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simplify the form of the coupled equations, also provides
a spurious centrifugal potential. It seems that this extra
potential serves inadvertently to simulate the effect of
the nonadiabatic terms we have discussed above, and
hence to eliminate the resonance.

An interesting question may be raised now concerning
the Ps-He™ channel in e¢t-He scattering. This system is
the same as Ps-p at large distances, but its additional
Van der Waals attraction might be just enough to
produce the resonance. The cross section near threshold
for et-He scattering has been measured,!s although the

15 S. Marder, V. W. Hughes, C. S. Wu, and W. Bennett, Phys.

Rev. 103, 1258 (1956); W. B. Teutsch and V. W. Hughes, 7bzd. 103,
1266 (1956).
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analysis of the experiment is not straightforward. It is
possible that a resonance near threshold is needed to
bring about agreement between experiment!® and
theory.16
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Measurement of High-Energy Charge-Transfer Cross Sections for
Incident Protons and Atomic Hydrogen in Various Gases™
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Measurements of electron-capture cross sections o10 and electron-loss cross sections oo1 for protons and
atomic hydrogen in Hj, He, Ar, Kr, N,, O;, CO, CO,, H;0, CHy, CeH,, CoHg, and C4Hj are reported and
compared with published theoretical estimates and experimental results. The energy range was 100 to 2500
keV. The results are presented in graphical form. By applying the additive rule, the cross sections ¢19 and

oo are estimated for hydrogen particles in carbon.

I. INTRODUCTION

SUMMARY of experimental results of charge-
transfer processes prior to 1958, for incident-
particle energies less than 1.0 MeV, has been published
by Allison.! A paper by Welsh et al.? reviews some
of the charge-transfer results subsequent to 1958.
Measurements by Welsh et al.,2 Williams,® and Schryber*
have extended the energy range for the various cross
sections up to 13.8 MeV for the target gases H,, He,
Ar, and N,.
Reviews of various theoretical formulations used in
calculating charge-transfer cross sections have been
presented by Bates and McCarroll,® Bates,® Dalgarno,”

* Research sponsored by the U. S. Atomic Energy Commission
under contract with the Union Carbide Corporation.
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results presented here were included in a thesis submitted by L.
H. Toburen to the faculty of Vanderbilt University in partial
fulfillment of the requirements for the degree of Doctor of
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1 Present address: Osaka Laboratory, Atomic Energy Research
Institute, 508 Mii, Neyagawa-City, Osaka, Japan.
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and Bates and Williams.® Of particular interest to the
present experiment are recent papers in which electron-
capture cross sections have been calculated for protons
on N, O, Ar, and Kr targets. Mapleton®!° has calcu-
lated cross sections for the capture of 2p electrons from
atomic nitrogen and oxygen by means of the first Born
approximation. He has also extended the first Born
calculation to include capture from inner electron
shells.!! A first Born approximation has been applied by
Nikolaev!? to calculate the cross section for electron
capture by protons in hydrogen, helium, lithium, nitro-
gen, neon, argon, and krypton. This calculation includes
contributions to the cross section from inner electron
shells of the target atom. Bates and Mapleton'® have
used a classical approach to calculate the electron-
capture cross sections as a function of the atomic pa-
rameters of the target. This classical approach does not
include the possibility of electron capture from inner

C. McDowell (North-Holland Publishing Co., Amsterdam, 1964),
609

P 8D. R. Bates and A. Williams, Proc. Phys. Soc. (London) A70,
306 (1957).

9 R. A. Mapleton, Phys. Rev. 130, 1829 (1963).

10 R, A. Mapleton, Proc. Phys. Soc. (London) 85, 1109 (1965).

11 R. A. Mapleton, Phys. Rev. 145, 25 (1966).

12y, S. Nikolaev, Zh. Eksperim. i Teor. Fiz. 51, 1263 (1966)
[English transl.: Soviet Phys.—JETP 24, 847 (1967)].
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shells and therefore is not expected to give satisfactory
results at energies above 500 keV where inner-shell
capture becomes significant. An extension of this cal-
culation has been made!* to include capture from the
inner electron shells of argon.

