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SUMMARY

The creoss sectiens for the preductien of slew pesitive iens and
free electrens for He+ iens incident en helium, neon, argen, hydrogen,
nitregen, oxygen, and carben mgnexide have been measured for incident par-
ticle energies over the range from 0.133 te 1.00 MeV., Similar creoss sec-
tions have been measured fer He++ iens incident on helium and hydrogen
for incident particle energies over the range from .50 to 1.00 MeV., Pre-
vieus ionization measurements by other investigators in this field have
been confined te incident particle energies below-0,18 MeV, The work
reported here represents an extension of the cress sectiens into the energy
region where the Born approximation is expected to be valid. Theoretical
calculatiens using this approximation must be compared with experimental
results in erder te verify the adequacy of the wave functions eof the struck
atem or melecule used in the calculation,

Ceonsidering a binary or twe-system ¢ellisicn, let us refer to ene
system as’ the target system and the ether as the incident system. At the
high energies eof the present research generally enly a small fractien ef
the mementum of the incident system is transferred and the incident 5arti—
cle suffers conly a small less of energy and emerges with enly a slight
deviatioen from its eriginal directien of metion and therefore the iden-

tity of the incident system is well defined.

Of the several general tiypes of elastic and inelastic¢ precesses that
are pessible in a binary cellisien, the present research is restricted te

those events that produce one or more slow ions and/er free electrens.




Even with this restrictien te ienizatien, charge transfer, and dis-
seciatioen, there are still a number of distinct final states fer & given
pair ef cellisien partners. Most types of experiments, hewever, ghserve
all events ef a certain class witheut distinguishing between them. If the
charge state of the incident system is the same before and after the colli-
sien but the target particle is ienized we shall call the event an "ieni-
zatien" event. In centrast are the "charge-changing™ events in which the
incident system gains or loses electrons. These include "charge-transfer®
events in which the incident system takes electrons frem or gives electrens
te the target, and alse "stripping" events in which the incident system is
lonized in the coellision, producing ene or mere free electrons. Either
charge transfer or stripping events may be accompanied by ienizatien and/or
disseciation of the target system.

For a given prejectile on a given target, each class of events in
general includes several distinct kinds of reactiens differing in the array

of slow residual *particles that are produced. The energles of the latter

are usually lew, although a small fractien of them may have energies as

high as & few hundred electren volts,

In this research, the source ef energetic iens was a_l-MeV Van de
Graaff positive ien accelerater, which was equipped with & beam analyzing
and stabilizing system. The beam was passed through a gas cell, an elec-
trostatic analyzer, collimating apertures, and inte a cellision chamber
containing the target gas., The chamber dimensiens and gas pressure were
such that the target was "thin,"™ in the sense that enly a small fractien
of the incident pafticles underwent any cellisiens at all. Electrodes

parallel to the beam axis in the ceollision chamber cellected the slew
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charged residual particles preduced in jonizing cellisiens, while the
eriginal incident particles passed through the collisien volume and inte
a Faraday cup. Detection of both the slew and fast particles was accem-
plished by electrometer measurements of the electron and ien currents. A
complete discussien of the design ceonsiderations and the detailed testing
ef the apparatus is given. Particular attention was paid te scattering ef
the incident beam frem apertures, Faraday cup design for preoper measure-
ment ef the incident beam current, the effect of backgreound centributiens
and their proper assessment, target gas pressure determinatien, the sup-
pression of secondary emission frem the positive ion collection eleétrode
structure, collection veolume definition, cellectien efficiency, the effects
of leakage currents, and the assessment of charge-transfer centributiens,
Values for the creoss sections fer the pr@duction of slow positive
iens and free electrons for helium ions incidenf on helium, neen, argon,
hydregen, nitrogen, exygen, and carben meneoxide are presented aleng with
data ef ether investligators which are available in the lewer energy range.
‘By far the greatest uncertainty in the experiment lies in the deter-
minatien eof the target gas pressure, for which McLeed gauges were used,
Use of a cathetometer was believed to permit a relative reading uncertainty
of the 400-ml McLeed Gauge used during the He+ measuremenits of less than
4 per cent in the range around 1 x 10-4 Torr. This gauge had net been
abselutely calibrated, hewever, so that a possible errer of about + 5 per
cent must be admitted in the abselute reading. This led to prepertienate
possible systematic error in all of the measurements, but 1t is emphasized
that the relative values of the cross sectiens at various energies are not

subject to this systematic error. A larger Z2.2-liter Mcleod Gauge, used
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during the He++ measurements, was calibrated to an accuracy of about t 1
per cent while deviation of any one pressure reading frem an average of
about five readings was as high as + 5 per cent. This error was due te
sticking ef the mercury column in the capillary and was believed to be
randem, |

The abselute error brackets fﬁr the cross sections involving He+

iens are abeut * 8 per cent for o_ and about * 11 per cent for o_, while

+
the relative accuracies of the cross sections with respect to each ether
are about = 5 per cent. The absclute error brackets fer the cross sections
invelving He-l-+ ions are about * 7 per cent for o, and about * 10 per cent
for o_, while the relative accuracies are about t 5 per cent.

Fer mest of the cross sectieons measured it was possible te estimate
the c¢ross section for simple ienization using values of Mcharge-changing™
and "stripping™ cress éections obtained by Pivewvar et al. Theoretical
calculations for icnization cross sections using the Bern appr@ximétion
have been made by Mapleton (He++ + He) and Bates and Griffing (He++ + H)
for point-charge ions, i.e., completely stripped nuclei, and were found to
agree well with the present results. A theoretical treatment of He+ in-
cident on atomic hydrogen has been made by Royd et_al. and Bates and
Griffing. A doubling of the theoretically determined atomic ic¢nizatien
cross section to obtain the molecular cross section is suspect in that it
leads to a cross section higher than the experimentally observed cross
section. A scaling procedure used for point-charge ions was applied to
the theoretibél calculations and agreement between the estimated experi-

mental ionization cross section and the scaled theoretical cross section

was excellent.
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A general theoretical treatment of high energy ianization by Bethe
feor incident point-charge ions was compared with the data fer He++ incident
on beth heliﬁm and hydrogen, Known experimental preten ienizatien cress
sectiens were used te determine empirically certain needed constants in
this theory. The agreecment between this theory and present results is
goed. Alsg the estimated experimental ionization cross sectiens of several
gases by He+ iens were compared with Bethe's calculations te examine the
proposition that the Bethe results could be used for the case of an ien
carrying beound electrons by using an "effective"™ charge Zi lying between
the nuclear charge and the actual net charge of the ion. To be a useful
concept, the effective charge for a given incident ion must be found te be
independent ¢f the target gas and of the incident ien energy. The theoret-
ical calculations referred te here describe only "simple"™ ignization events
in which the incident ion does net gain or lose electrons. Therefore the
present experimental data on the total ion and electron preduction by He+
had to be corrected for the appreciable contributions from charge-changing
events encountered at high energies. It-was found that the estimated cross
section for simple ionization was greater than that for incident protens
6f the same velocity by a factor that was very nearly independent of energy
above 0.6 MeV, and varied only from 1.3 to 1.5 for the four gases hydrogen,
helium, argen, and nitrogen. Thus the concept of an effective charge of
about l.Z2e for He+ does seem to have at leas? a gualitative validity. 1t
is noteworthy that this wvalue is appreciably less than the effective charge
1.69e deduced in variation calculatiens of the ground state wave functions
of helium. This difference is not unexpected since the two cases are quite
different, and may be mest sensitive to quite different spatial regions of

the wave function.




CHAPTER 1
INTRODUCTION

The field of atemic cellisiens is of basic interest since the nature
@f the interactiens between atoms and molecules can be investigated threugh
observations of cellision phenemena. In principle, guantum mechanical cal-
culations could be made fer any atomic cellision process if a complete set
of wave functiens fer the partners in a cellisien were knewn. Hewever,
wave functiens adeguate to describe collision phenomena are not knewn at
the present time except for hydregenic atoms and iohs. Detailed theoreti-
cal calculatiens have net been made except for the simplest ¢ases, i.e.,
those invelving electrons, pretons, neutral hydrogen atoms, and singly and
deubly charged helium ions as projectiles incident on targets of atomic
hydregen, helium, and lithium. Even for mest of these simple cases the
calculatiens were difficult and involved approximations whese validity is
difficult to assess except by resort te comparison with experimental Te-
sults. The calculations are particularly sensitive te the form ef the wave
functions at large radius. In centrast, most calculatiens invelving prop-
erties of beund states, from which most of the existing detailed knewledge
of wave functiens is drawn, are not particularly sensitive te the detai}s
in this region.

Mest of the existing calculations for icnization procgesses at high
energies have been made in the Born approximation, which is expected to be

valid enly for high relative impact energies.  TIn the present research L




experimental ebservations have been extended to sufficiently high energies
that the results provide a check of the validity ef the assumptiens made
in both existing and future calculatiens. The comparison between theory
and experiment will therefore yield infermation abeut atemic and melecular
wave functiens, especilally at large radius.

Earlier experimental werk on atomic ilonization preocesses has been
cenfined to lower energy regions, and until recently mest practical in-
terest in such collisiens has been confined to similar energies. Recent
developments in the field of high temperature plasma physics have engen-
dered a renewed interest in basic data on all kinds of collisien phenomena
at higher energies, A major difficulty in attainiﬁg a very hot plasma is
"coeling™ of the ions in the plaszma by collisions with contaminants in the
system. Ameng the approaches to the prokblem of centrelled thermenuclear
reactions there are several schemes which utilize high energy injectien,
and knowledge of the lenizatien cress sections for various prejectiles
moving at high velocities through various target gases should prove of
value,

Other areas in which high energy ionization precesses are of in-
terest include astrephysics, the physics of the upper atmosphere, and the
technelogy of various types of detection devices in high energy nuclear
physics.

Chapter II contains a discussion of gowe of the more pertinent terms
used in the field of high energy atemic collisiens, a statement of the pur-

pose of the experiment reported in this thesis, a list of pertinent review

“articles dealing with the field of atemic collisions, and a discussion of

some existing theories of binary cellisions.




Chapter IIT deals specifically with phenemena related te the passage
ef helium iens threugh a gas. A cross-section notation is discussed and
applied te the cellision of singly-charged helium iens incident en melecu-
lar hydregen. Particular theoretical calculations dealing with incident
helium iens are discussed, with a methed through which theory and experi-
ment may be compared.

The experimental equipment and method is discussed in Chapter IV.
Chapter V centalns discussiens eof data corrections, comparison ef present
results with ether experimental investigatiens, and errors. In Chapter VI~

available theoretical calculations are compared with the present experi-

mental results.




CHAPTER II
DEFINITIONS AND THEORETICAL BACKGROUND

This chapter centains a discussioen ef seme of the terms used in the
field of high energy atemic collisions, a statement of the purpose of the
experiment reperted in this thesis, a list of pertinent review articles
dealing with the field ef atomic cellisiens, and a discussion ef scme
existing theeries ef binary cellisioens.

A number of types ef events may occur when atemic or molecular
systems collide, There may be simple elastic scattering, where momentum
is\transferred but the internal structures eof both systems remain un-
changed. Other events classified as inelastic may invelve electren trans-
fer between the two systems, or excitation, ionizatien eor disseciatien eof
one or both of the colliding systems. Elastic scattering, excitation and
simple disseciatien events wlll net be further considered here.

Censidering & binary er itwe=-system colllisibn, let us refer to one
system as the target system and the other as the incident system. At the
high energies of the present research generally only a small fractien ef
the momentum of the incldent system is transferred. The incident particle
suffers only a small less of energy and emerges with enly a slight devia-
tion from its oeriginal direction of motien, so that the identity of the
incident system is well defined.

