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Projectile-charge dependence of the K x-ray emission cross section of carbon bombarded by

megavolt nitrogen ions*
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The carbon K x-ray emission cross section of met&~rie molecules bombarded by 1- to 5-
MeV nitrogen ions has been measured for incident charges +2 to +5 under single-collision
conditions. Only x rays with energies which penetrate the polypropylene window of a pro-
portional counter are counted. The cross sections increase monotonically with ion energy.
Above 2 MeV they also increase with ion charge, to a maximum of nearly 10 cm .

I. INTRODUCTION

When an ion with approximately 1-MeV energy
per unit mass collides with a light target atom,
the collision leaves the target atom with a num-
ber of vacancies distributed among its electron
shells. The resulting ion may be studied by means
of the x rays or Auger electrons which it emits ~

Measurements of the yield of x rays or Auger
electrons provide data from which the probability
of vacancy production may be determined, provid-
ing sufficient information is available on the state
of ionization of the emitting ion. High-resolution
spectral measurements, especially of x rays,
provide information on the distribution of vacan-
cies among the shells which, in addition to its
intrinsic interest, is necessary for extraction of
vacancy-production cross sections from yield
data.

Interest in the vacancy-production cross sec-
tions has led to a number of experiments with
high-energy ions under single-collision conditions.
In such experiments, thin gas targets are used in
order to gain control of the charge state of the
incoming ion. In cases where K x rays were ob-
served and the velocity V of the projectile is of
the order of magnitude of the velocity u~ of elec-
trons in the K shell of the target, it was soon
discovered that the target x-ray yield increases
rapidly with the charge state of the incident ion. ' '
Subsequent measurements of the x-ray yield of'
Cl- Ne and' Ar- Ne collisions produced x-ray
cross sections as much as a factor of 10 above
what is expected on the basis of Coulomb ionization
theory' and the fluorescence yield ra, of the
neutral atom. It was not known whether the dis-
crepancy was associated with the increased fluo-
rescence yield associated with highly ionized tar-
gets or with inadequacy of the Coulomb theory for
cases in which Z, &Z, (where Z, and Z, are the
atomic numbers of the projectile and target,

respectively). X-ray cross sections measured
for' Ne and' Ar with projectiles having Z, & Z,
also display a dependence on the charge of the
proj ectile.

The neon atom has been widely studied because
it is monatomic, thus obviating all question of
effects caused by the other atoms in the molecule, '
and because it is observable with Si(Li) detectors
and easily obtainable Bragg crystals. The results
of a number of high-resolution studies of the
satellites emitted by Ne bombarded by C, N, 0,
F, Cl, and Ar have been recently summarized, "
and indeed the average fluorescence yield ~ can
be as large as 10', for highly ionized projectiles.
Although there is accordingly room for agreement
with a Coulomb theory, measurements of the Auger-
electron yield have cast doubt on the adequacy of
this type of theory for collisions with Z, = Z, . (The
Auger cross section is particularly useful, since
it is approximately equal to the ionization cross
section when the fluorescence yield is small, e.g.,
a maximum'o of 0.16 for F"-Ne. ) A dependence
of the Auger yield on projectile charge state is,
in fact, found. " " However, the Auger cross
section is nearly independent of the projectile
charge i at all energies" when i & Zl 2 and is
approximately a linear function of i at 24 MeV for0- Ne and F —Ne when i & Z, —2." These results
do not follow the i' dependence predicted by a
simple Coulomb theory.