II. EXPERIMENTAL METHOD AND
MATHEMATICAL FORMULATION

The charge-transfer cross sections were measured by
passing a single-charge-state hydrogen beam through
a gas cell. The beam interacted with the gas in the cell
and emerged as a multiple-charge-state beam. This
beam was charge analyzed by applying a voltage to a set
of condenser plates and measuring the intensity of each
charge state. The rate of increase of a charge state as the
gas cell pressure increased gave a measure of the ap-
propriate cross section.

A general mathematical description which includes
a description of this method of measurement has been
formulated by Allison.! At incident-particle energies
above 75 keV the cross section for the formation of H~
is negligible in comparison with ¢ and g, so that a
two-component charge system may be assumed. With
this approximation, closed solutions are given as

Frm— (1—expl—aPlosto)]). (1)

gif Ofi

F; is the ratio of the intensity of the charge-changed
component of charge f to the intensity of the initial
beam with single charge 7; g;; is the cross section for a
charge-changing collision, where ¢ is the charge state of
the beam particle before interaction and f is the charge
state after interaction; P is the pressure of the gas cell;
a is given by

a=NLl/RT, (2)

where Vy, is Loschmidt’s number, R is the gas constant,
T is the absolute temperature, and ! is the effective path
length of the beam in the gas cell.

The data from which the cross sections were calcu-
lated were obtained under ‘“thin” target (single colli-
sion) conditions; such that the exponent in Eq. (1) was
small and the exponential could be expanded in a power
series. If higher orders are neglected, Eq. (1) can be
written as

F j=a0','fP . (3)

The fraction F; was determined experimentally from the
measured intensities of the components of the trans-
mitted beam

Tuy

TnitTu;

The fraction F; was measured for several values of the

Fy 4)

1 D. R. Bates and R. A. Mapleton, Proc. Phys. Soc. (Lond
90, 909 (1967). P e: Soc. (fiondon)
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target gas pressure P, and the results were plotted as
F; versus P. This plot resulted in a straight line under
“thin” target conditions and the slope of the straight
line was proportional to the cross section oy as indicated
by Eq. (3).

The equilibrium fraction is defined as

aif
Ffw‘—" lim Ff=—-——. (5)
P oistoy
Fy. represents the fraction of ions of charge f in the
beam after it has undergone a sufficient number of colli-
sions so that no further change in charge composition
can be detected. The equilibrium fractions Fi,, and Fo,
were measured and compared with the measured cross
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sections a10 and ooy as a check of the internal consistency
of the experiment.

Collision cells with path lengths of 3.06+0.06 and
17.50240.06 in. were used in this work which resulted in
different values of a in Eq. (2). The cross sections
quoted in Sec. V are an average of values obtained from
each collision cell.
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Fic. 2. Single-electron capture and loss cross sections for protons
and atomic hydrogen, respectively, on hydrogen with previous ex-
perimental and theoretical values. Experimental results: (a) see
Ref. 17, (b) see Ref. 18, (c) see Ref. 2, (d) see Ref. 4, and (e) see
Ref. 3. Theoretical results: (f) see Ref. 20. The electron-capture
cross sections reported by Williams have ben multiplied by a factor
of 2 (see Ref. 18).
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III. APPARATUS

Two proton accelerators were used to cover the en-
ergy range of the present measurement. For the low-
energy measurements (100 to 600 keV), protons were
accelerated by a conventional high-voltage supply. The
voltage had been calibrated to 42 keV at 340 and 483
keV by using the “F(p,ay) resonances. The high-energy
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(800 to 2500 keV) protons were obtained by means of
a Van de Graaff generator. These proton energies were
determined by a magnetic-resonance probe in the 90°
analyzing magnet at the base of the Van de Graaff gen-
erator. This probe had previously been calibrated to
+0.5%, against the "Li(p,n) threshold.

The apparatus used in the cross-section measurements
is shown schematically in Fig. 1. Basically, the ap-
paratus consists of two differentially pumped collision
cells, two sets of electrostatic deflection plates, and de-
tectors for the determination of the intensities of the
neutral- and charged-beam components.

