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X rays emitted by a thin target bombarded with C, N, and O ions with energies between 1
and 2.5 MeV are observed at an angle of 135° with a Bragg crystal spectrometer having a res-
olution of 3 eV. The KL and KL? satellite lines of the carbon target are observed, as well
as the diagram K line. These peaks are superimposed on a broad x-ray distribution extend-
ing from 265 to 290 eV. The KL? line appears for N at low energies, but not for C. Projec-
tile and target spectra involve the K and KL lines in approximately equal amounts for C.
These observations are interpreted as evidence for a molecular-orbital theory involving pro-
motion of L electrons of the colliding atoms, in which the momentum change of the promoted
electron is taken into account. Cross sections for production of carbon K x rays at energies
below the carbon absorption edge in the Bragg pseudocrystal are obtained from the data. The
cross sections rise monotonically with energy in the range studied and are smallest for oxy-
gen ions, which have the largest atomic number.

I. INTRODUCTION

Atomic collisions which involve atoms lighter than
neon as targets and ions heavier than helium as
projectiles have several interesting features.
First, many theories of excitation and ionization
of such target atoms predict a maximum where
the velocity of the projectile is equal to the veloc-
ity of the bound electron. For low-Z, targets it
is possible to obtain projectiles equaling or ex-
ceeding this velocity with accelerators capable
of only a few MeV. It is thus possible to study
interaction processes in a region where they should
be at a maximum. Second, the mechanisms of in-
teraction at velocities near this maximum are not
well understood. Third, the shells in such target
atoms are larger than the inner shells in heavier
atoms, leading in general to large x-ray cross
sections.

Applicable theories fall into two broad schools.
One school treats the energy levels of a transient
molecule during the collision,? but typically does
not consider more than two such levels® nor the
momentum change of the promoted electron.*
Another school concentrates on the Coulomb force
between the nucleus of the projectile and the elec-
trons of the target} ™ but typically must be modified
when Z,~Z, in order to account for quasimolecular
effects'® and for screening of the projectile nuclear
charge Z, by electrons of the projectile.!!

Experiments with light targets offer an oppor-
tunity for testing improvements of these theories
in cases where relatively few electrons are in-
volved. Relatively few experiments involving the
x rays emitted during such collisions have been
made, primarily because the x-ray energies are
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below those detected efficiently by Si(Li) semi-
conductor detectors. Proportional-counter mea-
surements have been made of the x rays emitted
after collisions of high-velocity heavy ions with
energies less than 80 keV,'? 150 keV,*® and 1.5
MeV,' and spectral measurements have been made
on Ar and CH, targets for ions with Z,>10 in the
keV region.'®*!® Spectral measurements generally
provide much more information about the nature
of the collision processes; for example, they en-
able determination of the states of ionization of the
L shells of the collision partners.

The measurements to be described below have
been made with a Bragg crystal spectrometer,
which enables complete separation of x rays emit-
ted by the target from those emitted by the pro-
jectile, e.g., N and O K x rays. In addition, the
spectrometer is capable of resolving the Doppler-
shifted x rays from the C projectile and the satel-
lite X rays emitted by carbon ions in the target or
the beam with various numbers of L-shell vacan-
cies. The present experiments extend cross-
section and spectral measurements for C, N, and
O ions bombarding a C target up to 2.5 MeV, and
provide evidence that certain aspects of these
collisions must be described in terms of transient
molecular effects even though the projectile has
a very high velocity for these effects.

II. EXPERIMENTAL PROCEDURE
A. Apparatus
Equipment consisted of a 3-MV Van de Graaff
accelerator, magnetic and electrostatic analyzers,

collimating system, thin carbon target, Bragg
pseudocrystal soft-x-ray spectrometer, semi-
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conductor particle detector, and auxiliary beam-
current monitor. The acceleration and identi-
fication of C, N, and O ions has been described
elsewhere.'” Ions emerging from the electro-
static analyzer could reach the target through two
square collimators, 1.6 and 1.3 mm on a side. The
two collimators were 3.4 m apart and the smaller
collimator was 1.7 m from the target. These
collimators, designed for differential-scattering
measurements, served to prevent ions from strik-
ing the thick frame of the target holder or other
sensitive parts of the apparatus. The second
collimator consisted of slits independently adjust-
able while under vacuum in vertical and horizontal
directions. These slits were adjusted by maximiz-
ing the counting rate in the x-ray spectrometer.

