of the past and the present
state of the subject shows that a greater variety and sophistication of tech-
niques are¢ now being applied as the simpler approaches used in the past
have been shown to be inadequate. Progress has been made in the under-
standing of the simpler gas system, but in liquids and solids there is still
much to clarify. It is also of interest that for the majority of the work re-
ported in these Proceedings a reactor was the radiation source, and in this
field much experimental work still remains to be done.

The Symposium on Chemical Effects Associated with Nuclear Reactions
and Radioactive Transformations was held from 7 to 11 December 1964 in
Vienna, and was attended by 136 participants from 29 countries and 4 inter-
national organizations. It was organized by the International Atomic Energy
Agency in co-operation with the Joint Commission on Applied Radioactivity.
The publication of these Proceedings makes the content of the papers and
discussion available to a wider audience than was possible at the meeting
in Vienna.
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MASS SPECTROMETRIC STUDIES OF REACTIONS
OF RECOIL IONS WITH MOLECULES*
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Abstract — Résumé — Amuoranua — Resumen

MASS SPECTROMETRIC STUDIES OF REACTIONS OF RECOIL IONS WITH MOLECULES. Mechanisims
of the rcactions of recoil species fiom nuclear transformation have mevioutly beeq inferred ffom the distt~
bution of ithe stable products. Two altermative experimental approachee, which use mase specrrometric techs
niques to identify the transienr ionic intermediate producte of recoil reactions, are described. These ex-
perimente pravide (1) a dirace study af modes af energy last By high-energy tritium recoils during slowing down
ta the range of chamieal reaction energiet and (2) evidenee for the hanism of the chemical reaction with
CH, of the low-energy (THe? ) daughter from B decay of T; .

Ionic products from interactions of 0.8 - 8.75 MeV protons (as stand-ins for tritens) with several {solated
noble gas atoms and hydrocarbon molecules (methane, aceiylene, sihylene, cthane, propanc and n-butanc)
wete observed in a portable mass specirometer that had special constructional features. Species in various
charge states were produced from the noble gases. Partial jonization cross-sections determined for the indie
vidual charge states varied between 1071 and 1072¢ cm? molecule=l, Collision of a proton with a polyatomic
hydrocarbon molecule resulted in ionization and extensive fragmentation. Only singly-charged fragments
were found. Comparisons wete made with the effects provoked by high eanergy electrons with the same velocity
as that of the protons, The fesults show that energetic tritium recoils from the He3(n, p)T¢and Li*(n, QT
nuclear reactions must lose kinetic energy through inelastic iorizing and exciting collisions with the medium,
and that the recoils behave much like any ionizing agent, Conhsequences of these processes in "hot-atom™
chemistry are discussed, ’

£MIDE, A L'AIDE D'UN SPECTROMETRE DE MASSE, DES REACTIONS ENTRE IONS DE RECUL ET
MOLECULES, Jusqu'd présent, on a déterminé les mécanismes des réactions prov quées par les espdces chi-
miques de recul provenant de transformations nucl€aires, en se fondant sur 1a distribution des produits stables,
L'auteur décrit deux autres méthodes expérimentales qui font appel 3 un spectrom?tre de masse pourildentlﬁet
les produits ionisés intermédiaires des réactions de recul. Ces expériences permettent; 1. d'éwdfer directement
les voles par lesquelles les tritons de recul dotés d'une haute énergie perdent une partie de celle~ct lorsqu'ils
sont ralentis au point d’atteindre la gamme des énergies des réactions chimiques; 2. d*obtenir des indications
sur le mécanisme de la réaction chimique entre CH¢ et (T*He)" de faible énergie, produit de la décroissance
B~ de T,.

Les produits ionis&s provenant des interactions entre protons de 0,8 3 3,75 MeV (utilisés 2 1a place de
tritons) et plusieurs atomes de gaz rar®s <t molécules d*hydrocarbures isolés (méthane, acétyldne, &thylne,
€thane, propane et n-butane) ont pu &tre observés A 1'aide d*un spectrom@tre de masse portatif spécialement
congu A cet effet. Les gaz rares ont donné des espdces présentant différents €rats de charge. Les sections
efficaces partielles d*ionisation, déterminées pour les différents états de charge, varient de 10715 2 10720 cm?
par molécule. La collision d'un proton avec une molécule d'hydrocarbure polyatomique a provoqué une foni-
sation et une fragmentation pouss€e. L'auteur n'a trouvé que des fragments 3 charge unique. Il a comparé
ces effets avec ceux qui sont provoqués par des €lectrons de haute €nergie ayant la méme vitesse que les protons.
Les résultats montrent que les tritons de recul de haute énergie, qui proviennent desréactions nucléaires He(n, p)T
et %i(n, «)T doivent perdre une partie de leur énergie cinétique du fait de chocs inélastiques ionisants et
excitants avec le milieu, et que les atomes de recul ont un comportement trés semblable 2 celui de tous
les agents ionjsants, L'auteur examine 1'intérét que ce phénomene présente pour la chimie des atomes chauds,

