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Measurements are reported of the fraction of an ion beam in the various charge states (—1, 0, +1, +2)
after equilibrium has been established between competing electron capture and loss reactions. The ions
H*, Het, N*, Ne*, and A* were passed through the gases hydrogen, helium, nitrogen, oxygen, air,
neon, and argon. The energy range studied was 20 kev to 250 kev. Under conditions of equilibrium between
the singly ionized and neutral states, the velocity dependence of the charge ratios is given by oo1/o10=K19™,
where iy is the cross section for the transition between initial charge 7 and final charge f, v is the velocity,
and K and 7 are constants for each ion-stopping gas combination. The corresponding charge ratio for
equilibrium between doubly and singly ionized states is given by o12/021=K3(v—2.)™, where K, v, and m
are constants for each ion-stopping gas combination. The values of the constants v, and m are tabulated.
Negative ions are detectable only in the hydrogen beams. They constitute approximately 1 percent of the
beam at 30 kev, and decrease in number rapidly at higher energies.

I. INTRODUCTION

N important process by which low-energy heavy
particles lose energy in passing through matter

is charge exchange. For each electron capture and
subsequent loss, the minimum energy loss by the inci-
dent particle is the ionization energy of the atoms of the
stopping material. Also, the average charge of the
particle beam (determined by charge exchange) influ-
ences the rate of energy loss by ionization and excitation
because of the charge dependence of these cross sections.
The subject of charge exchange has been reviewed
by Ruchardt! and more recently very useful summaries
have appeared by Massey and Burhop? and by Allison
and Warshaw.® The capture and loss of electrons by
protons have been studied in gases® and in metal foils,*?
and the electron capture and loss cross sections have
been measured in hydrogen®7 and air.® Also, the charge
exchange reactions have been studied for helium ions
at high energies using natural alpha-particle sources,?
and at low energies by Meyer,"* Rudnick,"? and others.?
More recently, charge exchange for helium ions in
gases has been investigated by Snitzer'® in the energy
range 100 to 480 kev, and in metals by Dissanaike'
from 0.13 to 1.1 Mev. Measurements of charge exchange
for ions heavier than helium are restricted almost
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entirely to energies less than 10 kev,? except for the
work with fission fragments at much higher energies.
The present paper reports the results of measure-
ments made of the fraction of a particle beam in each
of the possible charge states after passage through a
gas target which is sufficiently thick for equilibrium to
be established between competing capture and loss
reactions. These measurements have been made for
each of the ions H*, Het, N* Ne*, and At passing
through the stopping gases hydrogen, helium, nitrogen,
oxygen, neon, and argon. Subsequent papers will report
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F16. 1. Schematic drawing of the experimental apparatus.
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measurements of the separate electron loss and capture
cross sections for these incident ions and stopping
gases. It is the purpose of this series of experiments to
present a unified, consistent set of data from which an
interpretation of the phenomena of charge exchange
may be given in terms of the various pertinent param-
eters (mass, velocity, lonization potential, etc.).

II. DESCRIPTION OF APPARATUS
A. General

The output of a Phillips Ionization Gauge type ion
source’® was accelerated in the ORNL heavy-ion
Cockcroft-Walton accelerator. The desired ion mass
was deflected by a stabilized analyzing magnet through
an angle of 15 degrees and passed through the window-
less gas cell shown schematically in Fig. 1. The gas cell
was 18.0 inches in length and had an inside diameter of
1.13 inches. The beam entrance apertures were 0.030
inch and the exit apertures were 0.030 inch and 0.042
inch, as shown. The differential pumping properties
allowed pressures of 0.2 mm Hg to be established in
the gas cell without appreciably altering the pressure
in the accelerator or electrostatic analyzer. The pressure
in these regions was ordinarily between 0.8 and 1.0
X10~% mm Hg. The closely collimated particle beam
which emerged from the gas cell, was electrostaticly
analyzed into the various charged components.

Differential pumping instead of foil windows was
necessary because the range of the heavier ions used
(e.g. At) at these energies is less than, or comparable
to, the thickness of conveniently produced and handled
foils.