Even with the restriction to ienization, charge transfer, and dis-
sociation, there are still a number of distinct final states fer a given

palr of cellision partners. Most types of experiments, hewever, ebserve




all events of a certain class witheout distinguishing between them, - If

the charge state of the incident system is the same before and after the
collision but the target particle is ionized'welshall call the event an
"ionization™ event. 1In coentrast are the "charge-changing™ events in which
the incident system gains or loses electrons, These include “cbarge—
transfer" events in which the incident system takes electrons from or gives
electrens to the target, and also "stripping" events in which the incident
system 1s ionized in the collisien, producing ene or mere free electrans.
Either charge—transfer or stripping events may be accempanied by ioniza-
tign and/or dissociatien of the target system,

In order to study collision reactions in detail, it is necessary to
be able to express the probability of a given reaction as a quantitative
measure, This quantity must be one that may be measured experimentally
and calculated theoretically so that experimental and theoretical values\
can be compared. The concept of collision cross section is frequently
used (see Appendix). This concept permits the assignment of a hypotheti-
cal size, which is related to the probability of occcurrence of a specific
event, to the target systems,

Most present experimental observations have fallen into twe dis-—
tinct classes: the "thick" target approach in which the incident particle
beam passes through a sufficient quantity of target material to attain a
statistical charge state equilibrium and the "thin" target appreach in
which the probability of multiple collisions by a single incident system
is negligible, Most charge-changing cellisien experiments have involved
thick targets and observations on the emerging fast particles. 1In con-
trast, mest of the lonization measurements have been thin target experi-

ments and have involved observatien of the residual slow particles.




The purpose of the experiment reperted in this thesis is te measure
the total cross sections for the production eof positive ions and free
electrons in gaseous targets by helium ions in the energy range 0.133-
1.00 MeV. The target gases are helium, neen, argon, hydrogen, nitregen,
exygen, and carbon menoxide. The ™hin® target methéd is used. The total
cross sections for the production ef positive iens and fres electrons in-
volve the sum of the apparent ienizatien cross sectien and certain charge-
changing cross sections The apparent ionization cross sectioen, as defined
by Massey and Burhop,l is the cross section for single ionization plus
twice the c¢ross sectien for double ionizatien plus three times the cress
section for triple ionization, etc. With respect to the slow iens, enly
the tetal current is eobserved and it has not been ascertalned directly
what fraction eof this current is due to multiply charged iens or what part
is due te events in which the charge state of the incident ion 1s changed.

Previous work with incident helium iens has dealt primarily with
ienizatien cress sectiens at lewer energies and with charge-changing cross
sections at both high and low energies.

Experimental work prior to 1951 has keen thoroughly surveyed by
Massey and BurhOp.l Reviews af the charge-transfer field prier to 1957
by Allisen are pertinent.2’3 ‘A recent article by Federenkeo reviews ieni-
zatien reactions.4 ‘A work soon to be published by McDaniel reviews the
field of atemic collisions.5

A discussion is presented on some of the existing theories pertinent
te this research. The range of energies in this research is such that the
range of impact velecities is large cempared with the velocities of orbital

atomic electrons, but small compared with the velecity eof light, i.e.,




108 < v< 5 x 109 cm/sec. ' In general, the partners in a cellisien have
internal structure, i.e., nucleus plus electrons, so that the cellisien
process is essentially an interactien invelving many particles. It is
necessary te redﬁce this many body problem to a binary cellisien preblem
in erder to use one of the formulatiens which have been devised to deal
with binary cellisiens. Some of these binary cellisien fermulations are

presented below.

Partial Wave56

The method of partial waves was devised te deal with collision
problems which inveclve spherically symmetric interactien potentials. In
the space-time representation of scattering, the incident particle beam
is considered as a plane wave incident en a scattering center. The scat-
tered wave 1s expanded as an infinite series of spherical harmonics with
each term multiplied by an appropriate radial wave function. Each term
in this expansion is called a "partial wave." As a reéult of the inter-
actien with the scattering center each scattered wave is shifted in phase
from that which it would have had if the scattering center had not been
there. - The cross sectien fer a particular reaction is given by an infinite
sum in which each term invelves a functien eof one of the phase shifts, The
cross sectien may then be found if all the phase shifts are knewn. 1In

order te calculate these phase shifts one must essentially solve the

- Schrodinger equation, however:

This method is mest useful if the series cenverges rapidly eneugh
so that only a few phase shifts need be calculated. The number of phase
shifts that will influence the cross section in any given case can be ob-

tained from the equatien




L+1) = Ko r (2-1)

where 4 is the number of phase shifts that must be calculated, k is the
wave number of the incident wave, and I, is the radius beyond which the
scattering potential has become negligible.

This methed is used with short range potentials such as those en-
countered in nuclear physics, The high energy of the incident particles
used in this experiment and the long range scattering potential involved
render this methed impracticable because of the large number of phase
shifts that must ke calculated, but it is used at much lower energies to
calculate elastic scattering and charge-transfer cross sections for atomic

systems.

Born and Distorted Wave Approximatiens

The time-independent Schrddinger wave equation for a binary colli-

sion in which the collisien partners have internal structure is

[—‘2’5 vr2 + T,(r,) + Tg(rp) + v, (T,) + vg(xy) (2-2)

+V(F,T,,5) | (E,, T T) = B

where the atomic systems are denoted by A and B. In Equation (2-2), TA
and TB are respectively the kinetic energy operators for systems A and B,
and VA, VE are their internal potential energies. To obtain an approxima-

tion to Y suitable for the determination of cross sections, it is usual to

expand ¥ in the form

$E,TT) = ) e, (7,) o (Tg) ¥ (F) (2-3)




where Pan and Py, 8T the wave functiens describing the internal states of
& and B and ¢n(f) describes the relative motien in state n. Using the re-

latiens

[TB + vy - EBn] Pg, = O {2-5)
20 _ .2 2
2 [EAn + EBn - EAo - EBo] - ko kn (2-6)

g

¥ #* -
and multiplying Equation (2-2) threugh by Pan B and integrating over T,

and ;B leads to the infinite set of coupled differential equatiens for ¢n

(V2B @ = ) e @) (2-7)

where

*

CR P Ky R (R D) o (5 2 ) 4 a3
Um = 2 f Paatta) Ppaltp) V(r,Te,1) @, (r,) op (v} dr dry (2-8)

The summation sign is meant to include integration over states of positive
energy as well as bound states of the atoms A and B.  Solutiens of these

equations are required te be well-behaved functiens with asymptetic ferm

f (0,0) ik -t ik .7
n n (o] _
Uy — e + e 500 (2-9)

The differential cross section for inelastic scattering in which the system

gees from state o to state n is then
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n
I,(8,0) & = & [f (6,0)]7 do (2-10)
with VO and vn the velecities of relative motien in the twe states. The

differential cress section fer elastic scattering is

2
Lo(8,9) a2 = [ (8,9)[7 o0 = (2-11)

A major difficulty is to obtain & complete orthegonal set of wave
functiens Pan and/or Pan which must be knewn in erder te obtain Eguatien
(2-7).- The set of wave functiens must centain bound state and continuum
state wave functiens. ‘A complete set of exact wave functions is actually
known enly fer ene atem, the hydregen atom.- In all ether cases they must
be appreximated. Mest theoretical calculatiens te date have assumed the
validity ef Equation (2-7) even though the explicit wave functiens sub-
sequently used in the computztion are net truly erthegenal. Unfeortunately
it is very difficult te reach any a prieri conclusion as te the extent of
the inaccuracy in the results caused by this approximatien. Only by com-
parisonrwith experimental results can any conclusiens be reached.

Bern's appreximation coensiders the interaction between the celliding
systems as a small perturbation to the total Hamiltonian of the system.
This results in putting all ferms other than the matrix element associated

with the incident wave equal to zero so that Equation (2-7) becomes the

single equatien

(vr * knz) ¢n(;) - Une e © (2-12)

e ——
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Using the Green's function

G(r,T = - (2-13)

g {r) =+ e - Z;j UNER — oF, (2-14)

This methed of calculatien has been used to calculate ienizatien
cress sections for a bare nucleus and fer a bare nucleus plus one (ls)
electron incident en atemic hydregen and helium for the case that
k;%? > E@, where EO is the internal energy of the struck atom.

A less drastic appreximatien is the disteorted wave approximatien.

For this one assumes that transitiens through intermediate states may be

and U are con-
fol)

en

ignered seo that only the matrix elements Uno(zu ), Unn

sidered, then the set of coupled Egquatiens (2-7) become

VS o+ k" U )y (F) U, (T (2-15)

11
=

$ (1) (2-16)

(v ko . Uoo) IIJo(;) on 'n

An additional approximation may be made if Uno is small by putting the
right hand side of Equatien (2-16) equal te zero. -This method has been
used for atomi¢ proecesses at lew relative energy for which the Bern ap-

proximatien becomes inadequate.
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The fermulatien presented here must be altered in erder to deal with

identical particles, but this presents enly mere numerical difficulty.

The Classical Approeach of_@rvzinski7

Gryzinski has given a classical theory of atomic cillisions in which
he assumes that elastic scattering, ilenization, excitation, and othéf in-

- elastic interactiens between charged particles and atoms can be described
by a Coulombic type interaction between the incident ien and the atomic
electrons, treated classically, and depend on the atemic electron's binding
energy and mementum distributien treated quantum mechanically.

Gryzinski used the results of Chandrasekharg’9 in which the energy
transfer between twe celliding free particles moving arbitrarily with re-
spect to each other and interacting through an inverse square ferce was
calculated classically in terms of general kinematical parameters describ-
ing the coellisien.

Gryzinski has integrated Chandrasekhar's results ever distributiens
of the cellision parameters appropfiate te the ilmpact eof fast ions en elec-
trons erbiting about a fixed target atem to ebtain ¢(AE,9), the classical
cross section for scattering ef an incident particle in directicon 6 with
change ef energy AE. He has further ebtained d{AE}, the classical cress
section for the incident particle te have an energy change AE, without re-

gard to 0.

The cress section fer a cellision with energy less greater than U is

aEmax
Q(u) = j g (AE) d(AE) (2-17)
U
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and similarly the cross sectien for an encounter with less ef energy in the

interval U1 < AE £ U2 is

2

; QU 'Ul) = d(AE) d(AE) (2-18)

25

o/

Cryzinski asserts that the croess section for isnizatien eof an atem
is given simply by the classical cress section fer transfer to the atomic
electreon, treated as a free particle but with a speed distributien appre-
priate te its bound initial state, of energy at least as great as the ieni-

zation petential. Thus the ienizatien cress section for an atem is

atom

%

i (1)
= Z‘J" N (v,) QU tt) av, (2-19)
io
where Ni(ve) is the velocity distribution of 1 shell electrens of the atom
and Uj(i) is their ienizatieon petential. For the simplest case, Ni(ve) is
approximated by the single velecity ebtained from the expectation value of
the electren kinetic energy appropriate to electrens in the i shell.
Similarly, the cress section fer excitatien eof the atom te the level
n is represented as the classical cross section for transfer of energy at
least as great as the excitatien energy ¢f level n but less than the ex-
citatien energy eof any higher level. Thus the cross sectien for the ex-—

citatien eof the level n is

Q = E:j N(i)(ve) Q(Ugii 3 d(i)) av (R-20)
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(i) (1)

where U
n 1

and Un+ are the excitatien energies of the levels n and

n + 1 respectively from the shell i.

Quantal effects are thus considered only indirectl;, by restricting
the energy transfer te the electron to values compatible with the fact
that it is bound in a quantized state, and by the use of an initial speed
distributien fer the electrons deduced from the quantum mechanical descrip-
tion of the initial state.

Agreement between this theory and experimental results fer inelas-
tically scattered electrons from mplecular hydregen is very geoed for the
tetal cress section altheugh it is relatively inaccurate for descriking

the angular distributiene.lo’ll

Agreement is excellent for ienizatien
cress sectiens of hydrogen and helium by electrens. In light of some eof

the assumptiens made the agreement between this theory and experiment is

rather surprising.
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CHAPTER III
PHENCMENA RELATED TO THE PASSAGE OF HELIUM IONS THROUGH A GAS

This chépter deals specifically with phenomena related to the pas-
sage of helium ions threugh a gas. Te illustrate the multiplicity ef
possible events, a list of reactions fer the case of fast singly-charged
helium ions incident on melecular hydrogen is presented. A cross section
netation is discussed and applied te these reactiens. Definitiens ef
total production cross sectiens and some charge-changing cross sections
are given. Cross-correlation between the two types of cross sectiens are
discussed. Particular theeretical calculations using the Bern approxima-
tien are discussed, and a method is presented by which theory and experi-
ment may be compared.

