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The single-electron stripping cross section for N,
+ ions in targets of Ne, Ar, and Kr have been measured in the

energy range 35 to 140 keV. It was found that the observation of the linear relationship between the target

pressure and the counting rate is an inadequate test for single-collision conditions in these reactions. The

angular spread was found to be significant, and the lack of agreement among previous measurements seems to

be explainable in terms of the different ways in which the angular spread was handled. The two-state and the

Firsov theories of charge-changing cross sections are unable to account for the considerable differences in the

cross sections between the three targets.

INTRODUCTION

The theoretical treatment of asymmetric charge-
ehanging cross sections has usually made one of
two opposite assumptions. In the two-state theory,
based on the Landau-Zener-Stuckelberg model, a
specific single final state only is considered, '
whereas in the Firsov' approach the transferred
electron is assumed to be excited statistically
into one of a large number of closely spaced states.

The two-state theory has been successful in pre-
dicting with fair reliability the projectile velocity
at which the cross section passes through a maxi-
rnum' in terms of a typical interaction distance
and the energy defect for the collision. At veloci-
ties well below this maximum a simple formula
has been obtained for the stripping cross section
of one electron from a singly-charged ion,

36(1.202) I rn ' E e
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where I is the ionization energy (in eV) of the in-
cident ion of mass M, and m and e are the electron
mass and charge. The notation for the cross sec-
tions used throughout the paper is such that the
first subscript refers to the charge state of the
incident ion and the second subscript refers to the
charge state of the ion after the interaction which
carries most of the energy and momentum. (The
cross section 0» would be described in the nota-
tion of Ref. 3 as 10/2T. ) This cross section is
strongly dependent on the energy defect &E, so
that in the endothermic reactions low exeitations
are favored for the final states. Most of the energy
defect in o» collisions therefore comes from the
ionization potential of the projectile, since in this
theory the transferred electron is likely to enter
a state with nearly zero energy, either a low-
energy state in the continuum or, if the negative
ion is stable, to be bound with the (small) electron
affinity. The final- state particles in 0» reactions

are both charged, so that there is Coulomb attrac-
tion between them at large separation distances
and the energy defect at the interaction distance
is less than that which is calculated from the bind-
ing energies. However, the correction for the
Coulomb energy for a reasonable choice of the
interaction distance is not large enough to account
for more than about half the energy defect and the
effective energy defect is still sufficiently large
for the cross-section maximum to be predicted at
several hundred keg.

At energies below 100 keV the energy dependence
of the cross section is usua. lly found to be less
rapid than the E' dependence of the above two-
state formula. However, a slight variation of the
energy defect ~ with projectile energy, due to
higher-energy final states, would reduce the ef-
fective E dependence, assuming that higher-en-
ergy projectiles excite, on the average, higher-
energy final states.

The opposite theoretical approach' considers the
electron excitation as the heating of an electron
gas, and an estimate is made for the probability
of excitation of an electron in the projectile to an
energy greater than its ionization potential. Firsov
gives a. formula o=o, [(E/E,)"—1P, where the
constants ao=33 x10 "/(Z~+Z, }'~' cm' and Eo
=270AI'/(Z~+Z, )"~' eV include some target de-
pendence through the atomic number Z, . The other
constants, A the atomic ma, ss, Z~ the atomic num-

ber, and I the ioniza. tion potential, refer to the
projectile. Though no maximum is predicted by
this theory, the relation gives about the correct
energy dependence in the region below 100 keV.
However, a survey' has shown that the magnitude
of the experimental cross sections is often sig-
nificantly smaller than the Firsov theory predicts.

We report v» cross-section measurements for
N, ' ions on targets of Ne, Ar, and Kr in the energy
range 35—140 keV. The ionization potential of N, '
is fa.irly high (29.6 eV}, so that the maxima in the
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cross sections are predicted by the two-state
theory to occur well above these energies; on the
other hand, our energies are high enough for the
straight- line-trajectory approximation of both
theories to be reasonably valid. Some experi-
mental data already exist on the atomic-nitrogen
ion bombardment of Ne and Ar targets in this en-
ergy range (Brackmann and Fite'}. However,
there is systematic disagreement by about 50%
with the results of Pivovar et al.' above 300 keg,
where the two sets of data overlap. The results
of Dimitriev et al.' above 500 keg, where the
cross sections are approximately independent of
energy, lie somewhere between the other sets of
measurements.

