





11

PREFACE

This report summarizes the results and the changes 1In apparatus and
techniques in the course of studies conducted under Contract AT-(40-1)-2591 on
the ionization of gases by fast helium ions, both singly and doubly charged.

This corresponds to the two-year period from June 1, 1961 to May 31, 1963.
Repeated herein in summary form are most of the pertinent facts previously re-
ported in Technical Status Reports 8 - 14 inclusive.

The text of this report is identical to the text of a thesis entitled
"Total Cross Sections for the Production of Positive Ions and Free Electrons
in Gaseous Targets" submitted by Robert A. Langley to the faculty of the Ceorgia
Institute of Technology in partial fulfillment of the requirements for the degree
of Doctor of Philosophy in Physics. Having completed all other requirements, he
was awarded this degree at the June 1963 commencement of the Georgia Institute
of Technology. Dr. Langley is now on active duty with the United States Air
Force at the Air Force-Cambridge Laboratories.

Drs. Earl W. McDaniel and John W. Hooper are included as authors although
they are not now formally aésociated with the work conducted under this contract.
Dr. McDaniel was project director when the studies on fast He ions were initiated.
Since his termination as project director in September 1961, he has been availsble
on an informal consulting basis for these studies. Dr. Hooper was actively
engaged in the studies of He+ ionization up to September 1962.

Mr. L. J. Puckett and Mr. J. W. Martin of the Engineering Experiment
Station assisted in the operation of the equipment during portions of this work.

+ +
Summary results of the ionization by He and He' ' 1ions were presented
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during the He++ measurements, was calibrated to an accuracy of about * 1
per cent while deviation 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 column in the capillary and was believed to be
random,

The absolute error brackets for the'cross sections involving He+

ions are about * 8 per cent for o, and about + 11 per cent for d_, while

+
the relative accuracies of the cross sections with respect to each other
are about * 5 per cent. The absolute error brackets for the cross sections

+
invelving He * ions are about + 7 per cent for o, and about * 10 per cent

+
for o_, while the relative accuracies are about * 5 per cent.

For most of the cross sections measured it was possible to estimate
the cross section for simple ionization using values of "charge-changing"
and "stripping" cross sections obtained by Pivovar et _al. Theoretical
calculations for ionization cross sections using the Born approximation
have been made by Mapleton (He++ + He) and Bates and Griffing (He++ + H)
for point-charge ions, i.e., completely siripped nuclei, and were found tc
agree well with the present results. A theoretical treatment of He+ in-
cident on atomic hydrogen has been made by Boyd et _al. and Bates and
Griffing. A doubling of the theoretically determined atomic ionization
cross section fo 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 thecoretical calculations and agreement between the estimated experi-
mental ionization cross section and the scaled theoretical cross section

was excellent.












Chapter III deals specifically with phenomena related to the passage
of helium ions through a gas. A cross-section notation is discussed and
applied to the collision of singly-charged helium ions incident on molecu-
lar hydrogen. Particular theoretical calculations dealing with incident
helium ions are discussed, with a method through which theory and experi-
ment may be compared.

The experimental eguipment and method is discussed in Chapter IV.
Chapter V contains discussions of data corrections, comparison of present
results with other experimental investigations, and errors. In Chapter VI
availlable theoretical calculations are compared with the present experi-

mental results.















L(a+l) = k" r (2-1)

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

This method 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 method impracticable because of the large number of phase
shifts that must be 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 Approximations

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

sion in which the collision partners have internal structure is

) (2-2)

o B

+V(E,T,,T) | $(F,, 5T = 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’ V_ are their internal potential energies. To obtain an approxima-

B

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

expand P in the form

VELTT) = ) 0, (F,) g, (Fg) 0, () (2-3)
n
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and similarly the cross section for an encounter with loss of energy in the

interval U1 < AE £ U2 is

2
Q(U2;Ul) =

o o

o(AE) d(AE) (2-18)

Gryzinski asserts that the cross section for ionization of an atom

is given simply by the classical cross section for transfer to the atomic

electron, treated as a free particle but with a speed distribution appro-

priate to its bound initial state, of energy at least as great as the ioni-

zation potential. Thus the ionization cross section for an atom is

DIEXA au. My gy (2-19)

where Nl(ve) is the velocity distribution of i shell electrons of the atom

and U.(l)
J

is their ionization potential. For the simplest case, Nl(ve) is

approximated by the single velocity obtained from the expectation value of

the electron kinetic energy appropriate to electrons in the i shell.

Similarly, the cross section for excitation of the atom to the level

n is represented as the classical cross section for transfer of energy at

least as great as the excitation energy of level n but less than the ex-

citation energy of any higher level. Thus the cross section for the ex-

citation of the level n is

e}

Q" = Z1J N(i)(ve) Q(U(i) ; U(i)) dv (2-20)

exc n+1 n e

io
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Reaction (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) are charge-changing colli-
sions.

The same information contained in each reaction equation may be
conveyed by use of a generalization of a cross section representation in-
troduced by Hasted.l2 We shall let abomn represent the cross 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 initial and
final charges respectively of the target particle. A superscript c, i,

d, or s indicates charge transfer, ionization, dissociation, and stripping,
respectively. In the preceding list of reactions the cross section repre-
senting each reaction is given following it.

As has been stated in Chapter I, a given experiment measures the sum
of some group of the individual cross sections. The cross sections meas-
ured in this research are denoted by ¢

and ¢ , where ¢, represents the

+ +

total cross section for the production of slow positive ions and J_ repre-
sents the total cross section for the production of free electrons and
negative ions. These cross sections may be represented for the collision

of He+ on H, as follows:

2
— id 59 4 cid _
oy = [10"11*10"11*210 12110 1o] [10 o1 T10%1 T2 10%:2 (3-16)
si sid sid cid
* [10 1021 Y2 10%:2 T 10%0

and
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accurately aligned optically. The pumping between apertures "d" and "{"
was provided by a two-inch o0il diffusion pump topped by a water-cooled
baffle.

A photograph of the open collision chamber is shown in Figure 6.
The collimated beam entered from the right and passed between the two elec-
trode assemblies and into a Faraday cup. Electrical connections from the
electrodes passed to the outside through seven kovar-glass seals in the
rear wall of the chamber. The chamber was evacuated by the four-inch
baffled and trapped oil diffusion pump at the left. A one—quart Stanley
stainless steel vacuum bottle was installed between the pump and the valve
to serve as a liquid nitrogen cold trap. An ionizatibn vacuum gauge was
attached to the chamber at a hole visible in the lower part of the chamber.
The pressure could not be monitored continuously because the ionization
gauge could not be left on while any ionization currents were being meas-
ured because electrons were "sucked™ from the gauge on to the collection
plates. A cold-trapped Mcleod gauge was connected to a hole, hidden by
the electrode assemblies, that looked directly into the space between the
assemblies. A CEC GM-100 McLeod Gauge was used as the absolute pressure
measuring device during the early part of these measurements involving in-
cident He+ ions while a more sensitive CEC GM-110 MclLeod Gauge was used
during the measurements involving He++ ions. Each Mcleod gauge was read
with a cathetometer. Target gases were admitted through a mechanical leak
after being passed through a cold trap.

The gate valve B55 of Figure 1 could be used as a throttling valve
to permit higher gas pressures in the collision chamber without an exces-

sive gas throughput, which might give rise to pressure gradients in the
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accurately to lower pressures and the pressure range for the measurements
4

involving He++ ions incident on helium and hydrogen was 0.5 to 5.0 x 10

Torr.

Measurement of the Incident Beam Intensity Ii

Two different Faraday cups were used at different times to collect
the incident ions after they had traversed the collision volume. One was
a bottled-shaped copper cup whose diameter was smallest at the open neck.
The l/2—inch inside diameter of the neck subtended an angle of 6.5° at the
entrance aperture, "f," and about twice that angle at a point 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 containing
a wad of steel woﬁl to serve as "electron velvet," that is, an essentially
"black" absorber for the ion beam and the secondary electrons it produces.
The second cup was installed midway in the measurements to deal with what
appeared to be difficulties with secondary electrons and/or X-ray photons
generated by.impact of the beam within the cup. Both theoretical and ex-
perimental evidence indicated that only a few of the fast incident ions
that have a collision 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 ions underwent any sort of ion-producing collisions, and
the number undergoing large angle elastic scattering collisions should
have been negligible. It was expected that far less than 1 per cent of
all incident 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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located immediately in front of the cup and intercepted those few particles
which had scattered through an angle so large that they would not have en-
tered the cup. If not stopped, such particles might have struck the out-
side of the cup and released secondary electrons, resulting in a false in-
crease in the apparent collected current. This "shadow" electrode was held
at a negative potential with respect to the Faraday cup to suppress the
escape of secondary electrons from the interior of the cup. It was found
that a suppression voltage of 20 to 67-1/2 volts was sufficient to produce
saturation in the measured value of the incident current. The convenient

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

The Collector Assemblies and Electrometers

© Preliminary measurement of the cross sections 0+ and ¢_ were made
for He+ on the target gases hydrogen and helium using the apparatus de-
scribed in the thesis of J. W. Hooper.17 The cross sections for the other
target gases were about an order of magnitude larger than those for hydro-
gen and helium and could not be measured using this collection assembly
while keeping thin target conditions without going to impracticably low
target gas pressures. The above mentioned collection assembly was minia-
turized to reduce the length of the flight path of the incident beam in the
target gas. The cross sections 0+ and ¢_ for He+ ions on the target gases
hydrogen and helium were remeasured using the miniaturized cocllection
assembly. The results obtained with the miniaturzied structure agreed
guite well with those gotten using the larger structure after certain
problems were solved.

The miniaturized collector assembly is described below. A diagram

of one of the slow-particle collector assemblies is shown in Figures 5 and 8.












46

The gradual increase in the collected electron current with increase
of the ion collection field is now believed to be due to deflection of a
steadily increasing fraction of these fast secondaries to the electron
collector. If the collection field were to be made great enough, all these
secondaries could be deflected to the guard electrode before they reached
the active electron collector.