A list of reactions for the case of fast singly-charged helium iens
incident on melecular hydrogen is presented below., The first symbol ap-
pearing on the left and right hand side of each equatien denotes the fast
incident particle before and after the cellision, respectively. This par-
ticle may or may net experience a change in its charge state as the result
of the reaction, but in any event theory and experiment shew that mest of
the time it retainslessentially all of its initial energy and its eriginal
direction of motien if the velocity ef relative motien is large compared to
the atomic orkital electron velecity, as was the case for this experiment.
The second symbel en the left hand side of the equation denotes the target

particle before ‘the collision. The remaining terms on the right hand side
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represent the fragments of the target particle after collisien plus any

free electrons stripped from the incident prejectile.

He+ + H >

Hg++
et 4
T
Hék++
He T 4
He o+

++
He +

+ H + 2e

H + 3e

H + e

i
1011

id
10°11

id
10912

id
1010

C
10%01

cd
16%01
cid

10%02

S
10%20

sd
10%20

si
10921
sid

16%21

sid
16%22

cd
10%21
cid sid

12%20 9% 10%0

(3-1)

(3-2)

(3-3)

(3-9)

(3-109)

{3-11)

(3-12)

(3-13)

(3-14)

(3-15)
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Reactien (3-1) is the simple ionization collision, while Reaction (3-5) is
the simple charge-transfer event, and Rea;tion (3-8} is the simple strip-
ping reaction. Reactions (3-5) through (3-15)} aré charge-changing colli-
sions.

The same informatien centained in each reaction eguation. may be
conveyed by use of a generalizatien of a cress section representatioen in-

troduced by Hasted.lz We shall let abdmn represent the creoss section for

the reaction in which a and m are the initial and final charges respec-
tively of the fast incident particle, while b and n are the initizl and
final charges respectively cf the target particle. A 5u5érscript C, 1,

d, or s indicates charge transfer, ienization, dissociation, and stripping,

respectively. In the preceding list of reactions the creoss sectien repre-

senting each reaction is given fellewing it.

As has been stated in Chapter I, a given experiment measures the sum
of some group ef the individual cross sections. The crouss sections meas-

ured in this research are denoted by d+ and d_, where d+ represents the

tetal c¢ross section for the preduction ef slew positive iens and d_ repre-
sents the toetal cress sectien for the production of free electrens and
negative ions. These cross sectiens may be represented for the cellisien

of He+ on H2 as follows:

— id cd cid )
°+"[ufll+1ﬁﬁl+21@12 101&] L001 16%1 T2 10%2 (3-16)

51 sid 5id cid
* [1@“21 *e%21 TR %2 t %20

and
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B i id id id ci s _—
a_ = [10“11 10911 T2 0% Tt 10“10] * [1o°@2d] N [10020 (3-17)
sd si1 sid sid o cd cid
o260 TR 0% Y2 10%1 T3 1% el taofel T2 10%20

It is now evident that what has been measured in this research 1is

)

the weighted sum of individual cross sections. In a "thin"™ target experi

ment these cross sections are calculated from the relations

@
|

+ 7 (I+/Ii)(l/nl) cm?/molecule (3-18)

Q
1

(1"/11)(1/nz) cmz/molecule (3-19)

where I+ and I~ are the pesitive and negative currents c¢ollected froem a
cellisien regicn ef length { by traverse electric fields, n is the number
density of gas melecules in the collisien chamber, and Ii is the incident
ion current. These expressions are develeped in-the Appendix.

- The c¢ross sections for the incident He+ ien to pick up an electren
or be stripped of its electren are deneted by 019 énd 012, respectively,
where the first figure in the subseript represents the charge state of the
incident ien before collisien and the second its charge state after celli-

sion. These cross sectiens, written in terms of the individual cress sec-

. +
tions (3-1) through (3-15) for He incident on hydrogen, are:

_ C cd cid
%90 T 10%1 T 10%1 to10%2 (3-20)
and
_ S sd si 5id _
°12 T 10%0 T 10%0 T 10%21 t 10921 (3-21)
sid c cd cid
Te®ae Ty t T g?

10721 7 10%20
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It is true in general that fer singly—<harged helium iens incident

en any gas that the difference between ¢ and o_ is the same as the dif-

+

ference between dl@ and 012. A check of the present measurements against

charge-transfer experiment measurements may therefeore be made.

For four of the gases studied the cross sectiens %10 and 910 have

been measured previeusly ever at least part ef the energy range of this
experiment. The experimental technique used in the measurement of Ol@

and 012 is the measurement first of the ratioe of the two cross sectiens
by a thick target beam eguilibrium method and second the measurement of
one of them by a beam attenuation method.2

The gress apparent ienization cross sectien Oi 15 the quantity which
may be directly compared with existing theoretical and experimental data
and is defined as the c¢roess section for single ienizatien plus twice the
cross sectien for double icnizatien plus three times the cross section for

triple ienizatien, etc. It is therefore necessary to reduce 9 and o_ to

-+

. . . . + .. :
g5 This cross sectien for the specific reaction of He incident on H2 is

given byt
_ i id id id

%% T 10°11 T t 2 1012 1t 10%10 (3-22)
— cid sid s sd ' ‘
= % 7 %0 " %12 " 10%2 T 10%2 T 10%0 * 10%20 ~(3-23)

c cd

*10%21 10721
_ cid 5id 5 sd <
= %7295 " 10%2 T 10%2 t10%0 T 10%0 T 1e%1 (3-24)
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Altheugh the values of S5 O_s 9107 and 1o have been determined experi-
mentally for several of the gases studied, the cross sectiens for the in-
dividual reactions are net knewn at present, therefore reasenable estimates
must be made in order te find an approximate oi'

Not all atomic systems form negative iens, but these that de usually
form then with low binding energy. It is expected that if the collision
is hard eneugh te strip the beund electron from the incident helium ien
then it is probable that ne negative ien will be formed. This assumptien
cannet be proved at present, but it may pessibkbly be justified by the fact
that some of the cress sections invelving formation of negative iens have
been measured at much lower energles than the present experiment and have
generally been feund te fall off rapidly with increasing energy. All cress
sections involving the formation of negative iens will be considered neg-
ligible.

It will be cenvenient te¢ define a guantity "a" as the ratio te P
of the creoss sectien for simple stiripping evenis including disseciation
of melecular targets.

For the particular reaction of He+ incident on hydregen

5 sd
o] + o]
- 10%20 " 10%0 (3-25)
12
andg

_ cid sid
9 = 9~ (8 v 0)0) 30, = 10%n 7 16%2 (3-26)
= g -24 + aoc - c°1d - 031d (3-27)

- 12 12 Lo 02 lg 22
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It is argued that "a" is small, for if the collisien is "hard"
enough to strip the beund electron from the incident helium ien then it
is highly prebable that the target system will alse be ionized. The ieni-
zation potential eof the electreon of He+ is 54.4 velts and the ienizatien
potentials of the outer electrens ef all target gases studied in this re-
search are less than 25 veolts. It is then assumed that "a" is equal te
zere. The remaining individual cress sections in Eguatiens (3-26) and
(3-27) represent complex events and it seems gquite likely that they are
imprebable and centribute in enly a miner fashien. Therefore the apparent

N . . s + . .
ienization cross sesctien for incident He projectiles en the target gases

were obtained by the relatiens

(3-28)

= o_ - 209, (3-29)

For completeness 1t is necessary te examine here the process used
. . ++ ; . .
for obtaining di from ¢, and ¢_ fer incident He projectiles an varieus

target gases. The apparent cross section for lenizatien is given by

5, = 8, -8, - I,y + X {(3-30)

= J_+x (3-31)

where x represents a complex reaction and will ke assumed small and set
equal to zere. It is alse seen that o+ -d = 021 + 02@ with no apprexi-

mations.

Theoretical calculatiens pertinent te this resezrch have been made
fer a bare nucleus and for a bare nucleus plus ene electren incident en

atemic hydregen and helium.
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Bare Nucleus Incident ©n Hydrogen

Bates and Griffinng have calculated the cross sectien for the

atomic precess

2 1 %18y - X2+t 4 e (3-32)

using the Bern appreximatien. A methed of obtaining an approximate gress
apparent ienizatien cress sectien for the molecular process has been in-
dicated in reference 13. Although the results calculated for Egquatien
(3-32) were presented only in graphical ferm rather than in explicit ana-
lytic form, the following generalization was made:

If a fast peint charge ef charge Zb collides with a nucleus te which

one electron is beund in the 1ls state, then the cross sectien for remeval

of that electron takes the general form (Equatien 21 of Reference 13):

o= @ ) ()

in which:

AE is the ieonizatien energy for removal o¢f the electron,

M is the reduced mass of the colliding system,

E is the kinetic energy of the relative motien,

f is a function ef unspecified analytic form.
This formula permits scaling of the graphical results given for Reactien
(3-33) te any other reactien fhat meets the above description.

" It has eften been assumed that a hydrcgen melecule is simply eguiva=-

lent in an energetic collision process te two independent hydregen atoms,

50 that the melecular cross section weuld be expected te be simply twice

U ——]




23

the atomic cross section. However, in Equation (3-33) there is an explicit
dependence on the ianization energy AE of tﬂe electron to ke remeved. The
vertical ienization energy of ene electron in the hydrogen molecule is
appreciably different from the atomic ionization energy, beinhg, in fact,
greater by the factor 1.2.

The scaling precedure fellowed was this: The melecule was consid-
ered to be eguivalent te twe free neutral atems in every respect except
that acceunt was taken of the fact that the ienization eneragy is 1.2 times
the normal atomic value. TIgnored were the effects of the secend atem on
the reduced mass of the system consisting of the projectile and the first
atom, en the ratie ef the incident particle energy to the relative metien
energy, and of course on the form of the electrenic wave function that was
used in the calculation ef the atgmic cross section., To this apprexima-
tion, a theoretical cress section for the removal of ene electron from the
molecule by the impact of an incident peint charge of energy E will be
twice the given atemic cress sectien for the incident peint charge energy
E/1.2, divided by (l.2)2. This cross section sheuld actually correspend
to the sum of the cross sectioens for all of the several kinds of melecular
lonizatien events, since the theesretical treatment made ne restrictions on
the final state of the molecule, and se the result sheuld inciude all pes-
sible final states. Therefore, this cress sectien should correspend te

the approximated gress experimental isgnization cross sectien.

: Barg Nucleus Tncident on Helium

Theoretical calculations in the Born appreximatien ef the cress

sections fer ienization and simultaneous ionization and excitatien ef




helium by a peint charge have been made by Mapleton.14 He assumed that

the helium electronic wave functiens may be approximated by products of

nermalized hydrogen wave functions in which the helium nucleus had an ef-
Tective charge Zl of 1.6875 for the ground state. He examined three cases
correspending te various cheices fer 22, the effective charge associated
with the Coulemb field acting en the final state bound electron, and ZB’
the effective charge associated with the Coulemk field acting eon the final

state poesitive energy electron. These cases weres

Case I: 22 = 2, 23 = 1
Case I1: 22 = 2, Z3 = Zl
Case III: Z3 = Zl for the L = 0 term of the wave

function ef the final state
pesitive energy electron

23 = 1 for the ¢+ > O terms of the wave
functions of the final state

positive energy electron.

Mapleten has polnted eut that the cress sectiens determined frem
calculatiens based on the assumptions of Case III would be expected te be
the most realistic.

Ionization cress sections fer He++ ion impact and electren impact
on helium have been calculated by Erskine15 through an applicatien of the
Bern approximatioen.