1 a utilis€ des méthodes de spectrométrie de masse 3 <haute pression® pour prouver que 'espice poly-
mere C;H{T* constitue le principal intermédiaire ionique de longue période qui soit formé lors de la réaction

* Based on work performed under the auspices of the United States Atomic Energy Comrnission.
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entre le méthane et (T*He)*, produit de la décroissance 8 de Tjy. Le précurseur CHy T* de C;H, T sembie
avoir une période trop courte pour pouvoir &tre observé. Les données confitment la validité du mécanisme
envisagé par Pratt et Wolfgang pour expliquer 1*€change isotopique éntre le tritium et le méthane qui est
provoqué par la décroissance de Ty

MACC-CNEKTPOMETPHYECKHE HCCIEJOBAHUR PEAKLIHA HOHOB OTHEAYH C
MOJNEKYJIAMH. Mexanusuy peaxuuft o6pasnos oTAa%K B pe3ynsTare AAepHMX npeoGpasosaHuit
panbiie BHBOAMIHCH H3 Pacrpefe/leHHs YyCTORUMBHX NPOAYKTOB. OnNHCHLIBADTCH ABA APYTHX 3KC~
NePHMEHTANLHNX METOAA, NPH KOTOPMX AAA PACNO3HaBAHKA NEPEeXOXHBIX HOHHBIX MPOME XYTOUHHX
NPOAYKTOB peakUMR OTASUM NPHMEHANKCh MOTOAM MacC-CneKTpoMeTpuH. B peaynirare npose-
AeHHE 3THX IKCNepHMEeHTOB ofecneunsaerca 1) HenocpeACTBEHHOE H3ydyerue JOpM noTepn IHePruM
ATOMAMH OTA&YH TPHTHMA BMCOKOR SHEDIHH BO BPeMA 3aMOIIEHHS A0 AHANA30HA SHePrul XuMM-
vecKkMX peaxkuiit ¥ 2) NOATBEDXAEHHES B OTHOMEHHN MeXaHM3Ma XMMHYOCKOA peaxuyn HO4epHero
npoAyxra uu3xoit suepruu (THe3)* , o6pasosaBmerocs B pesynstate 3-pacnaaa Tz, ¢ CH,.

Hounse npolyxTh, oSpa3yemile B pe3ynbTare B3aNMGAeNCTBHA NMPOTOHOB C 3Heprue#
0,8-3,75 M9B (HanpuMep BpeMEeHHEE 3aMEHHTENH TPHTOHOB) C HEKOTOPHMH H3O0IHPOBAHHMMH
aToMaMi GRaroppAHMX ra3oB K MONEKyNaMU YT€BOJOPOAa (MOTAH, aUETWIeH, ITWIeH, dTaH, Npo~
nad u n-6ytan), #abawAANUCE B NEPEHOCHOM MAacCC-CMEeKTPOMETpe CO CneUHanbLHLIMH KOHCTPYK~
UHOHHMMY ocobeusocTAMEr. OG6pa3ui B Pa3HOM 33PAROBOM COCTOAHWH MPOH3BOAWINCH H3 Graro-
poaHnX rasos. [apunansHuue nonepeuMsie CedeHUs UOHHIALMK, ONpelieITeMHE AN OTAENBHHX
3apaROBHX COCTOANMA, MEHANHCH B auanasoHe Mexiy 105y 10-20cm2? Monexkynal . CroakHo-
BeH’e NPOTOHA C MONEKyNoH MHOrOATOMHOTO YTNeBOAOPOAa NPUBOAWIO K HOHH3IALHK U 3HAYUTEND -
noft pparmentaunn. Bunu o6HapyXeHEH TOABKO OCKOAKH C @ AMHMYHMM 3apanoM. I[Tpomoaunuchb
cpaBHeHHR ¢ 3P PexTamu, BEIBIBAGMEIMU ITEXTPOHAMH BHCOKOR 3HEPIHY C TAaKOA Xe CKOpPOCTHD,
xax M nporoHnz. PeaynsrTarH nNoKa3MBaKBT, YTO ATOMM OTHAUH TPHTHS Gonbmoil 3Heprum, ob~
paayemue B pe3yabrare saepHsix peaxuuhi He3 (n,p) T i Lié(n,a) T, noaxXHH TepsTs KuHeTHHOC -
Ky SHeprul 4eped Heynpyrywo HOHH3auH® 4 BO36yXIeHHe CTOAKHOBEHHR Co Cpeloff U YTO aTOML
OTAaYH BeAyT ce6R B IHAUHTENLHOA cTenesn TaK Xe, KaK HOHHIUpYwWHA arenT. O6CyxaawTCH
pe3ayabTaTH 3THX NPOLECCOB B paMKaX XHMHH "ropaunx aroMon".