One particular source of experimental error is
the small-angle scattering which takes place at
these energies. Some attempt was made by Pivo-
var et g$. to estimate the differential cross sec-
tions at 1' and 2', while Dimitriev et gl. confined
their measurements to angles which were less
than 5 mrad.

These results are the first from a series of mea-
surements on charge-changing cross sections
where particular emphasis is placed on minimizing
the systematic errors which may have been pres-
ent in many of the early experiments.

EXPERIMENTAL DETAILS

The apparatus used for the measurements had
been primarily designed for measurements of dif-
ferential cross sections, so that the direction,
energy, and ion species of the incoming beam
could be accurately determined, and the direction
and energy of the stripped ions which were allowed

to reach the detector could also be closely defined.
A general schematic view of the apparatus is
shown in Fig. 1. For the integrated cross-section
measurements the accuracy in the definition of the
input beam parameters was retained, but the
direction and energy resolution of the stripped
ions was intentionally broadened in a predetermined
way so as to perform experimentally the angle
integration and to ensure a constant detection effi-
ciency which was free from errors due to small
angular variations of the stripped-ion detection
system.

The I,' beam from an rf-type ion source, after
being accelerated by approximately the correct
voltage, was mass analyzed and accurately energy
analyzed and stabilized by means of a double focus-
ing, 90' deflection, 66-cm uniform field magnet.
The object and image slits for this magnet were
both set to approximately 0.05 cm width, giving a
momentum resolution of &p/p = 8 x 10 '. After
passing through the deflection magnet, the beam
was suitably focused by quadrupole magnets onto
a collimator consisting of two vertical slits, each
0.22 x 2.4 mm', which were separated by a dis-
tance of 210 mm so that the incident direction was
defined to +1.5' of arc in the horizontal direction.
The second of these slits also acted as the en-
trance aperture to the differentially pumped gas
target. Large holes were made in the sides of the
collimator tube to ensure that the pressure within
the collimator between the slits was much lower
than in the gas-target region. Downstream of the
gas target a horizontal exit slit of vertical width
0.06 mm was placed 63 mm from the collimator
and the region beyond it was differentially pumped,

90 —66 em. radius
magnet,

channel)ron

GAS TARGET.

FIG. l. Schematic dia-
gram of the accelerator and
the apparatus which accur-
ately defines the incident
and the scattered beams
both in energy and direction.
All beam-focusing and anti-
scattering devices which do
not alter the beam emittance
have been omitted.

Tr/jf —25 em radius
eleetrostatie analyser.
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so that this horizontal slit defined the domnstream
end of the gas target. A portion of the ions from
the vertical entrance slits which traversed the
target from the collimator also passed through
the horizontal exit slit and entered the electro-
static analyzer, where they were deflected in an

upwards direction. The horizontal exit slit also
defined the object position and size for the focus-
ing properties of the analyzer. The electxodes of
this analyzer produced an accurate cylindrical
field distribution in the region of the ion trajec-
tories, with a central ray radius of curvature of
254 mm. The gap between the cylindrical elec-
trodes mas 12.5 mm, so that electrode voltages
of approximately one-tenth of the accelerator volt-
age mere required to deflect the ions to the image
slit, behind which mas placed a channel electron
multiplier. The first-order focus of the ions
occured at a deflection angle of slightly less than
m/v 2, because a small proportion, about 25 mm,
of the total ion trajectory between the object and

image slits mas outside the electric field region.
The combined system of the accelerator, the

90' magnet, and the electrostatic analyzer was
known to have an energy resolution of better then
bE/E= 10 ', with long-term stability, from pre-
liminary tests with a narrow image slit. For the
present measurement the image-slit width was
increased to 0.95 mm, with the result that the
energy-resolution profile became flat topped,
showing that no change in detection efficiency
occurred for small shifts in the magnet or in the
electrostatic-analyzer parameters. The seeond-
order aberrations in the electrostatic analyzers
mere small enough to allow all the ions which did
not strike the electrodes to reach the channel
multiplier, giving an angle of acceptance of a2
in the vertical direction for ions from the gas
target. The length of the collimator slits in the
vertical direction was such that the incident beam
mas defined vertically to within + 0.7, although
only a small proportion of this possible angular
range was likely to be occupied with beam. By
comparing these two angles it can be seen that all
vertical deflection angles in the charge-changing
interaction up to at least 0.7 mere accepted by the
analyzer, but losses of ions beyond these deflec-
tion angles were possible.