The foregeina calculatiens imply that the ionizatien cross section
for incident He++ ions should be four times the creoss section for incident

protens of the same velocity.
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Bare Nucleus Plus One Electron Incident On Hydrogen

The gross ienizatien cross sectien feor the reaction:

{z-1)e (z-1)e +
+ - + + -
Yile) H(1s) ¥ile) H + e (3-34)
where Y represents an lon or atom censisting of a bare nucleus plus ene
electron in the ls electronic state, having net charge (Z-1)e, has been

calculated theoretically.13’16

Again if a cemparisen belween the present
experiment and theery 1s te be made the cross sectiens fer the atemic
process must be scaled in erder teo ebtain the cress sectiens for the me-
lecular process. The earlier scaling procedure cannet ebvieusly be easily
applied for this case because the theeretical cress section is given by a
sum of terms where the individual terms were not knewn. Beyd g;_g;.16
have suggested eonly that cemparisen between theory and molecular experi-
mental results be made by regarding each melecule as two atoms, therefore
just deubling the atomic cress sectien. Such a precedure would ignere the
fact that the binding energy ef the electron in the molecule is greater
than it is in the atom. Application of the procedure described in the
section "Bare Nucleus Incident On Hydrogen" te take acceount ef the differ-
ence cannot be justified on the basis of any equations displayed in Refer-
ences 13 or 16. Hewever, such a procedure was applied teo this case, and

the result was found to be in very good agreement with experimental results.
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CHAPTER IV
EXPERIMENTAL EQUIPMENT AND METHOD

The ebjective of this research was the measuremen£lef the ¢ress
section fer the productien of slow pesitive ians and free electrens fer
helium iens incident en helium, neen, argon, hydrogen, nitrogen, oxygen,
and carben menoxide. The energy of the Incident particles ranged frem
0.133-1.00 MeV.

The source of the energetic pretons was a l1-MeV Van de Graaff poesi-
tive ien accelerater, wnich was equipped with a béam analyzing and sta-
bilizing system. The beam was passed through differentially pumped colli-
mating apertures inte a cellisien chamber ceontaining the target gas. The
chamber dimensiens and gas pressure were such that the target was "thin,"
in the sense that only a small fraction eof the incident particles underwent
any len-preducing collisiens at all. Electrodes parallel te the beam axis
in the cellision chamber collected the slew charged particles produced in
ienizing cellisiens, while the original incident particles passed through
the cegllisien velume and inte a Faraday cup. Detectien of both the slow
and fast particles was accemplished by simultaneous electrometer measure-
ments of the electron, ien, and the incident beam current.

A schematic drawing of the apparatus 1s glven in Figure 1, Folleow-
ing is a peoint by point discussion of the mere important features of the
apparatus, considered in sequence from the ion source teo the electrometer

circuits.,
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The Inc@dent Beam Seurce

The ien source of the Van de Graaff had two gas inlet lines, each
equipped with a thermomechanical leak. The twe gases used in the lon
source were molecular hydregen and helium. The ion seurce, which is a RF
excited source, provided ample beams of H+ ions and He+ ions but produced
essentially no yield of He++ ions. The time required te switch from ene
beam to another was a matter of a few minutes,

The beam from the Van de Graaff entered the apparatus at the left
hand side of Figure 1. It was then deflected through 90° in the analyzing
magnet, which assured that it consisted essentially enly ef the desired
ions. The beam ien energy was stakbilized by electronic regulaticen ef the
accelerator veltage to maintain equal currents en the twe stabilizer slit
edges, which ameunted te demanding a constant deflectien in the regulated
magnetic field. (This was the standard stabilizing system provided by the
accelerator manufacturer, the High Veltage Engineering Cerperation. The
neminal energy spread was * 2 kev at 1 MeV.)  Thus the particle energy was
determined by the value ef the magnetic field and was measured by measuring
that field. Employed fer this purpese was & Harvey Wells medel G-501 nu-
clear magnetic resonance gaussmeter, which as used had relative and abse-
lute accuracies of ene part in 103. The deflectieon geometry was calibrated
empirically by measuring the magnétic Tield correspending te the 1.019-MeV
thresheld ef the nuclear reaction HB(p,n)HeB, using a tritium~zirconium

target.

Gas Cell
Since the ion soeurce of the Van de Graaff provided only a minimal

++
He beam, it was necessary to use the He+ beam frem the Van de Greaff
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accelerator to obtain an He++ beam. This was accomplished by passing the
He+ beam through a gas cell which centained argon gas at pressures which
ranged from 1.0 te 7.0 x 19_3 Torr. The ﬁe+ beam underwent charge=-changing
cellisiens se that the beam leaving the gas cell consisted of Heo, He+, and

+
He .

The apertures Ma™ and "b" of Figure 1 define the length ef the gas
cell. These apertures were round and knife—edged with a diameter of 1/16
inch. They were machined threugh l/A—inch-thick brass plates which, except
for the apertures, formed éssentially vacuum-tight closures of the bheam
tube. With this arrangement, the pressure in the accelerater vacuum system

remained within tolerable bounds only when the pressure in the gas cell

3

remained below 7 x 10 ° Torr.

Gas entered the cell centinually through a variable leak and was
pumped coentinually threugh the apertures “a" and "b."  The valbb 23 of
Figure 1 permitted the gas cell to be pumped te pressures of appreximately
3 x 10_6 Torr with the gas inlet cleosed. Valve 23 was nermally closed
when working with the He++ beam. The pressure in the gas cell was meas-
ured with a Mcleod gauge,

A differentially pumped vestibule was provided fellowing the gas
cell ;nd is indicated in Figure 1. The pumping provided gn this chamber
sufficed to allew the pressure beyend aperture "c" to be kept below 2x 10_5
" Terr with gas present in the gas cell at the maximum working pressure.  _
Aperture "c" was round and knife-edged and was machined through a 1/4-inch
brass plate, which except for the aperture was essentially a vacuum-tight

closure of the beam tube. The aperture had a diameter of 3/32 inch,
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Electrostatic Analyzer Sectioen

F@lléwing the gas’' cell, the beam enters the electrostatic analyzer,
which selects frem the mixed beam those particles which happen to be in
the desired charge state. For clarity the electrestatic analyzer section
and the cellisioen champer are shewn rotated 90° about the beam axis inte
plane view in Figure 1. Thus the beam deflections produced by the analyzer
are actually in the horizental plane, rather than verticle as they appear
in the figure. The analyzer consists of tweo parallel plates 17 cm léng
and 1.2 cm apart, to which a varlable petential difference of up te 5080
velts may be applied. This petential difference was maintained by a Hamner
tHigh Veltage Power Supply Medel N-413. With the "nermal" operating veltage
af 2400 volts applied to the plates, the three cempenents of a l-MeV helium
beam (Heoj He+, and He++) are separated by about 2 centimeters at the exit
end of the analyzer section. The deflection plates are mounted on a helder
which ceuld be rotated abeut the beam axis from an external control, per-
mitting adjustment of the plane of the deflected beams te coincide with the
horizental plane of the beam detectors and the exit pert. The gas cell
with its apertures and the deflector assembly are so constructed that they
could be rigidly assemkled and aligned optically befere they were installed
in the vacuum housing of the analyzer sectien.

Provisien was made for menitering the intensities eof all ef the
separated cemponents of the beam. Near the exit end of the analyzer sec-
tion are three small Faraday cups and a secendary-emissien neutrzl detec-
tor. Each unit has a lead screw by means ef which it can ke independently
positioned herizontally to cellect ene of ithe separated compenent beams.

A frosted glass "viewer" plate in the same regien can be rotated into
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positien te intercept all of the beams, providing a visual indicatien of
the beam lecatiens by means of the fluorescence of the glass. The arrange-
ment is shown in the insert in Figure 1, and Figure 2 is a close-up photo-
graph of this pertien of the apparatus. The detector cerresponding te the
compenent beam being used fer cress section measurements can be meved aside
by means of its lead screw, as 1s indicated in Figure 1, permitting that
beam te pass eut through the exit pert, while the other detecters remain

in pesitien te meniter the remaining components.

The collision chamber and its entrance collimater are censtructed
as a rigid assembly that connects te the analyzer sectien threugh a flex-
ible bellows. This whole assembly can be meved herizontally relative te
the analyzer te align 1t at will with any ef the three beam positiens that
fall within the analyzer exit port (charge-energy ratio, e/E =0, 1, er 23
see Figure 1}. 1In Figure 1 the collision chamber is shown aligned with
the undeflected neutral beam. Fer the He++ measurements the chamber is
placed in line with the e/E = 2 position. Figure 3 is a photegraph of the
portion of the apparatus to the right of the shielding wall in Figure 1,
viewed from the opposite side. The mechanical arrangements previded for
the horizental mevements ef the cellisian chamber can be seen as well as
a Jackscrew arrangement previded in the supperts te facilitate vertical
alignment adjustments. In Figure 3 the cellisien chamber is shown effset
toward the camera to align with the e/E = 2 beam position for He++ meas=
urements.

When the apparatus 1s aligned as described for He++ measurements,
application of the "nermal" 2400 velts te the deflector plates directs

+
1.0 MeV He+ ions inte the collisien chamber aleng the e/E = 2 trajectory,




Figure 2.

Interior

View of Electrostatic Analyzer with Faraday Cups.
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Figure 3.

Exterior View of Electrostatic Analyzer and Collison Chamber.

s

£€

e e e — E—




34

while the He+ compenent is menitered by the Faraday cup at e/E =1. By
simply doukling the vcltage, ene can direct the He+ beam inte the chamber,
while cellecting and menitoring the He++ compenent at the ¢/E = 4 positien.
In addition, the ien=seurce gas supply in the Van de Graaff can be readily
switched from helium te hydregen se that with enly‘a readjustment of the
field of the analyzing magnet, a beam of 1.0 MeV protens can alse be di=~
rected inte the chamber along e/E‘= 2 by the double veltage. Thus the He++
measurements were readily checked against well established H+ and He+ re-
sults without disturbing the mechanical alignment of the appara;us, This
feature proved te be extremely valuable in establishing cenfidence in the
measurements.

With the present arrangement, a He++ beam of satisfactory intensity
can be obtained througheut the energy range from 1.0 MeV down te abgut
0.5 MeV, belew which the yield falls very rapidly. ' The range ceuld be
extended downward somewhat if pressures greater than‘T X 10_3 Terr could
be used in the gas cell. Unfortunately the presently available pumping
speed on the small chamber between "b" and "c" {Figure 1)} has proved to
be inadequate teo permit such:pressures without a prohibitive increase in
the pressure in the analyzer section. ' The criterion fer the maximum pres-
sure telerable in this region is that receontamination eof the separated Hé++
beam by further charge-changing cellisiens between the deflector plates and
the first slit of the collisien chamber entrance collimater ("d"™ in Figure
1) shall not exceed 1 per cent. Since the Yelectron pick-up" cress sec-
tions for He++ increase rapidly with dec¢reasing energy, the maximum—pres;
sure criterion rapidly becomes mere stringent in this direction, sthhat

the minimum energy attalnable with only a 1 per <ent beam contamination is
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Q.58 MeV. The maximum permissible pressure versus beam energy is presented
in Figure 4.

The pressure in the apalyzer sectien was vread with a Veeco type
RG-75 Ienizatien Gauge. Since the neminal calibratien of the ienizatien
gauge is fer nitregen, each pressure readihg was corrected for argen, since

this was the .gas used in the gas cell.

The Collision Chamber and Tts Associated Differentially Pumped Collimator

Fer reference in the fellewing discussion cellimating apertures are
designated by the letters with which they are labeled in Figures 1 and 5.
Aperture designs and pumping speeds were chesen so that the greatest part
of the pressure drop frem the target regien weuld eccur at "f," se that
the effective beginning of the flight path in the target gas began there.
The total path length frem there te the entrance of the Faraday cup was
about 5 inches. Apertures mg" ;nd e cach have circular knife-edged
epenings 1/16-inch in diameter, and the minimum epening in "£" is a knife-
edged hole slightly over 3/32-inch in diameter. Thus the collimation of
the beam was defined by "d" and "e," and only a few scattered particles
impinged on the edge of "{." The opening in "f",presented a small selid
angle to the .secondaries produced at Mo, and very few sheuld have passed
through. - Hewever, as noted above, "f" is designed to have a relatively
large pumping impedance, while the thin plate centaining "e" is perforated
with three large off-center heles to present a small pumping impedance.