MeToau Macc-cneXTpoMeTpHH "BLICOKOrO AABACHHA' NPHMEHANHCH AIS MOKa3a, YTO NOAH=
smepuie obpasum C; H, T* npeacrasnnanTt coboft ocnosnoft ponroxusymuit uounsiii npome Ry rounsih
npoAyKT, oSpadyemuli npu peaxuun godepiero npoayxta (THe3 )+ , o6pasopaBmeroca B peayns-
Tarte 6era-pacnags T; ¢ meranom. Yacrnya CHI nepsuunas b orHomenun C; H, T, no-p..anmony,
feaseres KOPOTKO ymeft, urobu ee Moxno 6uno Habawaars. Nauusie nOATBEPMAGRT
npemoxenuuﬁ nP.'l"l'OM n BMB@!‘BHI‘OM MEXAHHIM HABCACHHOT O PACNafAd NIOTONHOTO 06“’"‘
TPHTHA C METaHOM . {Bonrman wacTs gansoro Aoxnage npeacTananes coboll nobui maTepnan,
HacTh xe—oscyxnenne HORAPHO onysnuxonanuux Pe;yanaTOB) .

ESTUDIO POR ESPECTROMETRIA DE MASAS DE LAS REAGCIONES DE IONES DE RETROCESO CON MOLE-
CULAS. Hasta ahora, €1 mecanismo de las reacciones dc a3 €3pecics dc retreceso provenienica deo rans-
formaciones nucleares se ha deducide de 1a distribuci6n de los productos estables. El auior describe oires dos
procedimientos experimentalet batadoe en 13 ecpectrometrfa de masas que sirven para identificar los productos
idnicos intermedioas de carfeorer transitorio de lae reacciones de retroceso. Fiot experimentos permiten:
1) estudiar directamente las modalidades de 13 pherdida de anargia del teitia de retroceto de alta energla en

elt de su deraci8n hasta aleanzar las niveles da snargla dal arden de 1as reacciones quimicas .
2) obtener prucbas del i de la i8n quimica del descendiente (TlHe)" de baja ene!s(t. pea-
veni de la desi 8 idn p- del Ty, con el CHg,

diad Jd Y.

En un sspecudmene de masas pondiil de caracrerfsticas especiales se has los p
provenicntes de 1as intcraccionss de prowonss ¢s 9,6 - 3,70 MsY (smplvadon on lugar de uitones) con vasios
#tomos de gases nobles y molt€culas de hidrocarburos aislados (Inciano, aceiilene, ¢lilche, siane: prvpanv
y n=butano). Los gases nohles produjeron especies en estados diferentes de carga. Las SECCIGNES cficaceca parcia—
lee de ionizacisn determinadas para cada estado de carga oscilaron entre 10712 y 1073% cmié/molécula. El
choque de protones con moléeula: poliatSmicae de hidrocarburs produjo eomo resultado ionizacion y amplia
frag; i8a, S8lo se ob fragmentos de unas sola carga. Se efectusron paraciones aon loe ef
provesades pos clecirones de clevada cacigla animades de la misma velocidad que los p Los resultad
muestran que el tritio energético de retroceso provenicnie de las reacciones nuclcares *He(n, p)T y i@, #)T
debe perder energla cinética por choques inelisticos de fonizacidn y excitacin con el medio, y que las especies
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de retroceso deben tener portamiento muy pareeids al de cualquier agente {onizante. Se examinan las
IcpeIcusionss de citos p o <n la quimica de los «&i calientesss,

