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Within the energy range 2 to 50 keV, the cross sections for the single-electron capture by protons, for dis-
sociation of Hy* ions into Hy+ and H;~ ions, and for dissociation of Hs* ions into Hy*, Hyt, and Hi™ ions,
have been measured in hydrogen, nitrogen, and inert-gas targets. The dissociation cross sections were found
to decrease by as much as 309, for changes in the operating conditions of the electrodeless discharge-type ion
source. The dissociation cross sections were independent of changes in the oscillator frequency, the rf input
power, and the dc ion extraction voltage. Changes in both the source gas pressure and transverse magnetic
field cause variations in the mean energy and the energy spread of the positive ions extracted from the
source; these variations have been related to the population of the vibrationally excited states of the primary
molecular ions. The measured cross-section values are accurate relative to one another within 59%,. It is shown
that the measurements are not invalidated by effects such as competing capture and loss processes outside
the collision cell, beam size, and dissociation-product scattering.

1. INTRODUCTION

AST protons may be produced from the dissociation

of fast Hs* ions in single collisions with hydrogen
molecules in which the Hs* ion either loses an electron
to form 2H.*, or captures an electron to form Hy® with
an improbable dissociation to Hyt+4H;~, or simply dis-
sociates without electron transfer into H,4-H;*. Early
measurements of the total proton-production cross
section'™® in the energy range of 5 to 300 keV differ by
as much as a factor of 3. Subsequent studies ¢ have
sought an explanation of this difference mainly in (a)
the state of excitation of the Hs* ion prior to collision,
and (b) instrumental effects such as the interception of
some fast collision products by beam-defining apertures
and the widening of the product ion beam after col-
lision caused by the conversion of internal energy of
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the Hyt ion into kinetic energy of the dissociation
products. There are two significant results. McGowan
and Kerwin'* have shown, using an electron velocity-
selector—-type ion source to control the populations of
the excited states of the Hyt ion, that each vibrational
level not only has a different cross section for the dis-
sociation collision, but that the total measured cross
section corresponds to the sum of the cross sections for
each state multiplied by the relative populations of that
state. McClure!” has measured the differential angular
distributions of the Hj* dissociation fragments and
obtains good agreement with predicted values, based
upon the Born-approximation calculations of Peek'®
for 10-keV H;t ions incident upon H atoms, when con-
sideration is given to the internuclear spacings and
orientations of the molecular ions. These results indicate
that previous studies,’*'® in which sufficient detail is
given to enable a comparison to be made, would not
have detected all of the dissociation fragments at low
energies.

In the present experiments an apparatus has been
set up and tested with primary proton and Hst beams
and then used to investigate the effects of the operating
conditions of an electrodeless discharge ion source and
instrumental sources of error, upon the dissociation
cross section of Hyt ions for total proton production.
Changes in the gas pressure, excitation frequency, input
power, extraction voltage and magnetic field of the
ion source were made over a range of ion energies from
2 to 50 keV to obtain an indication of their effect on the
energy of the emergent Hst ions.

Subsequent measurements of the cross sections
o(Hg") and o (H;") from both Hzt and Het primary
ions, for inert-gas targets of He, Ne, Ar, Kr, and Xe,
have been made using those ion-source operating con-

17 G. W. McClure, Phys. Rev. 140, A769 (1965).
18 J. M. Peek, Phys. Rev. 140, A11 (1965).
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ditions which were determined from the above experi-
ments with Hyt ions to give the largest values of o (H;*).

Further the cross section for total H;~ ion production
from the dissociation of fast Hs* and Hst ions has been
measured simultaneously with the total proton-pro-
duction cross sections.

2. EXPERIMENTAL METHOD

The positive-ion beam is extracted from an electrode-
less discharge ion source (described elsewhere'?), ac-
celerated and focused, and momentum analyzed by an
inflection-type magnet? of 30-cm radius and = deflec-
tion, giving an energy resolution of 1/108. The beam
then entered the experimental region by passing through
aperture A; as shown in Fig. 1. The emergent beam from
the collision cell was momentum analyzed by a conven-
tional iz deflection, 10-cm-radius magnet. The posi-
tively and negatively charged particles of the same mo-

¥16. 1. Apparatus diagram. C, collision cell. G, ionization gauge.
Vi and Vs, 250-liter/sec, 4-in. baffled diffusion pumps. A; and
A,, beam-defining apertures. S; and S,, liquid-nitrogen-cooled
surfaces. P; and P, electrostatic deflection plates. Dg, Dy, and Dy,
secondary electron-type detector and Faraday cups. L, variable
gas leak. H, beam-analyzing magnetic field with a mean beam
radius of 10 cm.

mentum could be collected simultaneously in Faraday
cups while the uncharged particles were detected by a
secondary electron-emitting-type detector, similar to
that used by Gardon.? The detector currents were
measured with electrometers covering the range from
10 to 2X 107 A.