Alternatively, if the collection field were to be made sufficiently
small, most of the fast secondaires would pass completely through the
sensitive volume without sufficient deflection to reach the collector. Of
course, the field cannot be made too small or there will no longer be ef-
ficient collection of the slow ions and electrons produced by true ioniza-
tion in the target gas.

Accordingly, further tests were made using potentials on the elec-
tron collector of less than 100 volts, corresponding to smaller collection
fields than we had ever used previously in this experiment.l'7 In Figure 7,
I+/Ii and I_/Ii are plotted versus collection voltaée. It was found that
the electron current saturates for potentials of about 90 volts, and dis-
plays a satisfactory plateau in the region from 80 volts to about 160 volts.
The aforementioned rise sets in only for potentials above 160 volts, and
continues, as stated above, up to 500 volts. At the same time, the col-
lected positive ion current also saturates at about 50 volts and remains
constant. - The électron currents obtained for voltages within the plateau
were equal to the positive ion currents within 4 per cent for incident
protons at energies near 1 MeV. The cross sections obtained for incident

protons were now in entirely satisfactory agreement with older results.lr7
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copper wires that did not touch any surface. Each of the leads from the
outside end of a seal to the electrometer 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 outermost shields were grounded, while
the inner shields of all cables were held at the same potentials as their
central current leads. The kovar-glass seals themselves were, however,
unquarded since they were not of a double concentric type that would permit
the same arrangement as in the cables.

Leakage currents, while not strictly ohmic, were small and steady
and varled with collection voltage in a reqular way. They reproduced well
over periocds of hours, although there was some day-to-day variation that
was presumably related to atmospheric conditions. The leakage current was
read at frequent intervals during all data runs.

The arrangement of the high-voltage connections seen in Figure 2
may be summarized as follows:

The central segment of each collector assembly had a separate lead.
The remaining four outer guard segments were connected electrically. The
grid of the positive ion collector had a separate lead. All leads passed
out of the vacuum through separate kovar-glass seals, and through separate
doubly shielded cables to a lucite patch board inside the electrometer
cage.

The high-voltage tap of the polarizing battery pack was connected
to a 5 megohm potentiometer. The center fap was connected directly to the
electrometer frame and to the inner shields of the two leads from the guard
and active segments of the collector. The physical arrangement was such

as to avoid any "loops"™ for pickup. The leads from the ocuter guard
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segments were also connected directly to the center tap of the 5 megohm
potentiometer.

The internal feedback arrangement of the electrometer limited the
potential difference between the input and the frame to a few millivolts
for any value of the input current, so 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 cross sections for the production of slow positive ions and
free electrons for He+ ions incident on helium, neon, argon, hydrogen,
nitrogen, oxygen, and carbon monoxide were measured for incident particle
energies over the range from 0.133 to 1.00 MeV and similar cross sections
were measured for He++ ions incident on helium and hydrogen for incident
particle energies over the range from 0.50 to 1.00 MeV. The incident ion
energy was determined by 30° deflection in a regulated magnetic field,
whose value was measured with a precision gaussmeter. The slow ion and
electron currents were measured simultaneously with the incident beam
current by means of sensitive electrometers.  The target gas pressure was
measured by a liquid-nitrogen-trapped McLeod gauge and ranged from 0.50 x

4

10—4 Torr to an upper limit of 10.0 x 10 Torr for gases with small cross
sections. The effective collision volume was determined by the use of
guard structures around the collector electrodes. Collection potentials
of plus and minus 90 to 160 volts were used for the bulk of the measure-

ments. A suppression potential of 30 to 50 volts was used between the

positive ion collector and its associated grid.

Data Corrections

Leakage currents in the electrometer circuits were measured fre-

guently and subtracted from all current measurements for which they had a
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significant value. The correction was usually less than lbper cent. The
constant pumping arrangement described in Chapter III was used to provide
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 or dry ice and acetone
trapping.

The actual pressure of the background gas could not be determined
because of uncertainty as to its composition. The pressure indicated by
an ionization gauge, using the calibration for nitrogen, ranged up to 3 x
lO_6 Torr. However the pressure indicated by the McLeod gauge was always
less than 5 x 10_7 Torr. It was concluded that the bulk of the background
consisted of condensible vapors from gaskets, pumps, etc., rather than of
leaking air or permanent gases outgassed from surfaces. Such condensible
gases would be expected to have large ionization cross sections and thus
contribute to the total ionization out of all proportion to their actual
density. Therefore the ionization currents produced in the residual gas
were measured frequently and subtracted from the currents obtained with
target gas present, constituting corrections up to but never more than
10 per cent. However it was assumed that the reading of the McLeod gauge
corresponded only to the partial pressure of the target gas, and its
readings were therefore not corrected for background.

Because this procedure depends on the assumption that the background
gas density is the same when the target gas is present as when it is not,
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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CHAPTER VI
COMPARISON WITH AVAILABLE THEORY

A general theoretical treatmentlg of the high-energy ionization
process in the Bethe-Born Approximation has shown that for high impact

velocity the ionization cross section should be of the general form

21 e4 c Z 2.2 2

Q _ nf “nd i 1o (?HN :) (6-1)
nd 2 e \C .
' |E | nt

nt

where e 1s the electronic charge, an is the number of electrons in the ni

shell of the target atom, each of energy Enl’ Zi is the charge of the in-

cident icn in units of e, ¢ is a reduced electron matrix element, Cn a

ni L
quantity related to the energy of an electron in the nl shell, m is the
electron mass, and v 1s the collision velocity. Normally cs.1 is expected

to be essentially equal to an for the outermost shell of the target atom.

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

2.2 M

_ i
o. = A . loge (B

(6-2)

3!@

where E is the kinetic energy of the incident ion, Z.1 is its charge, and

M its mass number. The constants:

_ ni
A - > H}/Mp and B = C
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where Mp is the mass of the proton, are dependent only on properties of the
target atom. If A and B are empirically evaluated for a given target atom
from experimental data for one incident ion, Equation (6-2) may be used to
estimate the ionization cross sections for the same target atom and other
incident ions. The cross sections predicted, it must be emphasized, refer
only to simple ionization events, as defined in Chapter II, in which the
incident ion neither gains nor loses electrons.

Proton data have been fitted by a least squares technique to Equa-
tion (6-2) to obtain empirical values of A and B for the target atoms and
molecules helium, neon, argon, hydrogen, nitrogen, oxygen, and carbon

monoxide.

Incident He++ Ions

The ionization cross sections predicted for He++ ions incident on
helium and hydrogen are presented along with the estimated experimental
gross apparent ionization 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-

+
cussed in Chapter III.

A detailed theoretical calculation of ionization cross sections

. . . ++ . C .
using the Born approximation for He * ions incident on helium has been made

14

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

++
for He ions incident on atomic hydrogen has been made by Bates and

Griffing.13

The atomic cross section has been scaled to the molecular
cross section by the procedure given in Chapter III and is presented in

Figure 26.
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The agreement between the present results and the more exact theo-
retical calculations is excellent while the Bethe-Born calculations using
the values of A and B obtained from proton data lie consistently higher by
about 10 per cent. This disagreement may have been due to an absolute
error in the McLeod gauge that was used for the proton measurements from

which the values of A and B were obtained.l’7

Incident He+ Tons

The relationship between the ionization cross sections for various
projectile ions discussed at the first of this chapter should, strictly
speaking, apply only to point-charge ions, i.e., to bare nuclei. An in-
cident ion carrying bound electrons might, however, be expected to be
equivalent to a partially screened point charée having an "effective™
charge Z.l lying somewhere between its actual net charge and its nuclear
charge. The value of Zi for a given ion, and indeed the validity of the
whole concept of an effective charge, can for the present be evaluated
only by experimental test. The concept will be useful only if Zi can be
shown to be independent of the target atom and of the collision energy,
or at least asymptotically so at high energies. If such independence can
be established for a given incident ion by measurements taken over a
limited energy range, one can use the effective Zi obtained to extrapolate
the measurements to higher energies with Equation (6~2). 1In addition, one
can use the values of A and B for various targets obtained from incident
proton measurements to predict the cross sections for other ions of deter-
mined effective Z.l on these targets.

Accordingly, a detailed comparison of the present He+ measurements

with earlier proton measurements is presented. Unfortunately the comparison
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is not straightforward bepause for He+ there are apprebiable contributions
to the total slow ion production from chaigé—changing collisions in the
energy range investigated, and with presently availablé information only
.an estimate can be made of the apparent cross sectioﬁ eh for simple ioni-
zation. The procedure for arriving at a di for inbident.He+ ions 1s dis-
cussed in Chapter II.

The'di curves obtained for helium, argon; molecular hydrpgen and
molecular nitrogen are shown in Figures 27 through 30. A oi could not be
obtained for the other gases because no charge-changing cross sections are
known to‘héve beén measured for.them to date. Also plotted are the cross
sections predicted by Equation (6-2) for z, = 1, using the values of A and
B obtained for these targets from proton measqrements,zo this amounts to
just scaling out proton measurements by a factor of four in energy. ’These
cross sections are labeled "Predicted from Experimental H+; Z.l = 1" in the
figures. |

It is evident that the di curves are indéed neériybpérallél to the
prédicted curves ébove about 0.60 MeV.  They rﬁn higbef than the predicted
curves by é fébtof of about 1,4 for helium, 1.5 fdf{éréon, 1.3 for hydro-
gen, and 1.5 for.nitrogen. |

Thué it is shown that the concept of aﬂ efféctiyé charge Zi lying
between 1 and 2 does indeed have at ieast qualiﬁatiVe Validity for simple
ionization by He+, _The valge of‘the effective!cha#gé'obtained is

Zi = V1d = 1.2‘

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

charge of 1.69 deduced from variation calculations of the ground state of
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the neutral helium atom. This difference is not unexpected since the two
cases are quite different, and may be most sensitive to quite different
spatial regions of the wave function.