Circular apertures designated by a, b, ¢, ¢/, and d in
Fig. 1 were machined with thin edges to diameters of
0.010, 0.062, 0.020, 0.020, and 0.062 in., respectively.
The dimensions of these apertures were selected in order
to minimize scattering of the beam from the exit aper-
tures of the collision cells. Pumping speed coupled with
the dimensions of the apertures was such that a pressure
differential of approximately 1500 was obtained across
the apertures. Alignment of the system was made pos-
sible by means of bellows sections between the apertures.

The length of the first collision cell, defined by aper-
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F16. 5. Single-electron capture and loss cross sections for protons
and atomic hydrogen, respectively, on krypton with previous ex-
perimental and theoretical results. Experimental results: (a) see
Ref. 4. Theoretical results: (b) see Ref. 12.

tures a and b, was 17.504-0.06 in. Either argon or nitro-
gen gas was introduced into this cell for the production
of a neutral beam which was formed by charge transfer
of the incident proton beam with the gas in the cell.
Following the first collision cell, the charged components
of the beam were removed by applying an electric field
to the deflection plates which left a beam of atomic
hydrogen particles incident on the second collision cell.
When a proton beam was desired, the first collision cell
was evacuated and the first set of deflection plates was
electrically grounded. The second collision cell, the
target cell, was defined by apertures ¢ and d to be 17.50
=+0.06 in. long. A modification made to the length of this
cell during the experiment is shown by the dashed lines
in Fig. 1. The length of the modified collision cell, de-
fined by apertures ¢’ and d, was 3.064-0.06 in.

The entire vacuum system (excluding the detector
assembly) was made from stainless steel and assembled
with metal O rings which enabled bake-out of the sys-
tem at approximately 200°C by means of heater tapes
wound around the vacuum chamber and insulated with
asbestos.

Silicon-gold barrier detectors were used to measure
both the neutral-beam component and the proton beam.
These detectors had a sensitive area of approximately
50 mm? and a depletion depth of approximately 330 u
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F16. 6. Single-electron capture and loss cross sections for protons
and atomic hydrogen, respectively, on nitrogen with previous ex-
perimental and theoretical results. Experimental results: (a) see
Ref. 17, (b) see Ref. 18, (c) see Ref. 2, and (d) see Ref. 4. Theoreti-
cal results: (e) see reference 9 and (f) see reference 12.

(sufficient to stop 20-MeV protons). A Faraday cup was
used to measure the proton current during that part
of the experiment where high-intensity (greater than
10~13 A) proton beams were needed.

The target-gas pressure was measured by means of
a capacitance manometer. This device provided con-
tinuous pressure monitoring and pressure determina-
tions which were independent of the nature of the gas.
The pressure head was bakeable and had built-in ther-
mostatically regulated heating elements for operation
at constant temperature. The calibration was checked
against a refrigerated McLeod gauge and found to agree
to within =39, in the pressure range used for the cross-
section measurements (1X10~* to 1X10~ Torr). Full
account was taken of systematic errors associated with
the McLeod gauge.

IV. ERRORS

The uncertainties in the measured cross sections re-
sult primarily from the following factors: (1) the effec-
tive path length of the collision cell, (2) approximate
corrections for deviations from “thin” target condi-
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tions, (3) the measurement of target-gas pressures, (4)
the measurement of beam intensities, (5) impurities in
the target gases, and (6) possible excited states in the
incident atomic hydrogen beam.

The effective path length is longer than the physical
path length due to gas streaming from the apertures as
a result of differential pumping. This effective increase
in path length was estimated to be approximately 3%,
for the short cell and less than 19, for the long cell.
These increases were arrived at from a comparison of
the cross sections measured with each cell and by a
simple calculation based on isotropic-molecular flow of
gas from the apertures. The uncertainty associated with
the length is estimated to be less than 429%,.