It is readily shown?*? that the growth of the number
Ny of atoms of charge state f within a beam, composed
initially of IV, particles of charge state 7 as it passes
through a target gas, is given by

AN/[N.iA (’}’Ll) ]—-1 =0+ (’I’Ll) +b.,'f (%l)2
+higher powers of (n4), (1)
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F16. 2. Typical curves showing the growth of Hy® from (a) a
10-keV H;* beam in hydrogen and (b) a 2-keV H;* beam in
argon as a function of the relative target gas number density #’.

where (nl) is the equivalent number of gas atoms in the
collision cell per cm? of target area normal to the pri-
mary beam direction, o;s is the cross section for the
collision in which a particle of charge e is changed to a
particle of charge fe, a;; and b;; are functions of all
the possible o;; for the colliding atoms. The method of
measuring the cross section ¢;; which is used in the
present experiments, readily follows from Eq. (1). In
principle one studies the dependence of the growth of
Ny, from a constant IV, on the quantity (»f). This de-
pendence is seen to be linear, that is the changes of
charge of the primary atoms result only from single
collisions, when a;;(#nl)/a;s<<1. Since this condition of
linearity of AN;/A(nl) is dependent upon the nature
of the primary and target atoms and their relative
velocity, every individual cross section is to be measured
by plotting AN;/N; against A(nl) to ensure the sepa-
ration of the linear and parabolic components.

The N; and N, are readily measured absolutely by
charge integration methods with electrometers. The
absolute measurement of (nl) is difficult. Because
molecular-flow conditions are well satisfied in the col-
lision chamber (nl)=cn’ where #n’ is the target gas
number density as measured by an ionization gauge and
¢ is a calibration constant which has a fixed value for a
given target gas and a given statistical distribution of
primary particle paths through the collision cell. It is
assumed that the distribution of beam paths is inde-
pendent of the type and energy of the primary beam
used in the present experiments. Equation (1) can now
be written in the form

ois=AN;|N,A(nl)|™* to a first approximation
— AN, | Nic(an') |- @)

from which the cross section can be determined.
Figure 2 shows typical examples of the growth of IV;

with »'. The large number of experimental points such

as shown in curve (a) was taken only during the early
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measurements of a given ¢, in each target gas. In all
iy determinations, the ratio NV;/N; rarely exceeded 19,
and 7’ was varied by at least a factor of 50. The error
in determining AN ;/A(%’) from Fig. 2 is approximately
29%,, composed of (a) an error not greater than 0.79, in
measuring N;, Ny and #’, and (b) an error of not greater
than 19 in fitting a straight line to the experimental
data.

The constant C in Eq. (2) was determined by
measuring the conversion of Hi* to H,® by single-
electron capture in each target gas used and assuming
the cross section value for that process, a1, at a given
energy.’>? The energy of 10 keV was selected for this
standardization procedure because there are a large
number of experimental measurements published which
appear to have their best agreement at that energy.
Further, as most of the accuracy tests, described in
Sec. 4, were performed at 10 keV, the results at that
energy are the most reliable of the present series. The
value of 8.2)X 10716 cm?/molecule has been used for a10
at 10 keV in hydrogen gas.

3. EXPERIMENTAL ACCURACY AND VALIDITY

The accuracy and validity of the cross section meas-
urements have been carefully investigated with par-
ticular attention being given to the considerations
raised by Fogel,? Allison, and Stier and Barnett.?’

It was shown by tests at beam energies of 2, 10 and
50 keV that:

(a) Each of the detectors Dy, Dy, and D, gave identi-
cal responses to the same beam. Interchange of de-
tectors had no detectable effect on the beam profiles.

(b) Normal variations, in the gas pressure, of either
the target chamber or the ion source had no effect upon
the response of the detectors. Nor did fluctuations in
the analyzing magnetic field.

(c) Any scattering of the primary beam by collision
with residual gas molecules along the beam path was
shown to have a negligible broadening effect on the
beam.