One possible explanation for these results is
that a Coulomb theory applies, but that the charge
producing the electric field has some other value
than i = Z, —n, where n is the number of electrons
on the projectile. In assessing the projectile-
charge dependence of the Auger cross section for
Cl- Ne collisions it has been suggested that the
proper variable is the screened nuclear charge
Z, —an, where e is an adjustable parameter. "
In addition, measurements of x-ray satellite
spectra have shown that the ionization produced
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II. EXPERIMENTAL PROCEDURE

Nitrogen ions created in an rf discharge ion
source were accelerated by a 2.5-MeV Van de
Graaff. Either singly charged N' ions were
selected by an analyzing magnet to be sent into
the collision region, or doubly charged N" ions
were chosen thereby enabling the ion energy to be
increased to 5.0 MeV at a slightly reduced beam
current. Either ion state, after selection by the
magnetic analyzer, was sent through a gas-strip-
ping cell about 6 ft long. Ions emerging in any
one of the resulting charge states 1-5 were then
selected by an electrostatic analyzer. Using this
combination of magnetic and electrostatic analysis
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FIG. 1. Schematic diagram of experimental geometry
(not to scale). Aperture separations and widths are
given at the top of the figure. Ions of known mass, ener-
gy, and charge from a 3 MV accelerator (not shown)
excite x rays in the methane gas of the molecular beam.
Ions scattered from the carbon nuclei are monitored by
a semiconductor particle detector placed at an angle
of 8.8 mrad from the incident-beam direction.

by projectiles having 2, & i &2, —2 (i.e., only K
electrons) is a function of i rather than Z„"
suggesting that the screened nuclear charge is
active in this case, while for projectiles having
L electrons the dependence only on i disappears.

The present measurements provide x-ray cross-
section data for an atom simpler than neon in a
region of projectile velocities such that 0.45
& V/uz& 0.83. The experiment is performed under
single-collision conditions, but the carbon atom is
present in the molecule CH4, so that effects
associated with the hydrogen electrons may pos-
sibly be present. Previous measurements for
collisions of high-energy heavy ions with methane
are very few. The carbon K x-ray cross section
for C, N, and Ne projectiles has been measured
up to 150 keV. " The K Auger cross section ap-
pears to have been measured only for C ions up
to 450 keV. "

of the ion beam, ions with a given atomic number,
charge state, and energy could be selected. "

As depicted in Fig. 1, the ion beam was crossed
with a thermal-velocity molecular beam of CH4
and both scattered ions and carbon K x rays
emerging from the crossing region were counted
simultaneously. In such a case, the x-ray cross
section is given by

X do Qg
R dQQ&

where X and R are the number of x rays and
Rutherford scattered particles, respectively,
detected during a run, Q, and Q„are the solid
angles subtended by these detectors, der/dQ is the
differential cross section for screened Rutherford
scattering toward the detector, suitably trans-
formed from the center of mass to the laboratory
coordinates, and e is the efficiency of the pro-
portional counter.

The molecular beam was created by a glass
capillary effuser located at the center of an alu-
minum collision chamber, 10 in. high and 24 in.
in diameter. The effuser was a glass matrix of
many small holes, each 3 p, m in diameter and
0.6 mm long, through which the target gas was
forced. ' The cross-sectional dimension of the
molecular beam so formed was about 1.0 cm long
in the direction of the ion beam and about 0.15 cm
wide in the direction perpendicular to the ion beam.
The beam was directed in a downward direction,
first intersecting the ion beam, and then entering
the mouth of a 6-in. oil-diffusion pump with a
liquid-nitrogen-cooled baffle, which provided most
of the pumping speed needed for the chamber plus
the pumping speed needed to extract the target
gas. A typical driving pressure of 6 Torr behind
the effuser as measured with an oil manometer
yielded a pressure of 0.94&&10 ' Torr in the region
of the ion beam. Outside the molecular beam, the
pressure in the chamber was about 2&&10 ' Torr.
Further pumping was provided by a 6-in. sputter-
ion pump and a 2-in. titanium evaporation pump
located outside the differential pumping apertures
labeled AS and DP in Fig. 1, and a 4-in. oil-dif-
fusion pump located between collimating apertures
EA and HV. As the molecular beam had a thick-
ness of 3&&10'4 molecules/cm' and cross sections
for charge transfer" are a maximum of 0.6&10 "
cm', the target was thin enough to ensure that
impurity charge states were less than 18%%u&. The
performance of the entire pumping system was
checked by using apparatus described elsewhere"
to measure the charge-state distributions of
4-MeV ions passing through the electrostatic
analyzer in charge state +3; with the effuser oper-
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ating at typical pressure the population in charge
states +2 and +4 totalled a few percent.