The collision chamber housed all components
except the collimators, as shown schematically
in Fig. 1. The chamber was a cylinder, about
61 cm in diameter and 24 cm in height, constructed
mostly of aluminum. Clean vacuum techniques
were employed to reduce the possibility of con-
tamination of the pseudocrystal or the secondary-
electron-emitting surfaces in the x-ray detector.
Ungreased, baked, Viton O-rings were used on
most static seals; grease with a vapor pressure
of 107! Torr was used elsewhere. A cold trap
cooled with liquid nitrogen was used to baffle the
6-in. diffusion pump, and a polyvinyl-ether -type
oil was used in both the diffusion pump and the
forepump.

The target was a film of carbon with a thickness
of about 40 pg/cm?, suspended on a holder attached
to the central shaft of the x-ray spectrometer. By
rotating the central shaft, the angle between the
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FIG. 1. Schematic dia-
gram of the experimental
setup. Ion-beam current
is not used as an experi-
mental parameter. X-ray
counts at a given Bragg
angle are accumulated in
a multichannel analyzer
until a preset number of
scattered ions are counted,
at which time the Bragg
angle and the analyzer ad-
dress are incremented.
The cycle is then repeated,
producing an x-ray spec-
trum in the analyzer.

beam and the foil normal could be adjusted. The
energy loss of ions passing through the foil was
about 100 keV.

Near the floor of the chamber, a rotating table
was provided to which a structure supporting a
semiconductor particle detector could be attached.
The table could be rotated under vacuum, so that
the angle 6y through which the ions and atoms
were deflected could be changed. The detector
was located at 6z =32° and was collimated to sub-
tend 1.26x107* sr. This detector was used to mea-
sure the product of the target thickness and inci-
dent ion current, as described below.

The spectrometer was a double-focusing device
specially designed to analyze collision-induced
x rays, utilizing a lead stearate pseudocrystal de-
posited on a spherical concave glass lens.’® The
x rays emmitted at an angle 6; relative to the
direction of the ion beam were Bragg reflected
from the pseudocrystal into a channeltron elec-
tron multiplier, which is sensitive to both vacuum
ultraviolet (vuv) radiation and soft x rays. A thinfilm
of silver was used as a filter to eliminate vuv ra-
diation and to transmit soft x rays with about 30%
efficiency throughout the wavelength region of in-
terest.'® In this spectrometer the Bragg angle 6
may be varied while 6, is fixed. For the results
to be presented, 65=135°

Most of the ions passed through the target and
were collected in a Faraday cup located 2.5 m
from the target. The sum of the currents at the
Faraday cup and target was monitored only as an
aid in optimizing accelerator operation. No sup-
pression of secondary electrons was attempted.
Typical measured currents were 10-50 nA.
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B. Scattered and recoil particle counting

For thin targets, the x-ray cross section is
given by

o - 4y @9/d2)0 Xy A9

M Tea, R W

in which do/dQ2 is the differential cross section for
Rutherford scattering of particles at the angle 6,
Qg is the solid angle subtended by the semiconduc-
tor detector, X, is the integrated number of chan-
neltron counts in a spectrometer peak, €., is the
product of the spectrometer efficiency and solid
angle, R is the number of particle counts per step
of the spectrometer, A6 is the angular increment
in 6 per spectrometer step, and 7 is the angular
width of the spectrometer slits.?® In the derivation
of Eq. (1)the target thickness and particle current
divide out, and it therefore provides a means of
comparing measurements from one ion energy to
another and from one ion to another without mea-
suring the former quantities. The present section
presents the factors in Eq. (1) relative to particle
counting.