In the horizontal plane, the electrostatic ana-
lyzer produced no focusing, the ions being deflec-
ted only in a vertical direction by the cylindrical
electrode geometry. The horizontal angle of ac-
ceptance to ions from the target was therefore
determined by the 7.8 mm length of the image slit
and the path length through the analyzer, giving a
horizontal acceptance angle of 0.76', which was
much larger than the +1.5' angular spread of the
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FIG. 2. Energy profile of the incident N&+ ions and of
the charge-changed N&++ ions obtained by variation of
the electrostatic analyzer voltage. The incident ions had

an energy of 124.9 keV. Circles: Obtained with a target
pressure of 1.8x 10 4 Torr. Triangles: Obtained with

a target pressure of 9.8x 10 4 Torr.

ions from the entrance collimator. It mas pos-
sible to rotate the entire electrostatic analyzer
about a vertical axis through the center point of
the gas target, to an accuracy of + 10", so as to
obtain the angular profile and to permit accurate
alignment of the system. With the image-slit
length used in the integrated cross-section mea-
surements the horizontal angle profile of the in-
cident ions mas found to be flat topped and of
width in close agreement with the above calcula-
tions (Fig. 2). The stripped ions from the gas
target were found to produce less steep counting-
rate profiles than the singly charged ions, show-
ing that deflection angles of the order of the angu-
lar resolution were produced in the stripping
process. However, a central region of the profile
mas always found which mas reasonably flat, and
the ratio of the stripped-ion to the unstripped-ion
counting rates mas always taken in the central
plateau regions of the respective energy and angle
profiles. A correction mas made afterwards for
the small proportion of stripped ions which mere
generated at angles greater than + 0.7', both
horizontally and vertically.

The target pressure mas measured with a ca-
paeitanee manometer' which mas connected through

a short length of —,'-in. pipe to the gas target in a
region mell away from the gas flow through the



14 SINGLE-ELECTRON STRIPPING CROSS SECTIONS OF N&' IN Ne, 931

slits. In spite of being thermostatically controlled
by a proportional heater circuit, the gauge
was found to be sensitive to short-term ambient
temperature variations. The stability was much
improved by enclosing the gauge within a poly-
styrene-foam-lined box, after which drifts were
reduced to less than 10"' Torr per day.

The target-gas pressure was controlled by a
thermal. -mechanical leak in the range between
10 ' and 10 ' Torr. Care was taken to maintain
a constant temperature at all surfaces of the tar-
get chamber which were in contact with the target
gas and to allow the pressure to stabilize after
each change in the thermal-mechanical-leak set-
ting.

The normalization of the channel multiplier
counting rates was made in terms of the integra-
ted beam current which traversed the target and
which struck the upper and lower parts of the
entrance slit of the electrostatic analyzer. This
current was typically about 10 "A; it was multi-
plied to about 10~ A in an electronic picoammeter"
and then fed into an accurate current integrator.
Since only the ratio of charges collected in con-
secutive measurements was required, no attempt
was made to determine the absolute charge col-
lected by the slit and neither secondary-emission
suppression nor gas-pressure corrections were
made. The counting rate in the channel multiplier
was always kept below 6 kHz so as to minimize
rat:e losses. The dead time of the system, as
measured in a separate test, was 2.5 p.sec, so
that the loss corrections represented a small,
although not well determined, effect because of
short-texm beam intensity fluctuations. The ion-
counting efficiency of the channel multiplier was
found to be uniform across the entrance aperture.
With the discriminator level set to just above the
system noise, there was no indication of counting
losses" from the region of decreased multiplier
ga.in where the ions entered ihe channel directly.
It was found necessary to place a positive poten-
tial on the image slit just in front of the grounded
multipber cone in order to suppress secondary
electrons which were emitted from the electro-
static analyzer electrodes and which otherwise
generated satelite peaks in the ion-energy pro-
file. With a positive slit bias of 'l0 V the satelites
were reduced to less than 10 ' of the main peak
intensity. The effective counting aperture was
found to be unchanged by the slit bias.