X rays were detected by a proportional counter
with a window which was about 4 in. in diameter
and which was located about 1yg in. from the
scattering center. A very thin window of stretched
polypropylene was chosen, since it seemed to have
the best transmission-to-gas-permeability ratio of
any material tried. The thin polypropylene was
supported on fine nickel mesh, about 7+p trans-
parent, which mas in turn supported on brass
vanes with about 8 in. spacing. The presence of
the carbon in the polypropylene window introduces
an absorption edge near the diagram line of car-
bon. Satellite lines, arising from carbon atoms
with higher ionized states than a single K-shell
ionization, may be sufficiently shifted in ene jgy
that they fall in the highly absorbing region
of the polypropylene. No estimate can be made at
this time as to how much satellite radiation is
absorbed by the window. However, when protons
were used to bombard N, gas flowing through the
effuser, nitrogen radiation was visible, even
though its energy is such that it is strongly ab-
sorbed by the window. This suggests that the
window was highly irregular in thickness, and
that there were areas of the window that were so
thin as to transmit nitrogen or carbon satellite
x rays.

The average efficiency of the counter for carbon
K x rays mas determined by a separate measure-
ment of the yield produced by a 1.0-MeV protons
incident upon methane. For this case o„may be
taken as the product of the cross section for
Auger-electron emission o„=1.08& 10 "cm'
measuxed by Toburen" and the fluorescence yield
v~ =2.2X 10 3 found by Langenberg and van Eck."
The unknown parameter in Eq. (1) is then e„,
which was deduced to be 0.043.

Utilizing windows as thin as those used in this
experiment introduced a residual-gas background
in the collision region due to the counter gas
permeating through the film. As a precaution, the
customary gas mixture of 90/p argon and 10%
methane (P-10) was abandoned since the presence
of the argon in the collision region would have
caused a high background in the x-ray count rate.
The argon L x ray, mith a much higher cross sec-
tion than the carbon E emission, would have been
detected by the proportional counter at nearly the
same energy as the carbon Ka x ray. The rela-
tively poor resolution of the counter mould not
have resolved these different emissions. To
alleviate this proble, pure methane was used as
a counter gas, and the voltage on the detector
anode was increased accordingly to provide the
necessary gain.
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FIG. 2. X-ray spectra accumulated with molecular
beam Qowing and without molecular beam, for +3
nitrogen ions at 3 MeV. Typically, pulses with heights
between 5 and 23 on the horizontal scale were summed
to obtain the total number of counts X used for calcu-
lating the cross sections.

To accumulate the x-ray counts, the pulse-
height spectrum from the counter, after suitable
amplification, was sorted by a multichannel ana-
lyzer. A spectrum from some relatively early
measurements is shown in Fig. 2, for N ions
incident on CH, . The energy scale mas established
by bombarding CH4 with protons; the resulting
peak was centered in channel 12. The figure shows
no evidence for nitrogen x rays, which would come
in appx oximately channel 17. The background
mhen the effuser was shut off contains x-ray counts
from residual gas atoms, unexplained discharges
with high voltage on in the proportional counter,
and pickup of fast transients by the preamplifier
used; the latter tmo rates being beam independent.
The total number of x rays that mere accumulated
for a given number of incident ions mere obtained
by summing the counts in those channels that
represented the carbon peak. No evidence for
appreciable intensity of nitrogen x rays (relative
to the intensity of carbon x rays) would have been
obtained by summing the counts in those channels
that represented a nitrogen peak.