A theoretical calculation by Boyd et al. has been made for a bare
nucleus plus one electron incident on atomic hydrogen.16 It was suggested
there that a doubling of the atomic cross section would produce the cross
section for the molecular structure. This scaling was carried out and is
presented in Figure 29. It appears that doubling the atomic cross section
is just a first approximation for the molecular cross section. The doubled
atomic cross section lies consistantly above the present results. Since
this calculation was the same type as that of Bates and Griffing the scal-
ing procedure described in Chapter III was made and the results of it

agreed well with present results as is shown in Figure 29.
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APPENDIX
THE CONCEPT OF THE COLLISION CROSS SECTION

The variqus reactions which can occur when a beam of monoenergetic
particles traverses a gas may be described in terms of reaction cross sec-
tions. The following development is only one of several possible presen-
tations of the cross section concept.

Consider a monoenergetic beam of No particles per second incident
upon a gas whose density is n particles per cubic centimeter. Let N(x)
represent the incident beam particles which have not undergone a reaction
in traversing the distance x in the gas. The change in the unreacted com—
ponent of the beam in traversing an infinitesimal distance dx beyond the
point P located x units within the gas will be proportional to N(x), n,

and dx. Or:

dNOd N(x)n (A-1)
dx
where the minus sign indicates a decrease in the number of unreacted par-
ticles.
Let the constant of proportionality be represented by d. Then:

d—gf(ﬁ = oN(x)n | (4-2)

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

trary constant yields:
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Therefore the gross electron production cross section for this

special case is:

= (:%) (%—) cm?/target particle (A-7)
i

A similar analysis applied to a measurement of residual positive

ions would lead to the result:

g, = (=) () cm%/target particle (A-8)
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in the measurement of accurate cross sections.
As a result of these delays with the McLeod gauge, no further final

results have been obtained beyond the‘He++ measurements in H, and He targets

2
that have been detailed previously in Technical Status Report No. 15. How-
ever, work has proceeded on the development of other new components of the
apparatus required for the extensions of our measurement program that were
scheduled for the present contract year, namely, extension to the case of

incident neutral particles and the addition of e/m analysis of the slow ions

formed.

C. Measurements with Incident Neutral Beams

The charge-changing gas cell and electrostatic fast-beam analyzer
constructed during the previous contract year for the production of fast
He++ beams was so designed that it can also be used to produce a beam of fast
neutrals, as has been described in detail in Technical Status Reports Nos. 1k
and 12. However, a detector for the emerging fast neutral beam is required
and the development of a satisfactory device has been essentially completed
at the time of this writing. A combination arrangement has been constructed
which can serve simultaneously as a total-charge Faraday cup, as a total-beam-
power thermal detector, or as a secondary emission detector. Choice of the
function i1s selected solely by the external circuit connections without any
physical changes of arrangement or position of the detector or its parts. The
thermal-detector function may be readily calibrated against the total-charge-
collection function by using a charged-particle beam, and the resulting cali-
bration may be confidently applied to neutral beams on a priori grounds. Further,
this calibration should be stable and independent of the particle type. Then

the secondary-emission-detector function can be very easily calibrated, for
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hence the intensity at given kinetic energy, of the beam. In our device, the
disc is attached to and mechanically supported by fine wires which constitute
one side of the thermocouple, and also provide electrical and limited thermal
conduction contact with a massive base ring. A separate dissimilar wire
attached to the center of the disc forms the other side of the couple. The
size and mass of the disc are kept as small as possible to minimize its heat
capacity in the interest of rapid response, but the optimum supporting wire
size must be determined empirically as a compromise between the sensitivity and
response~time requirements. It 1s easily seen that increasing the size and
conductivity of the wires will improve the response speed, but will also decrease
the equilibrium temperature rise and hence the overall sensitivity.

The thermocouple first chosen for trial was the common pair chromel-alumel,
with the chromel chosen more or less arbitrarily for the disc supporting wires.
Using a small brass disc and 6-mil diameter wire, an excellent sensitivity was
obtained--over 5,000 microvolts of thermal EMF for about lO_8 amperes of protons
incident at 1 MeV, which indicated a temperature rise of over 60°C. However,
the response speed was very poor, with a time constant of about 75 seconds.
Increasing the wire size at first improved the re5ponse'speed. However, beyond
a certain point there was no further improvement in response speed, even though
further increase in wire size continued to decrease the sensitivity. PFor
example, with the same brass disc and 16-mil diameter chromel support wires,
the sensitivity had decreased tenfold while the response time remained in excess
of 20 seconds.

It was then realized that with the larger wire sizes, the heat capacity of

the wires themselves was comparable to that of the disec, so that further increase
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were used in place of argon in the gas cell.

With these modiflications we have been able to obtain a sufficient He++
intensity to conduct measurements down to 0.18 MeV, and all subsequent work
has been carried to this lower limit.

2. Target Gas Pressure Measurements.

It was indicated in the last report that we had been having scme diffi-
culties in obtaining satisfactory target gas pressure measurements with the
large "extended range" Mcleod gauge (CVC Model CM-110). A major part of the
problem was due to sticking of the mercury columns in the very narrow
(0.535-mm diameter) capillaries of this gauge. The self consistency of pressure
readings was never much better than about 5% in using the gauge in the normal
manner, even when the gauge was new and supposedly clean. Thus the "extended
range" of this gauge was largely illusory. Several attempts were made to clean
this gauge better, but no real improvements were effected. Experiments were
then performed to see 1f more reliable measurements could be cobtained by read-
ing the simultanecus positions of both columns at several different positions,
for each single pressure measurement. The hope was that the sticking errcrs
would be consistent encugh that they could be evaluated, from a study cof the
systematics of the several readings.

Despite conslderable efforts of this kind that were invested in the
problem, we were never able to obtaln consistently reliable results with this
gauge as it stood. It was finally concluded that the small capillaries were
simply not practical. Therefore we have replaced them with larger capillaries
made from a single length of precision 1.00-mm diameter tubing, which was first
thoroughly cleaned, and then was carefully calibrated over its whole length.

Even with the new capillaries, we were not satisfied with the results
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Progress Report
same correspondence scheme by regarding them as equivalent to point charge
ions with an "effective charge" that had a nearly constant value of about
l.2e for each of several target gases. Similar correspondence attempted
for the new neutral helium atom results, described in this report, have not
produced any such simple pilcture.

Empirical values for the target-dependent coefficients in the % log E
dependence expected for very high energies have been determined from our
proton results for all of the target gases studied. Extrapolation to energies
higher than those measured here can be made with some confidence from these
numbers; from the general pattern of our results for several projectiles in
geveral targets, reasonable estimates can also be predicted for the high
energy cross sections for other projectile~target combinations that have not
been measured. A full discussion of these comparisons and correspondences
among the previously published proton and He+ results has been published in

3,6

the open literature. Further extension of the comparisons to include the
complete He++ results and the new Heo results is given in the present report.
The current neutral measurements will thus round out a rather compre-
hensive unified program of measurements that presents a bread picture of the
gross ionization of a variety of targets by several light ions and atoms.
Already begun in the current pericd 1s an extension of this program in the
direction of more detalled observations for some of the same projectile-
target systems, rather than an extension of the old type of measurements to
a greater variety of systems. We have called our old measurements total
gross ion production cross sections. The total current of slow positive ions
has been measured, without regard to what fraction may be due to multiply-

charged ions. Only an estimate of the simple single ionization cross section

could be made, utilizing fragmentary information available and some guesswork.
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Progress Report
in generally good agreement with each other. It must be noted, however,
that our result is not precisely the same physical guantity as is theirs.
Since we collect all of the electrons formed in the target, we measure the
single-stripping plus twice the double stripping cross section, i.e.,

13,16

(001 + 20p2). Two of the other workers, in contrast, have measured
the total attenuation of the neutral fast beam by either single or double
stripping, with no attempt to distinguish these; hence, their result is
simply (0py + 0Ops). The observed differences then imply that
(001 + 2002) ® 1.4(001 + 002)
2

hence Ooz ¥ =0o1 -

3
13

However, this inference is in contradiction to other findings elsewhere,
that oo, is only perhaps 5% of 0p3. Thus there is a clear discrepancy here
between the present ion production results and the total charge-changing

15

cross section results; Solov'ev ™’ has also pointed out this same discrepancy
with respect to his results.

A major concern in this experiment is the possibility that the fast
neutral beam, which is obtained through electron capture by fast He+ ions
in a gas cell preceding the collision chamber, has an appreciable contribu-
tion from atoms in metastable excited states. The magnhitudes and even the
ratios of the cross sections for most types of collisions would be different
for such excited atoms than for ground-state atoms. If there are indeed many
non-ground-state atoms in the beam, it would seém that the fraction of all
beam atoms in such states should vary with the pressure and with the nature
of the charge-exchange gas used in the cell. A search for such dependence

in these neutral helium atom experiments gave a negative result. We normsally

operate the gas cell at around 7 microns less than half of the pressure re-

17
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uniformly & factor of about 1.5 higher than the proton curve for all of the
various target gases, the new HeO results show no such simple regularity;
the HeO result is approximately equal to the proton result for both the
lightest and the heaviest targets, i.e., hydrogen and argon, and to be
greater than the proton result by a factor of about 1.2 for the other two
cases. It thus does not appear to be possible to define an "effective
charge" for Heo, independent of the target, representing the charge of a
hypothetical point-charge ion of the same mass that has the same cross
section for simple ionization at high energies.

Extensive similar measurements for incident fast neutral hydrogen atoms
have also been carried out. In this case, the available energy range has ex-
tended up to only about 0.6 MeV because of low intensity of the neutral beam
at higher energies. Results have been obtained for the targets He, Ar, and
H2, and measureﬁents on N2 targets are in progress. These H atom results
have consistently displayed a much worse random scatter than usual, and they

18

are in general in marked disagreement with the results of Solov'ev, et al.,

and Barnett and Reynolds.19

(There is disagreement as to the energy slope
of the cross section even more than there is disagreement as to absolute
magnitude at any given energy.) Steps are now being taken to improve the
stability of the Van de Graaff accelerator at low energies, which should in-
crease the maximum beam deliverable into the collision region, and also re-
duce the statistical fluctuations. The results glready obtained will be
rechecked and may require some revision. Therefore, the present HO results
are not considered to be final, and they will not be presented in detail in

this report.