As 1s indlcated in Figure 5 the portien ef the apparatus that cen-
tains the three apertures "d," "e," and "{" can be rigidly assembled before

insertien inte the collisien chamber, so that all three apertures could be
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accurately aligned optically. The pumping between apertures "d" and "f"
was provided by a two-inch oil diffusion pump topped by a water-coeled
baffle,

A photegraph of the open collisien chamber is shewn in Figure 6.
The cellimated beam entered from the right andlpassed between the iwo elec~
trode assemblies and inte a Faraday cup. Electrical cennections frem the
electrodes passed to the cutside through seven kovar-glass seals in the
rear wall of the chamber. The chamber was evacuated by the four-inch
baffled and trapped oil diffusien pump at the left. A ene-gquart Stanley
stainless steel vacuum bottle was installed between the pump and the valve
te serve as a liquid nitrogen celd trap. An ienizatien vacuum gauge was
attached te the chamber at a hole visible in the lower part of the chamber.
The pressure could net be menitered continueusly because the ionization
gauge could not be left on while any ienization currents were being meas-
ured because electrons were Y“sucked" from the gauge on te the collection
plates. A cold-trapped Mcleod gauge was coennected to a heole, hidden by
the electrode assemblies, that leoked directly inte the space between the
assemblies. A CEC GM-190 McLecd Gauge was used as the abselute pressure
measuring device during the early part of these measurements invelving in-
cident He+ ions while a mere sensitive CEC GM-110 Mcleeod (Gauge was used
during the measurements involving He++ iens. Each Mcleod gauge was read
with a cathetometer., Target gases were admitted through a mechanical leak
after being passed threugh a cold trap.

The gate valve B55 of Figure 1 could be used as a threttling valve
te permit higher gas pressures in the collision chamber without an exces—

sive gas throughput, which might give rise te pressure gradients in the
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collisien chamber and censeguent uncertainties in the effective gas density
in the coellision regien. Tests were made te insure that there were ne gra-
dients. The feur-inch diffusien pump was operated continueusly, even dur-
ing a run when the target gas was in the chamber at the working pressure.
The constrictien was adjusted se that the resulting threughput of gas did
net exceed the capakilities of the asseciated forepump. Werking pressure
was maintained by a centinuous input of fresh target gas and was varied

4 Terr simply by ad-

throughout the werking range frem 0.5 to 10.0 x 10
.justing the input rate. The purpese of this ceonstant pumping was to keep
the impurity level in the chamber essentially constant, independent of the
working gas pressure. Thus the ienizatien currents due te impurities aris-
ing frem outgassing ¢f interier surfaces and kack diffusien ¢f pump eil
vapor, which were measured with ne target gas input, could be subtracted
directly fromvall the readings with target gas present. In the course of
all the measurements this "backgreund gas™ coerrectien erdinarily ameunted
to only 5 te 10 per cent. The ultimate pressure in the chamber, obtained
by closing the gas inlet, was toe small to be read meaningfully with the
McLeod gauge. It was measured by the ionizatien gauge te have an average
value of almost 3 x 10*6 Torr, using the gauge manufacturer's neminal cali-
bratien for nitregen. This was assumed teo give only the general order of
magnitude, hewever, since the Composifion of the background was unknown.

4,

The target gas pressures ranged from 1.0 to 10.0 x 10 * Torr for He+
ions Incident en helium and hydregen, the gases with the smallest cress
sections. For the other gases the upper limit on the highest pressure was

less because the cress sections were correspeondingly larger. With the in-

stallation of the mere sensitive Mcleod gauge the pressure could be read
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accurately te lower pressures and the pressure range fer the measurements
invelving He++ ions incident en helium and hydregen was 0.5 te 5.0 x lO_4

Torr.

Measurement of the Incident Beam Intensity I.1

Twe different Faraday cups were used at different times to cellect
the incident iens after they had traversed the collision volume. One was
a bottled-shaped copper cup whoese dlameter was smallest at the eopen neck.
The 1/2-inch inside diameter of the neck subtended an angle of 6.59 at the
entrance aperture, "{," and about twice that angle at a peint on the beam
axis at the center of the effective collision volume. The second was a
deep copper cylinder having an entrance aperture of 1/2-inch and centaining
a wad of steel weol te serve as "electron velvei," that is, an essentially
"black" abserber for the ien beam and the secondary electrons i1t produces.
The secoﬁd cup was installed midway in the measurements to deal with what
appeared to be difficulties with secondary electrens and/or X~ray photons
generated by impact ef the beam within the cup. Beth theoretical ana ex—
perimental evidence indicated that only a few of the fast incident ions
that have a collisien would scatter more than a few degrees. With the
"thin target" gas density used in these experiments, fewer than 4 per cent
of the incident iens underwent any sort of ien-preducing cellisiens, and
the number undergeing large angle elastic scattering collisioens should
have been negligikle, It was expected that far less than 1 per cent of
all inclident particles would fail to enter the collection cup.

A disk-shaped "shadow" electrode with a sharp-edged circular aper-

ture just smaller than the inside diameter of the mouth of the cup was
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leocated immediately in freont of the cup and intercepted these few particles
which had scattered through an angle se large that they would not have en-
tered the cup. If net stopped, such particles might have struck the eut-
side of the cup and released secondary electrons, resulting in a fa;ée in-
crease in the apparent cellected current. This "shadow" electrede was held
at a negative petential with respect to the Faraday cup to suppress the
escape of secondary electrons from the interier ©f the cup.: It was feund
that a suppression veltage of 20 teo 67-1/2 volts was sufficient to preduce
saturatlien in the measured value o©f the incident current. The coenvenient

value of 67-1/2 volts was Used throughout the measurements.

The Collector Assemblies and Electrometers

Preliminary measurement of the cress sections 0+ and ¢_ were made
for He+ on the taraet gases hydrogen and helium using the apparatus de-
scribed in the thesis of J. W. Hooper.l7 The cross sectiens fo; the ether
target gases were abguil an order of magnitude larger than these for hydre-
gen and helium and ceuld not be measured using this collection assembly
while keeping thin target cenditions without geing te impracticably low
target gas pressures. The above mentiened collection assembly was minia-
turized to reduce the length ¢f the flight path of the incident beam in the
target gas. The cross sectiens d+ and ¢_ for He+ ions on the target gases
hydrogen and helium were remeasured using the miniaturized cellection
assembly. The results ebtained with the miniaturzied structure agreed
quite well with those gotten using the larger structure after certain
preblems were selved.

The miniaturized ceollecter assembly is described belew. A dlagram

of one of the slew—particle ceollector assemblies is shown in Figures 5 and 8.




43

The cellector plate had five segments, each separately mounted te the rigid-
1/2~inch teflon backing, with its front surface 1/4-inch in front ef the
backing. The center segment was cut teo an accurate length ef 1.106 * 0.001
inches in the beam direction, 'and all segments were accurately spaced 0.010
inch apart. All five sections were always held at the same petential,

so that the field in front ef the assembly was essentially the same as if
it had been ene large continucus plate. However, only the ien (or elec-
tren) currents cellected by the center segment was ever included in the
electrometer circuit for measurement. The remaining segments served as
guards to assure that the field in frent of the active segments was par;
allel and uniferm, so there would be no edge effects due to fringe fields.
Thus the "effective volume" of the target gas from which the iens were
drawn was the rectaqgular parallelepiped defined by the active segment of
the two collecter assemblies. Edge effects at one end of this volume which
were due te forward mementum of the slow ions sheuld have been exactly
compensated by the same effects at the ether end, since the incident fast
beam was net attenuated er scattered appreciably acress the volume.

In front ef the pesitive ion cellector assembly was placed a grid
censisting ef 0.004-inch diameter stainless steel wires strung 0.100 inch
apart en a brass frame, and spaced I/A-inch in frent eof the cellector plate
surface. The grid was held negative with.respect te the collecteor to sup-
press the emission of secondary electrens. The other plate assembly which
was held pesitive te collect electrons and negative lons did net require
a suppresser. The phetegraph of the coilection assembly in Figure & was
taken while a grid was in front ef the electron cellector. After this

phetograph was made this grid was removed and the electron cellecter platles
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were moved in toward the beam axis, se that the negative ion coellecter
plates. and the grid on the pesitive ien collecter were symﬁetrical about
the beam axis and 1/2-inch apart. The ion transmission of the grid was
assumed to be essentially eéual to its geemetric transmissien, which was
96 per cent.

A fractioen of the "slow™ ions produced by energetic helium iens
might in fact have had substantial energies of up to 180 ev and mere, and
their initial metien might of course ke directed teward the wrong collec-
tor plate. A substantial "collectien™ field across the coellisien velume
was required to assure that essentially all particles weuld reach the
proper cellector. The cellectien field was determined by the petentials
of the suppressor grid and the electren coilector. These were maintained
at potentials ¢f egual magnitude but apposite sign with respect te the
grounded chamber s¢ that the beam traveled the zero eguipotential. This
magnitude will hereafter be designated as V. (c for "collection"). The
poesitive len cellecter plate was pesitive with respect to its grid by an
amount designated as Vs(s for "suppression®). Thus the positive-ien coel-
lector was at the negative peotential -(VC - Vs).

A number of difficulties were encountered in choosing.suitable
values of VC and VS. They had te be chesen large enough that the cellected
currents would show saturatien. Verificatien checks were made by remeas-—
uring the cross sections for incident pretens on hydregen and helium, for
comparisen with well established older results. The values that were ob-

tained for ¢

4 the apparent cress section for the preduction of slow posi-

tive ilens, were found te be in good agreement. However, the values for o_

computed from the collected electron currents were at first found to be
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unsatisfactery. Measurements of the cross sections involving incident
helium iens were measured subseqguent to seolution of this preblem.

The magnitude of the cellected electron current was feound to in-
crease gragually as the magnitude of the collection electrostatic field
was increased through the range where a plateau was expected. The current
did net level off until the petential of the electron collector was made
400 or 500 velts pesitive, whereas it was expected that a negligible frac-
tion of the slew electrens liberated in ienization cellisiens would have
energies in excess of abeut 192 ev. 1In addition, the value of the electron
current when this saturation peint was reached was larger. than the positive
ion current, at energies near 1 MeV, by an amount of the order of 15 per
cent. - Fer incident protens at these energies, it was well established
that the electren current sheuld be egual to the pesitive ien current.,
This is expected because the known charge-transfer cross sectiens for pre-
tens are at least two orders of magnitude smaller than the measured ioni-
zatien cress sections;l8 the expected equality of the currents had been
confirmed repeatedly in earlier work.l7

Further study of this matter led eventually to the suspicien that
the excess elettrens were fast electrens coming inte the chamber from the
beam entrance aperture. Presumably they are "knock-on" secondaries pro-
duced by the grazing impact of fast beam ions on slit edges. Problems
with such electrons had been enceuntered in the past, but were theught to
have been eliminated by careful censtructien ¢f the beam ﬁollimator. It
now appears that despite these precautions, such secondaries remain a

problem that must be treated with care.
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The graduzl increase in the cellected electron current with increase
of the len collection field is now believed to be due to deflection of a
steadily increaéing fr;ction of these fast secondaries to the electren
collector. 1If the collection field were to be made great ensugh, all these
secondaries could be deflected te the guard electrode before they reached
the active electron cellector,

Alternatively, if the collection field were to be made sufficiently
small, mest of the fast secondaires would pass completely through the
sensitive velume without sufficient deflection te reach the collecter. Of
course, the field cannot be made teo small 9r there will no longer be ef-
ficient cellectien of the slew ions and electrens produced by true ieniza-
tien in the target gas.