Scattered ions were counted with a semicon-
ductor particle detector, approximately 8 in. in
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diameter, located ~ in. away from the center of
the ion beam at a distance of 78 in. from the
scattering center. The differential pumping
aperture DP (see Fig. l) served as an antiscat-
tering collimator to prevent ions scattered from
eollimator HV from reaching the particle de-
tector. Since the angle by which the detected ions
mere scattered mas small, electron-screening
corrections to the usual Rutherford scattering
formula mere necessary. The tables of Everhart"
and Bingham" mere used to determine the
screened Rutherford cross sections for nitrogen
ions at all energies as well as for the 1.0-MeV
protons that were used during the counter ef-
fieieney measurements. Values of the screening
length a and the collision diameter 5 mere com-
puted according to the prescriptions given, and no
adjustment was made to account for variation of
a mith ion-charge state.

A contaminant beam of unknown origin and —,
' the

energy of the projectiles mas present for ions
incident in charge +2." These ions were reduced
to less than 10/0 of the main beam by adjustment
of vertical electrostatic deflection plates used in
combination with the quadrupole focusing magnets.
A single-channel analyzer was used to select
amplified pulses from the semiconductor detector
from only the higher-energy group. As the x-ray
cross sections decline with velocity, it mas con-
cluded the x rays produced by these ions mould

produce a systematic error of less than l(g in
the exoss sections for +2 projectiles.

The dependence of the x ray and scattered-
particle yield upon the effuser driving pressure
was measured. For both particles and x rays,
the number of counts per incident ion mas a linear
function of effuser pressure, as expected. " In
general, there mas a negligible amount of x rays
detected by the counter mhen the effuser gas flow
was stopped. (The amounts were not negligible
before a 1-in.-long aluminum tube, 4 in. in diam-
eter, mas attached to the front of the detector so
that there was no line of sight fxom the counter
windom to either of the apertures labeled AS and
DP in Fig. 1.) This demonstrates that x rays
detected mere due to the effuser gas flow, and
essentially none were due tc methane gas at
atmospheric pressure permeating the thin counter
windom, or to beams striking the walls of the
chamber and associated apparatus (The ma. in
beam mas stopped in a Faraday cup located behind
the semiconductor particle detector. ) However,
the particle detector counted some scattered ions
even when no gas was coming through the effuser.
This was probably d6e to a small amount of scat-
tering from the aperture labeled AS in Fig. 1.
This aperture was of such a diameter that no ions

III. RESULTS

Figure 3 and Table I give the x-ray cross sec-
tions as a function of ion energy for several
incident-ion-charge states. For comparison the
carbon K x-ray cross sections for nitrogen bom-
barding solid carbon" are also plotted in Fig. 3.
The upmard trend of the cross sections as the ion
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FIG. 3. Carbon E x-ray cross sections for methane
molecules bombarded with nitrogen ions as a function
of the energy of the ion, with the charge of the incident
ion as a parameter. For comparison, the measure-
ments of Ref. 26, made using a carbon foil target and
a Bragg crystal spectrometer, are plotted as filled
circles.

could pass through the preceding eollimators and

strike it; however, ions scattered once by the
previous collimator could be scattered a second
time by aperture AS into the Rutherford detector.
Fox this reason, all data to be presented were
taken with the effuser on and with the effuser off,
and the slope ddt'/~ of the graph of X plotted as a
function of R was used in place of the ratio X/8
in Eq. (l). Values of hX/hR were accurate to
5%, with nearly all uncertainty coming from the
counting statistics of ~.
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TABLE I. Carbon & x-ray-emission cross sections
0„ for methane molecules bombarded by nitrogen ions.

Ion energy
(Me V) Ion charge

0'x

(10 ~0 cm2)

4, 0
3.8
4.3
6.2
6.8
7.2

16.4
22.6
36
25
50
97

energy increases is apparent. Such an increase is
expected for V& u~. More significantly, there is
a marked increase in the x-ray yield as the inci-
dent charge is increased, at least for energies
above 2 MeV. At 5 MeV the cross section for
charge +5 ions is approximately double that for
charge +3 ions. From Fig. 3 it would appear that
between 2 and 3 MeV there is an energy threshold
for the charge-state dependence to become ef-
fective. Below this value, the cross sections are
relatively independent of incident ionic charge,
while at 5 MeV they are a linear function of ionic
charge for the three charge states measured.