C. Progress on Slow-Ion Analyzer

At the time of writing of the last renewal proposal, the conception we
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had of this analyzer was predicated on the assumption that no significant
fraction of the slow ions would be formed with initial kinetic energies in
excess of perhaps 100 eV. The analyzer was to be mounted so as t0 sample
at 90° to the direction of the fast beam. Its entrance slit was to be cut
in the "active" collector plate of our usual pafallel plate collision region.
The electric field normally applied to these plates to sweep to the active
plate all of the slow positive ions formed in a well defined collision volume
would simply sweep some of these ions into the analyzer entrance slit. If
the width of the slit were made an accurately known fraction of the length
of the active plate, this same fraction of all the ions formed in the colli-
sion volume should be swept to the slit. It was intended that analysis and
measurement of the ion stream through the slit would be made simultaneously
with measurement of the total current collected to the plate.‘ Comparison
of the ratios of these currents to the geometrical ratio would be a direct
check on the collectlon efficiency of the analyzer, and the simultaneous
measurement of our already well established total ion production cross sec-
tions would provide a continuous check on several of the more important fac-
tors in the measurement.

The mechanical design of the analyzer and of a new collision chamber,
based on the conception described above, had béen completed early in the
present period. Before any actual constructlion was begun, however, further
study was given to the adequacy of the underlying assumptions. The main
aspects of these deliberations will be detalled below; the result was, how-
ever, a major declsion to discard the concept of a fixed angle analyzer with
a collection field in favor of an analyzer that is moveable in angle, and
which samples with a narrow angular acceptance from g field-free collision

region. The 60° magnetic-deflection type of analyzer was retained. This
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new system will perform measurements that are differential in the recoil
angle, and will have sufficient momentum resoclution to provide a moderate
resolution scan of the energy spectra of the recoil ions. The magnet which
was constructed previously will still be used. However, the original design
for a new collision chamber had to be scrapped; the angular resolution that
is desired has required a substantial revision of the design of the analyzer
vacuum chamber as well. The new design uses an entrance collimator of very
narrow acceptance angle; it and the ion acceleration electrode assembly
must be very accurately and rigidly mounted with respect to the rest of the
analyzer.

The principal technical reason for this change of plans was mounting
evidence that a significant fraction of the recoil ions, particularly the
multiply-charged recoil ions, are formed with substantial initial energies.
Such energies would then require equally substantial values for the collec-
tion field voltages, to assure that all of the ions formed in a well defined
collision region would reach the analyzer entrance slit. Details of the
angular distribution of the initial motion could further influence the
transmission efficiency of the ion optics of the analyzer, and require the
use of still higher collection fields. Quite apart from any other difficul-
ties this might entail, a large collection field would have the serious
disadvantage of distorting the initial energy distribution. The incident
beam has a finite spatial width; thus recoil ions would be formed over a
region across which the electrostatic potential varies, and they would be
given variable amounts of energy by the field as they were accelerated to
the slit. Thus the recoil energy spectrum analysis for which the analyzer
was designed would be obviated.

The evidence for substantial recoil energies comes partly from our own
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of the same collision partners, with a fixed angle analyzer and a collection
field such as we had contemplated, were significantly in error for the higher
multiply-charged recoil ions, particularly when the mass of the projectile
was of the same order as the target mass.

Morgan and Everhart22 have also studied the energy distribution of the
recoil ions in Ar+ on Ar collisions, at selected recoil angles that were well
forward from 90°, corresponding to very hard collisions. They did indeed
find recoil particles at these angles, particularly those of the higher
charge states, with the energies of 1 keV and more expected for these angles.
This particular paper by itself gives no absolute figures on the intensities
of the recoils as a function of the recoil angle, to permit estimation of
the relative contribution of such hard collisions to the total cross sec-
tion, but it does verify that there are measurable numbers of recoils, par-
ticularly for the higher charge states, at these forward angles.

The evidence cited thus far for energetic recoil ions has in each case
involved a heavy incident ion. The case of incident protons has been studied
with fixed-angle analyzers using a collection field by the Leningrad groupl8

23

and by Wexler. The Leningrad measurements cover energies only up to 0.18
MeV, while Wexler's ranged from 0.8 to 3.75 MeV. Both groups have studied
protons on He, Ne, Ar, and Kr targets. While their energy ranges do not
overlap, a comparison of sorts can be made by extrapolation. There is an
appearance of good agreement for the low charge states of the slow ions,
but this really results from the fact that neither set of measurements was
absolute. The Leningrad group normalized to their own total ion production
measurements, while Wexler normglized to our total ion production results.l’2

The apparent agreement thus really reflects only the rather good agreement

between these two sets of total ion production measurements. Significantly,
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the agreement does not appear to be as good for some of the higher charge
states of the recoil ion.

The conclusion to be drawn is that measurements of absolute or even
only relative cross sections for the production‘of multiply-charged slow
ions, using a fixed angle analyzer and relying on collection of the ions to
the entrance slit by an electrostatic field, can guite possibly be substan-
tially in error in some circumstances. On the other hand, an analyzer
moveable in angle, capable of collecting within a well defined angular inter-
val from a field-free collision region would produce results differentiasl in
the recoil angle. It goes without saying that this more detailed observation
is of direct interest in itself. Integration of the result over the recoil
angle to get the total production cross section for a given charge state
should be more reliable than the simpler measurement, because the possible
contribution from energetic recoils is evaluated directly.

Also relevant to our decision was the fact that we wished to construct
this anglyzer to be fully compatible with later evolution of a coincidence
experiment, in which the final charge states of both of the partners from a
single collision are determined. Originally, we also conceived of the coin-
cidence experiment in terms of fixed-angle analyzers and a collection field.
As such, the results would still be subject to the same possible errors due
to hard collisions as described above. An experiment with moveable analyzers,
differential in both the scattering and the recoil angles, would avoid this
difficulty, while producing a more detailed result of intrinsic interest.

In addition, if there is sufficiently good angular resolution, the inelastic
energy loss in each collision is unambiguously determined from these two
angles. The only atomic collision coincidence experiments thet have been

published thus far have in fact been designed with emphasis on study of de-
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tails of the inelastic energy loss.zh-26 While our primary interest will be
in the measurement of cross sections, it was concluded that a doubly-
differential apparatus would be of sufficientiy greater general utility as
to represent the clearly preferable choice.

The slow ion analyzer as now designed wiil rotate sbout the collision
region on a high precision bearing assembly, such that the point on the in-
cident beam axis at which the collimator of the analyzer is aimed will hold
steady to less than .00l inch. Collimator slits as narrow as .030 inch may
be used, defining an. acceptance cone whose width at the beam location is also
about .030 inch. With these parameters, the angular acceptance range will
be only * 15 minutes in the recoil angle. Such high resolution would be re-
quired for energy loss determinations in a coincidence experiment; wider
slits providing lower resolution can be used when desired.

Electrodes will be provided in the collision chamber to permit use of
the analyzer at fixed angle with a collection field when desired, to allow
direct measurement of a total non-differential cross section, whenever prior
differential observations have verified that there will not be appreciable
errors due to fast recoils. These electrodes will also be used to check the
collection efficiency of the field free arrangement for very low energy re-
coil ions.

The analyzer will use an electron multiplier with post-analysis accel-
eration of up to 30 keV, for single-particle detection at close to lOO% ef-
ficiency.

The mechanical design has been essentially completed at the present
time. Materials for most of the major components are in hand, and the shop

work on the precision-bearing support assembly is underway.
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V. Incident Report

There have been no incidents for which a report would be required
within the period covered by this report.
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Ionization and Charge Transfer Cross Sections
Progress Report No. 19

The period covered by this report is December 1, 1965 through November 30,
1966. This period corresponds to the first 9 months of the 12-month extension
provided for by Modification No. 8 of the contract, plus the final 3 months
of the preceding pericd.

This report will be concerned only with the ionization and charge trans-
fer phases of the total program at Georgia Tech, which were the subject of
Part A of our proposal of December 1, 1965, covering the present period.

The excitation measurements of Part B are covered in Report No. OR0-2531-23
of this same date. We are continuing the practice of issuing separate reports
for the two segments of the program because they are relatively independent,

and it is likely that many potential readers will be primarily interested in

only one segment or the other.

I. INTRCDUCTION

A broad program of absolute cross section measurements for fast hydrogen
and helium ions and atoms in gaseous targets has been in progress at the
Georgia Institute of Technology for several years. The energies of the
incident particles, obtained from a 1-MV Van de Graaff positive ion accel-
erator, lie in the range 0.15 to 1.00 MeV. This range extends to higher
energies than those of most previous similar measurements elsewhere, and
reaches well into the range where theorefical computations in the Born
approximation may be expected to be valid.

Detailed comparison of the experimental results with the results of
such theoretical computations as are available has always been a central

interest in the conduct of this program. Unfortunately, completely direct






Prior to the present report period, all of the ionization measurements

in the Georgia Tech program have been restricted to what we have called O+
and 0_, the gross positive ion and electron production cross sections. All
of the electric charge of both signs produced or deposited in a thin gas
target by passing through fast ions or atoms in a known initial charge state
were simply collected by means of electrostatic fields, and the resulting
currents were measured. No measurement was made of the fraction of the posi-
tive ion current attributable to multiply-charged ions, or of any fraction
of the negative current that might be attributable to negative ions rather
than to free electrons, and no analysis was made of the charges or energies
of the fast particles after collision. However, care was taken that the
targets were "thin" enough that essentially no fast particles suffered more
than one collision, so that the initial charge states of both collision
partners were known.