EXPERIMENTAL PROCEDURE

The cross section o» for the stripping of atomic
nitrogen is defined experimentally by the relation

under single-collision conditions. Here, we de-
fine ¹ as the number of ions of the initial charge
state which traverse the target, and N" as the
number of ions of the final charge state which are
created in the target whose effective length is J
and atomic density is n. In experimental measure-
ments the variation of the ratio ¹'/¹is obtained
over a range of n values which are produced by
varying the target-gas pressure. A linear rela-
tion between the counting ratio and the target-gas
pressure is conventionally used as evidence of the
validity of this formula and therefore of single-
collision conditions.

The numbers of counts in the channel multiplier
at the image of the electrostatic analyzer may be
used to obtain the ratio ¹"/¹,but these counts
do not directly represent the number of ions which
traverse the target, since a good fraction of the
ions was lost by striking the exit slits. However,
if the fraction lost was the same for the N" ions
as for the N' ions, the ratio of these counting
rates would correctly give the ratio ¹'/¹It.
was therefore important to ensure that the geom-
etry of the beam and target conditions remain the
same between the measurements of the two dif-
ferent charged states and that the increased angu-
lar spread in the N ions be accurately taken into
account.

The effects of the angular spread in the stripping
process may be included by interpreting X" and

¹ as being proportional to the areas under the
angle and energy profiles of the electrostatic ana-
lyzer, rather than just as the ratio of the optim-
ized counting rates. The procedure followed fox
each cross-section measurement was as follows:
At the lowest gas pressure, that is, with no gas
flow to the target but with the target region pumped
only through the slits, the energy and angle
counting-rate profiles of the incident and stripped
ions were first measured. The energy profile
N(V, 8) was obtained by plotting the ion counting
rate against the deflection voltage 1/' on the ana-
lyzer electrodes, and the angle profile N(8, V) was
obtained by mechanical rotation of the analyzer
abount the center point of the target. Figure 2
shows an example of the energy profiles ¹(V,P)
and ¹'(V,7) obtained by changing the analyzer volt-
age in 2-V steps across the peaks. Figure 3 shows
anexample of the angle profiles¹(8, V) and¹'(8, V)
at the lowest energy of the measurements. Here the
angular position of the analyzer was changed in 3'
steps with respect to the incident-beam direction.
At higher energies the angular spread of the stripped
ions and therefore the small-angle correction
was either about the same or smaller. From
these measurements the optimum angle 7 and the
optimum voltages V+' and V+ were read off in the
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FIG. 3. Angle profile of the incident N~+ ions and of
the charge-changed N&++ ions obtained by mechanical ro-
tation of the electrostatic analyzer about the center of
the gas target. Circles: Obtained with a target pressure
of 2.2x 10 4 Torr. Triangles: Obtained with a target
pressure of 8.3x 10 4 Torr.

central plateau regions of the respective profiles.
Slight errors in the electrostatic analyzer power-
supply linearity aeeount for the few volts differ-
ence between 2V" and V', but 8 was always found
to be the same for both types of ion. The pressure
variation of the ratio of counts at the optimized
angle and voltages, N(V", 7J)/N(V, TI), was then
determined by measuring this ratio first at the
lowest, and then for successively increased, gas-
target pressures. In order to minimize the effects
of drift, the two counting rates were measured
alternately in many short runs under stable condi-
tions, and the totals of the counts of each type of
ion were used in the ratio calculation. Figure 4
illustrates a typical variation with the target pres-
sure of the ratio ¹"/¹,as obtained with the above
procedure.

When the counting-rate ratio had been obtained
over a range of pressures, the energy and angle-
profile measurements N(V, P) and N(e, V), which
had been measured at the lowest pressure, were
remeasured at the highest pressure.

In order to correct the counting-rate ratio so
that it represented the ratio of the areas under
the energy and angle profiles, the optimized angle
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and energy ratio was multiplied by the correction
factor

x(8, v')/ f~(e, v') de
N(e, v++)/J N(e, v") de (2)

for the angle profile and by a similar factor for
the energy profiles. With no change in angle or
energy during the stripping process both correc-
tion factors would be unity, and the values slight-
ly above unity which were found experimentally
when the electrostatic analyzer was set at its
optimized configuration (7, V) represent the loss
of stripped particles by scattering beyond the
acceptance solid angle. The correction factors
were found to be sufficiently close to unity, so
that a linear interpolation could be made from the
extreme pressures at which the profiles were ob-
tained to the intermediate pressures at which the
counting-rate ratios were measured.