Initial tests and measurements have been conducted
with a proton beam so that the results could be checked
against well-known data.

The primary Hyt beam will always contain some Hy°
and Hy~ particles which may be produced from the
primary beam by collision with the edges of the beam
defining apertures A; and A,, the walls of the entry
and exit canals, or the residual gas molecules along the
beam path between the aperture A; (before which the
beam follows a curved path) and the entry canal of the
collision cell. The influence of such effects was minimized
by using knife-edged apertures and a beam diameter
considerably less than most aperture diameters. All
apertures were aligned optically on assembly. Fortu-

2 W. L. Fite, R. F. Stebbing, D. G. Hummer, and R. T. Brack-

man, Phys. Rev. 119, 663 (1960).
2% P, M. Stier and C. F. Barnett, Phys. Rev. 103, 896 (1956).
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nately, the numbers of H;* and H;~ so formed are inde-
pendent of the collision cell gas pressure. Effectively all
of the Hy® and H;y~ will pass through the collision cell
because, in the present “‘single-collision” experiments,
not more than 19, of the primary beam undergoes a
charge-changing collision in the collision cell. Since the
method of determination of a cross section is to measure
the linear rate of growth of collision products with
pressure, the number of H,® and Hy~, which are produced
in the above manner and which are pressure inde-
pendent, will appear as a constant term which does not
influence the slope of the collision product versus pres-
sure graph. For the present measurements this constant
term did not exceed 109 of the total collision products
and was generally much smaller.

These H,* and H;~ particles in their traversal through
the collision cell may collide with the target gas atoms
to give rise to linearly pressure-dependent collision
products which are indistinguishable from those formed
from the true primary beam. These spurious contri-
butions have been analyzed as follows:

(a) The errors arising from the neutral atoms, which
are formed in the residual gas or on the edges of the
beam defining apertures, but not those from the walls of
the entry canal, are simply determined by electro-
static deflection of all charged particles from the beam
prior to their entry to the gas cell. Thus the remaining
“primary” beam is now a neutral-atom H,’ beam from
which the collision products Hy* and H;~ may be
observed as a function of the gas pressure. The fraction
of such Hy~ impurities as compared with those H;~ ions
produced from the Hyt will thus depend upon (i) a10
for Hy* in the residual gas of the vacuum system and
(ii) the relative values of 01,1 and g1 in a given
target gas. This type of investigation has been made for
every cross section measurement. Table I shows typical
values of the detected currents for the case of 10-keV
Hi* in hydrogen gas, for which the neutral-atom im-
purities discussed above give rise to a 0.59, error in
01,—1.

(b) The negative ions, formed in the primary beam
before the electrostatic deflector plates, may lose elec-
trons to form Hy® or Hy+. This error cannot be de-
termined in the manner of paragraph (a) because the
the electric field will deflect the Hy~. The fraction of
H;~ present in the beam is so small, however (~2X10-%

TasLe I. Composition of charged and neutral ion beams
product by a 10-keV H;* beam in hydrogen at typical target
gas pressures.

Target gas .
pressure in Detector current in A
Primary mm Hg H,* H,° H,~
Chargedplus  0.25X107% 9.0 X1077 1.9X10~1 1.70X10712
neutra 8.2 X107% 8.93X1077 6.1X10™® 3.13X1071
0.25X107% 2.9 X107# 6.5X10™1 2.0 X105
Neutral only 8.2 X1075 5.6 X108 6.5X10™1 1.6 X107
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of the primary Hy+ beam), that an increase in the frac-
tions of Hy* or Hy® would not be detectable.

(c) An estimate of any errors arising from those
neutral atoms which may be formed on the entry canal
was made by increasing the canal diameter from 1.5 to
2.0, then 3.0 mm (for a beam diameter of 1.0 mm). The
minimum gas pressure within the cell remained un-
changed since the cell had a separate pumping line.
This increase of entry canal diameter had no detectable
effect upon the results presented in Table I. Therefore
an upper limit may be placed upon the number of
neutrals formed on the entry canal walls of 29, of the
number of H,’ formed by collision of the primary Hy+
with the residual gas along the beam path. Less than 19
of these surface-formed H,? atoms will suffer a collision
with the target gas so that the fraction of Hi~ ions
formed from these H;° will be negligible compared with
that formed from the H;* primaries in collision with
the target gas at its minimum pressure.