The energy of the ions from the PIG source was
within 100 ev of the applied plasma voltage. The current
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F16. 2. Schematic drawing of the neutral (No. 0) detector.
15 Barnett, Stier, and Evans, Rev. Sci. Instr. 24, 394 (1953).
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through a precision 600-megohm high-voltage resistor
connected from the ion source anode to ground was
used to measure the incident particle energy. The over-
all ion energy was held constant to within 0.02 percent
of the desired value over long periods of time by a
regulator in the high-voltage terminal. In principle,
this circuit is equivalent to a conventional regulator
used in most constant-voltage supplies at low voltage.
The plate resistance of a triode in series with the
supply load is controlled through a high-gain stabilized
dc amplifier by the error between a reference voltage
and the voltage developed in a fraction of the precision
600-megohm resistor by the bleeder current.

In these experiments, only the approach and attain-
ment of charge equilibrium in the particle beam is
measured. Since the fraction of the beam in the various
charge states is pressure independent at equilibrium,
the pressure measurement need not be absolute. An
Alphatron Gage'® was used for convenient, approximate
pressure measurements.

In order to reduce evacuation time and permit con-
tinuous flushing of the gas cell, a liquid nitrogen trapped
diffusion pump was connected to the gas cell through a
throttling valve (Fig. 1). During many of the charge
equilibrium measurements the stopping gas flowed
through the charge exchange chamber at a rate of
approximately one cc/min by appropriate adjustment
of the throttling valve. This procedure acted as a test
for impurities in the stopping gas arising from inleakage
or chamber outgassing.

As shown in Fig. 1, the detector chamber was con-
nected to the analyzer by means of a bellows section.
This allowed the neutral (No. 0) detector to be aligned
with the neutral beam. Also, the short section of the
vacuum chamber, through which the analyzer Kovar
seals pass, could be rotated about the axis of the neutral
beam (this detail is not shown in Fig. 1). The vacuum
seal was maintained by a peripheral O-ring at each end.
Thus, after correct alignment of the neutral detector,
the analyzing plates were positioned so that the charged
beams struck the center of detectors No. 1 and No. 2.
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Fic. 4. Equilibrium fraction of hydrogen beam which is neutral
in hydrogen gas. The following point designations are used:
O =the results of Ribe (Ref. 7) and Montague (Ref. 6). @=data
taken with the apparatus shown in Figs. 1 and 2. [1=data taken
using apparatus described in Sec. IVB. W=data taken using
apparatus described in Sec. IVB, with only neutrals incident on
second charge exchange chamber. A =data taken with apparatus
described in Sec. IT (Fig. 1) but using slow detectors described
in Sec. IVA. .

B. The Detectors

The neutral or undeflected particle beam impinges
on a foil differential thermocouple similar to that
described recently by Gardon.!” A schematic drawing
of this detector is shown in Fig. 2. The thickness of
the nickel foil was 0.00005 inch, yielding sensitivities
of several microvolts per milliwatt with a time constant
of about one second. As indicated, the collimated beam
strikes near the center of the foil at the “hot” junction.
The temperature of the relatively massive copper heat
sink was independent of the beam because of the good
conduction of the support structure. For the beam
currents used in these experiments the temperature
difference between the center of the foil and the heat
sink was a few degrees. The output of this differential
thermocouple was measured by a high-gain dc amplifier.

By applying appropriate potentials to the electrodes,
the detector may be used either to measure the total
incident charge (as a Faraday cup), or to measure the
number of secondary electrons emitted by the foil (as
a secondary electron detector). By using the thermo-
couple as a charge insensitive detector, the relative
secondary emission for ions and atoms of the same
mass and energy has been measured for this detector.
The secondary electron emission for helium and hydro-
gen atoms was found to be somewhat higher than that
for the corresponding ions, as shown in Fig. 3. These
data are representative of the many simultaneous
measurements of thermocouple response and secondary
electron emission taken during the course of these
experiments. They represent data taken under widely
different experimental conditions of beam intensity,
gas cell pressure, and alignment. Although the indi-
vidual measurements deviate by several percent from
the mean, no systematic change in the relative response

17 R. Gardon, Rev. Sci. Instr. 24, 366 (1953).
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F16. 5. Equilibrium fraction of hydrogen beam which is neutral
in air. The point designations used are: @=the results of Kanrer
(Ref. 8). A=data taken with apparatus shown in Figs. 1 and 2.
O=data taken with the apparatus described in Sec. IVB.

for ions and atoms could be detected. Corresponding
plots for the ions and atoms of argon, neon, and nitrogen
showed that within the limits of measurement, the
secondary electron emission was independent of the
particle charge. It should be pointed out that this
observed relative secondary electron emission is for
the foil surface conditions present in this experimental
apparatus and may not be characteristic of a clean
metal.