The errors on the counting-rate measurements
fall into two distinct groups. For one group the
numbers of counts were large, so that the fluctua-
tions from one run to the next were mainly caused
by electronic drifts and changes in the beam condi-
tions. For these the estimate for the error in the
summed total of many short runs was obtained

FIG. 4. Ratio of charge-changed N&++ ions to N& ions
which passed through the gas target, plotted as a function
of the target pressure. The ratio after correction for tar-
get thickness effects is given by Eq. (6), in which the 0&,
0'o&, and 02 cross-section values are given in Table II.
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from the fluctuations among the individual short
runs. The other type of error occux'red where the
number of counts was small, for example, the
N" counts at low pressure, and here the statisti-
cal fluctuations in the number of counts dominated
the error. The slope of the graph of the counting-
rate ratio as a function of target pressure was
obtained using a weighted least-squares fitting
procedure. No estimate for the erxor of the tar-
get-pressure gauge was included.

The pressure and target length used in the mea-
surements were such that a few pex'cent of the ions
made more than one collision during their passage
through the target gas. The exact equations which
determine the relative populations of the various
chax'ge states as a function of the distance x
through the target gas, neglecting interactions
where the charge state changes by more than 1 in
a single collision, are

=go,N
' —go, N'

m&j. m &1

= g &r 2N"' —g rr2 V",
m es2 m &2

where n is the atomic density of the target gas.
In general the electx'on pickup cx'oss sections are

lax'gex' than the stx'ipping cross sections by a fac-
tox between 10 and 100, so that the terms which
involve stripping will be small. The N" popula-
tion is also much less than the N' population, so
that many terms in these equations ean be neglect-
ed. In particular, N" and higher charge states
have negligible populations. With these approxi-
mations the equations become

The integration of these equations is difficult, but
it is possible to obtain a solution as a power series
in nL, where L is the length of the target,

pf++
Vr2=( + r ~~, [1—2((7r —G2)nL

+ xi[(rrr2+ ~r o'2) + 4o'r2o2r

+ 4o„o„]'n'I'}.

In this expression N" and N' refer to the pop-
ulations at the end of the effective length of the tar-
get, so they have the same meaning as befoxe. The
first term in the equation can therefore be obtained
from the experimental ratio N" /N', which is the
ratio of counts in the electrostatic analyzer for a
given beam charge through the target. The cross
section cr» has been eliminated from the first-or-
der correction term, but still remains in the sec-
ond-order term. However, it is a much smaller
cross section than the others in this term, and the
term itself is a small correction, so that o „ean
safely be neglected, and the term becomes

The first-order correction term reached values
as high as 15/~ for the highest pressures used in
the gas target, about 8@10 ' Torr, and the sec-
ond-order term was then about 3/z, suggesting that
the still higher corrections for multiple collisions
in the target will be proportionately smaller and
that they can be safely neglected. Figure 4 shows
a typical pressure-variation graph with and without
the target thickness corrections. In one curve the
ratio N" /N is plotted against pressure, where-
as in the other curve the corrected ratio

pf
+ +

+ 1 ++[ 2(+r o2)n~

1' = —0'0,N +O',0V",
Ã dx

= rJO, N —(o,2+ o,)N" + rr 2 r N
Pl dx

j. 10 lm 10&

m

(4)

is plotted. The slope of these curves is then v»L
in the appropriate units. Perhaps the important
conclusion, apart from the obvious change in the
slope and therefore of the deduced value of o „, is
that both graphs are approximately linear within
experimental error, showing that the usual method
of verifying single-collision conditions by check-
j,ng for linearity in the uncorrected data and by
making sure that N" &N' is insufficiently sensi-
tive and that large errors ean nevertheless occur
if some of the other collision cxoss sections are
large.

The effective length of the target, L, was taken
to be the physical length 63 mm between the slits.
It has been suggested" that an end correction of
twice the slit width be added at each end of the tar-
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get. However, kinetic theory" under molecular-
flow conditions predicts a gas-density distribution
such that the density in the plane of the slit is the
average of the internal and the external gas den-
sites. For negligible external pressures the den-
sity at the slit is therefore half of the density far
inside the target. The kinetic theory also predicts
the gas-density variation on either side of the slit,
and for a wide range of thin-slit shapes it predicts
that there is a symmetry in the density as a func-
tion of the distance x from the plane of the slit,
such that p(x) =po -p(- x), where p, is the density
difference from far inside to far outside the target.
With such a symmetry it is easy to show that the
effective length of the target for ions which tra-
verse the entry and the exit slits is the same as
the physical length and that there is no length cor-
rection due to the slit sizes, when the density in-
side reaches a reasonably uniform value.