Sc han aplicado i€cnicas do capecirometila do masas @ <sievada presidn > para demostrar que la especie
polimérica CaH,T" comstituye €l principal ion intermedio do perfodo largo formade sn la scascin del
descendienie (T¥He)*. provenienie de 1a desintegracion B del Ty, conm ¢l CHg' El ion CHT*, precumer del
CH,T?, pareee eseapar 1 1a obeetvacion por tener un perfodo demasiado corto, Los datos confirman cl me-
canitma Prapussts par Meact y wolfgang para 2] intercambio isoiGpico entre el ritio y el metano inducido
por dedntesuei.&n.

1. INTRODUCTION

Experimental studies of the chemistry of energetic atoms have almost
exclusively involved the identification of the atable products formed by re=-
action with molecules of the radioactive recoils from spontanecus nuclear
transformation or nuelear reaction. Mechanisme of these reactions have
been inferred from the product distributions as affccted by scavengers, mo—
lecular strueture and ctate [1]. However, the information required for an
adcquate understanding of the mechanisms and kinetics of these often unique
chemical interactions includes:

{a) The properties (charge, state of excitation, kinetic energy and mo-
lecular composition) of the recoil species at the instant of formation
in the nuclear process;

(b} The modes of translational~and excitation-energy loss and charge
change during the slowing down of the energetic recoils to the range
of chemical reaction energies (<~ 20 eV); .

(c) The identity of the transient intermediate species (ionic, free radi-
cal or molecular) taking part in the possible consecutive chemical
reactions leading to the observed products; and

(d4 The ways (e. g. dissociative charge neutralization, charge exchange,
ion recombination and collisional de—excitation) by which the mo-
lecular species are stabilized as the observed products.

Much is known about the primary physical and chemical characteristics
of the nuclidic entities produced by radioactive decay, and some results have
been obtained on the initial products of nuclear reactions [2]. Consequently,
the next steps in this approach in hot atom chemistry should be the study
of the mechanisms of energy loss during the slowing-down phase and the
identification of transient intermediates formed by reactions of the hot
species with molecules of the medium. For these types of investigations
direct observation of the interactions of the recoils with isolated molecules
is desirable and often required. This paper reports on a start that has been
made on these lines. Two different mass spectraometric techniques have
been employed to study the transient ionic intermediates formed by inter-
actions of recoil species with atoms and molecules. One method has given
direct evidence for modes of kinetic energy loss by high-energy tritium
recoils during part of their slowing down to the range of chemical reaction
energies. The other has provided experimental proof for a proposed
mechanism of the sequence of chemical reactions beginning with methane
and the (THe3) daughter from beta decay of molecular tritium.

Ionizing collisions of 0.8 to 3.75 MeV protons (as stand-ins for tritons)
with the isolated noble gas atoms He, Ne, Ar andKr, and with the hydrocarbon
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molecules methane, acetylene, ethylene, ethane, propane and n-butane,
were studied in a portable mass spectrometer that had 'special constructional
features. The slow positive fragments formed in these collisions were
analysed as to chemical nature, charge state and abundance. Partial cross
sections for formation of several of the charge states of each of the noble
gases were determined and comparéd with corresponding probabilities ob-
tained by FEDORENKO et al. [3] for impact by 5 to 180 keV protons. The
patterns of positively charged fragments resulting from bombardment by
2.25 MeV protons with the hydrocarbons were compared with the spectra
observed with 1225 eV electrons. At these energies the two projectiles
possess the same velocity. This comparison provided an assessment of the
behaviour of recoil tritons as ionizing agents. .

The second experimental approach used the techniques of "high pressure'
mass spectrometry to establish the existence of the long-lived (> 1075 g)
polymeric intermediate involved in the decay-induced isotopic exchange of
tritium with methane [4], The mechanism of tagging organic molecules with
tritium by the widely used and simple technique of mixing Ty and the com-
pound, and allowing the two to stand for a time (''"Wilzbach labelling" [5-7]),
has been investigated for several simple compounds by GANT and YANG [8].
Methane in particular has been studied by PRATT and WOLFGANG [9].