Because projectiles which were Rutherford
scattered and target atoms which were knocked
from their original position had approximately the
same energy, the semiconductor detector did not
discriminate between them. The cross section
for production of both scattered and recoil par-
ticles is

a2
aQ

do
(62) +dw (m - 9;)
s
where the Rutherford cross section in the center
of mass coordinates is

49 - -3 (Z.Z,\ ? (m,+m,) ® a(Lps
FoR (62)=1.296x10 (T <Tz> csct(36})

!
9)

do _do

x de;(GS)

(6;), (2
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in units of b/sr,?' and the center-of-mass trans-
formation formulas are given by

di; (01) - [(m 1/m2)2 +2(m l/mz) cosf; + 1]3/2
N (m,/m,) cos6} +1

(4)

for the scattered projectile,? and

a2,
as

(62) =23/2(1 + coshl)'/? (5)

for the recoil atom. In these expressions Z, and
m, are the atomic number and mass of the pro-
jectile, Z, and m, are the corresponding quanti-
ties for the target atom, E is the laboratory en-
ergy of the projectile in MeV, 6; is the center-
of-mass angle of the scattered projectile, and

0, is the center-of -mass angle of the recoil atom.

In Eq. (2) the Rutherford cross section do(6})/d2!
for producing recoil atoms at the angle 6;, such
that they travel at an angle 65 in the laboratory,
has been replaced by the Rutherford cross section
do(m - 0.)/d} for scattering projectiles at an angle
180° from 6. . The angle 6} and the laboratory
scattering angle are related by

sin(8) —6z)/sinbg =m,/m,, (6)
while the corresponding relation for 6; is
6:- = 29R . (7)

Equation (2) was evaluated for the value 65 =32°
used, giving values of E2do/dS of 8.06, 342, 463
and 782 (MeV)2b/srforH, C, N, and O ions col-
liding with carbon, respectively. The percentages
of particle counts owing to recoiling heavy ions
were between 13% and 17%.

C. Spectrometer transmission

In order to determine the spectrometer trans-
mission €,Q, at the Bragg angles used, Eq. (1)
was applied to measurements of the x rays pro-
duced by 1.0-MeV protons, for which the value
of 0, can be computed. The measured proton-in-
duced x-ray spectrum is shown in Fig. 2. The
total number of counts above background in this
spectrum was taken as X, and o, =wo, was eval-
uated from the fluorescence yield®® w =0.0022 and
the cross section o, =1.08 x107'® cm? for emission
of Auger electrons® at 1 MeV. The value of €,Q,
obtained by inverting Eq. (1) was 2.05x1077 sr,
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FIG. 2. Soft-x-ray spectrum of an evaporated carbon
film excited by protons with 1-MeV incident energy. Ab-
solute number of x-ray counts is plotted vs Bragg angle
(upper scale) and against x-ray energy (lower, nonlinear
scale). The statistical counting error in the vertical
scale varies as the square root of the number of counts
and is about £14 at 200 counts; the error in Bragg angle
is about 0.1°. The same scales are used in Figs. 3—5,
and error bars have been omitted throughout for clarity.
Long lines in the figure also have the same positions as
the long lines in Figs. 3—5. The peak marked KL is as-
cribed in the text to a combination of a KL satellite line
and K emission associated with the 7 band of graphite.
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with a probable error of 25%, estimated as 10%
in X7, 10% in w, and 20% in 0,.

Constant settings of the spectrometer slit width
W, the step width A6, and the angle between foil
and beam were used for measurements with both
protons and heavy ions. The best angle for the
foil is theoretically one in which the plane of the
foil points at the pseudocrystal; however, at this
angle the foil holder intercepts emitted x rays.
Too large a rotation from this angle would induce
an error, since the size of the beam spot on the
foil, as viewed from the pseudocrystal, would ex-
ceed the allowed source width w.?®* The angle was
chosen so that the maximum possible size of the
beam spot, as calculated from the collimating-
slit dimensions, was equal to w.

III. RESULTS

Spectra produced by various ions bombarding
carbon are shown in Figs. 2-5. The intensity
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FIG. 3. Soft-x-ray spectra of a carbon film excited by
nitrogen ions incident with three different energies.
The peak marked KL? is at a greater energy than ob-
served for electron-excited spectra and is attributed to
carbon atoms with two L-shell vacancies at the time of
X-ray emission.

plotted as a function of Bragg angle 6 is shown in
Fig. 2 for protons, in Fig. 3 for nitrogen ions, in
Fig. 4 for carbon ions, and in Fig. 5 for oxygen
ions. The data have been smoothed slightly by
summing X (;) for five steps with A9=0.1°. Each
portion of each figure corresponds to an arbitrary
number R of particle counts per step.