An error resulted when cross sections were calculated
using Eq. (3) because multiple collisions occurred be-
tween a single beam particle and the target gas. This
error was corrected for and introduced a systematic un-
certainty of less than 329,

Uncertainties in the calibration in the capacitance
manometer resulted in a possible systematic error of
+39, in the measured target-gas pressure. The McLeod
gauge with which this capacitance manometer was
checked was cooled to 0°C to reduce the mercury stream-
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F1G. 7. Single-electron capture and loss cross sections for protons
and atomic hydrogen, respectively, on oxygen with previous ex-
perimental and theoretical results. Experimental results: (a) see
Ref. 17. Theoretical results: (b) see Ref. 9.
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ing error and was thoroughly cleaned and outgassed.
Only nitrogen and hydrogen gases were used in checking
the calibration of the capacitance manometer. Uncer-
tainties in the measurement of relative pressures due to
meter fluctuations and small drifts in the pressure during
data accumulation are estimated to be =4-3%,.

The neutral-beam intensity and small (<1071 A)
proton-beam intensities were measured by single-
particle counting techniques. Sufficient data were ac-
cumulated to reduce counting statistics to less that 1%,.
Intense proton beams (>10~13 A) were collected by a
Faraday cup and measured by a Keithley model 410
micro-microammeter. The meter output was traced by
a chart recorder to facilitate averaging this current.
The random uncertainties in this averaging process were
estimated to be less than 109, and the absolute cali-
bration of the electrometer was measured accurate to
+29%,.

Random uncertainties in the cross sections due to the
determination of beam intensities and target gas pres-
sures can be evaluated best by the uncertainties en-
countered in obtaining the slope of a straight line
through the points of a plot of intensity ratios versus
pressure. This plot has a tendency to average the fluc-
tuations for individual points when the cross section is
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Fi16. 9. Single-electron capture and loss cross sections for protons.
and atomic hydrogen, respectively, on water vapor.

calculated from the slope. The slope of each set of
points corresponding to a particular cross section was
determined by a least-squares fit. The uncertainties in
the slopes of the straight lines vary from 3 to 59). The
larger uncertainty is associated with intensity data ob-
tained by means of the Faraday cup.

The target gases, except water vapor, were purchased
from commercial sources. The purity of these gases was
better than 99.59, except CO, which was 98.5%, pure.
The water vapor was from triply distilled water which
had been evacuated by means of a forepump for 8 h
while being frozen and thawed in order to remove ab-
sorbed gases. Hydrogen and helium were passed over
a liquid-nitrogen cold trap before they were introduced
into the target cell. The gases Ar, Nj, Oz, CO, CH,,
CqH,, and C,H, were passed through a cold trap at dry-
ice temperature. The gases CO,, H:0, CHjo, and Kr
were not trapped.

Since the neutral hydrogen beam is formed by electron
capture, the existence of excited states in the beam
must be considered. The majority of the excited states
decay in the 65 cm distance between the first and second
collision cells. The metastable 2s state has a lifetime of
a few milliseconds; however, this state was quenched by
the perpendicular electric field used to deflect all charged
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particles from the neutral beam.!® The more highly ex-
cited states may have lifetimes long enough to reach
the second collision chamber; however, since the popu-
lation of excited states by electron capture is propor-
tional to #73, the fraction of neutral particles in these
highly excited states is negligible.

The combined effects of the uncertainties discussed
above result in uncertainties in the measured electron-
capture and electron-loss cross sections of 10 and 129,
respectively. The larger uncertainty results from the use
of the Faraday cup.

V. RESULTS AND DISCUSSION

Figures 2 through 11 show the present measured cross
sections along with results from previous measurements
and theoretical predictions.'® The solid line on all the
figures represents the line of best fit for the present re-
sults and, where applicable, includes the results of Stier
and Barnett!” at lower energies. Theoretical results for
atomic targets were multiplied by 2 in order to compare
them with the measured results for molecules.

Preliminary equilibrium fractions were measured
during the initial phase of this experiment as a check of
the internal consistency of the cross-section measure-
ments. These equilibrium fractions were found to agree
with the equilibrium fractions calculated from the
measured cross sections to within 35%,.