Accordingly, further tests were made using potentials en the elec-
tron collector of less than 100 volts, cerresponding te smaller cellection
fields than we had ever used previcusly in this experinent.lT In Figure 7,
I+/_Ii and I'-_‘/I.1 are plotted versus collection voltage. It was found that
the electron current saturates fer potentials of abesut 90 volts, and dis-
plays a satisfactery plateau in the region from 80 velts to about 160 volts.
The aforementioned rise sets in only for potentials apove 160 vclts, and
continues, as stated above, up te 500 volts. At the same time, the col-
lected positive ion current also saturates at abeut 50 volts and remains
constant. The electron currents ebtained fer voltages within the plateau
were equal to the pesitive lon currents within 4 per cent for incident
protens at energies near 1 MeV. The cross sections obtained fer incident

17

protons were noew in entirely satisfactory agreement with elder results.
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It is believed that this mode ‘ef eperation is successful only be-
cause ‘the collimatien ef the incident beam is such that the secondaries
entering the cellisien chamber through the beam entrance aperture are al-
most entirely limited te a selected high energy greup ef almost dead-ahead
kneck=-ens. Since the mean energy of this group is related teo the energy
and mass of the incident ions, fhe plateau has been carefully checked at
several energies cevering eur range for both incident pretens and He+ ions,
A collection veltage of about 120 velts appears to be satisfactery for
most cases, but was rechecked at frequent intervals in the experiment.

It should be added that the centaminatien of the beam with these
fast electrons does not serieusly perturb the results of the experiment
because of lenizatien of the target gas by the electrens. The number of
these electrens is only about 15 per cent of the number of slow electrens
liberated in the gas by ienizatien cellisions, but this current in turn
is never more than 4 per cent of the incident beam. The beam centamination
amgunts at mest to a fraction of 1 per cent due to beth charge-changing
collisions and fast electrens. The fast electrons presumably have speeds
of the order of twice the speed of the iens, se in oeur energy range the
ienization cress section of the electrons will always be less than that of
the ions.

The twe Keithley medel 410 electrometers used for current measure-
ments had toe be floated from labeoratery ground at the potentials of the
collectors, They were iselated from their mounting rack by lucite blecks
and weTe cempletely enclesed by a well-greunded screen cage. AC power was
supplied threugh isolation transformers. The DC pelarizing petentials were

supplied by shielded battery packs which were alse enclesed in the cage,
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because any ripple or neise in this supply was capacitively ceupled inte
the electrometer input. Under these conditiens, the neise in the elec-
trometers with noe input current was such as would have interfered with

13

current measurements in the 10~ ampere range, but it was negligible for

the smallest currents (2 x 10712

amperes) encountered in the measurements
described. A Keithley medel 415 electrometer was used to measure;Ii. The
case of this electrometer was grounded.

The mest sericus seurce of neise in these experiments came directly
from the behavior of the incident ion beam. Altheugh the current entering
the cellisien chamber had satisfactery leng-term stability, its instan-
taneeus value varied rapidly and erratically. Damping time censtanis pro-
vided by shunting capaciters in the meter circuits of the electrometers
were added te reduce the meter jitter. The meters were in clese physical
proximity se that all ceuld be seen at the same time. The raties I+/Ii
and Ii/Ii could be observed te an estimated 4 per cent maximum uncertainty,
including both reading error and the inherent uncertainty of the electrom-
eters. The roles of the two Keithley model A10 electrometers were inter-—
changed periodically to ascertain if any systematic error had developed.
These electreometers were returned to the factory midway in the experiment
for recalibration.

A mest important factor that has net yet been mentiened is that of
leakage currents. The constructien of the collector assemblies w@é'égﬁﬁT

P
that the leakage paths from the active collector segments acrogsﬁthe tefloh'l
mounting plate to the grounded collision chamber were long and}cf very hiéh';

resistance, and the resulting leakage currents across the tefloﬁl@ere neg?"'i

ligible., The leads to the kovar-glass seals in the chamber wall were stiff
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copper wires that did not touéh any surface. Each of the leads frem the
outside end of a.seal fo the electrimeter cage was doubly shielded by the
use of a coaxial cable with a heavy rubber outer jacket, slipped inside an
extra braided wire sleeve. Only the outermest shields were grounded, while
the inner shields of all cables were held at the same poetentials as their
central current leads. The‘kovar—glass seals themselves were, however,
unguarded since they were not of a double concentric type that would permit
the same arrangement as in the cables.

leakage currents, while noet strictly chmic, were small and steady
and varied with cellectien voltage in a regular way. They reproduced well
over perieds ef hours, although there was some day~te-day variatien that
was presumably related to atmespheric conditiens. The leakage current was
read at frequent intervals during all dats runs.

The arrangement of the high-voltage connections seen in Figure 3
may be summarized as follows:

The central segment of each collector assembly had a separate lead.
- The remaining feur euter guard segments were cennected electrically. The
grid of the positive ion cellector had a separate lead. All leads passed
eut ef the vacuum threugh separate kovar-glass seals, and threugh separate
doubly shielded cables te a lucite patch board'inside the electremeter
cage.

The high-voltage tap ef the pelarizing battery pack was connected
te a 5 megohm potentiometer, The center tap was connected directly to the
electrometer frame and te the inner shields of the two ‘leads frem the guard
and active segments of the cellector. The physical arrangement was such

as to avold any "loops" for pickup. The leads from the outer guard
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segments were also cennected directly to the center tap of the 5 megehm
potentiemeter.

The internal feedback arrangement of the electremeter limited the
petential difference between the input and the frame te a few millivelts

fer any value of the input current, se that the active segment had essen-

tially the same potential as the guards.‘
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.CHAPTER V

EXPERIMENTAL RESULTS

Summary of Experimental Method

The cress sectiens for the preduction of slew pesitive iens and
free electrons for He+ iens incident on helium, neon, argen, hydrogen,
nitregen, exygen, and carbon menoxide were measured for incident particle
energies over the range from 0.133 to 1.00 MeV and similar cress sectiocns
were measured feor Hé++ iens incident on helium and hydrecgen for incident
particle energies over the range from 0.50 te 1.00 MeV. The incident ien
energy was determined by 90° deflection in a regulated magnetic field,
whose value was measured with a precision gaussmeter., The slow ion and
electron currents were measured simultanegusly with the incident beam
current by means of sensitive electrometers. The target gas pressure was
measured by a ligquid=-nitrogen-trapped Mcleod gauge and ranged from 0.50 x
107% Torr to an upper limit of 10.0 x 107% Torr for gases with small cross
sectiens.  The effective collisien volume was determined by the use of
guard structures around the cellector electrodes. Collection potentials
of plus and minus 90 to‘l60 volts were used for the bulk of the measure-
ments. A suppression peotential of 30 te 50 veolts was used between the

positive ion collector and its asseciated grid.

Data Corrections

Leakage currents in the electrometer circuits were measured fre-

quently and subtracted frem all current measurements for which they had a
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significant value. The correctien was usually less than 1 per cent. The
censtant pumping arrangement described in Chapter III was used to previde
a residual background gas density that was independent of the sample gas
density insofar as possible. The target gases were admitted through a
mechanical leak subsequent to liquid nitrogen er dry ice and acetone
trapping.

The actual pressure of the background gas could net be determined
because ef uncertainty as te its compesitien. The pressure indicated by
an ienization gauge, using the calibration fer nitrogen, ranged up te 3 x
10_6 Terr. However the pressure indicated by the Mcleed gauge was always
less than 5 x 10_7 Torr. 1t was concluded that the bulk of the baékgreund
consisted eof cendensible vapers from gaskets, pumps, etc., rather than ef
leaking air or permanent gases outgassed fram surfaces. Such cendensible
gases would be expected to have large ienization cross sections and thus
cantribute to the total ienization out of all preoportion te their actual
density. Therefore the ienization currents produced in the residual gas
were measured frequently and subtracted frem the currents ebtained with
target gas present, censtituting cerrections up te but never mere than
1O per cent. However it was assumed that the reading of the Mcleed gauge
corresponded only te the partial pressure of the target gas, and its
readings were therefore not corrected for backgreund.

Because this procedure depends on the assumption that the backgreund
gas density is the same when the target gas is present as when it is net,
it is only approximately correct. It was found that data taken at very
low target gas pressures, for which the background correction was much

greater than 10 per cent, failed to agree with data taken at higher
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pressures. Therefgre data used in the compilation was taken enly with
pressures great eneugh that the background correction was less than 10

per cent.

A set of values ebtained for the cross sectien g, at ene energy
from a series of runs at different pressures of hydregen gas is shewn in
Figure 9 plotted to a relative scale. The apparent falleff at pressures
below 1.0 x lO_4 Torr exemplifies the situatien described for which the
background correctien became toeo large. Similarly, the indication eof ris-
ing values feor pressufes above 10 x 10_4 Torr was identified with multiple
collisiens and fdilure of the "tﬁin target® assumptions. The existence of
a definite plateau between these regions lent confidence that all the im-
portant assumptiens were valid there. All of the data used in compiling
the final results were taken from runs lying within this plateau. 1In cem~

puting the molecular density of the target gas, its temperature was taken

te be that of the room.

Results

The experimental results of other investigators which are available
are included with present resulis for the cross sections d+ and ¢_ which
are presented for the projectile He++ on helium and hydrogen in Figures
10 and 11, and for the prejectile He+ on helium, neen, argon, hydregen,
nitrogen, oxygen, and carbon monexide in Figures 12 through 18.

Cress—-correlations beiween total production cress sections and
charge-changing cross sections are presented in Figures 19 through 24.
For the projectile He++, ¢, - o_ should be egual to ¢ + e and fer

+ 21 20°

the prejectile He+, 6, = 6_ should be equal to ¢1g = 9yps @s was explained




PERCENT OF MID-PRESSURE CROSS SECTION

140

—
[
[

100

80

60

40

i [ g I L

i 2 27 10 - N

PRESSURE ~ Torr x 10°°

Figure 9. Computed ot £1 MeV) for Varying Target Gas Pressure for He+
Tons Incident on Helium Using a CEC Gm-100 Meleod Gauge.

96




o7

2

) -

= [ 7 =

L -~

- =

- -

2 o, i

e .- -

< - —

m\ 3.5 e —

E — -

[§] r_ ——

—'- i —

S 3.0 p— pa—

w - ]

o e pu

w - -

= L -

5 25— —

=z — -

, - —

& -

Q d—
Z p——

< 20— ]

& A o_ —

= -

C 0 o 3

. I i | L

.30 40 .50 .60 .70 .80 .90 1.0 1.

INCIDENT 10N ENERGY (mev)
Figure 10. Cross Sections for the Gross Production of Positive Ions

and Free Electrons by He

Ions Incident on Helium.




9.0

8.0

7.0

6.0

5.0

IN UNITS OF 10" '° cm’/MOLECULE

4.0

AND ¢

T
+

3.0

A

@ r11111111]1rnIIIHI(H[prupnlpuquupnqnmnn

Figure 11.

.40 .50

N NEEEEREN lLLLIJ!IIIIlllHlHII|IIIlIlllllllllllllllillﬂ”l

I T T T
% 1.0

.60 70 .80 .2

INCIDENT ION ENERGY (mev)

Cross Sections for t
Free Electrons by He

Gross Preduction of Positive Ions and
Tons Ineident on Molecular Hydrogen.

g6




2

-l
IN UNITS OF 107 ° cm /ATOM

a, AND o

7.0
6.0

5.0

4.0

3.0

2.5

2.0

r I ] 171 DT er ey r“T—‘r—] NN

Lo dadal

PRESENT RESULTS
PRESENT RESULTS

REFERENCE 22
REFERENCE 22
REFERENCE 23
REFERENCE 23

INCIDENT JON ENERGY (mev)

Figure 12.
Free Electrons by He

40

Cross Sections for the Gross Production of Positive Icons and
Tons Incident on Helium.