Cross sections were computed from the data
shown in these figures by evaluating the number
X of counts above background and above 6,, where
6, is the Bragg angle corresponding to the K ab-
sorption edge of carbon atoms in the lead stearate
crystal. Backgrounds were evaluated from the
counting rates far from the peaks in the spectra,
and an experimental estimate of 6, was made by
averaging the Bragg angles which have greatest
slope in the region 60° <6< 61°. Energies deter-
mined from the voltage on the electrostatic ana-
lyzer'” were corrected to the center of the foil
using stopping-power data®® and the foil thickness
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FIG. 4. Soft-x-ray spectra of a carbon film excited by
carbon ions incident with three different energies. The
short vertical lines mark the positions at which x rays
with the energies of the long lines would appear, on ac-
count of the Doppler shift, if they were emitted by the
carbon projectile.
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FIG. 5. Soft-x-ray spectra of a carbon film excited by
oxygen ions incident with three different energies.

of 40 ug/cm?. Corrected energies were used in
evaluating Egs. (3) and (1). Cross sections com-
puted in this way are listed in Table I and shown
in Fig. 6 as functions of ion energy. Because none
of the parameters in Eq. (1) were changed except
Xr and R, relative errors should reflect only the
uncertainties in X5, estimated as 16%. Absolute
cross sections have a probable error of 25%,
mostly associated with the uncertainty in €, .

TABLE I. Cross sections 0, (E) for emission of carbon
K x rays (having energies below the absorption edge of
lead stearate) by an evaporated carbon foil bombarded
with ions of energy E.

E ax (E)
Projectile (MeV) (1072 cm?)

C 0.92 29.0
1.63 47.1

2.35 49.7

N 0.88 25.9
1.60 30.7

2.33 39.4

o 0.88 9.0
1.59 13.4

2.02 19.3

IV. DISCUSSION
A. Spectral lines

The simplest spectrum is that excited by 1.0-
MeV protons, shown in Fig. 2. A broad distri-
bution from about 265 to 290 eV is apparent, with
two peaks visible near 280 eV. Similar peaks are
apparent in Figs. 3 and 4 for N and C ions at 1.75
MeV. The fact that the valley between these peaks
nearly disappeared when the angular width 7 of the
detector slit in the spectrometer was increased
from 0.50° to 1.1° is an experimental indication
that the angular width of the diffracted x-ray beam
was less than 1.1°. The corresponding energy res-
olution®” is less than 2.7 eV. A typical value for
a lead stearate analyzer in which 100 layers par-
ticpate in diffraction at second order is 2.7 eV.?®
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FIG. 6. Cross section for production of carbon K x
rays with energies below the absorption edge of lead
stearate by ions with laboratory energies (at the mid-
plane of the target) between 0.8 and 2.4 MeV. Circles,
squares, and triangles are used for C, N, and O ions,
respectively. Filled symbols show the present results.
For comparison the highest-energy cross sections of
Ref. 13 for a methane target and of Ref. 14 for a carbon
target are plotted as open symbols with and without diag-
onal bars, respectively. The dashed line is computed
as described in the text from the theory of Briggs and
Macek (Refs. 3 and 46) for C—C. The solid lines are
drawn by hand through the present results and a typical
error bar is shown.
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TABLE II. Experimental energies E¢y, satellite
configurations, theoretical fluorescence yields wg, and
theoretical and experimental energy shifts AE from the
diagram line.

Vacancy

E.? satellite configuration  w,  AE,® AE,2

276.7 K [1s] 0.0026¢ 0 0

280.5 KL [1s, 2p] 0.0022° 4.7 3.8
[1s,2s] 0.0065°¢

287.0  KL? [1s, 2% 0.00¢ 10.3
[1s, 2s? 0.0138° 10.4
[1s,2s,2p]  0.0122° 10.4

K13 [1s,2s,2p?] 1

1s,2s%2p] 1 17.2

2 Present experiment.

b F. P. Larkins (private communication). See also
Ref. ¢ below.