In Fig. 2 the previous measured results of Stier and
Barnett,!” Barnett and Reynolds,'® Welsh et al.?
Schryber,* and Williams? are shown along with the pres-
ent results. There is agreement between all the experi-
mental values except for the results of Williams which
are lower than the present results by 38%, at 440 keV
and by 75%, at 175 keV. The values plotted in Ref. 3
contain a drafting error and are therefore multiplied
by 2 and plotted in Fig. 2.1

Although many theoretical calculations exist for the
charge-transfer process of protons on hydrogen atoms,
only the calculation of Mapleton? is included in Fig. 2
in order to preserve clarity. In this calculation Mapleton
used the Born approximation which included the proba-
bility of electron capture into seven final states of the
projectile. This calculation agrees with present results.
Other theoretical results of interest and their relation to
the measured results are (1) the distorted-wave approxi-
mation of Basel and Gerjuoy?! for capture into the
ground state which tends to decrease slower than the
present results at energies greater than 200 keV, (2) the

18 Wade L. Fite, in Afomic and Molecular Processes, edited by
D. R. Bates (Academic Press Inc., New York, 1962), p. 421.

16 Tabular results may be obtained from R.A.L. upon request.

17 P, M. Stier and C. F. Barnett, Phys. Rev. 103, 896 (1956).

18C, F. Barnett and H. K. Reynolds, Phys. Rev. 109, 355
(1958).

19 The abscissa of Fig. 3 of Ref. 3 should be labeled cross section,
cm2/molecule; J. F. Williams (private communication).

20 R, A. Mapleton, Phys. Rev. 126, 1477 (1962).

21 R, H. Bassel and E. Gerjuoy, Phys. Rev. 117, 749 (1960).
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impact-parameter calculations of McCarroll??2 for
ground-state capture which also tend to decrease slower
than the present results, and (3) the Born-approxima-
tion calculation of Tuan and Gerjuoy? which includes
the molecular effects of the H, target and tends to de-
crease faster than the present results.

The electron-loss cross section for atomic hydrogen on
atomic hydrogen has been calculated by Bates and
Griffing? using the first Born approximation. The cal-
culated results and the present results agree at 100 keV
but diverge at higher energies. At 2.5 MeV the calcu-
lated value is 1509, larger than the present results.

The comparison of measured and calculated cross
sections for a helium target, shown in Fig. 3, is similar
to that described for hydrogen. At energies between 40
and 400 keV close agreement is obtained between ex-
perimental and theoretical values; however, for the
electron-capture cross sections at higher energies dis-
crepancies exist not only between theory and experi-
ment, but also between theoretical results. Mapleton’s
results?® of the first Born approximation, shown in Fig.
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F1c. 10. Single-electron capture and loss cross sections for protons
and atomic hydrogen, respectively, on methane and ethane.

22 R, McCarroll, Proc. Roy. Soc. (London) 264, 547 (1961).

2T, F, Tuan and E. Gerjuoy, Phys. Rev. 117, 756 (1960).

2% D. R. Bates and G. W. Griffing, Proc. Phys. Soc. (London)
A68, 90 (1955).

2% R, A. Mapleton, Phys. Rev. 122, 528 (1961).



171

3, are in close agreement with the measured electron-
capture cross sections above 40 keV, while the impulse-
approximation calculations of Bransden and Cheshire?
and the impact-parameter formulation of Bransden and
Sin Fai Lam?? bracket both the first Born calculation
and the experimental points and differ from each other
by approximately a factor of 2. The electron-loss cross-
section calculation by Bates and Williams? agrees with
the present results for energies between 10 and 300 keV
but diverges at higher energies so that at 2.5 MeV the
calculated cross section is 1559, larger than the present
measured result.
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TastLE I. Velocity dependence of the single-electron capture
and loss cross sections.
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Fi16. 11. Single-electron capture and loss cross sections for protons
and atomic hydrogen, respectively, on ethylene and butane.

Results for the target gas argon are presented in Fig.
4. The present results of the electron-capture cross sec-
tion are in agreement with the measurements of Stier
and Barnett and Welsh ef al.; however, the results of
Barnett and Reynolds, and Schryber are up to 409,
lower than the present results.