The difference between 0+and o_ was a measure of the net charge deposited
in the target in collisions in which the fast particles lost or gained elec-
trong, and could be compared with other measurements performed elsewhere,
involving observations of only the fast collision partners, of what have been
called the "charge-changing" collision cross sections. For the most part,
such comparisons were found to produce excellent agreement, which is con-
sidered to be strong evidence that both types of measurements were free of
any gross errors.

From the gross ion and electron production cross sections and the gross
charge-changing cross sections it was possible, with certain reasonable
assumptions about the relative importance of certain of the possible detailed
processes, to arrive at estimates of the "apparent ionization" cross sectionm,

oi. The latter is defined to include all ionization events in which the fast






ionsT, for lower energies extending up to 0.14% MeV. This range immediately
abuts ours, so that comparison of the results can be made on the basis of
how smoothly the curves join on to each other.

For the proton measurements, the general situation is that a reasonable
extrapolation of de Heer's results for o, would come into good agreement
with ours by about 0.25 to 0.30 MeV, but would run somewhat lower than our
lowest-energy points. That is, his results suggest that ours should have
fallen off somewhat, at our lowest energies, from the straight line log-log
plots which we obtained. For protons, oy is simply equal to o_; however, we
found that o, and o_ seemed to be equal in all of our targets at even our
lowest energies. Therefore, only one guantity was plotted, which we called
S but which actually was our o, rather than our o_.

Equality of o, and o_ implies that the charge exchange cross section

+
010 = (o+ - o_) is negligible compared to Oi' This conclusion was consistent

with other meagsurements of o in a1l of these targets, at the higher

10’
energies, and for the case of the hydrogen target, this was true even down
to 0.15 MeV; we had been under the impression that the latter statement
was also true for the other targets as well. De Heer points out that we
have been mistaken in thisi his own new measurements and the older results
of other38 both agree that %10 becomes appreciable, compared to Oi’ by

our lowest energy of 0.15 MeV, in the case of every target except hydrogen.
It amounts to only around 5% in argon, nitrogen, and oxygen, but becomes
20% or more in helium and neon. These are just about the amounts by which
our o, should fall off from the straight line, at our lowest energies, in
order to join smoothly with de Heer's results.

The weight of the evidence suggests that de Heer is correct in this

case, that the straight lines we obtained all the way to the low-energy end




of our range are probably correct for c+, but that ci = 0_ should fall below
these lines at 0.15 MeV by amounts that range from about 2% in hydrogen, to
around 5 % in argon, nitrogen, and oxygen, and to over 20% in helium and neon.
We cannot explain how we happened to be misinformed about the expected magni-
tude of the charge exchange cross section. As to our observation that o_
seemed always to be equal to c+, the low end of the energy range was at that
time always the most difficult to work in, because of accelerator stability
problems. Also, it has always been relatively more difficult to be sure of
the values obtained for ¢ _ than of those obtained for 9,5 since we expected
them to be equal, and it appeared that this was at least roughly so, we
therefore normally plotted the values of ) because they seemed to be the
more reliable.

De Heer's new results for He+ differ more drastically from ours than do
his proton results. He finds our o, to be too large in every case éxcept that
of the helium target, by 20 to 30% in most of the cases, but by up to 50% or
more in nitrogen and oxygen. In this case, we do not accept the fault for
the disagreement, and have no ready explanations to offer. De Heer's
method differs from ours, and he does not obtain his ci from his measured
quantities in exactly the same way that we do. We have not as yet satisfied
ourselves that de Heer has used our results properly in making comparison
with his own. It must simply remain, for the present, that there appears to
be substantial disagreement between his results and ours for He+.

The gross production cross section phase of the program was brought to
completion within the final three months of the preceding contract period,
since the issuance of the last annual Progress Report. The program has now

moved into a new phase aimed toward the development of a full coincidence



experiment. The construction of a magnetic-deflection analyzer for the

charge state, recoil energy, and angular distribution of the slow positive
ions was completed in the early part of the present contract period, and
preliminary measurements for a few of the same collision partners studied

in the older phase have been carried out. An electrostatic analyzer for the
charge state and scattering angle distribution of the fast collision partner
has been designed and is presently under construction. Suitable detectors and
electronic circuitry for the coincidence experiment are being selected and
procured. It is anticipated that assembly of the coincidence apparatus will
be completed by the end of the present contract period.

A lengthy Technical Report presenting in detail all of the new results
from about the last two years is presently in preparation, and will be issued
within about a month of the date of this Progress Report. Because of this
fact, the new results since the last Progress Report will be discuséed only
briefly and in rather general terms here. Details of the slow ion analyzer
design, as well as the preliminary results obtained with it, will also be
covered in detail in the Technical Report, so they will also be dealt with
only briefly here. Finally, the status of the construction of the fast beam

analyzer and of the remainder of the coincidence apparatus will be reviewed.

IT. NEW EXPERIMENTAL RESULTS

A. Gross Ion and Electron Production Cross Sections.

The final group of measurements in the gross production cross section
phase of this program were those for neutral atomic hydrogen projectiles,
and these are the only results in this phase that were not yet presented in
detail in the last annual Progress Report. Measurements for the usual four

target gases, helium, argon, hydrogen, and nitrogen were completed within



the final three months of the preceding contract period, but only over the
restricted range 0.15 to 0.40 MeV in the energies of the incident particles.
Measurements to higher energies did not prove to be feasible by the methods
used because of the low intensity available in the neutral beam. The electron
"pickup" cross section for protons decreases very rapidly with energy above
about 0.3 MeV, compared to the "stripping" cross section for hydrogen neutrals,
so that the neutral fraction obtainable from even an effectively infinite
thickness of gas target in the charge exchange cell decreases rapidly with
increasing energy. The limiting intensity tolerable in our measurements was
determined by the sensitivity of the neutral beam detector and the noise and
zero-drift levels in the electronic instruments used to measure its output.
Considerable effort to optimize the several factors involved was required to
cover even this restricted energy range, and it was clear that no really
significant extension of the range toward higher energies would be possible
without changing to a completely different detection scheme.

Despite difficulties, results of quite satisfactory self-consistency
were obtained over the reduced energy range, although we were obliged to
assign somewhat larger limits of possible error that for most of the previous
results. As previously mentioned, the results will not be presented in
great detail here, in view of the forthcoming Technical Report.

One general feature of the H results should particularly be mentioned
here. For incident neutrals at these energies, the apparent ionization
cross section Ui is quite simply equal to the total positive ion production
cross section U+, because the charge-changing cross section to form negative
fast ions is known to be negligible. In our previous com.pa.risons6 of o4
for the various projectiles we have studied, it had been noted that S for

He+ projectiles was rather uniformly about 1.% to 1.5 times that for protons



of the same velocity in the same target, for six quite different ftarget gases.
Thus it appeared to make sense to say that as far as simple ionization at
high energies (above 0.6 MeV) is concerned, the He+ ion is equivalent to

a point-charge ion with an "effective charge" equal to /TI.B5 e, or about

1.2 e,

As was noted in the last annual Progress Report, no similar conclusion
could be drawn with respect to the results for He® projectiles. For this
case, 0, was found to be 1.0 times the equivelocity proton results in two of
the target gases, and about 1.2 times the proton results in two others. There
was no evident correlation of the value obtained with the weight or molecular
type of the target gas.

However, in the new results for H° projectiles, we have again found that
the concept of an "effective charge' seems to be applicable. For all four of
the target gases studied, o5 for Ho was very nearly 0.65 times Gi for equi-
velocity protons, at the upper end of the energy range covered, and the
energy dependence appeared to be the same. A value of the "effective charge"
of¢Q5]§§ e, or 0,80 e, is thus indicated For whatever it may be worth, it

should be noted that H® is "isoelectronic" with He' .

B. Charge Analysis of Slow Ions

As was explalned in the last annual Progress Report, the slow~ion analyzer
was designed to be part of a coincidence apparatus, that will provide for ob-
servations that are differential in the scattering angle of the fast particle
and in the recoil angle of the slow particle. It is to be capable of high
angular resolution and accuracy in both angles, so that determination of the
inelastic energy loss from the geometry of the collision is possible. A

support assembly has been constructed having two massive, counterweighted
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arms, one to carry the slow-ion analyzer and one for a fast beam analyzer.
The arms can be rotated independently on precision bearings about a common
axis. A third, fixed arm to carry the incident beam collimator is mounted
to the same axis. In a coincidence experiment, the effective collision volume
is that volume common to all three of the "acceptance cones" of the three
direction-defining collimators, one for the incident beam and one for each
of the analyzers. High precision in the relative positions of these three
cones 1is necessary to make this volume a well-defined function of the angular
positions, if any meaningful cross section values are to be obtained. The
assembly has been constructed to maintain these positions to the required
accuracy.

The collision chamber is a cylinder mounted on the top end of the
rotation axis shaft and free to rotate about that axis. It is Jjoined to
each of the three arms by a flexible bellows, and is allowed to seek its
own angular position so as to minimize the total stresses in the three
bellows. A machined metal cone proJects from each of the three arms through
the connecting bellows into the collision chamber, ending in an accurate
round hole of 3/8-inch diameter about 1/2 inch from the rotation axis. A
small metal button in which the actual beam-defining aperture is cut fits
into this hole, and may be made to extend closer to the axis if desired. The
entire interior of the chamber, and all surfaces of the cones and buttons,
have been rhodium plated to provide clean, uniform, conducting surfaces and
to minimize contact potential differences, so that the collision chamber
volume and the regions within the beam-defining collimator cones may be kept
free of unwanted electric fields that might distort the energy or angular

distributions. A cryogenically trapped mercury diffusion pump evacuates
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L
Ar3+, Ar +, and Ar5+.

