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Total cross sections for charge transfer for F' in H2, N2, He, Ne, and Ar
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Absolute measurements are reported of the total cross section o&0 for charge transfer of
in H2, N2, He, Ne, and Ar in the energy range from 14 to 100 keV. The measured cross

sections are in qualitative agreement with theory. However, it is observed that the slopes
of the cross section versus velocity for velocities above the maximum in the cross sections
differ for molecular and atomic targets used in this study.

INTRODUCTION

Total cross sections are reported here for charge
transfer when energetic fluorine ions are incident
on Hp, Np, He, Ne, and Ar gas. The energy range
covered was 14-100 keV. Interest in F' as an in-
cident ion was stimulated by the relatively small
energy defect (-1.4 e7) for the process

F'('~}+N,pc'z) —F('s)+N, '(a'z),
i.e., charge transfer with the target ion left in an
excited state. The emission cross section at 3914
A result. ng from this excited state of N,

' will be
published as a separate paper.

Charge transfer of F' in N, leading to the ground
state of N,

' has an energy defect of +1.9 e7, which
nearly equals the energy defects of +1.8 and +1.7
eV for charge transfer of F' in H, and Ar, re-
spectively. Thus the measurements were extended
to include targets of H, and Ar to examine the de-
pendence of the charge-transfer cross section on
target structure where the energy defect is nearly
the same. Targets of He and Ne were included
with the Ar to examine the dependence of the cross
section on energy defect for targets that are simi-
lar in the fact that they are all noble gases.

APPARATUS AND EXPERIMENTAL
PROCEDURES

Sandia I.aboratories 100-kV ion accelerator was
used in this study. The ions were produced in an
rf ion source using BF, and SF, gas. The use of
an rf source was necessary to obtain beams with
sufficient intensity to make the emission cross-
section measurements with the available apparatus.
Since this is an energetic source, there is a pos-
sibility of excited (metastable) state ions being in
the beam. ' The metastab]e levels of F' are at
2.6 and 5.6 eV above the ground state of F'. It
seems unlikely that the equilibrium distribution of
excited states would be the same in the plasmas

resulting from the two different source gases, and
cross sections measured with F' ions at various
energies were independent of the source gas used.
Therefore, it appears that a large metastable
population in the F' ion beam was not a problem.
The accelerator delivered a beam of magnetically
analyzed ions having small energy spread (less
than 35 eV} to the experimental chamber. The
beam energy was determined to 2.(P/g by measur-
ing the terminal potential with a voltage divider
and correcting for ion-source potentials.

The experimental apparatus (Fig. 1), procedures,
and data reduction used in this study have been
described in detail in earlier papers, ' ' so only a
brief description will be given here. The incident
ion beam, collimated to +0.10'by apertures A a,nd

B, enters the collision chamber through B. After
traversing 1.6 cm of target gas, the beam exits
the collision chamber through aperture C. Aper-
tures C and D are used to collimate the scattered
ion beam and allow all particles which have scat-
tered into a cone of half-angle 1.0'to reach the
detector. This acceptance angle ensures that no
scattered particles hit the analyzer plates between
aperture D and the detector. The detector is a
secondary electron multiplier (SEM). The first
dynode of the SEM is maintained at ground potential
so that all particles strike the first dynode with
the same energy except for small eollisional
losses. To a good approximation' ' the output of
the SEM is independent of the particle charge.

The cross sections are obtained from the equa-
tion

&„=(l/1, )/(3. 54x 10"Plx 273/T ),
where I, is the SEM current when the incident ion
beam was allowed to strike the first dynode, and
I, is the SEM current when all charged particles
in the scattered beam were swept away by the elec-
trostatic analyzer and only the neutral component
reached the detector. P is the pressure in Torr
and E is the thickness of target gas in the direction
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of the beam. To within 1/o, l is the measured dis-
tance (1.6 cm) between holes B and C.' The ratio
I/I, is equal to N,y/II, y„ to within the approxima-
tion that the SEM output is independent of particle
charge, y, = y, and I/I, =NO/N, The c. onstant 3.54
&10'6 is the number of particles per Torr cm' a
273 'K and T is the chamber temperature.

In the procedure used, the ratio I/I, was ob-
tained for at least ten different pressures in the
range romf 1 X 10 ~ to 10&10 ' Torr at each energy.
A plot of I/I, versus pressure wa. s made from the

data, and the cross section was determined from
the slope of the line obtained by a least-squares
f't to the data. Figure 2 is a typical data curve of
this type.