The apparent break at 800 keV in the curvature of
the electron-capture cross section has been shown by
Bates and Mapleton'* and Nikolaev'? to be caused by

26 B. H. Bransden and I. M. Cheshire, Proc. Phys. Soc. (London),
81, 820 (1963).

% B. H. Bransden and L. T. Sin Fai Lam, Proc. Phys. Soc.
(London) 87, 653 (1966).

agQCyk,
b The value of k is continually changing in this energy region.

the effect of electron capture from inner electron shells
of argon. The results of Bates and Mapleton shown in
Fig. 4 are from a semiclassical calculation which includes
the effects of inner-shell electron capture. Their calcu-
lated values appear to overestimate the high-energy
capture cross sections. Nikolaev has included inner-
shell-capture contributions in his first Born calculation
and his results are in close agreement with the measured
values.

The cross sections for krypton are shown in Fig. 5.
The break in the curvature of the electron-capture cross
sections at 200 keV due to inner-shell capture is also re-
flected in the calculated results of Nikolaev. At energies
greater than approximately 1.0 MeV the results of
Nikolaev, as well as the measurements of Schryber, ars
nearly 409, lower than the present results.

Results for the target-gas nitrogen are shown in Fig.
6. The results of Stier and Barnett agree well with the
present results through the energy overlap region. The
present results agree with the results of Welsh et al. for
energies less than 1 MeV. For all energies greater than
500 keV the present results for the electron-capture
cross section are from 10 to 509, higher than the corre-
sponding measurements of Barnett and Reynolds and
of Schryber. The calculated electron-capture cross sec-
tions of Nikolaev which include the probability of
inner-shell capture are in close agreement with our
measured values at low energies; however, for energies
greater than 500 keV, his results are lower by 20 to 509%,.
The calculated values of Mapleton® are in close agree-
ment with experiment for energies from 100 to 300 keV.
His results fall off more rapidly than the measured
values for higher energies since this calculation is only
for 2p electron capture. A later calculation by Maple-
ton!! includes inner-shell contributions and these results
overestimate the cross sections.

The data for oxygen are shown in Fig. 7. The only
previous experimental results are those of Stier and
Barnett for low energies. In the energy region of overlap
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F16. 12. Single-electron capture and loss cross sections for pro-
tons and atomic hydrogen, respectively, on carbon as calculated
by the sum rule.

the agreement between these measured values is quite
good. The calculated capture cross sections of Mapleton®
agree with the present measurements up to energies near
800 keV. At higher energies agreement is not expected
as inner-shell capture contributions are not included in
his calculation.

Fig. 8 through 11 show the measured cross sections
for the gases CO, CO,, H,O, CH,, C;H,, C.Hs, and
CoHio. The similar shape of the cross sections for each
of the gases is reflected in the velocity dependence de-
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termined by the line of best fit for each gas and listed
in Table I. For energies greater than approximately 300
keV the electron-loss cross sections fit a power law very
well. The electron-capture cross sections show depar-
tures from a strict power law near the energies predicted
for the onset of capture from inner shells. This depar-
ture from a strict power law is indicated by the variation
of the velocity dependence with energy as shown in
Table I.

Using the measured cross sections of the various
carbon-containing compounds it is possible to estimate
the charge-transfer cross sections for carbon by applying
an additive rule to the cross sections of each compound.
The possibility of using this procedure is based on the
assumption that, at high velocities of the incident par-
ticle, the target molecule appears as an assembly of
individual atoms such that molecular forces are negli-
gible. The carbon cross sections were calculated by the
sum rule from the cross sections measured for the gases
H,, O,, CO,, CH4, CoHy, CoHg, and CsHio. The results
of this calculation are shown in Fig. 12 where the
uncertainties in each point reflect the range of carbon
cross sections obtained from different carbon-containing
compounds. It must be emphasized that, although the
sum rule gives surprisingly consistent results, it is only
an estimate and the effects of molecular forces on the
measured cross sections are observed for incident-
particle energies as high as 2.5 MeV.
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