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Cross section for stripping of argon ions in atomic collisions with argon gas at energies from 2
to 15 keV per incident charge
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Cross sections for the stripping of one electron from Ar+, Ar +, and Ar'+ ions in single collisions on argon
atoms have been measured. The measurements were made at energies from 2 to 15 keV per incident-ion
charge. The growth-rate method has been used to check that the single-collision condition is realized. Cross
sections are then deduced. During the collision, incident ions are scattered out of the acceptance angle of
the analyzing device: An estimate of losses is made, and corrected cross sections are proposed. Comparisons
to previously published data are attempted: For cr» one value at 6 keV exists which is in fair agreement
with our value; for o-23 our value at 30 keV coincides with the single cr23 value existing.

I. INTRODUCTION

When a beam of atomic ions is passed through
matter, electrons may be captured or lost in suc-
cessive collisions. This causes a distribution
of charge states to appear in the ion beam. It is
well known that cross sections of large values are
associated with electron capture at low energies.
Most experimentalists have focused their atten-
tion on these phenomena and have neglected strip-
ping. In the range of velocities in excess of
2 x 10' cm/s, . stripping cross sections have long
been measured since they are'useful for calcula-
tions of matter stopping power and also for astro-
physics and cosmic-ray studies. In the velocity
range smaller than 2 x 10' cm/s, which is of great
interest in the field of fusion research, there is
a lack of measured cross sections. Theoretically
calculated cross sections to which data could be
compared stem basically from two types of mo-
dels: the statistical ionization model where agree-
ment with measured values is fair at high energies
but poor at low energies for the case of rare-gas
ions colliding on the parent gas", the two- state
theory based on Landau-Zener models' is in bet-
ter agreement with measured values in the energy
range close to the o, ,„maxima. Discrepancies
at low energies are important, and they are usually
attributed to specific experimental errors such
as measurement-device calibration, scattering of
projectiles, or the presence of metastable ions in
projectile beams.

We report the cross section o, ,„, where i is
the incident ion's initial charge state, measure-
ments for the stripping of one electron from Ar
ions colliding on Ar targets in the energy range
2-15 keV per incident charge: 0, , o, „and o3 4.
The ionization potentials are low compared to the
explored energy range. The emphasis has been
placed on minimizing sources of errors: elimi-

nation of any calibration for measurement devices,
since currents associated with the projectile beam
and the stripped beam are high enough to be col-
lected on a Faraday cup connected to .an electro-
meter; the angular acceptance of the analyzing
magnet is larger than the collision mean scatter-
ing angle; it is checked that incident ion beams
are free from metastable ions.

II. EXPERIMENTAL DEVICE AND PROCEDURE

Figure 1 is a schematic diagram of the device
which has been built. The main elements of the
apparatus are as follows. (1) The ion source of
the electron cyclotron resonance type, 4 is at posi-
tive d.c. high voltage; this potential is variable
from 2 to 15 kV. The ion source is pulsed; the
square-pulse duration is typically 5 m sec, the
duty cycle being 0.5. The main characteristics
of this source are its low working gas pressure
(-1x 10 ' Torr) and moderate hf power to create
the plasma (limited to 500 W). This allows ion-
beam formation free from metastables. The ex-
tractor is grounded. Typical beam-current values
are in the range of 0.1 to 10 pA depending on ion
charge and extraction voltage. When extracted,
the ion beam is passed through a 167 analyzing
electromagnet (2) where a given charge-to-mass
ratio is selected.

After this selection, beam shaping is performed
with a diaphragm (3), 1 mm in diameter, located
before the entrance hole of the gas target. Pro-
vision has been made for suppressing secondary
electrons on this shaping diaphragm.

A rotatable collector (4) [positioned between
diaphragm and collision cell (5)] allows ion-beam-
current measurements before entrance in the col-
lision cell. In the absence of target gas, this
collector is then used to check total ion-beam
transmission through the collision space.
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B. Results
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In order to evaluate the cross sections, the
basic assumption necessary to use the growth-
rate method is that the single-collision condition
be satisfied. In other words, the ratio of stripped
to incident current has to be a linear function of the
target thickness. Figure 2 represents the ratio
I"/2I' as a function of target pressure, - the vari-
able parameter being the source potential. It ap-
pears that this ratio has a linear variation over
approximately one and one-half orders of magni-
tude of pressure variation within experimental
error. At pressures above -1 &10 ' Torr, the
ratio saturates, showing that the system departs
from the single-collision condition. Figure 3
represents the ratio 2P'/3I" as a function of tar-
get pressure, the variable parameter being the
source potential. The saturation is seen at pres-
sures in excess of 1 0&10 Torr. Figure 4 gives
the ratio 3I"/4I". The linear part extends up to
about 1 x 10 4 Torr. This seems to be the limiting
value for target pressures to fulfill the single-
collision condition. These results have been
checked many times, varying essential source
conditions to make sure that the cross-section
values are not influenced by the presence of ions
in metastable states. '