~Kinetic and scavenger procedures have led both groups of workers to con-
clude that there are two modes of labelling organic molecules with tritium:
decay-induced labelling, whichis initiated by reaction of the (THe3)* daughter
ion from radioactive transformation of Ty; and radiation-induced labelling,
which is provoked by the excitation and ionization of the target molecule
and Ty by the betas emitted in the nuclear decay and by secondary electrons.
The mechanisms proposed for the two paths of isotopic tagging involve the
reactions of positively-charged transient species.

Search for the ions suggested as intermediates inthe decay-induced me-
chanism was made by introducing mixtures of Ty and CH4 with and without
added D, into the source chamber of a "high-pressure'' mass spectrometer
[10] operated at a source pressure sufficiently high (~0.1 mm) so that con-
secutive ion-molecule reactions can occur. At this density of gas a primary
ion may be expected to undergo several collisions between formation by
nuclear decay and departure from the source chamber. As an illustration,
in a gas at 0.1 mm an ion traversing a length of 3.2 mm between point of
origin and exit slit may collide with three molecules on the average. These
experiments, then, serve to test the ionic mechanism proposed by Pratt and
Wolfgang for the decay=-induced isotopic exchange of tritium with methane.
Investigation of the suggested radiation~induced mechanisms of tritiating
CH,4 has also been made [4].

2. EBEXPERIMENTAL

The object of this research necessitated the use of two completely dif-
ferent techniques of mags spectrometry, For the study of the behaviour of
high energy recuils, a portable mass spectrometer was constructed on a
frame provided with castors and jacks so that it could be readily moved into
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pogition and aligned with the beam of high energy protone from the 4.5=-MeV
Yan de Oraaff clectrostatic generator of this laboratory. For the investi-
gation of the chemical reactions following beta decay of molecular tritium,
a mass spectrometer characterized by very large pumps, a vacuum-tight
source chamber (except for the necessary tiny apertures) and a scintillation
ion dateator was designed. The spectrometer aould be operated with pres=
surce in the source as high as several tenths of a mm, and very low signals
could be detected.

The design of the spectrdmeter gourae section used in most of the high=
energy projectile experiments is shown in Fig.1. The energy-analysed and
esllimated beara entered the souree chamber through a knife-edge glit
2.0 mm high and 4.0 mm wide, and passed through the target gas on a path
midway between the repeller plate and exit slit before being monitored in a
deep air-cooled Faraday cup. If wae stopped by a tantalum-coated iron plug
that could be manoceuvered by an external magnet so as to permit its
observation through an end window. The position and profile of the beam
could be judged from the fluorescence emitted when it struck a quartz plug
adjacent to the window. A negative voltage on an adjacent electrode con=
taining a slit 2.4 mm high and 3.2 mm wide scrved to prevent secondary
electrons produced by the protons at the edges of the entrance slit from
entering the chamber. The Faraday cup was also maintained at a positive
potential to suppress secondary eleetrons.

Slow positive ions formed in the ionizing collisions were repelled from
the source chamber through a 6.3X18.8 mm slot covered by a grid of 60%
open area. Two more electrodes containing slots of similar dimensions,
but covered with grid material with 98% of its area unobstructed, accelerated
and focused the ion beam. The ions then passed through the 0.5X15.9-mm
object glit of the spectrometer before being analysed by a 90°-sector single
directional focusing magnetic field of 9-~in radius. They then entered the
detector chamber through a 1.0X15.9-mm image slit, and their intensities
were measured by a plate surrounded by guard rings and an electrode to
suppress secondary electrons. A vibrating-reed electrometer whose back-
ground was ~5X10-14 X measured the current to the detector. The spectro-
meter could resolve fragments differing by one mass unit at a mass of 115,
The pressure of the target gas in the source was approx.10 mm. General-
ly, less than 1076 mm was observed for the pressures in the other compart-
ments of the spectrometer.