¢ L. H. Toburen and F. P. Larkins, Phys. Rev. A §,
2035 (1972).

These considerations show that the resolution of
the spectrometer is good enough to measure the
spectral distribution of emitted x rays, which
would be expected to extend over the theoretically
computed width of about 14 eV for the filled bands
of graphite.?®

The spectra do in fact have peaks at nearly the
same locations as the soft-x-ray spectra of graph-
ite excited by electrons. Table II lists the energies
corresponding to the longer vertical lines marked
in Figs. 2-5 as calculated from the Bragg equa-
tion using a 2d value of 100.6 A. The peak at
276.7 eV does correspond closely with the pre-
viously determined maxima at 276 eV (Ref. 30) or
276.6 eV (Ref. 31). Previous spectra have been
analyzed into a number of subpeaks, four of which
are interpreted®? as corresponding to the three o
bands and the single 7 band of graphite. The sub-
peak at 276 eV and the two adjacent subpeaks are
assigned to the ¢ band having wave functions within
the parallel planes of the graphite structure formed
from the 2s, 2p,, and 2p, electrons of carbon. An
additional subpeak at 281 eV (Ref. 30) or 280.6 eV
(Ref. 31) is assigned to the 7 band, which has wave
functions formed from the 2p, atomic orbital that
bridges the space between the planes of graphite.
The energy of this peak corresponds quite well
with the value of 280.5 eV listed for the second
peak of the present spectra in Table II. Thus
the two peaks might be caused by the o and 7 bands
of graphite.

However, the intensity near 281 eV in previous
measurements is about 20% (Ref. 30) or 50% (Ref.
31) of the intensity near 276 eV, while in the pres-
ent measurements the 281- and 276-eV peaks are

nearly equal in intensity. It is reasonable to infer
that the 1-MeV protons, which have a lower veloc-
ity than 4-keV electrons, are interacting with
graphite atoms in a somewhat different manner
than electrons. In addition it is known from studies
of Auger electrons emitted by gaseous targets that
600 -keV protons produce carbon ions with simul -
taneous K - and L -shell vacancies more effectively
than carbon ions with only K -shell vacancies, 33

and that the probability of double ionization in-
creases as the proton energy is reduced below

0.6 MeV in similar cases.?* The energy of K x
rays emitted by such doubly ionized atoms is
slightly increased because the reduced screening
increasesthe binding of K electrons more than that of
L electrons, producing K L satellite lines. The
calculated shift AE  in energy of such satellite
lines from the “diagram” line emitted by the atom
with one K vacancy is listed in Table II, and is in
reasonable agreement with the experimental shift
AE . from the experimental peak of lowest energy.
It therefore seems reasonable to attribute the addi-
tional intensity observed in the present spectra
near 281 eV to K L satellite emission involving L
electrons from the o band. Satellite emission in-
volving L electrons from the 7 band should, on
this model, occur near 284 eV and have an inten-
sity of (20-50)% of the satellite contribution to

the peak near 281 eV, and should therefore not

be statistically significant in the spectra.

The spectrum for nitrogen ions, shown in Fig.
3, is more complicated. The K and K L lines are
clearly visible. In this case a clear indication of
a third peak is also seen at about 287 eV. If the
spectrometer efficiency is considered, the inten-
sity of this line may be estimated as perhaps 30%
of the total intensity at 1.75 MeV. Its energy cor-
responds approximately to the calculated energy
listed in Table II for the K L? satellite, emitted by
atoms with two initial L -shell vacancies. It is
difficult to advance a solid-state explanation for
this line, since the maximum energy of a transi-
tion from the valence band is 285.6 eV.3! Although
simultaneous production of a K vacancy and ex-
citation of electrons to the conduction band has
been proposed in connection with satellite spec-
tra,® it is difficult to see how this mechanism
could produce a line of the observed energy, since
graphite has no energy gap.?®* The peak at 287 eV
therefore is interpreted as a K L? satellite line
emitted by solid carbon.