A study of the detector response for a given beam
as a function of the analyzing magnetic field indicated
that the possibility of collisions with the walls of the
exit canal was very small for those primary particles
which had changed their charge by collision with the
target gas. This possibility was further investigated by
increasing the exit canal diameter from 2.0 to 2.5, 3.5,
and 10 mm. For a constant minimum gas pressure in the
collision cell, these changes in the exit-canal diameter
had no detectable (i.e., less than 0.59}) effect on the
collected currents of all charge states.

Also when the value of (#) of the target gas increases
within the collision cell, there will be a further very
small increase in (#l) which originates from the eflux
of the target gas through the entry and exit canals.
This increase in (n) will add to that within the cell
but causes no error in the relative values of the present
cross sections.

For a 10-keV H;* beam emerging from the collision
cell (in which the gas pressure was about 10~ mm Hg)
identical beam currents were collected by a Faraday cup
placed alternately at position Dj;, which was 4 cm
after the exit canal of the collision cell, and at position
Dy. There is therefore a negligible loss of primary beam
particles between the exit canal and the detectors. This
result may naturally be extended to the beams of
collision products which emerge from the collision cell.
The gas pressure in the region between the collision
cell and the detectors was measured to be the same as
that pressure near the beam path before the gas cell.
For the case of 10-keV H;* traversing the background
gas, there is a approximately a 0.019, loss of protons
from the primary beam.

When the primary beam is made up of Hy* or H;* ions
further considerations become necessary in view of the
additional internal motions possible.

For molecular-ion beams the possibility arises that
the internal energy of the molecules may change in a
collision to give rise to a transverse velocity component
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to its constituent atoms and hence broaden the beam.
The broadening effect of any given transverse velocity
on an ion beam will naturally be largest when the ion
is travelling at its slowest forward velocity which
occurs for the 2-keV Hst beam in this present work.
Therefore the currents of collision products Hy+ and
H;~ from a 2-keV Hy* beam traversing xenon were
examined as a function of the exit-canal diameter.
Canal diameters of 2.0, 2.5, 3.0, 5.0 and 10.0 mm were
used. The collected H;* and Hy~ beam currents were
independent of canal diameters which were equal to or
larger than 3.0 mm. Therefore an exit-canal diameter
of 3.0 mm has been used for all Hst charge changing
cross section measurements. With this additional di-
vergence of the beam, a detector aperture diameter of
12 mm was found to be adequate®® to collect all the
collision products of both Hy+ and Hy~.

Measurements of the Hy*, Hy~, and neutral-particle
products for (i) maximum and minimum target gas
pressures and for (ii) a large voltage between the de-
flector plates P; and P, of Fig. 1 with a 10-keV Hy*
primary beam incident on hydrogen gas, show that not
more than 0.019, of the primary Hs* ions were neutral-
ized or dissociated on the edges of the beam defining
apertures A; and A, (or Fig. 1). Such a percentage
would have a negligible effect upon the measured cross
sections.

Those error sources which depend upon cross-section
values will naturally change when the projectile changes
from protons to the Hy™ molecular ion and the number
of possible beam components increases from 3 to 3.
Experiment shows that such errors in o(H;*) are
negligible and in ¢(Hi™) amount to about 2.49;. This
error in ¢ (H;™), which is due to impurity atoms in the
primary Hs™ beam, has been estimated and allowed for
in all ¢(H;™) measurements since it is a simple pro-
cedure to apply the deflection voltage V between
plates P; and P,.

Considerations similar to those above for primary
H;* ions were made for primary Hst ions. The Hyt and
Hy*+ dissociation fragments were not detected simul-
taneously but collected alternately in the same Faraday
cup. This procedure was shown to incroduce no in-
accuracy intothe measurements when a collision-cell
exit-canal diameter of 3.0 mm and a detector-entrance
diameter of 22 mm were used.