L1

1

Ll i arctboold

Lol

65




IN UNITS OF 107'° em’/ATOM

o, AND o

| l P ety b I L I L IR
wop— —
9.0 — —]
= -
8.0f— —
— -
70— ]
- ]
60— —_
50— —
- -
4.0 : —
30— —
25 L A A ©_ PRESENT RESULTS -
, o ¢, PRESENT RESULTS
o0 —_
— o_ REFERENCE 22 7]
s :-:_ a 7, REFERENCE 22 e
[ @ o_ REFERENCE 23 ]
B o ©, REFERENCE 23 B
wb— —
| T e N | | bl {1
¥ 015 .02 .03 .04 06 08 L0 5 R 40 80 10
INCIDENT ION ENERGY (mev)
Figure 13. Cross Secticns for the Grose Production of Positive Jons and

Free Electrons by He Ions Incident on Neon.

09



2
em SATOM

-1&

IN UNITS OF 10

a, AND o

2.5

290

L5

| LR i T rrtrrr
| —
- ]
= e
i PRESENT RESULTS :[ -
— nl
,f— O o, PRESENT RESULTS —
: A o_ REFERENCE 22 |
: m o, REFERENCE 22 ]
—~ He'  Ar ® o_ REFERENCE 23 ~
t 0 o, REFERENCE 23 ]
ol bttt Lo v b
01

.02 03 04 .06 .08 .10 15 20 .30 AD 60
INCIDENT ION ENERGY (mev)

Figure 14%. Cross Sections for the Gross Production of Positive Ions and
¥ree Electrons by He Ions Incident on Argon.

.80 1.0

I8




IN UNITS OF 107'¢ em’/MOLECULE

o, AND o

7.0
6.5
6.0

5.5
5.0

|

| _

-

|

: E

= ~
4.5 — —

= 3
a0 - =
35 —
3.0 |- —
25 —
20— —

L .

" -
15— & o_ Total Cross Section for Preduction of Free Electrons _W

i o o, Apparent Cross Section for Production of Positive ions of the Target Gas B
L0 Loty I T PR (N N N A AN RO B |

.10 .15 30 A0 50 .50 .70 80 .90 1.0 1.2
INCIDENT ION ENERGY (mev)
Figure 15. Cross Sections for the Gross Production of Positive Ions and

Free Electrons by He Ions Incident on Meolecular Hydrogen.

29




IN UNITS OF 10°° em’/MOLECULE

s, AND o

25

20

‘l[llllllll

1.5

1

l II,_‘I‘I|I|1I]|

+
He - Nitrogen

b

l_lIIL_lllllllI

1

L

Laf— -
S ]
8 & o_ Total Cross Section for Production of Free Electrons —]
7 __ o o, Apparent Cross Section for Production of Positive lons of the Target Gas —:
S 1
T BRI A | I t S R R BT U BN B
.10 .15 .20 .25 .30 40 .50 A0 .70 .80 .90 10 1.2
INCIDENT ION ENERGY (mev)
Figure 16. Cross Sections for the Gross Production of Positive Ions and

Free Electronhs by He

Tons Incident on Molecular Nitrogen.

€9




IN UNITS OF 10~ em’/MOLECULE

o, AND o

Poord l I R D [ I l l | l | [ | I i l I _l_l—r 1 l
2.5 ]
20— —
L —
L5 —
| . -
- .
- —1
1.0— —]
= .
o &  o_ Total Cross Section for Production of Free Electrons —
8- . . " . —
s o o, Apparent Cross Section for Production of Positive lons of the Target Gas :
- —

TR I | | ' R T AN T S N A O AN B A

.10 .15 .20 .25 30 .40 .50 40 70 80 90 1.0 1.2

INCIDENT ION ENERGY (mev)

Figure 17. Cross Sections for the Gross Production of Positive Ions and
Free Electrons by He Ions Incident on Molecular Oxygen.

19




AND o_ IN UNITS OF 10”'° cm>/MOLECULE

Yy

N B B R B I B T L L L L L
25— —
= -
— -1
= -1
20— —
r— -J
= .
L ]
1.5}— —
r——‘ —
- -
| -
10— —
o _
. L _]
8 & o_ Total Cross Section for Production of Free Electrons ——*
- .
= —
| o o, Apparent Cross Section for Production of Positive lons of the Target Gas i
b - —

5 I N B R | R TR AU U AT SN AT SO A U N A O A

A0 .15 .2 .25 .30 A0 .50 b0 .70 .80 .90 1.0 1.2
INCIDENT ION ENERGY {mev}
Figure 18. Cross Sections for the Gross Production of Positive Ions and

Free Electrons by He Ions Incident on Carbon Monoxide.

59




2

cm /ATOM

é

1

O’+-O'

IN UNITS OF 10

T2

LA L LY LY S S B A B B B
1.0 |— —
— He " He -~
9 — ]

o ©o,-0_ (PRESENT RESULTS)
L— ]
8- A 0,49, (REFERENCE 21) |
- o 0404, (REFERENCE 2) -
g . —
b— —
61— —
| _
S5 — —
- —
al— -
| : ]
Al \Tmes L
= —
21— N —
— —
J —

0
TSR AT A N A N NN NN (N NN N T M

.10 .20 .30 A0 .50 60 Jo .80 .90 1.0 1.1 1.2 1.3 1.4 1.5

INCIDENT 1ON ENERGY {mev}

Figure 19. Cross~Correlation Between Total, Production Cross Sections and Charge-
Changing Cross Sections for He  JTons Incident on Helium,

99




cm /NOLECULE

IN UNITS OF 107 '°

—_
7211729

7.

01— —
- HQH" Hz ]
S —_—
| 0 o,-o_ (PRESENT RESULTS)  _
L A 0,,40,, (REFERENCE 20) —
L— —
o.,+o,, (REFERENCE 2}
7 t_ a "z —
o= —
g —
S —
| —
‘T N
_
N
. 1
| -
2 : —
| ﬂMEs]EfD -
L J
o -
T NS T I RN (NN N N R O A S N
10 20 .30 40 .50 60 70 .80 .90 1.0 1.1 1.2 1.3 1.4 1.5
INCIDENT ION ENERGY (mev)
Figure 20. Cross-Correlation Between Total, Production Cross Sections and Charge-

Changing Cross Sections for He  Ions Incident on Molecular Hydrogen.

L9




a+—0

=1 2
IN UNITS OF 107" em /ATOM

Py0=013

65

LI L UL UL L L A I O L B O L L DL B
1.0 f— ]
L |
9 He™ -+ He |
T
— © o,-o_ (PRESENT RESULTS) ]
= A 71-7,, (REFERENCE 24) ]
7 — & v10-9;, (REFERENCE 2) ]
&6 f— —
B -
Sl— -
4 _
3 —
24— ]
L- —
g = _
 TIMES 1/10 -~
01—
.
-2
|
-3
[

INCIDENT 10N ENERGY (mev)

Figure 21. Cross=Correlation Between Total Production Cross Sections
and Charge=Changing Cross Sections for He Iong Incident

on Helium.




69

L
4.5 -
B He + Ar —
b o o,~o_ (PRESENT RESULTS) ]
A o,4-0,, (REFERENCE 24)
ad —
+.d b— —
=z
2
o — -]
"g
:; +.2 b= —
=
w
< = —
[
% + 01— —
z
c1 N
w5
o pF— ——
p— —
F I . —
5% SR S T T T T O O N N DO
3 2.3 A4 5 .6 7 .8 9 0 LT L2 L3 14 L3
INCIDENT 1OM EMERGY {mev)
Flgure 22. Cross-Correlation Between Total Produgtion Cross Sections and

Charge=Changing Cross Sections for He Ions Incident on Argon.




2

em /MOLECULE

16

IN UNITS OF 10~

0, —¢_
“10=%12

70

[T T T T T rrrr]
+1.2
o He" 2 H,
o,—a_ (PRESENT RESULTS)

[}

+1.0

[

a14=0;, (REFERENCE 24)

. g 9jg=0;y (REFERENCE 2
+a

+.8

+.7

+.6

+.5

+.4

+.3

+.2

+

Pl o byt e by b b s vy e ta 1

JI'I|I|l|JﬂL_l|EJ[Il_l_llJ|lJJ_JlJJ

.20 30 .40 .50 .80 .90 1.0 1.1 1.2 1.3 1.4 1.5

INCIDENT ION ENERGY {mev)

Figure 23. Cross«Correlation Between Total Productiog Cross Sections
and Charge-Changing Cross Sections for He Ions Incident
cn Molecular Hydrogen.




a,-o

71

—r 71 1t 1 1 17 1" 1 1T 791
- =]
+.5 — He' - N, —
O ¢ ,-o_ (PRESENT RESULTS)
B A o,4-o,, (REFERENCE 24)
+.4 Ju—
w . -]
3
[
2 +.3 — —]
[=]
=z
"t — -
o
= +2 —
&
w2 - —
c ‘
o
S +.1 p— _—
g
L r -
]
0r— ey
| _|
~ 1 —]
- ¥
B S VRN R N (S VRN N T NN NN D N N
a0 20 @ 40 S50 .62 0 80 90 10 11 L2 L3 1415
JNCIDENT 10N ENERGY (mev)
Figure 24. Cross-Correlation Between Total Production Cross Sections

and Charge-Changing Cross Sections for He Ions Incident
on Molecular Nitrogen.




7R

in Chapter III. The difference between d+ and ¢_ was always enly a frac-

tien of either o, or ¢_j; therefore the different sets of data agree well

+
in experimental error and vindicates the methed of cheosing VC (see The
Collector Assemblies and Electrometers, Chapter IV). Discussion of the

pessible errer brackets shown on the curves is contained in the next sec~

tion.

Discussionof Errors

It was indicated in Chapter IV that the uncertainty in a single
reading of the ratio of the uncorrected ionizatien current te the incident
beam current should not have exceeded about * 4 per cent. The target gas
temperature was not directly measured and may have been uncertain by per-
haps = 1 per cent. By far the largest uncertainty in these experiments
lay in the measurement of the target gas pressure. Use of the cathetometer
was believed to permit a relative reading uncertainty of the CEC GM-100
Mcleed Gauge, used during the He+ measurements of less than 4 per cent in

A

the range areund 1 x 10 * Torr. This gauge had not béen abselutely cali-
brated, hewever, se that a possible error of about *+ 5 per cent must be
admitted in the absolute reading. This led to propertienate pessible
systematic error in all ef the measurements, but it is emphasized that the
relative values of the cress sections at various energies are net subject
te this systematic errer. The CEC GM-110 McLeod Gauge, used during the
He++ measurements, was calibrated to an accuracy eof about + 1 per cent
while deviatien of any one pressure reading from an average of about five

readings was as high as * 5 per cent. This error was.due to sticking of

the mercury c¢olumn in the c¢apillary and was believed te be randem.
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As presented in Chapter IV, the excess of electrons feund at high
cellection veltages presented some uncertainty. A plet of I—/Ii and I+/Ii
on a relative scale versus collection voltage is presented in Figure 7. A
discussien of the plot is made there. A lack of knowledge of just what te
make the collectien voltage led to an additional uncertainty in o¢_ of net

more than 3 per cent.

The abselute error brackets for the cross sectiens invelving He+
iens are about * 8 per cent for o, and about + 11 per cent for d_, while
the relative accuracies of the cross sectiens with respect te each ether
are about +* 5 per cent. The abselute errar brackets for the cress sec-

tions involving Hé++ iens are about * 7 per cent for d+ and abeut * 10 per

cent feor d_, while the relative accuracies are about * 5 per cent.




T4

CHAPTER VI
COMPARISON WITH AVAILABLE THEORY

A general theoretical treatment19 of the high-energy ionizatien
precess in the Bethe-Bern Approximation has shewn that for high impact

velocity the ienization cress section should be of the general form

2

YR YRS 2 .

- P teg, ¢ - (6-1)
mv |E ni

nt

where e is the electronic charge, Z is the number of electrons in the nil

nt

shell of the target ateom, each of energy E Zi is the charge of the in-

nt’

cident ien in units of e, ¢ is a reduced electron matrix element, an a

ni
quantity related to the energy of an electron in the nf shell, m is the
electron mass, and v is the cellisien velecity. Nermally Oi is expected

to be essentially equal to in for the outermost shell af the target atom.