Spectra produced by carbon ions are the most
complicated and are shown in Fig. 4. The two
lines in the proton-induced spectrum are present,
as well as emissions from the moving carbon ion
that are Doppler shifted. The wavelength associ-
ated with radiations from the moving ion is dif-
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ficult to determine, being the result of two effects:
(i) Screening of the K electrons by any electrons
bound to the projectile, which will be different
than the screening of stationary atoms by electrons
in the valence band of the solid, and (ii) some sort
of dynamic screening of the K electrons by elec-
trons in the valence band, set up as the projectile
moves through the electron gas of the solid. If

it is assumed that the result of these effects is no
shift of the radiation from a given configuration

of the projectile (measured in its rest frame) from
that of the same configuration of the target, the
wavelengths of the Doppler -shifted radiations from
the projectile may be determined. The calculated
positions of the shifted lines are drawn as short
vertical lines in the figure. Since the spectra
were obtained with 65 =135°, the wavelengths and
Bragg angles of radiations emitted by moving ions
are shifted towards larger values as the energy of
the ions in increased. Note that at 1.75 MeV the
shifted K L line apparently lies near the position

of the unshifted K line, and both emissions con-
tribute to the intensity of the right-hand peak. Al-
so, at 2.50 MeV the energy of the K L? line seems
to have shifted enough so that it is beginning to be
reflected efficiently by the lead stearate pseudo-
crystal, and the shifted K L? line appears as a
shoulder on the left-hand side of the main distri-
bution at about 60°.

Data for oxygen ions are not available with
enough statistical significance to draw conclusions
as to line position. Spectra are shown in Fig. 5.
In all the figures the long lines marked K and K L
have the positions given in Table II.

B. Intensities of satellite lines

It is remarkable that the K L? satellite line ap-
pears strongly only when N ions are used as pro-
jectiles. Furthermore, the relative excitation of
this satellite is greatest at low energies. These
observations may be qualitatively explained by in-
voking a two-state molecular-orbital theory of the
collision,® in which the coordinate axes are fixed
in the laboratory and in which the high velocity of
the projectile is treated using molecular orbitals
which contain a momentum factor in the separated-
atom limit.?” This theory contains the usual varia-
tion of adiabatic molecular energy levels as a func-
tion of distance, in which the levels can have per-
mitted or avoided crossings depending on their
symmetry classes. If carried through without ne-
glecting the rotation of the internuclear axis, this
theory gives the usual coupled equations for the
state amplitudes as the system passes through a
crossing, with the addition of a factor exp(imVz /%)
in the matrix element, where z is the coordinate
of the active electron in the direction of V. Al-

though this factor may remove the distinction be-
tween rotational and radial coupling, interpreta-
tion can be carried out simply under the assump-
tion that crossings exist and that transitions with
a reasonable velocity dependence occur at the
crossings when one of the levels involved is vacant.

The correlation diagram® for N~ C collisions,
as shown in Fig. 7, contains three curve crossings
that may be relevant for promotion of L -shell elec-
trons of C: (a) 3dm— 3do at R~ 0; (b) 3po—~ 3pm at
R - 0; and (c) 4fo— (many levels at various radii).
The transition 3po— 2pm by rotational coupling,
which would act in the same way as transition (a),
is not expected to be strong at large internuclear
separations.®® Inside the foil the N atom has an
average of four electrons bound to it, possibly in
a 1s2, 252 configuration.®® The 3do molecular level
formed from the 2p(N) level then has a high prob-
ability of being vacant, so that “demotion” of an
electron from the 2p(C) level is allowed. The
other processes [(b) and (c)] connect the 2p(C) and
2s(C) levels with unoccupied levels having prin-
cipal quantum number 3, so that promotion from
these levels is allowed. Thus all these processes
can lead to ionization of the carbon L shell.

In the case of C—- C collisions the correlation
diagram' no longer has separate levels for the L
shells of the projectile and target at large R. How-

4fo 3p (N)

3d (Al)

3s (Al)

2s (Al)

Is (N)

Is (Al)

FIG. 7. Correlation diagram for N — C collisions,
taken from Fig. 5 of Ref. 1. The stripped nitrogen ion
within solid carbon has several vacancies in the 2s(N)
or 2p(N) levels. It is proposed in the text that transition
(a) accounts for the KL ? satellite line of carbon ob-
served in connection with N — C collisions.
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ever, the 2s(C) and 2p(C) levels split into sepa-
rated levels with the same quantum numbers
(except for parity) as the asymmetric case, so

that transitions may still occur at curve crossings
(a), (b), and (¢). Transitions of type (a) simply
return the demoted electron to one shell of the
collision partners. Thus the principal difference
between C—~ C and N— C collisions is that crossings
of type (a) remove carbon L -shell electrons only

in the N- C collision.