The secondary electron emission was found useful as
a measure of the beam at the lower energies (less than
60 kev) where it was difficult to get sufficient response
of the thermocouple. For calibration of the secondary
emission, the pressure in the gas cell needed only to be
high enough to neutralize an easily measured fraction
of the beam. In general this could be much smaller
than the pressure for charge equilibrium, so that
attenuation caused by elastic scattering was not as
severe.

The detectors No. 1 and No. 2 are similar to No. 0
except they do not contain a thermocouple. The
apertures A1 and 42, shown in Fig. 2, improve the
efficiency of the secondary electron collection.

III. EXPERIMENTAL PROCEDURE

When using the equipment described in the preceding
section, measurements of the fraction of the beam
which was uncharged (after equilibrium between com-
peting electron capture and loss reaction was estab-
lished) were made as follows: After thoroughly flushing
the gas cell with the target gas, a pressure of about
0.01 mm Hg was established in the gas cell. The particle
beam emerging from the gas was allowed to strike the
thermocouple detector and its response was recorded.
Sufficient deflection voltage was applied to remove all
charged particles from the beam and the response was
again noted. These readings were repeated to minimize
random errors caused by instability and errors in
reading. Since the beam was usually stable to 1 percent
during consecutive readings, results from successive
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F16. 6. Equilibrium fraction of hydrogen beam which is
neutral in nitrogen, oxygen, and argon.

measurements agreed within 2 percent. All measure-
ments were then repeated at a substantially different
pressure and the results compared. If agreement was
not within experimental error, additional gas cell pres-
sures were established until the equilibrium charge
distribution was attained. These steps were repeated at
a sufficient number of incident ion energies to determine
the dependence of the fraction of the particle beam
which is neutral on the incident ion energy.

The measurement of the ratio of the number of
doubly charged ions to the number of singly charged
ions was made in one of two ways. For most of the
measurements, the current to Faraday cup No. 1 was
recorded as the analyzing voltage was varied to bring
the charge one and charge two beams alternately into
this detector. The other procedure was to read detectors
No. 1 and No. 2 simultaneously. The results obtained
by these two methods agreed within 2 percent. Repe-
tition of the measurements at different pressures was
again used as the test of equilibrium.

After completing the study of the positively charged
components of the ion beams, it was felt that a search
should also be made for negative ions in the beam
emerging from the gas cell. This was accomplished by
applying the deflection voltage necessary to bring the
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Fi16. 7. Equilibrium fraction of hydrogen beam which is
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F16. 8. Equilibrium fraction of helium beam which is neutral
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curves represent data taken by following methods: (1) using two
slow thermocouples described in Sec. IVA, (2) using apparatus
described in Sec. IVB, (3) using apparatus described in Sec. IVB
with only neutral atoms incident on the second charge exchange
chamber. All other points taken with apparatus described in
Sec. II.

beam of charge+1 ions to detector No. 1 and then
reversing the polarity of the deflecting voltage.

In this type of experiment it is assumed that the
gas cell pressure is high enough so that equilibrium is
established between competing capture and loss reac-
tions (that is, the beam assumes an average, pressure-
independent charge), but is low enough so that the
energy degradation of the beam may be neglected,
That this assumption is justified is evident from the
fact that, particularly for H* and He" ions where
elastic scattering is small, the pressure may be varied
over a factor of ten with no change in charge distribu-
tion. For the heavier ions, where attenuation of the
beam caused by elastic scattering is large, one finds
that the average charge is pressure independent over
a factor of three or four change in pressure. However,
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Fic. 10. Equilibrium fraction of neon beam which is
neutral in various gases.

as the gas cell pressure is further increased, the fraction
of the beam which is neutral begins to decrease slightly.
This is in contrast to the expected behavior for a beam
degraded in energy. This decrease may be associated
with the relative elastic scattering of ions and atoms.