In this regard, two source parameters are im-
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FIG. 3. Ratio of stripped-ion current to incident:-ion
current 2I '/3I2+ as a function of Ar target pressure.
The variable parameter is the source potential Ar2+
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FIG. 2. Ratio of stripped-ion current to incident-ion
current I2+/2I+ as a function of Ar target pressure. The
variable parameter is the source potential Ar+ Ar~'.

FIG. 4. Ratio of stripped-ion current to incident-ion
current 3I '/4I3' as a function Ar target of Ar target
pressure. The variable parameter is the source poten-
tial Ar3+ Ar4+.
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portant: neutral gasess pressure and hf power
level fed to the plasma electrons. Charge-ex-
change collisions are considered effective in leav-
ing ions in metastable states'; in the ion source the
charge-exchange collision frequency no(,.a, ,v, )—
where n0 is the neutral gas number density, ,o.,-,
the charge-exchange cross section for ion of
charge i, v,. the ion velocity in the plasma, which
for ion temperatures of 1 eV in the source is of
order 10' s ', and ( ~ ~ ~ ) represents mean value.
The probability that ions are left in metastable
states in the source is then small. The high-
frequency hf power level influences the electron
temperature: The excitation rate coefficient is
written (o„,v, ), and is mostly dependent on o,„„
which is smaller than the ionization cross section
by electron impact. Considering the %. Lotz' ion-
ization rate coefficients, a collision frequency for
ion excitation by electrons can be estimated to be
of order 10' s ', a value giving a small probability
for collisional excitation. Finally, the ion time
of flight from source to target is longer or of the
order of the ionic excited-state lifetimes: .Typi-
caltimesof flight are 1 x 10 ' to 5 x 10 ' s for Ar',
as compared with Ar Dt* lifetimes of order 1 x 10 '
to 1 x10 ' s', for Ar', 2 x10 ' to 8x 10 s as corn-
pared with ArII* lifetimes of order 3 x10 ' to
5 x105 s 8

From the stripped current values, correcting
for ion losses due to charge exchange in the
analyzing magnet, ' it is possible to obtain the
cross section for the stripping of one electron

from the projectile, here Ar", Ar', Ar', collid-
ing on Ar as a function of projectile energy. The
result is shown on Fig. 5, where o», o, „and
o3, are represented. It is seen that in this energy
range, one point for o, , and one point for o2 3

(open square) exist for comparison.
From the measurement procedure an estimate

of the relative error in the cross section is made.
The relative error is the sum of relative errors
on projectile and stripped currents, to which must
be added relative errors of pressure and of target
length since the stripped ion current is measured
in the single-collision condition. The uncertainty
on pressure is of order + 10%%uq for the type of ion-
ization gauges used. Owing to entrance and exit
holes on the collision chamber, pressure gradients
exist' at both ends. They may extend over lengths
of the order of the hole diameters contributing an
additional a 10%%uo error to the interaction length.
Adding the errors in the current (a 5%) the total
error of the measured cross section is then +25&~.

In Fig. 5 have also been given values for a, , at
25, 50, and 100 keV,"at V5 keV, "and at higher
energies"'" (E= 250-1400 keV), for a'» and a, ~,

"
at 1400 keV. At these high energies, the cross
sections seem to reach a maximum. Our results
show, at lower energies a steep variation toward
a threshold. A net correlation exists between
cross sections and ionization potential.

Figure 6 represents relative energy losses for
Ar' undergoing stripping of one electron as func-
tion of the incident particle energy. These energy
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FIG. 6. Relative energy loss of projectile as function
of incident-ion energy for Ar++ Ar Ar +.

losses are larger than the ionization potential of
Ar'.