The relative measurements were again normalized to
+ .
our previocus total apparent lonization measurements. For the Ar production,
1z .
agreement with Pedorenka's results at lower energies™ , and with Wexler's

15

results at higher energies ™, follows automatically from the normalization.
For Ar2+, there is also reasonably good agreement with the other results
at both ends of the range. However, for Ar3+, while there is good agreement
with Wexler at the high end, agreement with Fedorenko's results at the low
end is poor. It appears that the latter may be quite substantially in error,
by as much as a factor of 8 at 0.15 MeV.

These comparisons will be given in greater detgalil in the forthcoming

Technical Report; also presented there will be some rather interesting

comparisons with other results for multiple ionization by electron impact.

C. DProgress on the Fast Beam Analyzer and the Coincidence Experiment

The design of the fast beam anglyzer is complete in all details. The
vacuum chamber is now under construction, with delivery expected within two
weeks. The additional mercury diffusion pump that will be required has been
ordered, and some of the electronics components are in hand. A delayed
pulse generator was obtained on loan some time ago, to allow evaluation
of 1ts suitability to provide the delay which compensates for the transit
time of the slow ilons. The borrowed unit was determined to be satisfactory
for this purpose, and an identical unit has been ordered. Final decigsions
are now being made regarding the sollid-state detector and the remaining

electronics components, and orders will be placed soon.
IIT. PLANS FOR THE BALANCE OF THE PERICD

As mentioned earlier, the focusing electrode assembly of the slow ion
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analyzer must be modified to provide a better arrangement for applying a
retarding potential to "bias out' low energy ions. Careful study of the
slow ion energy distributions will be made, to determine quantitatively

(a) the fraction of the slow ions that are of such very low energy as to
have essentially isotropic angular distributions, and (b) the fraction

that are of too high an energy to be collected with a known and constant
efficiency by a parallel-plate extraction field. It appears to us at
present that, in order to obtain the desired coincidence cross sections,

it may prove necessary to use a combination of, on the one hand, field free
collision chamber measurements with a retarding potential and with angular
distributions, and on the other hand, of total measurements at fixed angle
with the use of a parallel-plate extraction field. The enérgy distribution
studies described here will be necessary to decide the details of the
procedures .

The fast beam analyzer should be completed before the end of the contract
period. It appears likely, in view of the complication of the isotropic
low energy ions, that the measurements to be pursued at first will have to
be selected according to thelr usefulness in the test and evaluation of
the method. It 1s expected that the first case to be dealt with will still
be that of protons into helium, as originally planned. However, the testing
requirements may dictate that some observations of other cases involving
higher atomic numbers will be more profitable than would an immediate

attempt to complete the study of protons into helium.
Iv., TRAVEL AND PUBLICATIONS

Project personnel have on about three occasions travelled to QOak Ridge
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National Labpratory, at least partly for the purpose of conferring with
staff memberé there about various experimental problems, notably in the
area of detectors. There has been no other travel within this period}
However, the 19th Annual Gaseous Electronics Conference was held on the
Georgia Tech campus.in October, and an oral paper was presented there on
the cross section measurements for incident neutral HO and Heo, as well
as for He++

An article presenting the same results will be prepared for submission

to the Physical Review as soon as possible.
V. INCIDENT REPORT

There have been no incidents for which a report would be required

within the period covered by this report.
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approximation may be expected to be valid, if they are properly formulated
and make use of sufficiently accurate wave functions.

Exact wave functions are of course available for all of the simple
projectiles used here, with the exception of the neutral He” atom, but
exact functions are not available for any molecule that is stable in a
static gas at room temperature. Born calculations actually exist for only
a few of the simplest possible target molecules, and, for the most part,
only for the simplest rearrangement processes, in which only one electron
in the whole projectile-target system changes its state. Although for some
cases the results are rather confidently expected to be valid for sufficiently
large energies, it has not really been possible to predict theoretically the
minimum energy, below which the approximations will become inadequate. It
is clear Chalt progress in the fundamental understanding of rearrangement
collisions requires that every new development in theory be subjected to
detailed experimental examination, to establish the bounds of its validity,
and point the way for further developments.

It has always been one of the main objectives of the present experi-
mental program to perform just this kind of role, including target molecules
for which some theoretical work has been done, and attempting to determine,
as far as possible, the cross sections for single, well-defined, and simple
rearrangement processes. In addition, we have sought to cover systematically
a sufficient variety of cases Lo reveal any general patterns in the dependence
of the cross sections on the peneral properties of the projectile and target
particles, and to provide an empirical basis for extrapolation, for the
estimation of probable cross section values for a larger variety of cases.

This was the basic idea behind the use as projectiles of both hydrogen and
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for simultaneous ionizalion and charge transfer, or simultanecus ionization
and projectile stripping, can be obtained only through an experiment in
which one determines the final charge states of both of the partners from
a single collision. This obviously requires a coincidence experiment.

Until quite recently, there was no experimental information whatever
of this type. Turthermore, existing theory was of 1little assistance
regarding these multielectron transition processes, an area in which very
little work has been done. Although the uncertainties in our results from
these types of processes were probably less than the experimental errors
in many of the cases, it was by no means certain that this was true in every
case, especially in the cases involvihg He+ and He++ projectiles.

The construction of a coincidence analyzer apparatus, capable of
determinating in coincidence the final charge states of both of the
partners from a single collision, was started under this program some
time apo. The first goal of this effort was simply to measure the cross
sections for well defined charge rearrangement collisions, as a logical
extension of our own earlier gross ion production measurements., Particular
interest attached to the determination of the fraction of the single-charge-
transfer events in which one additional electron was ejected, leading to
the production of a doubly-charpged recoil ion, and to the fraction of the
single-electron-stripping events in which a slow recoil ion was also
formed. These were the two particular classes of events that had produced
the largest uncertainties in our attempts to estimate pure ionization
cross sections, and we wished to make a direct determination in order to

clarify our own previous results. However, 1t was always intended that we
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given charge rearrangement. 1In particular, both groups were initially
interested in a particular anomaly that had been observed earlier in
"hard" Ar-Ar collisions by Morgan and Everhart.l7 The early coincidence
resu.].tsl-7 of both groups quite clearly refuted the original explanation
that had been advanced by Morgan and Everhart, and indicated some sort of
a massive discrete excitation of large parts of the entire electronic
structure of the collision partners. Certain differences in the details
of their results led the two groups to somewhat different assumptions about
the basic nature of this excitation, and there has been a continuing con-
troversy between them over this question, which has been only partially
resolved by more recent work, and which was the subject of considerable
discussion at a recent International Com‘.‘erence.l5’l)+
More recently, both groups have made similar studies, with the same
apparatus, of the inelastic energy-loss spectrum for other pairs of noble

gas collision partners.o 10510

One case which both have studied, which is
of particular interest, is that of Ne+ into argon. Comparison of the results
with the Ar-Ar case would have been expected to clarify the interpretation
of the latter case. However, the Connecticut and Leningrad results again
differ sufficiently that each party claims confirmation of his own earlier
interpretation, and the matter remains unsettled. Neither laboratory has

yet published any results for He+ into argon. A clearcut finding of similar
structure in the bombardment of argon by this truly simple projectile would
perhaps provide a definitive answer to the questions of the basic mechanism.
However, it may be that such structure, even if it exists in principle,

will be of very low intensity, and will correspondingly be very difficult

to detect, because of the low atomic number of the projectile.
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the current Technical Report that has been mentioned above (See Sec. IV).
In addition, a paper on the results for protons into helium was presented

at an international conference in Leningrad in August, 1967 (See Sec. IV).
II. PROGRESS DURING THE CURRENT PERICD

Essentially all of the effort during the period covered by this report
has gone into the further construction of the differential coincidence
analyzer apparatus. Final assembly of the whole system was completed only
recently, and alignment procedures are continuing at the time of this
writing. It was anticipated, a year ago, that this stage would have been
reached a few months ago, and that the first experimental investigation with
the complete system would be well under way by the present time. The delay
has been occasioned chiefly by extra effort that has been given to two
matters, specifically the retarding potential assembly and the recoil-
analyzer detector, which are discussed below in the context of the rest

of the work performed in this period.

A. Retarding Potential Electrode Assembly

As has been discussed above, a retarding potential arrangement in the
recoil-ion analyzer was needed to study the low-energy end of the recoil-
ion energy distribution, and to "bias out" the isotropic low end of the
distribution when performing differential measurements. The preliminary
results found in the previous period, mentioned above and described in the
last previous Progress Report, had been obtained using a very makeshift
arrangement, in which the retarding potential was applied to an electrode

in the analyzer accelerating gun that had been designed and intended for
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uncertainty in the transmission factor. Secondly, and perhaps more
importantly, surface reactions of slowly-moving multiply-charged ions on
the grid wire surfaces could be a source of great difficulty to us.

The arrangement we are using was designed and evaluated with the aid
of a greatly enlarged scale mock-up in an electrolytic tank, which We‘built
up for this purpose. The arrangement consists of a cylindrical hole of
diameter more than twice the beam dimensions, through a plate whose thick-
ness is 1.67 times the hole diameter, which is located between two thin,
grounded plates with smaller circular apertures. The tank tests showed
that the saddle-point area is quite flat over more than half the diameter
of the hole, with a potential of about 94% of that applied to the thick
plate.

This arrangement has been constructed and installed as an integral
part of the collimator, immediately following the second collimator
aperture. Its parts have been rhodium plated, as have all of the other
surfaces that are "seen" by the ion beam, before it is accelerated for
analysis. The addition of these parts required disassembly and some
rearrangement of the whole accelerating electrode structure, which then

had to be realligned optically when it was reassembled.

B. Detector for the Recoil-Ion Analyzer

It is reguired of this detector that it have a uniform and high counting
efficiency, as close to 100% as possible, for ions of any charge or mass,
with all values of initial energy (at the analyzer entrance collimator)

down to essentially zero. It is further required that the detector be
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virtually "noise free'", i.e., that it produce very few random pulses which
cannot be discriminated electronically from the true ion pulses. The
arrangement originally installed, and used to obtain the earlier non-
coincidence results mentioned several times above, was an open, lh-stage
multiplier, floated far below ground potential. The first dynode, on which
the ions impinge, had to be at a sufficiently high negative potential that
all incident ions were '"post accelerated" to an energy sufficient to produce
a count. This potential was normally much larger than the optimum voltage
across the dynode string, so that it had to be arranged that the anode or
collector end of the multiplier was also at a somewhat lower, but still
"high" negative potential with respect to laboratory ground, and the signal
pulses then had to be passed to ground through a high voltage blocking
capacitor.