IV. OTHER EQUIPMENT AND PROCEDURES

In view of the rather large differences which often
exist between the results of different workers in this
field, it was felt that it would be wise to test for system-
atic errors because of the type of detector, gas cell
geometry, and experimental procedure. For this pur-
pose, during preliminary experiments, several such
variations were made.

A. Detector Changes

The detectors No. 1 and No. 0 described in Sec. ITB
were replaced with simple 0.003-inch copper-constantan
wire thermocouples spotwelded to platinum foils § inch
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Fi1c. 11. Equilibrium fraction of argon beam which is
neutral in various gases.
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in diameter and 0.001 inch thick. These thermocouples
required approximately five minutes to reach equi-
librium and proved to be identical in response to
within 3 percent, the accuracy of measurement. This
sensitivity measurement was made with the gas cell
at high vacuum so that nearly all the beam was singly
charged. As described above, the method of support of
the detector chamber was such that either thermocouple
could be placed at the ‘“neutral beam position” to
record the total beam, and by applying the analyzing
voltage in the correct polarity, the singly charged
component could be measured on the other thermo-
couple. This versatility allowed the equivalence of
these thermocouples to be established and thus served
as a test of the detectors described in Sec. ITB, which
were used for most of the work described in this paper.
Sample results obtained with these slow thermocouples
are displayed in Figs. 4 and 8 for comparison with the
results measured with the fast differential thermocouple.

B. Geometry Changes

In order to test for possible systematic errors caused
by gas cell geometry or differential pumping apertures,
a series of measurements of the neutral component of
the beam were made on apparatus being assembled for
measurements of electron loss cross sections to be
described in a subsequent paper. This equipment con-
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sisted of two differentially pumped gas cells, each of
which was followed by an electrostatic analyzer. With
this arrangement, it was possible to make the particle
beam incident on the second charge exchange chamber
entirely uncharged, so that charge equilibrium is
approached from an initially neutral beam rather than
the customary singly charged beam. By definition, the
results should be identical if equilibrium is established.
For both of these gas cells, instead of using a differ-
entially pumped ‘“window,” as described above, the
entrance and exit apertures were canals, 3 inch in
length and % inch in diameter. The pumping speed
from the analyzing chambers was sufficient to maintain
pressures of about 5X10~% mm Hg. Only one detector
was used since only the fraction of the particle beam,
which was neutral, was measured. This was a differ-
ential thermocouple and Faraday cup similar to the
described in Sec. IIB. For comparison, a few data
taken with this apparatus are plotted in Figs. 4, 5, and 8.

V. ANALYSIS OF EXPERIMENTAL RESULTS

A. Relation of Charge Equilibrium to the Capture
and Loss Cross Sections

The differential equations representing transitions
between the possible charge states can be solved for
the fraction of the particle beam in each state as a
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function of the amount of stopping material traversed.
As the amount of target material is increased, the
fraction in charge state ¢ approaches limiting values F;.
For the energies used in these experiments, three charge
states, 0, +1, 42, are of importance and the corre-
sponding equilibrium fractions, Fo, Fy, F, are measured
in these experiments. These can be expressed in terms
of the cross sections as:!8

Fo=010091/Do, Fi1=001021/D, Fy=001012/ Do,

where Do=o001(012+021)+ 010021 and oy represents the
cross section for transition from initial state 7 to final
state f. The usual assumption has been made that the
cross section for a collision in which two electrons are
transferred is small. It is evident that

Fl/Fo=n+/1’L0=0'01/0‘10; FQ/F1=7L2+/1’L+=0'12/0'21.

B. Experimental Results

The results of the determinations of the fraction of
the particle beam which was neutral at charge equi-
librium are displayed in Figs. 4-11. In Figs. 4 and 5,
the data for protons passing through hydrogen and
air are compared with the results of other observers.
The ratio of charge 2 to charge 1 components are given
in Figs. 12-15. )

The number of negative ions formed in the charge
exchange chamber was below the detectable limit
(about 0.1 percent of the total beam at 30 kev, 0.01
percent at 100 kev) for the incident ions He*, N+, Net,
and A*. The energy dependence of the H~ component
formed by the passage of protons through nitrogen is
shown in Fig. 16. .