The angular distribution of scattered particles
was examined. The results indicated that neutral
particles which scatter into a cone of half-angle
1.0' constitute greater than 95% of the total scat-
tered neutrals.

The experimental uncertainty in o„ is ~9% and
was obtained by considering the sources and esti-

-2
7 x 10

FIG. 2. Ratio of current
associated with neutral par-
ticles to current associated
with the incident ion beam
vs target gas pressure.
The slope of the line which
was obtained by a least-
squares fit to the data is
used in determining the 0&0

cross section.
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TABLE I. Sources and estimated uncertainties leading to the experimental uncertainty of
+9% in 0')p.

Source
Sources and estimated

uncertainty Po)

Uncertainties,
remarks

Target thickness l

Incident current
reading I,

Neutral current
reading Ip

cancellation
in ratio Ip/'I,

Pressure

Small-angle scattering

See discussion Sec. II, Ref. 2

Electrometer limitation

Electrometer limitation

Based on laboratory studies

Maximum estimated error due
to scale factor. This is con-
servative, based on manu-
facturer 's specifications.

Based on laboratory measurements

mated uncertainties listed in Table I. Other po-
tential sources of error (i.e., residual gas scat-
tering, capture in the accelerator tube, and target
gas impurities) have been reduced to & 1% by either
experimental arrangement or data acquisition and

reduction procedures.

TABLE II. Cross sections for charge transfer of F+

on H&, N&, He, Ne, and Ar. Experimental uncertainty
in Gg is 9%

Velocity o &p Velocity &ip
(107 cm/sec) (10 ' cm ) (107 cm jsec) (10 '~ cm2)

DATA AND DISCUSSION

Data from the present study are shove in Fig. 3
and tabulated in Table II.

The general shapes of the curves of cross sec-
tion versus velocity can be compared with the pre-
dictions of the adiabatic criterion. 'The adiabatic
criterion predicts, that for charge transfer be-
bveen unlike particles the cross section should be
small at lour velocity, rise to a maximum, and
fall as the velocity is increased. The velocity v

at which the maximum occurs is found to be pro-
portional to the internal energy defect ~ and is
given by U =a~~(/h, where lt is Planck's con-
stant and n is a length of atomic dimensions.
Analysis of a large number of experimentally de-
termined cross sections yields a value of 7 A (Ref.
6) for the length a when the M is taken as the en-
ergy defect of ground-state to ground-state trans-
fer. Using these arguments the velocity corre-
sponding to the maximum in the cross sections
measured in the present study can be predicted.
For targets of Ar, N„and H, the maximum in the
cross section versus velocity is predicted to be at
a velocity below the lowest velocity reached in this
experiment. Thus the cross sections should be ex-
pected to rise as the velocity is decreased, which
is the case as seen in Fig. 3. For a Ne target a
maximum is predicted at about 7&& 10' cm/sec for
ground-state to ground-state charge transfer. The
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FIG. 3. Total cross section for charge transfer 0&o of
F+ on H2, N2, He, Ne, and Ar vs velocity of the incident
F+

Ne curve in Fig. 3 shows a broad maximum in the
vicinity of VX10' cm/sec. The adiabatic maximum
for a He target is predicted to be at 12x10' cm/
sec which is above the maximum velocity reached
in this experiment. Thus, the F' on He data would
be expected to be rising as the velocity is in-
creased. This agrees with the data for the He tar-
get shown in Fig. 3. All the data presented here
agree generally with the adiabatic theory for
ground-state to ground-state charge transfer.
However, additional comparisons can be made for
the four target gases for which the data extend be-

yond the adiabatic maximum. It is seen that the

N, and H, data have the same slope and that the
Ne and Ar data also have the same slope but dif-
ferent from N, and H, . In both cases the target
with more electrons had the larger cross section
at a given velocity, as would be expected. This
behavior of the Ne and Ar data is in qualitative
agreement with theory and other ion-atom charge-
transfer measurements. ' The theory predicts that
for ion velociti. es greater than that of the maxi-
mum cross section, the unlike ion-atom charge-
transfer function and that for a symmetrical reso-
nance process have the same form. Measurements
with other ion-atom combinations show that the
shapes in cross section versus velocity for a com-
mon ion with various atomic targets are nearly
the same at high velocity, although the magnitudes
of the cross sections are not necessarily equal. '
However, it is obvious that the shapes obtained
from the present data for molecular and atomic
targets differ. Due to this difference in shape,
the cross section for Ar falls below that of N, at
low velocity. U'nfortunately, there is no theory at
present that will accurately predict the shapes of
these heavy-particle cross sections to the point
that the difference in shape between the data for
atomic and molecular targets can be understood.
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