A high-energy electron gun designed by MONAHAN and STANTON [11]
was attached to the source chamber for the studies of the fragmentation
of polyatomic molecules by bombardment with electrons of the same velocity
as that of the protons. The conditions of this part of the experiment (di-
rection and profile of the electron beam, the source pressure and the elec-
tric fields for extracting. focusing and accelerating the ions) were held as
nearly the same as possible as those used in corresponding measurements
with the proton beam. To minimize the deflection of the ionizing beams by
the fringe field. the magnet was enclosed by a box of soft iron, and several
layers of soft iron and aluminium were placed alternately between the magnet
and the source of the spectrometer. A more complete description of the
experiment has been published [12]}.
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"High pressure® man spectrometer

A sketch of the "high-pressure' mass spectrometer appears in Fig. 2.
The magnetic deflection is conventional; a §0° sector of 12-in radius of cur-
vature with single directional focusing analysed the positive species. But
the spectrometer has several distinguishing features which made the studies
described here possible. Three 450-1/s mercury-diffusion pumps, each
exhausted through its own fore-pump, were connected to the spectrometer
through short tubes of 5-in diam. "The great pumping speed effected sharp
decreases in pressure between the source chamber and other compartments
of the instrument. Thus, when the pressure of a gas mixture in the source
was 0.15 mm, that in the chamber surrounding the source was 3X 106 mm,
while the pressure in the tube was 5X 10°7 rnm. A hemi-cylindrical repeller
electrode established a field of 10 to 16 V/cm to impel positive ions produced
in the chamber towards an exit slit 0.025 mm high and 2.0 mm wide. The
only other aperture to the mass spectrometer in the otherwise vacuum-tight
chamber was a hole, 0.025 mm in diam., which, for testing purposes only,
served to introduce an electron beam into the bex. The low intengities (5
to 800 counts/min above background were measured) of the ionic species
found were determined by pulse counting with a scintillation ion detector [13]
extensively modified from the design of DALY [14].

In the experiments designed to search for transient ionic intermediates
of the decay-induced exchange of tritium with methane, mixtures of Ty, D,
and CH4 of known composition entered the source chamber through large-
diam. tubes from an 11.4-1 reservoir. Pressures in the source (of about
0.1 mm) were calculated from the pressures in the reservoir and the rate
of flow in the inlet system. Ionic species of positive charge were looked
for by magnetic scanning. Only those ions resulting initially from the beta
decay and-from the accompanying internal radiation field in the source were
observed. The electron gun was, of course, not used.
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TABLE 1

FRACTIONAL INTENSITIES OF NOBLE GAS IONS
PRODUCED BY IMPACT OF 2.0 MeV PROTONS

Charge state
Gas
+1, +2 +3 +4 +5
He 0.997 0.0025
Ne 0.97 0,033 0.0015
Ar 0.94 0.047 0.010 0.0021 0.00032
Kr 0.82 0.096 0.069 0,0155 0.0040
3. RESULTS

The slow positive ions formed in collisions of high-energy protons with
noble gas atoms reveal themselves in the mass spectrometer in a spectrum
of charge states. Table] presents the charge spectra (expressed as
fractional intensities) produced by impact of 2.0 MeV protons on He, Ne,
Ar and Kr. respectively. The error in the data is estimated to vary be-
tween 5 and 15%, increasing with the charge state of the species. The re-
lative abundances of the different states of ionization of each target gas are
seen to decrease rapidly with charge state. They also vary with the kinetic
energy of the ionizing projectile in the range from 0.8 to 3.75 MeY. Al~
though the fractional intensity of the +1 ion changed only slightly, the yield
of a multiple-charged species could decrease progressively as much ag a
factor of 2.5.

The present data on the magnitude of the charge n of the struck atom and
its fractional current iy/ Li; were used in combination with the values of
HOOPER et al. [15] for the total ionization erocg section to eompute the
partial cross section oy for the production of ions of this charge [16]. Typi-
cal results for prcton energies from 0.8 to 3.75 MeV, asg illustrated for the
ionie states of neon, appear in Fig, 3, Included in the figure arc curves
representing the data of FEDERENKO et al. [ 3] for the range of proton
energics extending from 5 to 180 keV, Although a large gap still remains
to be explored between the two sets of data, the results are seen to be rea—
sonably econcordant. The magnitude of &, for singly—charged neonions de-
creases from a high of 3% 1071¢ cm? molecule™! for proton energles in the
teng of kilovoltg to an order of magnitude lower when the energy ic a few
MeV. The probabilities of forming higher staies decrease rapidly with
charge, the values for Ne'w, for example. being 1073%-107% cm? molecule™
at a proton energy in the MeV region. Note that there are appreciable cross
sections for production of positively charged species over an extensive range
of proton energies., Similar behaviours of partial cross sections were ob-
gerved for the other noble gases [16].