The study of the negative component was only
extensive enough to establish that, for the energy range
investigated, no serious error was introduced by neg-
lecting it in the computation of the neutral or positive
fractions.

C. Errors

The measurement of the incident ion energy is be-
lieved to be correct to within 0.2 percent. The voltage
dividing resistor between the ion source and ground
was composed of precision wire-wound resistors. These
were mounted within a structure which established a
potential around each resistor appropriate for that
resistor. This avoided errors in the calculated bleeder
current caused by corona. As mentioned previously,
the terminal regulator maintained the over-allion energy
constant to within 0.02 percent of the desired value.

The best test of the over-all stability of the ion source,
energy, analyzing magnet supply, and detector ampli-
fiers is the stability of the particle current measured
at the detectors. Ordinarily, after a short startup
period, this was stable to about 1 percent for the period

18 See, e.g., reference 3 for a rather complete derivation and
discussion of these equations.
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of time required for the series of measurements taken
at each energy point.

As discussed above, in most cases, the rate of gas
flow through the charge exchange chamber was in-
creased to about an atmospheric cubic centimeter per
minute in order to minimize the effect of impurity
buildup caused by outgassing, inleakage, or the beam,
in the cases of strong elastic scattering. The air used
as stopping gas was dried and the carbon dioxide
removed by Drierite, KOH, and P;0;. The other gases
were good-grade compressed gas and were used as
supplied except for being passed over a cold trap. For
oxygen and argon the trapping agent was a dry ice-butyl
cellusolve mixture, and for the remaining gases liquid
nitrogen was used.

The search for errors caused by gas cell geometry or
detector properties has been described in Sec. IV. It
should also be noted that during most of the experi-
ments the cross section of the particle beam at the
detector position was approximately § inch in diameter,
whereas the detector aperture and sensitive area were
16 inch. Thus, a very definite plateau existed in a
response versus detector position curve when secondary
electron or positive ion detection was used. The corre-
sponding curve for the differential thermocouple was
of course somewhat rounded at the top. As described
above, by appropriate detector positioning and adjust-
ment of the deflecting voltage, a beam of particles of
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charge 41 could be moved to each of the detectors.
The agreement was within 2 percent.

The linearity of the electrometers used was measured
to be within 1 percent and the thermocouple was linear
to 1 percent over the very limited temperature range
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F1c. 18. Ratio of loss
to capture cross sections
(o01/010) for helium and
neon ions in various
gases.

F16. 19. Ratio of sec-
ond loss to capture cross
sections  (o12/021) for
nitrogen and argon ions
in various gases.



CHARGE STATES OF

HEAVY-ION BEAMS 981

Ne® INCIDENT et INCIDENT
2 // /
-1
10 / / I/
/ /
7/ / /7 I
“HELIUM 4 / lk
s 7 1717 7
. o L NEON / / /
F16. 20. Ratio of sec- © 7 /
ond loss to capture cross "
sections (o12/021) for & ]

n

helium and neon ions in 1 /
2

various gases.

OXYGEN

NITROGEN /
ARGON —

10_2 7/ 7 [y T]
/l I'l HYDROGEN | L NEON /I [III
/ / // l/ /II
° OXGEN /11
A a
y
2 ;* Lo
HYDROGEN| / /
1073 | I l 7
107 2 5 10° 2x10° 3x10° 5 10° 2 5x10°

used in these experiments. This is verified by the
agreement between data taken for very different
intensity ion beams.

The over-all error in the results is estimated to be not
larger than 5 percent, and is probably less than this
for much of the data. Because of the subtraction
technique used for measurement of the neutral fraction
of the beam, the accuracy is best when the beam is
approximately equally divided between the charge
states. In general the error is largest at the low energies
because of decreased beam intensity and the consequent
reliance on the secondary electron emission for beam

measurements.
VI. DISCUSSION

The agreement between the present measurements
and the results of Montague® and Ribe” for protons in
hydrogen (Fig. 4) and of Kanner? for protons in air
(Fig. 5), while not exceedingly good, may be considered
satisfactory. The equilibrium neutral fraction shown
in Figs. 4 and 5 are calculated from their measured
capture and loss cross sections.