Before applying this model to the data, a reason-
able velocity dependence for the transitions at the
three curve crossings must be determined. In
general the factor exp(éimVz/R) which appears in
high-velocity atomic and molecular collision proh-
lems has a simple interpretation.?® This factor
causes the transition probability to decrease as
the initial momentum distribution of the active
electron in its initial wave function has progres-
sively smaller overlap with the distribution of its
final wave function, which is centered at a distance
mV away from the center of its initial distribution
in momentum space. Thus it expresses conser-
vation of momentum of the active electron. The
velocity at which the transition probability begins
to fall may be estimated by considering the spatial
region —a< z< g in which the overlap of initial
and final wave functions is large. Matrix elements
involving the exponential factor are then made
small by its oscillatory behavior unless mVa< #
=mvya,. The maximum overlap of wave functions
will occur when RV =0 and will extend to the di-
mension of the wave functions of states involved
in the curve crossing. When the crossing in-
volves the wave functions of the united atom, this
dimension may be estimated as @ =n’a,/Z,, where
n is the principal quantum number and Z; is the
screened nuclear charge*' in the united atom. The
velocity at which the transition probability begins
to fall is then given by

Va=Zsv,/n?. (8)

For curve crossings (a)-(c) which involve the M
shell of Mg or Al, V, is about 0.3v,. The velocity
of 1- and 3-MeV carbon ions is 5.4 and 9.5 times
this velocity, respectively. Thus it may be rea-
sonably expected that whatever transitions occur
at curve crossings in the M shell of the united atom
at 1 MeV will be appreciably less probable at 3
MeV.

Consider now the electron population of the L
shell of C in N- C collisions. Inside the solid,
the charge state of the moving N ion will be +2 or
+3 at low velocities,?® and there will be five or six
vacant levels in the nitrogen L shell, so that tran-
sition (a) is not forbidden. At low velocities, tran-
sitions may be assumed to occur at all three curve

crossings, with the result that two electrons can
be removed from the carbon L shell, thereby
producing the K L? line. At high velocities the
transition probability decreases, accounting for
the disappearance of the K L? line.

Consider in addition the somewhat different case
when carbon ions are projectiles. The change
state of the ion within the solid is again +2 or +3
at low velocities, leading to six or seven electrons
in the L shells of the separated atoms (after pro-
motion of one K electron), or to five or six elec-
trons if one electron is removed because of tran-
sitions (b) and (¢). Assuming these electrons are
shared among the collision partners, as the molec-
ular-orbital model predicts, most of the resulting
separated atoms will have three L-shell electrons,
leading to predominantly K L satellites in both tar-
get and projectile, as observed. If the projectile
did not capture electrons, as is assumed to be the
case by typical Coulomb ionization theories, it
would be expected to retain its +2 or +3 charge
state, and to emit the K L? and K L? satellite lines,
which are not observed at low velocities. Finally,
as the velocity is increased, transitions of types
(b) and (c¢) will become less probable in the same
way as for N- C collisions, so that the possibility
of five electrons in the L shells after a collision
initiated by a C*? ion is less likely, and the K L?
satellite should not be observed. However, at 2.5
MeV there is a 34% probability of C** ions for the
ion beam inside the solid,*® and in molecular the -
ory the +4 ions again lead to five electrons in the
L shells and production of K L? satellites. These
K L? radiations from the projectile can then be
Doppler shifted below the absorption edge, as
seems to be observed. If the C** projectiles cap-
tured only a single electron, K L3 satellites would
be expected from the projectile, again a radiation
which is not observed at 2.5 MeV.