4. RESULTS
(a) Primary H,*

The cross sections o9 for 2-50 keV Hy* incident upon
hydrogen and the inert gases are shown in Fig. 3. For

26 This result indicates an angular distribution of the H* dis-
sociation fragments that is narrower than that observed by
McClure (Ref. 17), who has shown (private communication) that
his data indicate that the present aperture should be too small to
collect more than about 629, of the H+ dissociation fragments at
5-keV H,* energy. However, the data of Irsa and Friedman
(Ref. 9) for Hy* and D+ dissociation fragments from 4-keV
HD* jons, indicate nearly an order-of-magnitude smaller angular
spread than that observed by McClure.
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F16. 3. Cross section o19 for H;* ions incident on H, He, Ne,
Ar, Kr, and Xe. In each target gas the values of 1 are normalized
at 10 keV to those values given by Stier and Barnett (Ref. 25).

each target gas a similar standardization procedure was
used, the standard values selected being those given by
Stier and Barnett?> at an incident proton energy of
10 keV. There is excellent agreement between their
values and the present values in all cases except in
krypton when, for proton energies less than 8 keV, the
present values become larger than Stier and Barnett’s
values until at 2 keV there is a 209, difference. However,
there are few measurements of o1 in krypton and xenon,
and the cross section values cannot be ascertained with
any certainty.?

(b) Hyt Ions on Hydrogen

The dependence of the cross section for the production
of protons, negative hydrogen ions, and neutral hydro-
gen atoms from Hs* upon the ion-source operating con-
ditions of gas pressure, transverse magnetic field, rf
oscillator input power, and frequency and upon ion-
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extraction voltage has been examined at energies for
the Hs* ions of 6, 20, and 50 keV. The ranges of value of
rf oscillator frequency w (15 to 30 Mc/sec), the input
power X, (100 to 160 W), and the ion-extraction
voltage V (500 to 3500 V), were limited by the equip-
ment in use and the need to maintain a reasonable
beam current. Within the available ranges, changes in
w, Xo, and V; affected the cross sections observed by less
than 59%,. The changes in the cross sections with gas
pressure and magnetic field are shown in Table II from
which it is apparent that the cross sections increase as
either the gas pressure or the transverse magnetic
field decreased. At 6 keV the maximum variation in
o(Hit) was 309, decreasing to about 59, at 50 keV.
The variations in ¢(H;’) and ¢(H;~) were comparable
with those for ¢ (H;+) for all tests.

A detailed investigation of the electrodeless dis-
charge ion source characteristics is reported elsewhere.!®
Beam deceleration techniques were used to measure the
mean beam energy E and the beam energy spread AE
of the total positive-ion beam extracted from the ion
source as functions of the source gas pressure p and
the steady transverse magnetic field strength, B. As
either B or p decreases, then E increases and AE de-
creases. In spite of the fact that the total positive-ion
beam extracted from the source contained ions of dif-
ferent e/m ratios (predominantly Hit, Hot, and Hst)
whose relative numbers were found to vary considerably
during the present experiments and that each ion
species of a given e/m can be expected?® to possess a
value of F different from that of the total ion beam, it is
not unreasonable to assume that the observed behavior
of £ and AE of the total ion beam for changes in the
ion source operating conditions is also characteristic of
the behavior of £ and AE of the electrons within the
source discharge. Then changes in the mean electron
energy within the source may be related to changes in
the relative populations of the vibrationally excited
states of the H," ion as shown by McGowan and
Kerwin.* From this sequence one can associate the
observed changes in the measured cross sections with
changes in the relative populations of the various vi-
brationally excited states of the primary Hy* ions.

In the present experiments, the time interval between
the formation of Hy* and its collision with a target
molecule was of the order of 10~ to 10~ sec, governed

TasLE II. Dependence of He" dissociation cross sections on ion source pressure and magnetic field.
w=22.5 Mc/sec, Xo=160 W, V=3 kV.

Energy of Hzt ions 6 keV 20 keV 50 keV
Magnetic field in gauss 0 5.3 7.5 5.3 7.5 0 5.3 7.5
Pressure in ¢ Hg 20 4 0 4 20 4 20 4 20 4 20 4 20 4 20 4 20 4
Hi1*, 10716 cm2/molcule 1.46 1.88 1.32 1.68 1.20 1.40 2.13 2.33 2.03 2.27 1.92 2.12 2.08 2.24 2.08 2.20 2.06 2.12
Hi~, 10719 cm?/molcule 2.16 1.92 1.01 1.56 1.16 1.53 7.8 9.7 83 9.4 42 69 84 9.5 9.0 79 7.6 8.2
H1°, 10716 cm?/molecule 4.48 5.22 4.22 4.82 4.02 4.45 7.2 8.4 6.9 8.0 6.65 7.6 6.1 6.3 6.1  6.28 6.0 6.28

27§, K. Allison and M. Garcia-Munoz, in Atomic and Molecular Processes edited by D. R. Bates (Academic Press Inc., New York,

1962), p. 751.
28 P. C. Thoneman, Rept. Progr. Phys. 3, 92 (1953).
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mainly by the time spent within the ion source. Taking
into account the fact that there are no dipole transitions
in Hs*, while the intensity of quadrupole transitions is
very low,? it can be assumed that in these experiments
the initial vibrational excitation of the Hy™ ions within
the source is practically unchanged until their col-
lision with the target gas.