V-l , REDUCED VELOCITY (cm/sec)

Snitzer’s reported results for the neutral fraction of a
helium beam passing through hydrogen, helium, air,
and argon are in each of these cases from 20 to 30
percent below the results shown in Fig. 8. Since the
various tests described in Sec. IV indicated no system-
atic errors larger than the random error of 2 or 3
percent, no explanation can be given for this large
discrepancy. It should be pointed out that the ratio of
the number of doubly to singly charged ions in the
helium beams (Fig. 12) is in good agreement with
Snitzer’s values, provided his lowest energy points for
this ratio are disregarded. This provision seems justified
since the doubly charged component for these points
appears to be only slightly larger than his detectable
limit.

In interpreting the results of experiments which
measure the equilibrium charge ratio for heavy ions,
it must be kept in mind that only the ratio of the
electron capture and loss cross sections is determined,
and that these cross sections are for different types of
interactions, whose energy dependence is expected to
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TaBLE I. Values of the exponent m in the relation oo1/o10= Ko™
for the various ion-gas combinations.®

Ion

Gas H* He* N+ Net A+
H, 6.5 3.3 2.0 2.2 2.8
He 4.7 2.6 * 1.9 *
N, 5.4 29 22 2.9 3.3
0O, 4.6 2.6 1.7 2.8 2.5
Ne 3.7 2.8 * 2.5 *
A 5.8 3.5 3.1 4.3 3.7

a An asterisk indicates that the log-log plot has no straight line portion

differ. The electron loss is ionization of a fast atom by
a target atom. Therefore, the loss cross section is
expected to increase to a maximum and then decrease
slowly at higher energies. The capture cross section is
the cross section for the transfer of an electron from a
target atom to a projectile ion. In this low energy
region its behavior will be largely determined by the
relative ionization potential of the target and projectile
atoms. It is expected to decrease more rapidly than
the loss cross section at higher energies.

As discussed in Sec. V(A), when it is assumed that
the probability that two electrons are transferred in a
single collision is negligible, the ratio of the number of
particles in charge states +1 and O (or in 42 and +1)
is the ratio of the cross sections for transitions between

TasLE IL Values of the “threshold velocity” v, and the expo-
nent m in the relation o12/091=K>(v—v.)™ for the various ion-gas
combinations.®

m e, cm/sec X108

Ion Ion
Gas\, He* N+ Net A* Gas\| Het N+ Net A+
H, 57 06 30 13 H, 02 10 0 0.3
He * 1.1 13 13 He * 0.7 04 03
N, 47 10 28 1.7 N, 01 07 02 03
0, 34 10 27 23 0, 0 06 03 02
Ne 11 08 14 29 Ne 11 08 02 03
A 47 10 38 13 A 0 06 05 05

& An asterisk indicates that the log-log plot has no straight line portion.

BARNETT, AND EVANS

these states. The ratio g¢1/010 calculated from values
read from the smooth curves in Figs. 4-11 are plotted
as a function of the incident ion velocity in Figs. 17
and 18. It is séen that much of the experimental data
are well represented in this energy range by formulas
of the type ooi/o10=Kw™, where » is the particle
velocity and K; and m are empirically determined
constants. The parameter m varies for the different
incident ion-stopping gas combinations, and values are
listed in Table I for each ion-gas combination for which
the data could be represented by a straight line over a
reasonable portion of the velocity range. The interesting
behavior of the relatively easily ionized, heavy ions
(nitrogen and argon) when passing through the gases
of high ionization potential (helium and neon) is to be
noted. As discussed above, the velocity dependence of
the reactions involved is expected to differ and it
would, therefore, seem that detailed discussion of the
shapes of these curves should be deferred until the
separate cross sections have been measured.

It is evident from Figs. 12-15 that in many cases the
ratios of the cross sections for transitions between
charge states 42 and 41 cannot be represented by a
simple power law in velocity over the energy range
studied since the curves do not extrapolate to #n**/nt
=019/021=0 at zero energy. However, the data are
well represented by formulas of the type

012/021= Kz (‘1)'—'0,;) ”

as is shown in Figs. 19 and 20. The empirically deter-
mined values for the constants m and v, are shown in
Table II. v, corresponds to a ‘“threshold velocity,”
below which there is very little probability of forming
the doubly charged ion. Here again it is difficult to
interpret the details of this table because of the unknown
and different velocity dependence of the cross sections
involved.
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