The length of beam line, about 6 m, between the
analyzing magnet and the gas target was kept at a
pressure of about 2x10 ' Torr. The thickness of
residual gas through which the ions passed before
reaching the target was therefore about a factor of
10 less than that inside the 63-mm-length target
when operated at its lowest pressures, near
2x10 ' Torr, so that although some charge change
occurred before the ions reached the target, main-
ly to create N, ', it is a small end effect and does
not invalidate the analysis.

The presence of N,
"ions in the beam, which

contribute to the Nl counting rate but not to the
N,
" rate, was detected by measuring the N, ion

rate, which is produced by N,"electron pickup
and appears at twice the analyzer voltage. A rate
about half of the N,

"counting rate was found. The
molecular pickup 02' cross section is presumably
much larger than the atomic stripping cross sec-
tion, so that N,

"ion contamination of the Ny'

beam was concluded to be negligible.

RESULTS

N, '~Ne

The g» cross-section data, as a function of the
nitrogen-beam energy, are shown in Fig. 5 and
listed in Table I. It was possible to calculate the
correction factor for this reaction because data
are available on the cross sections 0,0 and copy

(Ref. 5) and on g» (Ref. 14) in our energy range.
The correction factor input data for this reaction
and for the other target gases are listed in Table
II. With these values the correction is positive
and increases with the beam energy, so that it
reaches a maximum value of 13% at the highest
energy measured. The angular and energy-spread
corrections were of the same order of magnitude
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FIG. 5. Single-electron stripping cross section for
N&' ions in neon. Solid circles, data of Lo and Fite
(Ref. 15).

for this reaction at the lowest energy and de-
creased to about 4% at the highest. Previous mea-
surements' are also shown in Fig. 5, where we
have taken the points from the graphs in the review
article by Lo 2nd Fite" because they are slightly
more detailed than in the original paper. It ap-
pears that our values are slightly higher at the
low energies, but they considerably exceed theirs
at the highest energies. Our data provide a better
extrapolation to the values of Pivovar et al. ' at
300 keV and higher energies.

N, '~Kr

No other measurements exist with which to com-
pare our data on stripping in a krypton target, nor
are there any data on the cross sections 0'yp or o'2y

which are required to make the target thickness

N, '~Ar

Figure 6 and Table I show the cross section for
stripping in the argon target as a function of the
beam energy. The target thickness correction,
made using the published o» and oo, (Ref. 5) and

o» (Ref. 14) cross sections, changes sign at about
80 keV, because cr» is here much larger than in
the N' -Ne reaction, so that it exceeds the o»
cross section at the lower energies, although it
still is smaller than g» at the highest energies
measured. The angular and energy-spread cor-
rections were about 13% at all energies. The only
previous data, those of Brackmann and Fite, ' are
also shown in Fig. 6. There is some suggestion
that the energy at which the target thickness cor-
rection passes through zero is also the energy at
which our data would provide an interpolation be-
tween their values. The same sort of discrepancy
with Pivovar's data is again resolved when our
data are extrapolated to higher energies.
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TABLE I. Single-electron stripping cross sections cr I2.

Energy
(keV)

0(2
(10 cm )

Energy
(keV) (10 cm )

Energy
(keV)

O)2
(10 cm2)

34.8
50.0
64.9
79.4
94.8

111.8
125.2
139.2

6.17 +0.58
7.42 +0.56

10.83+0.85
11.40 + 1.20
12.80 +1.36
14.96 + 0.88
14.53 + 1.04
15.47 + 2.17

34.9
50.0
64.5
82.2
96.6

110.0
127.0
139.9

1.33 +0.28
2.70 ~ 0.42
3.12 + 0.47
5.73 + 1.08
6.92 + 0.97
8.82 ~0.79
9.53 + 0.60

10.70 +0.87

32.9
49.0
66.8
79.4
96.7

111.8
124.9
139.9

0.89 + 0.32
1.89+ 0.34
2.43 + 0.31
2.74 + 0.46
3.49 + 0.51
4.33 ~0.58
5.40 ~0.54
5.78 +0.48

corrections. We have therefore ignored such cor-
rections in the data shown in Fig. 7 and in Table
II. This correction a.mounts to approximately
[10"(o» - o»)] /q (where o„—o» is given in cm')
over most of the energy range. The a.ngle and
energy-spread correction factors differed from
unity by about 10%%uq throughout the energy range,
with little sign of a decrease at the higher ener-
gies.