IV. DISCUSSION

As has been pointed out by different au-
thors, """"it is necessar y to account for scat-
tering in stripping experiments. From E.Everhart s
arguments, "considering the geometry of the col-
lision cell and analyzing magnet, an estimate of the
current of stripped ions scattered at angles greater
than + 3 must be made. This angle is the magnet
acceptance angle seen from the center of the col-
lision cell. On the average, as the projectile en-
ergy decreases, a larger amount of stripped cur-
rent in a given final charge state is scattered at
larger angles. " The percentages of total current
scattered at angles larger than 4' at 25, 50, and

100 keV, as has been measured, "are respec-
tively, 28.2%, 12.15%, and 1.3%. This contri-
butes to the total stripping cross section o». In
the energy range of the present work, percen-
tages of total current for scattering angles greater
than 4' are estimated, extrapolating from Ref.
10; they are taken as 0.75 at 2 keV, Oe60 at 10
keV, 0.43 at 15 keV, and 0.33 at 20 keV. With
these values, an upper limit to the stripping cross
section is assigned. This is represented in Fig.
7. From these corrected values, an interpreta-
tion is attempted. The Firsov model is considered
first for analyzing stripping reactions. In the en-
counter of colliding atoms, a sort of "frictional
heating" of the atomic electron gas takes place
leading to the ionization process. The total elec-
tron production according to Firsov's theory' is
given in the form

o = o, [(v/v, )'i' —1]'
with

v, (cm/s) = [(23 x 10')E,./(Z, + Z,)'~']

and

o, (cm') = [(33 x 10 ")/(Z, + Z,)' ~ '],
where e is the projectile velocity, E,. the ioniza-
tion energy in eV, Z~ and Z, are the atomic num-
bers of projectile and target. Introducing mass M
and beam energy E, one obtains

o/o = [(E/E )'~"—1]'
where
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limits on the cross-section values when scattering is estimated.
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E,(eV}= 2.7 x IQ'M E'/(Z, + Z,)"/'.

In the relative values o/oo as a function of
E/E3 Fig. 8 gives the Firsov curve for the Ar: Ar
system under consideration (dash-dotted line),
points from Refs. 10, 12, and 13, and the present
values. At high energies, the agreement is fair.
In the low energy limit, this theory is unsatis-
factory for comparison. A second approach is
made utilizing the two-state model. ' For practi-
cal applications a general expression for the
stripping cross section is plotted

(~) 3 2 y IQ-14[~/(~2/3+ 3Q2/3)3]1. 2

with & =E/ME2822. In q, E is the projectile energy,
M the atomic mass number of the projectile, E,
the ionization energy of the projectile, and R, the
target radius. In Fig. 9 are represented 5»
(dotted line} and superimposed the present values
for o, , The fit of our o]

~ 2 cross-section curve
with the two-state model (TM) seems good.

A tentative interpretation of o, , can be made in
terms of molecular orbitals because the proba-
bility that an outer-shell projectile electron be
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dominant requires spectroscopic measurements
and an angular analysis of scattered products.
From Fig. 6 it is seen that the energy lost by the
projectile is larger than the ionization potential.
This energy is certainly shared in ionizing one
electron plus possibly in exciting target and pro-
3ectile, with the electron receiving kinetic energy.
As to the o, , and o3 4 measurements, there is lit-
tle work to cite for comparison. and discussion.
The molecular-orbital approach could certainly
be of great help, but no calculations have been
performed on Ar"+Ar and Ar'+Ar systems.

V. CONCLUSION

FIG. 10. Schematic representation of potentia1. -energy
curves for the system Ar'. Ar.

/

directly promoted to the continuum is certainly
very small. " From an inspection of potential-
energy curves for the system Ar'- Ar," it is
thought that at close internuclear separation
(R &2 bohrs) crossing should take place corre-
sponding to different exit channels, these being
schematically represented in Fig. 10. For the
situation described in the o» measurements, the
relevant exit channels could be Ar" + [Ar (p'nl)]
breaking to Ar*+ e, and Ar "+Ar **[p'nl'] break-
ing to Ar + e + e . To decide which of them is

Stripping cross sections have been obtained for
A r", Ar', Ar' incident on argon targets, in an
energy range where until now there were no pub-
jished data (E=2-15 keV per incident charge).
The fit appears to be good for o;, with a two-
state model, ' but on physical arguments a mole-
cular-orbital analysis" would help to clarify
some aspects. As for 0, , and 0., „the interpre-
tation is still open.
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