For a given target atom Eguation (6-1) can then be written in the form

Z.2 M

i E

log, (3 E (6-2)

w

where E is the kinetic energy ef the incident ion, Zi is its charge, and

M its mass number. The constants:

— ni
A = > ”/Mp and B = C
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where Mp is the mass ef the preton, are dependent enly on properties of the
target atem. If A and B are empirically evaluated fer a given target atem
from experimental data for ene incident ien, Equation (6-2) may be used to
estimate the ionization cross sectiens feor the same target atem and other
incident iens. The cross sections predicted, it must be emphasized, refer
anly te simple ienizatien events, as defined in Chapter II, in which the
incident ien neither gains nor leses electrons.

Proten data have been fitted by a least squares technique te Equa-
tion (6-2) to obtain empirical values of A and B for the target atems and

melecules helium, neen, argen, hydrogen, nitregen, exygen, and carbon

. 20
monoxide,

Incident He++ Tons

The ienizatien cress sections predicted for He-}'+ ions incident on
helium and hydrogen are presented aleng with the estimated experimental
gross apparent ienizatien cross sections in Figures 25 and 26 and are
labeled "Predicted from Experimental H+; Zi = 2" in the figures. The pro-

cedure by which g, was estimated from the experimental ¢, and ¢_ was dis-

+
ctussed in Chapter III,

A detailed theoretical calculation of ienization cress sectiens

. . . ++ . N . .
using the Born approximation feor He ions incident en helium has been made

by Mapleton14 and is presented in Figure 25. Also a similar calculation

for He-{.+ iens incident on atomic hydregen has been made by Bates and
Griffing.l The atomic cross section has been scaled to the melecular

¢ross section by the procedure given in Chapter IIT and 1s presented in

Figure 26.
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The agreement befween the present results and the more exact theo-
retical célculatfons is excellent while the Bethe-Bern calculations using
the values of A and Bgobtained from proton data lie consistently higher by
about 10 per cent.  This disagreement may have been due te an abselute
errar in the McLeod gauge that was used for the preteon measurements from

which the values of ‘A and B were obtained.l7

. +
- Incident He - Iens

The relationship between the ienization cress sections for various
projectile ions discussed at the first ef this chapter should, strictly
speaking, apply enly te peint—charge iens, i.e., to bare nuclei. An in-
cident ien carrying bound electrens might, however, be expected to be
equivalent te a partially screened point charge having an Meffective"

"charge Zi lying somewhere between its actual net charge and its nuclear
charge. The value of Z.l for a given ion, and indeed the validity of the i
whole concept of an effective charge, can for the present be evaluated
only by experimental test.  The concept will be useful enly if Zi can be
shown te be independent ef the target atom and of the collisien energy,
or at least asymptotically s¢ at high energies. If such independence can
be established for a given incident ion by measurements taken over a
limited energy range, eone can use the effective Zi obtained te extrapelate
the measurements to higher energies with Equatien {6-2). 1In additien, one
can use the values of A and B for various targets obtained from incident
proten measurements te predict the cross sectiens for ether iens of deter-
mined effective Zi on these targets.

Accordingly, a detailed comparison of the present He+ measurements

with earlier proten measurements is presented., Unfertunately the comparisen
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is not straightforward because for He+ there are appreciable contributions
te the total slew ion preduction from charge-changing cellisiens in the
energy rvange investigated, and with presently available informatioen only
an estimate can be made of the apparent cross sectien gi for simple ioni-
zatien. The procedure for arriving at a 9, for incident—He+ iens is dis-
cussed in Chapter II.

The di curves obtained for helium, argen, melecular hydregen and
molecular nitrogen are shewn in Figures 27 through 30. A oi could not be
ebtained fer the other gases because ne charge-changing cross sectiens aré
knewn te have been measured for them te date. Also plotted are the cross
sections predicted by Eguation (6-2) for Z, =1, using the values of A and
B obtained for these targets from proten measurements,20 this amunts to
Jjust scaling out proten measurements by a facter of four in energy. These
cross sections are labeled "Predicted from Experimental H+; Z.1 = 1" in the
figures.

It is evident that the oi curves are indeed nearly parallel to the
predicted curves above about 0.60 MeV.  They run higher than the predicted
curves by a facter of about 1.4 for helium, 1.5 for argen, 1.3 fer hydre-
gen, and 1.5 for nitrogen.

* Thus it is shown that the concept of an effective charge Zi lying
between 1 and 2 dees indeed have at least qualitative validity for simple

ionizatien by He+. The value of the effective charge ebtfained is

'z, = 1.4 = 1.2

It is netewerthy that this value is materially less than the effective

charge of 1.69 deduced frem variation calculations of the ground state of
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the neutral helium atem. This difference is net unexpected since the two
cases are quite different, and may be most sensitive te gquite different

spatial regiens of the wave functien.

A theeretical calculatien by Beyd et al. has been made for a bare

nucleus plus one electron incident en atemic hydrogen.l6 It was suggested
there that a doubling eof the atomic cross sectien would produce the cross
section for the molecular structure. This scaling was carried oeut and is
presented in Figure 29. It appears that doubling the atomic cress sectien
is Just a first approximatien for theé melecular cress sectien., The doubled
atemic cress sectien lies consistantly asbove the present results, Since
this c¢alculation was the same type as that eof Bates and Griffing the scal-
ing precedure described in Chapter TII was made and the results of it

agreed well with present results as is shown in Figure 29.
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CHAFTER VII
CONCLUSIONS

The experimental values ef the cross sectiens for the preductien
ef slow pesitive iens for He+ ions incident en helium, neen, argen, hydro-
gen, nitregen, oxygen, and carben menexide are presented fer comparisen in
Figure 31, while the cress sectiens for the productien of free electrens
fer He+ ions incident en the above mentiened gases are presented for com-
parison in Figure 32. The energy ef the incident particles ranged frem
0.133-1,00 MeV.

Theeretical calculatiens for ieonizatien cress sections using the

14

Born appreximation have been made by Mapleton (He++ + He) and Bates and

Griffing (He++ + H)l3

for peint-charge ions, i.e., completely stripped
nuclei, and were found to agree well with the present results.

A general theoeretical treatmentlg of high energy lenizatien by
Bethe for incident point-charge ions was cempared with beth helium and
hydrogen fer incident He++ iens. This theery used knewn experimental
proten ienizatien cross sectiens to determine needed constants. The agree-—
ment between this theory and present results is goed. Also the estimated
experimental ienization cross sectiens of several gases by He+ ions were
compared with Bethe's calculations to examine the prapesition that the
Bethe treatment ceould be used fer the case of an len carrying beund elec-
trons by using an "effective™ charge Z.1 lying between thé nuclear charge

and the actual net charge of the ien. Te be a useful concept, the effec-

tive charge for a given incident ien must be feund to be independent of
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the ftarget gas and of the incident ien energy. The theoretical calcula-
tiens referred to here describe only Msimple™ ienization events in which
the incident ion does not gain or lese electrons. Therefore the present
experimental data en the tetal ien and electren preductien by He+ had to
be corrected for the appreciable centributions %fdm'charge—changing events
encountered at high energies. With presently availlable infermatien this
correctien can be made enly approximately, even for those cases where the

1,24

"stripping" cress sectien has been measuréd.2 ! It was found that the
estimated cress sectien for simple ionization was greater than that fer
incident protens of the same velocity by a facter that was very nearly in-
dependent of energy abeve 0.6 MeV, and varied only from 1.3 te 1.5 for the
four gases hydregen, helium, argon, and nitregen.  Thus the COncéﬁt of an
effective charge of about 1l.2e for He+ does seem to have at least a guali-
tative validity. It is noteworthy that this value is appreciably less
than the effective charge 1.69e deduced in variation calculatiens of the
ground state wave functiens of helium. This difference is net unexpected
since the two cases are quite different, and may be most sensitive to quite
different spatial regioens of the wave function,

A'mere exact theoretical treatment of He+ incident en atoemic hydre-
gen has been made by Beyd g&_gl.lé A doubling of the theeretically deter-
mined atomic ienization cress section to obtain the melecular cross sectien
is suspect in that it leads to a cross sectien higher than the experimen-
tally observed creoss sectien. The écaling procedure described in Chapter
ITIT was applied to the theoretical calculatiens and agreement between the
estimated experimental ienizatien cress sectionfand the scaled theeretical

cross section was excellent.
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APPENDIX
THE CONCEPT OF THE COLLISION CROSS SECTION

The various reactiens which can occur when a beam of moneoenergetic

particles traverses a gas may be described in terms of reactien cress sec-

tions. The following develepment is enly one ef several pessible presen-

tatiens of the cross sectien cencept.

Consider a mencenergetic beam of No particles per second incident
upen a gas whese density is n particles per cubic centimeter. Let N(x)
represent the incident beam particles which have net undergone a reactien

in traversing the distance x in the gas. The change in the unreacted com-

penent of the beam in traversing an infinitesimal distance dx beyend the

peint P lecated x units within the gas will be prepertionzl to N(x), n,

and dx. Or:

- gg&;i ~ N{x}n (A-1)

where the minus sign indicates a decrease in the number of unreacted par-
ticles.

Let the censtant of preportionality be represented by ¢, Then:

-%ﬁ = oN(x)n (A=2)

Integration of Equation (A-2) followed by evaluation of the arbi-

trary censtant yields:
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N(x) = N g nox (A-3)

A knowledge of N_, N(x), and n leads to a determination of ¢. It
will be observed that the propertienality constant ¢ has the dimensions of
_ (centimeters)z. Therefore ¢ is called the total reactien cross sectien
for the specific target-projectile combinatien. It is semetimes conven-
ient te ceonsider the cress section to be an effective prejected area of
the target particle for the particular reaction or reactiens of interest.
If the reactiens ef interest are those which arise in cellisien
processes, ¢ may be considered to be the total cellisien cross sgection,
This tetal collisien cress sectien may be considered to be made up of the

sum ef the cross sections for elastic and inelastic collisiens fer all

pessible types. Thus:

s = Z 0 (A-4)

where 0@, dl’ 62, 03, etc. represent the individual cress sectiens. In

general ¢ and all ef the Un are functiens of the particle velecity.

Te 1llustrate the use ef the concept of cellislen cross section,
consider the follewing experiment: A homogeneous ien beam is injected
inte a cellisien chamber centaining target gas atoms at a pressure suffi-
ciently lew te insure that only single collisiens will eccur. The gress
cross sectien fer the preduction of free electrons can be determined by
measurement ef the electron current.

To censtruct a mode! for this experiment let n represent the number
of target atems per unit volume, o_ the cress sectienm of each target struc-—

ture for the production of electrons, A the cross sectional area of gas
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presented to the incident beam, and No the total number of incident parti-
cles per second. It follows from the earlier discussion that if we con-
sider an element of the gas of thickness dx the fraction eof the target

area blecked by the target particles is:

f = ————— = g n dx (A=5)

This result is based on the assumptien that the gas pressure is suffi-
ciently low that the shielding of oné target atem by anether 1s a negli-
gible effect.

No o_ n dx cellisiens will eccur in the length dx. If a suffi-
ciently small number of reactiens eccur to insure that the incident beam
is essentially unaltered in passing through the collisien regien, No d_ni
collisiens will eccur in the tetal cellision chamber length £. The appli-
catien of a transverse electric field will result in the cellection of a
number ef electrons which is propertional te the gress electron productien
cross section o_. The total number of electrons coellected per unit time
under the preceding conditions will he equal to NO _ni. The collected
electrons will produce a current I equal to NO ¢_ni e, where e denotes
the electron charge.

Essentially all of the incident beam current Ii passes through the

collisien chamber and is cellected. It follews that the ratieo of the

electron current te the total beam current is given by:

%— = 2L — = — = 4 i (A-5)
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Therefere the gross electron preduction cress sectien for this

special case is5:
_ X 2 .
o = (=) (=) cn/target particle (A=7)

A similar analysis applied te a measurement ¢f residual pesitive

ions would lead to the result:

1, It 2
o, = (Hz) (E;) cm /target particle (A-8)
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