DISCUSSION

The monotonie rise in the cross sections with
energy is confirmed for all three reactions. The
slight inflection which is seen in the Ne-target
data at the highest energies is not statistically
significant. The N, -Ne collision cross section,
which is much larger than the other two at the
lowest energies, increases only 2.5 times through
our energy range, whereas the other two cross
sections increase proportionately by more than
twice this ratio, in agreement with the higher-en-
ergy data of Pivovar et al. , who obtained the same

Energy
(keV)

N, '-Ne
+01 010 &2&

(10 "cm')

N, '-Ar
+01 +10 021

(10 "cm')

TABLE II. Published electron pickup and stripping
cross sections which were used to make the target thick-
ness corrections. The values of g &o and co& were ob-
tained from the graphical data of Brackmann and Fite
(Ref. 5), using the review article of Lo and Fite (Ref.
15)„where the graphs contain slightly more detail. The
values of 0» were obtained from the graphs of Fedorenko
(Ref. 14).

l5-

E0

X
zlo
C)

EJ
LU
V)

M
v) 5-

I 1 I i I

N =Jr

cross section for all three targets at about 300
keV, where the N, + -Ne cross section seems to
reach an approximately constant value. Such en-
ergies are beyond the region of validity of the
near-adiabatic criterion, but there may be qualita-
tive significance in the relative predictions of this
theory. The energy of the maximum in the cross
section is predicted at 260 keV for the Ne target,
while it is at 360 keV for Ar and at a still higher
energy for the Kr target.

The Firsov theory, ' though it gives the general
trend in the energy dependence of the cross sec-
tions quite well, has little success in its predic-
tions of their magnitudes, both rela. tively and
absolutely. The Ne target predictions are too
large by a factor of 3, for the Ar target the factor
is about 9, and predictions are 20 times too large
for the Kr target. The relative ordering for the
Firsov cross sections is therefore inverted com-
pared to the experimental data.

The two-state low-energy theory makes no ref-
erence to the target, since all such information is
absorbed in the drastic assumptions which have
been made about the size and range of the perturb-

34.8
49.7
65.0
79.4
94.8

111.8
125.2
139.2

0.31 0.24
0.32 0.35
0.34 0,40
0.38 0.43
0.40 0.43
0.41 0.43
0.42 0.43
0.43 0.43

1.8 0.31 1 .5
1.8 0.33 1.4
18 036 13
1.8 0.39 1.2
1.8 0.42 1.2
1.8 0.44 1.1
1.8 0.46 1.0
1.8 0.48 0.9

1.1
1.2
1.2
1.2
1.2
1.2
1.2
1.2

60 80 IOO QQ
BEAM ENERGY (keV)

FIG. 6. Single-electron stripping cross section for
N&+ ions in argon. Solid circles, data of Brackmann
and Fite (Ref. 5).
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FIG. 7. Single-electron stripping cross section for
N&+ ions in krypton.

ing interactions which cause the transition. The
single-electron stripping cross sections which this
theory provides for all three targets have about the
correct magnitude in our energy range, but the
theory's E' dependence does not fit the energy

dependence of any of the experimental cross sec-
tions.

There is some qualitative indication from our
angle-correction factors that the mean scattering
angle for cr» in the N, ' reaction decreases more
rapidly with increasing beam energy than in either
the N, + -Ar or the N, + -Kr reaction.

The considerable discrepancies which are found
in the experimental data of different groups cor-
relate to some extent with the different ways in
which the angula. r spread in the stripped ions was
handled. This angular spread is significant even
at our highest energies, where several percent of
the ions are scattered at angles greater than 0.7'.
The other main source of error in previous data
may be in the failure of the single-collision ap-
proximation, when cross sections much larger
than the one being measured may significantly
change the charge-state composition of the incident
beam as it passes through the target even though
relatively few ions result from the charge-chang-
ing cross section which is being measured.
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