In tests described previously, it was determined that first-dynode
potentials of at least 12 toc 15 kV were in general required to produce
"saturation" in the count rates, with fixed beams of helium or argon
ions of various charges. On occasion, it was found possible to go as
high as about 22 kV before the noise problem became excessive, although
it was more commonly necessary to set a limit of about 18 kV. We reported
last year that this arrangement seemed to be workable, and that we could
say tentatively that this detector problem was solved.

HoweVer, further operating experience has shown this scheme to be a
never-ending source of trouble. It could never be kept free, for very
long at a time, from excessive noise caused by breakdown or corona from

one point or another in the high-voltage circuitry. Progress on other
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to impact at 15° grazing incidence at the center of the flat bottom of the‘
large hole. The secondary electrons emitted find themselves in an axial
field parallel to the axis of the hole, and are accelerated out of the hole
in that direction toward the distant detector.

This arrangement was designed to avoid or minimize several problems
which are relatively well known to be troublesome in detectors of this
general type. The spatial regions in which the approaching ions and the
departing electrons are accelerated by the high potential are separated
physically, being nearly l/h of the way around the sphere from each other,
so that the fields in each region can be shaped as required for optimum
performance, The ion acceleration region is symmetric about the plane of
the beam, so that the ions are accelerated "straight ahead", and the point
of impact is virtually independent of the initial energy of the ion. The
impact surface, from which the secondary electrons are emitted, is partially
shielded from the high fields around the sphere, because of the fact that
it is '"buried" deep inside the sphere. The electric field is relatively
weak near this surface, although it should be more than sufficient to
pick up all of the secondary electrons and move them axially out of the
hole. Because the field is weak near the surface, 1t will produce a
negligible last-second deflection of the ion beam, to cause any systematic
variation of the impact point with initial energy, and it should also produce
negligible field emission of extraneous electrons from the impact area.
Field-emission electrons coming from other regions of the sphere surface,
in particular from around the rim of the large hole, are prevented from

reaching the detector by a limiting aperture, that also serves as a focus
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C. Fast-Beam Analyzer

The fast beam analyzer is a simple electrostatic-deflection instrument,
which need have only sufficient resolution , to distinguish the charge state
of the scattered fast particles. It is mounted on a massive arm that is
part of the same angular support assembly that supports the collision-
chamber, the incident-beam collimator, and the recoil-ion analyzer, so
that both analyzers may be made to rotate accurately about the same vertical
axis, and so that the collimators of both analyzers as well as that for the
incident beam may all be aimed accurately at that axis. The collimator of
the fast beam analyzer is identical in construction to the other two, and
may be fitted with either a set of very small apertures, for high angular
resolution, or with a set of larger apertures when high resélution is not
reguired.

Because of the high energies of the fast beam particles, the analyzer
is designed to work with only small-angle deflections of less than 6°, so
that inconveniently large voltages will not be required. In view of the
tight collimation of the entering beam, and the restriction to small angle
deflections, there need be no concern about beam focusing or other such
ion-optical effects, but it becomes necessary that the detector position
be quite accurately determined and reproducible. The most elaborate
component of the whole instrument is, in fact, the mechanical assembly
that performs this positioning function.

The analyzer is housed in a U4-in. id stainless steel pipe about 25 in.
long, where the fast beam enters at one end along the axis. The deflection

voltage is applied to one of two parallel plates 5 in. long and 3/8 in. apart,
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are thought to be satisfactory. This alignment has since been verified
by passing the accelerator ion beam straight through both collimators,
and the results indicated that the expected angular resolution has in
fact been achieved.

Unfortunately, the angular limitations imposed by the metal bellows
comnecting the three collimators to the collision chamber do not permit
that the recoil analyzer may also be rotated to the 0° position, to perform
a similar verification of its alignment and its indexing to the angle scale.
An ingenious mirror arrangement has been suggested by our colleague E. W.
Thomas, to produce an accurate 90° reflection of the light beam that is
not dependent on exact location of the mirror assembly. We expect eventually
to utilize this idea for an accurate verification of the 90° position, but
for the present we will tentatively accept the existing alignment and proceed
with some of the other tests of the system. As indicated below, we will
attempt to reproduce certain of the published results from other laboratories,
which will provide an indication of the existence of any serious errors.

At present, we are involved with other alignment problems involving
the relative positions of the magnet, the detector, and the other components
of the recoil analyzer. The new detector arrangement imposes much more
strict collimation requirements on the exiting beam than did the former
arrangement, and we are meeting with temporary difficulties. Work on

these prdblems is continuing.

E. Auxiliary Ion Source

A small ion source has been constructed, which can be inserted into

the beam entrance pipe of the apparatus. It will serve to provide a beam
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with an energy of a few keV, to be used for test purposes at times when
the Van de Graaff accelerator 1s in use on the excitation experiments which

constitute the other half of the research performed under this contract.
ITI. PILANS FOR THE BALANCE OF THE PRESENT PERIOD

When the alignment problems described above appear to be sufficiently
well in hand, we plan to examine the case of Ne+ into argon, to verify

t9,10,l)+ and

that the published results for this case of the Connecticu
Leningrad8’16 groups can be reproduced. If this can be done satisfactorily,
it will be considered an excellent general check of the entire experimental
system. Following a satisfactory conclusion of this test, we expect to

begin at once a detailed study of the inelastic energy loss spectrum for the

case of protons into argon, which is being proposed as a part of the program

for the new period.
IV. TRAVEL AWD PUBLICATIONS

Dr. D. W. Martin attended the Fifth International Conference on the
Physics of Electronic and Atomic Collisions, which was held in Leningrad,
USSR, in July, 1967. There, he visited the Ioffe Institute, saw both of
the two '"Leningrad experiments"” mentioned at various places in this report,
and met several of the Russian scientists involved in this work. Dr. Martin
was privileged to observe a detalled discussion between Everhart and the
Russian scientists regarding the differences between their results for the
Ar-Ar case, and had several discussions with Everhart, Kessel, and Russek

regarding these matters. After the Conference, he went on a tour to
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Kharkov, which had been specially arranged for the Conference participants;
There he visited the laboratory of L. I. Pivovar. He had several discussions
with Professor Pivovar, much of whose work has a direct connection with some
of the work performed under this contract. On the return trip, he made

brief visits with F. de Heer in Amsterdam, with H. B. Gilbody and R. Browning
in Belfast, and with J, Hasted in London. A detailed report of these travels,
required by the AEC, has been prepared separately.

At the Conference, a paper was presented on some of the work performed
under this contract, entitled "Analysis of the Recoil Ions Produced by Fast
Protons". The 1500-word abstract which was printed in the Conference
Proceedings has been released as AEC Document No. OR0-2591~26.

The Ph.D. thesis of L. J. Puckett, covering in detail all of the results
from this program for a period of some two years ending in late 1966, has
been prepared for release as a Technical Report. To be designated as AEC
Document No. ORO-2591-35, this report will be available on about December
1, 1957.

No other publications have been made within the period covered by this
report. However, a manuscript presenting the results of the gross ionization
studies for He++, Heo, and H° beams (included also in the above Technical

Report) is now in final stages of preparation for swbmission to The Physical

Review.
V. INCIDENT REPORT

There have been no ineidents for which a report would be required,

within the period covered by this report.
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IONIZATION AND CHARGE TRANSFER CROSS SECTIONS
Progress Report No. 22

The period covered by this report is December 1, 1968 through November
30, 1969. This period corresponds to the first 9 months of the 12-month
extension provided for by Modification No. 11 of Contract No. AT-(40-1)-2591,
plus the final 3 months of the preceding period.

This report will be concerned only with the ionization and charge
transfer phases of the total program conducted at Georgia Tech under this
contract. This portion of the program was the subject of Part A of our
proposal of December 1, 1968, covering the present period. The excitation
measurements phases of Part B of the proposal are covered in a separate

Report, No. OR0-2591-44, of this same date.

I. INTRODUCTION

The program of Part A of this contract has for some time been centered
about a differential scattering apparatus, designed for detailed cross
section measurements of fundamental ionization and charge transfer processes
involving incident hydrogen and helium ions in the high-energy range from
0.15 to 1.00 MeV. This apparatus incorporates two particle analyzers which
are independently rotatable about a common axis in a collision chamber,
having directional entrance collimators to define the angles, relative to
the direction of the incident beam, of the trajectories of both scattered
beam particles and recoiling target particles. The analyzers move on
precision bearing assemblies which, with the use of sufficiently small
collimating apertures, are capable of defining the recoil and scattering

angles to within about 5 minutes of arc.



The analyzer for the fast scattered particles utilizes a small-angle
electrostatic deflection, and has sufficient energy-over-charge resolution
only to distinguish the various charge states of the scattered particles.
The analyzer for the recoiling slow ions is a 60° magnetic-deflection
instrument of moderate momentum resolution. 1In addition to distinguishing
the various charge states of the recoiling particles, it is designed to
provide a direct but limited-resolution energy determination for the more
energetic particles. The analyzer also incorporates an electrode array
for retarding potential difference or "RPD" measurements of the recoil
particle energies at the lower end of the energy spectrum. Both analyzers
are equipped with single-particle detectors, and with circuitry to permit
the correlation, through time coincidence, of the scattered and recoil
particles from single collision events. The system is designed to have
the ultimate capability of measuring cross sections, differential in both
the scattering and recoil angles, for well defined collision events in
which the final charge states of both collision partners are specified.