The known electronically excited states of the Hs*
ion* (2pm, and 3ds,) are very weakly bound (0.25 and
1.36 eV, respectively) and the minima of the molecular
potentials for these excited states are greatly displaced
from the minimum of the Hst ion ground state. If such
excited-state Hyt ions were formed within the source,
application of the Franck-Condon principle indicates
that they would immediately dissociate.

A study of the ion source showed that the changes in
source operating conditions which produced the maxi-
mum variation in o(H;*) at 6-keV Hst energy also
produced the maximum variation in ¢(Hit) at 20 and
50 keV. Using those source operating conditions the two
curves in Fig. 4 were obtained. From the work of
Guidini,* who has made the only measurements of the
partial cross sections ¢(2H;*) and ¢ (HiH+H1®) in this
energy range, we may attribute the total cross section
o (Hy*) almost entirely to o (Hy "+ H,%). For Hst energies
less than 15 keV, an extrapolation of the results of
Guidini shows that ¢ (2H;*) is less than 59, of ¢ (HiT) so
that the observed 309, variation in ¢ (H") is predomi-
nantly a variation in ¢(Hyt+H,%). At higher energies
c(2H*) gradually increases in value relative to
o(Hit+Hy") until, at 40 keV, ¢ (Ht+H/) is equal to
20(2H;%); then the observed 59, variation in o (H;t)
may have originated in either ¢ (2H+) or o (HiH+H{).

The present results permit a correlation of the ob-
served “ion-source effects” of several workers. First, the
result of Barnett and Ray, that there was no depend-
ence of ¢(Hit) upon their electrodeless discharge ion
source parameters of gas pressure and rf input power

2 R. H. Hiskes, Phys. Rev. 122, 1207 (1961).
¥ D. R. Bates, K. Ledsham, and A. L. Stewart, Phil. Trans.
Roy. Soc. London A246, 215 (1953).
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for Hyt energies from 40 to 200 keV, is not inconsistent
with the present results since their experimental ac-
curacy was 109, in the region where the present results
show the variation of o(H*) to be 5439,. Secondly,
McClure® found, for 10-keV Hy* energy, that variations
in each of his Penning source parameters of kinetic
energy of the ions emergent from the source and of gas
pressure produced variations up to 209, in o(H;*).
These variations are comparable with the present
figures.

(c) Hy* Ions and Inert-Gas Targets

The cross section ¢(H;+) has been measured in the
inert gases using primary Hst ions which were obtained
from the ion source operating under those conditions
which give the largest values of ¢ (Hi+) in hydrogen gas.

Figure 5 shows ¢ (H*) for 2-50 keV primary-Hy* ions
incident upon the inert gases and nitrogen. Previous
measurements of o(H;*) have been made in He, Ne,
Ar, and N, by Fedorenko,?? Guidini,* and Sweetman.®
There are no published values for Kr and Xe.

In Ne, Ar, and N the present values are larger, and
increasingly diverge as the Hs* energy decreases from
Fedorenko’s 1954 data.? This divergence, which is also
apparent in other results reported in the same paper,
suggests that some of the larger-angle dissociation
products may have been undetected.

In Ne and Ar, Sweetman’s data® would appear to
have the best agreement with the present results
although the two sets of values have only a very small
energy overlap.

In N, there is a large range of values and no general
agreement.

In those gases for which the partial cross section
o (Hit+H,°) measurements of Guidini* are available,
the present cross section o (Ht) values would appear
to be, at energies less than 20 keV, those for the simple
“collision-induced” dissociation of the primary Ht ion
into a proton and a hydrogen atom. At any given energy
o (Hy*) increases with the size of the target atom.
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Fic. 5. The cross section for total proton production from the
dissociation of fast H,™ ions incident upon nitrogen and the inert
gases as a function of the H," ion energy. ® ® ® experimental
values; Fedorenko (Ref. 2); —-—-—- Fedorenko (Ref. 3);
—--—-.— Sweetman (Ref. 6);—---—--- Guidini (Ref. 4). In helium
and argon the partial cross sections, ¢ (2H;*) and o (Hit+Hy),
measured by Guidini, are given.