The two -state approximation is not a sufficient
one for exact description of these collisions. For
collisions with n» =2 in the united atom, it is known
both theoretically and experimentally that transi-
tions to molecular states of proper symmetry with
energies in the continuum occur in appreciable
amounts as the projectile velocity increases.*?
Thus the above discussion cannot take account of
possible vacancy production by direct ionization.
However, it does give evidence that a description
in terms of crossing of molecular levels, rather
than a Coulomb ionization theory, accounts for
part of the vacancy production. Without a molec-
ular model, it is very difficult to explain the pro-
duction of the K L? satellite by N and not by C ions,
and to explain the lack of a marked difference be-
tween projectile and target spectra in C—~ C col-
lisions.
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C. Cross sections

The data shown in Fig. 6 may be compared with
other experimental data and with the predictions
of molecular and Coulomb ionization theories. The
figure shows the highest cross section found in a
previous low-energy measurement.'> Also shown
are previous data'* up to 1.5 MeV, which are about
a factor of 4 lower than the present measurements.
Corrections to data on these collision systems on
account of recoil effects are not large.*®* However,
the previous data were normalized to measure-
ments of the proton-induced cross section by
Khan, Potter, and Worley,* which have been found
to be about a factor of 4 lower than later measure-
ments by two groups using 100-keV protons and
solid carbon.?” Half of this factor is due to error®
and the remainder remains unexplained. Regard-
less of exact cause, however, the normalization
factor based on Ref. 44 which was used in Ref. 14
appears to be incorrect by approximately the
amount required to explain the difference between
previous and present measurements.

Figure 6 contains a dashed line calculated for
C - C collisions from the scaled vacancy-pro-
duction cross sections of Briggs and Macek,?® using
a total number of ten vacancies in the L shells of
the collision partners®® and a fluorescence yield
of 0.003 (estimated from the spectra of Fig. 4
and the calculated fluorescence yields of Table I).
This theory approximates the experimental values
at the extreme upper end of its range, a behavior
which has been found recently for Al and Ni sym-
metric collisions.*’

The data have also been compared to a Coulomb
ionization theory in which the increased binding
of the target K -shell electron during the collision
is taken into account.® Although this theory is in-
valid for Z, =Z,, it can perhaps be taken as a lower
limit, as polarization corrections increase the
vacancy-production cross section in the “positive -
Z3 region” below the maximum in the uncorrected
theory.*'® With a value of w, =3.4x 107 estimated
from the spectra, a cross section wgo% of 2.2
x107%' cm? is obtained from the theory for 2.5-
MeV C ions. This is in fact below the experimen-
tal result. As 0% has its maximum at about 21
MeV for C- C, and the polarization correction
appears to increase the cross section by as much

as a factor of 10 at energies an order of magnitude
below that of the uncorrected maximum,'° it ap-
pears that modification of the Coulomb theory to
account for polarization effects may cause it to
agree with the present data.

An effect which is suggestive of a molecular
model is the decrease of the cross sections with
the atomic number of the projectile. For example,
1.6-MeV O ions have a smaller cross section than
1.4-MeV N ions, and the latter have a smaller
cross section than 1.2-MeV C ions, while all these
ions have 0.1 MeV /amu of energy per unit mass.
This dependence would not be predicted by a sim-
ple Coulomb theory, in which the cross section is
proportional to Z? at constant velocity. While the
binding correction® does cause o2 for oxygen to
decrease to 49% of 0 for carbon, the polarization
cross section causes an increase, and the net ef-
fect may perhaps be more simply computed using
a molecular theory.

V. SUMMARY

Ion-induced K —x -ray satellite spectra have been
observed from thin-film carbon targets. The en-
ergies of peaks ascribed in whole or in part to
satellites are in reasonable agreement with theo-
retical calculations.®® The differing spectra ex-
cited by C and N ions and the lack of marked dif-
ference between projectile and target spectra for
C - C collisions are interpreted as evidence for
formation of transient molecular states from the
L shells of the collision partners, even though
electrons in these shells have velocities as much
as 30% lower than the projectile velocity. The
cross sections for K —x-ray production (for x rays
with energies above the absorption edge of carbon)
are most nearly in accord with the theory of Briggs
and Macek, which involves promotion of an elec-
tron from the 2po to 2pm state of the transient
molecule formed from the K shells of the collision
partners by rotational coupling at small impact
parameters.
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