The present apparatus differs from several somewhat similar coincidence-
scattering systems that have been constructed elsewhere, chiefly in the
provisions for low-energy sensitivity and for direct energy measurements
in the recoil-ion analyzer. Several of these other systems have recoil-ion
analyzers more nearly like the present scattered-particle analyzer. They
were designed primarily for studies of "hard" collisions with large
scattering angles, in heavy particle-heavy particle collisions, for the
most part at somewhat lower emergies. Such collisions involve relatively
large recoil-particle energies, and the interest has been chiefly in the
study of certain large inelastic effects rather than in the measurement

of cross sections. The heavy-particle energy losses involved in these



effects have been determined from accurate measurements of the scattering
and recoil angles and the use of general conservation laws, rather than
through direct measurements of particle energies. Extensive references
to the early work along these lines has been given in previous reports.
The present apparatus has been designed specifically for light
projectiles at higher energies, and for cross section measurements that
are not restricted to very hard collisions with large scattering angles.
It must therefore be capable of dealing with rather low-energy recoil
particles, whose energies would be more accessible to direct measurement
than to an indirect determination through angles and conservation laws,
The program involving this apparatus has followed naturally from an
extensive series of earlier measurements, for such projectiles, of total
slow-ion and electron production cross sections. A central interest in
these measurements was always the detailed comparison of the results with
available theoretical calculations. The projectile energies extended into
a relatively little explored range where validity of the high-energy
theoretical approximations is to be expected, and our comparisons sought
to test the boundaries of this region of validity. One of the chief
ambiguities in these comparisons arose from the fact that our gross pro-
duction cross sections really represented only sums of the cross sections
for a number of elementary types of events, including higher order or
multi-electron processes such as multiple ionization, simultaneous
jonization and charge transfer, etc. Rather little theoretical work
has been done on such processes. Although upper bounds for their cross
sections can often be set from simple measurements, actual measurements
for such processes would in general require a coincidence arrangement with

charge analysis of both of the partners from a single collision.






fast scattered particles. Extensive measurements were made for an argon
target, as well as less extensive measurements for targets of helium and
neon. The scattered particles were sorted into the three charge states
Heo, He+, and He++ (the yield of scattered He ions is negligible at the
high energies involved). For the argon and helium targets, absolute
differential cross sections, at three energies in the range 0.2 to 0.6 MeV,
for scattering into each of the above charge states, were measured absolutely
as functions of the scattering angle from 1° to about 80; similar measure-
ments at only one angle were obtained for a neon target. For all three
targets, the fractions Pn of incident He+ ions scattered at fixed angles
into charge state n (n = 0,1,2) were measured as functions of energy from
0.15 to about 0.8 MeV.

Detailed results of this investigation have been presented in a recent
Technical Report (AEC Document No. OR0-2591-41) and will not be repeated
here, but a few of the general characteristics of the results will be
described briefly. Plots vs incident energy of the charge fractions Pn
were found to join smoothly to Everhart's well known results1 in the
adjacent lower energy range. Of particular interest was the behavior of
the neutral fraction Po’ in the helium target. At lower energies an
oscillatory behavior had been seen, having the property that the successive
maxima are evenly spaced when plotted against the reciprocal of the incident
particle velocity. One such maximum was found to occur right at the extreme
upper limit of Everhart's energy range; he estimated its position to be at

0.25 MeV. From the position of this maximum on the 1/v plot, it appeared

1Ziem.ba, Lockwood, Morgan, and Everhart, Phys. Rev. 118, 1552 (1960).



that it must be the last such maximum to be expected with increasing energy
(decreasing 1/v). The present results have borne out this expectation; from
a maximum which we find to be more nearly at about 0.19 MeV, PO decreases
monotonically with increasing energy thereafter. Interestingly, the fraction
P2 of scattered He++ ions increases rapidly with energy over just the range
where PO is decreasing most rapidly.

The fractions Pn were found to be entirely independent of the scattering
angle over the range covered, at these energies; plots vs scattering angle,
at fixed energy, of the absolute differential cross sections for scattering
into charge states 0, 1, or 2, respectively, were found to be parallel
curves of virtually identical shape to one another, and to the plot of
their sum, which we have called the total scattering cross section. This
total cross section was found to agree very well as to shape, and within
the estimated experimental errors as to absolute magnitude, with a total
scattering cross section calculated classically for a screened Coulomb
interaction potential,

At least general agreement with the classical calculation had been
expected, on the basis of various previous findings at lower energies;
the quite satisfactory agreement in absolute magnitude is in fagct an
encouraging indication that there are no serious systematic errors in
the measurements and calculations relating to the geometrical solid
angle and detection efficiency of the fast particle analyzer. However,
one of the objectives of the investigation had been to determine whether,
at these energies, there would be detectable anomalies in the smooth cross
section curves at those angles where the distance of closest approach in

the collision reaches a value where the onset of large inelastic effects

might be expected. Such anomalies had been seen in measurements of



comparable angular resolution at lower energies, with incident heavy
particles, in cases where large inelastic effects had previously been
seen in coincidence-scattering studies. No such anomalies could be
detected with certainty in the present measurements for He+ ions.

Further details and a full presentation of the data are given in the
Technical Report mentioned above. A manuscript presenting the complete

results is in preparation for submission to The Physical Review.

B. Progress on the Slow-Ion Analyzer

In our last Progress Report (No. 21, November 30, 1968, AEC Document
No. OR0-2591-38) we discussed the difficulties that had arisen in the
calibration of the ion optics of the slow recoil-ion analyzer, due to an
earlier change to a detector that could not be located at the proper focal
plane of the analyzer because of its sheer physical size. We indicated our
intention of investigating the possibility of substituting another type of
detector that would be small enough to be located at the optimum position,
so that the ion optics could be restored to the original design configuration.
'"Channel electron multipliers" of two different types, both fitted with
roughly 10-mm diameter cones on their input ends to increase their effective
apertures (often called '"funneltrons'") were procured from Mullard, Ltd., and
the Bendix Corp., respectively. A carefully designed series of tests was
3+t up, utilizing low-energy ion beams from a small accelerator in another
laboratory, to evaluate the suitability of these devices as absolute counting
detectors. The arrangement used provided for variation of the ion impact
energy on the device from essentially zero upward, with constant beam
intensity, along with independent variation of the operating voltage applied

across the device, and of the potential of a field-shaping planar grid



located at the mouth of the funnel. The ion beam was of small diameter
compared to the funnel, and could be directed at will to any part of the
aperture. The tests verified all that we had heard about these devices,
Operated as discrete counters in the saturation mode, which requires
operating voltages of around 3 kV, they produce large output pulses of
quite uniform pulse height that are very readily discriminated from the

low level noise. With the entrance grid at the same potential as the inlet
end of the funneltron, the sensitivity is essentially constant over almost
the entire area of the funnel. Excellent saturation behavior in the plot
of count rate vs ion impact energy indicated that the detection efficiency
reaches essentially 100% for light ions of about 1.5 kV or more, and for
heavy ions (Ar+) of about 2 kV or more. Thus for positive ions, the funnel-
trons require only a single negative supply of around 3 kV, connected to
both the inlet end and its grid, to serve as highly efficient and virtually
noisefree detectors for ions of any mass and even zero initial kinetic
energy. The devices are small in size, and insensitive to exposure to the
air. Thus they are almost ideal detectors for low-energy positive ions,
admirably suited to all of the requirements for our slow-ion analyzer.

The funneltrons do show an appreciable loss of gain and pulse height
with increasing count rate, but this produces no significant loss of
counting efficiency at the rates that are anticipated in the present
application. QOne other source of potential difficulty should perhaps
be mentioned. 1In our test arrangement, with the particular type of input
grid we were using, it was noted that significant background counts
crcurred whenever the inlet end and its grid were more than about 2 kV
negative relative to the facing electrode of the ion-beam system. These

counts were attributed to the field emission of electrons from the front



surface of the grid. The electrons would produce ions in the residual gas
in the system, which were then accelerated into the detector and counted.

A simple mounting configuration has been devised which avoids this
problem altogether. A roughly hemi-spherical cup of aluminum of about
2-inch diameter, with a polished outer surface, has a round-edged hole
at its center, which is just slightly smaller than the mouth of the funmnel.
The funneltron, with a grid stretched directly over the mouth of the funnel,
is mounted with a conducting cement directly against the inside surface of
the cup, so that the fumnel "looks out" through the round-edged hole. The
negative high voltage connected to the inlet end of the device is also
connected directly to the cup. The rigid cup is mounted to the apparatus
frame on insulating supports and provides, through the cement joint, the
entire mechanical support of the funneltron.

This arrangement partially shields the front surface of the grid from
large fields, and eliminates having any sharp edges at negative high voltage
facing the region viewed by the funneltron. The cup also serves to protect
the rather fragile funneltron mechanically, and shields it electrically.
Mounted to the apparatus in this fashion, with ordinary residual-gas
pressures of order 10-6 Torr in the system, the funneltromns have proved
to be essentially free of background counts and noise at their normal
operating voltages of around 3 kV,

Two funneltrons have been mounted to the slow-ion analyzer in this
fashion, one at the 60° analyzed-beam position, and one at the 'straight
through"” position. Both are functioning entirely satisfactorily.

To facilitate the required study and evaluation of the slow-ion
analyzer, a simple electron-bombardment ion source has recently been

installed, temporarily, in the collision chamber, so that it faces toward
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has been published. The reference is L. J. Puckett, G. 0. Taylor, and
D. W. Martin, Phys. Rev. 178, No. 1, 271 (1969).

G. 0. Taylor completed the requirement for the Ph.D. in Physics in
September 1969, with the submission of a thesis based on this research
entitled "Scattering of He+ Ions by Noble Gases at High Energies'. The
text of this thesis has been adapted as a Technical Report of the same

title (AEC Document No. OR0-2591-42), which was released in September.

V. INCIDENT REPORT
There have been no incidents for which a report would be required

in the period covered by this. report.

VI. ACKNOWLEDGMENTS
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