(d) Total Hy-Ion Production Cross Section,
o(H;), for Hyt Ions

Figure 6 shows the total Hy -ion production cross
section, o (Hy™), for 2-50-keV Hs* ions incident upon
hydrogen gas for ion source gas pressures of 4 and 20 u
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Fie. 6. Cross section, ¢ (H;™), for the passage of H," ions
through hydrogen for ion source pressures of 4X10™% mm Hg
and 20107 mm Hg.

Hg and other ion-source operating conditions identical
to those used for obtaining the data of Fig. 4. In fact
o(Hy) was measured simultaneously with ¢ (H ) for
all ion source variations. Both cross sections exhibited
a similar depéndence upon the ion-source operating
conditions.

The total Hy~ ion-production cross section is ap-
proximately the cross section for the collision in which
the Hs* ion captures one electron and dissociates into an
ion pair, i.e.,

Hy+H, — Hi+-H, +H,t,

since other collisions involving the formation of fast
H;~ ions require the capture of more than one electron
which is presumably a much less probable event.
Changes in the relative populations of the vibrational
levels of the H,* ions therefore influence the dissociation
of Hs* in an electron-capture collision as well as the
simple “collision-induced” dissociation without electron
capture as was shown from the total Hy+-ion production
cross section measurements.

(e) Primary H;t Ions

Table III shows the observed dependence of o (Hjt),
o (H1"), and ¢ (H;™) upon ion source operating conditions

TasLE III. Dependence of H;t dissociation cross sections on ion source pressure and magnetic field.
w=16.7 Mc/sec, Xo=160 W, V,=3 kV.

Energy of Hat ions 5 keV 12 keV 20 keV
Magnetic field in gauss 0 4.2 6 4.2 6 0 4.2 6
Pressure in g 4 20 4 20 4 20 4 20 4 20 4 20 4 20 4 20 4 20
Ho*, 10717 cm2/molecule 3.0 5.2 2.7 5.0 2.4 4.6 12.4 10.0 11.8 9.5 10.6 9.3 15.0 13.1 14.1 12,5 13.5 12.7
Hi*, 10717 cm2/molecule 3.7 31 35 29 3.2 27 9.3 7.5 88 7.1 8.1 6.8 13.8 11.8 12.8 11.0 12.0 10.4
Hi1~, 10718 cm2/molecule 4.2 3.1 215 2.0 25 2.35 9.6 6.8 5.8 5.5 7.2 4.5 13.0 7.4 8.0 11.5 9.8 9.5
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F1c. 8. The cross sections, o (Hs*) and ¢(H;%), for Hst ions
incident upon hydrogen gas as a function of Hs* ion energy for
values of the ion source gas pressure of 4X103 mm Hg (e @ ®)
and 20107 mm Hg (0 0 0).——~-— Fedorenko (Ref. 2);
McClure (Ref. 12); ——-~- Barnett (Ref. 31).
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F16. 9. The cross sections, ¢ (Hy*) and o (H;*) for Hjt ions
incident upon helium, neon and argon. The present experimental
values are indicated by closed circles for o (H;*) and by open
circles for (H,*), while Fedorenko’s values (Ref. 2) are given by
an unbroken line for ¢ (H;*) and a broken line for ¢ (Ho*).

The values of ¢ (Hst) and ¢ (Hit) for 2-50 keV Hy*+
ions are shown in Fig. 8% for a hydrogen gas target and
in Fig. 9 for helium, neon, and argon targets. Fedorenko’s
values are again generally lower than the present ones
especially at lower energies suggesting, as before, that
some of the dissociation products scattered through
large angles may not have been collected. At high
energies near 50-keV, where the present work indicates
that the effect of vibrational excitation of the Hs* upon
its dissociation cross sections is small, there are dif-
ferences of as much as a factor of two between the
results of the various workers.

Little can be said about these cross sections because
of their composite nature and the fact that there is
meager information available about the structure and
excited states of the Hs*+ ion. Both ¢(Hzt) and o (H;t)
increase with the size of the target atom at all energies
from 2 to 50 keV, and both increase monotonically with
energy.

31 C. F. Barnett, Oak Ridge National Laboratory Report No.
3113, 1962 (unpublished).