IV. DISCUSSION

Some observations ean be made on the con-
sistency of the observed charge-state dependence
with theory. As for Al-Al and Ni-¹i,27 the
best theory for production of K vacancies in
C- C collisions in solids seems to be a molecular-
orbital theory involving close approach of the
2Pg and 2Pm levels of the united atom. 2 ' In
terms of this theory, the increase in x-ray
production with projectile charge would be ex-
plained in terms of an increased number of va-

cancies in the 2Pm orbital. It has been predicted
that this number is 3 N„ in low-velocity asym-
metric collisions, "where N„ is the number of
vacant states in the 2p level of the isolated nitro-
gen projectile. It has also been shown that devia-
tions from —, N„set in at high velocities, possibly
because of long-range interactions between levels
in the L shells of the approaching collision part-
ners. " This interaction between L shells could,
in principle, depend on projectile charge. How-
ever, the 2p level in the nitrogen projectile of
the present collisions is probably completely
vacant, or at most occupied with one electron.
The greatest fractional change that could be
produced in the number of vacancies is therefore
probably much smaller than the observed frac-
tional variation in x-ray yield with projectile
charge. It may, therefore, be speculated that
the increased yield is associated with a rapid
increase in the fluorescence yield for target atoms
left with less than three electrons, just as is
found for neon. " The fluorescence yield for car-
bon does rise from 0.0026 in the neutral state
to approximately 0.01 for various configurations
of the three-electron ion, and to unity for a two-
electron ion with one K electron. " The observed
increase in yield may thus be associated with
ionization of the I. shell of the target atom, rather
than with the primary K-vacancy production.

Theories" "of a type other than the molecular-
orbital theory may eventually be required to ex-
plain projectile-charge effects. Because of the
possible attenuation of x rays with energies above
the K absorption edge of carbon in the propor-
tional counter window, the present data cannot be
relied upon for exact comparison with theory.
However, they do show that there is a large de-
pendence on the charge of the projectile at the
higher energies measured.

ACKNOKI. EDGMENTS

The authors acknowledge the assistance of
S. S. Choe in the early stages of this experiment
and of %'. Schaefer at the Van de Graaff aeeel-
erator.

*Work partially supported by the Energy Research and
Development Administration under Contract; No.
AT(11-1)2454 and the National Science Foundation
under Grant No. GP-34874.

)Present address: University of Colorado Medical
Center C-278, 4200 E. Ninth Ave. , Denver, Colo.
80220.

~J. R. Macdonald, L. Winters, M. D. Brown, T. Chiao,

and L. D. Ellsworth, Phys. Hev. Lett. 29, 1291 (1972).
J. H. Mowatt, D. J. Pegg, H. S. Peterson, P. M.
Griffin, and I. A. Sellin, Phys. Rev. Lett. 29, 1577
(1972).

S. S. Choe, H. K. Cacak, and F. W. Martin, Bull. Am.
Phys. Soc. 19, 591 (1974).

4M. D. Brown, J. H. Macdonald, and Patrick Richard,
Phys. Rev. A 9, 1470 (1974).



F. %'. MARTIN AND R. K. CACAK

SJ. Richard Mowat, I. A. Sellin, P. M. Griffin, D. J.
Pegg, and H. S. Peterson, Phys. Bev. A 9, 645 (1974};
J. R. Mowat, I. A. Sellin, D. J. Pegg, R. S. Petexson,
M. D. Brown, and J. H. Macdonald, Phys. Hev. Lett.
30, 1289 (1973).

~J. D. Garcia, Phys. Hev. A 4, 955 (1971), and refer-
ences therein; J. H. McGuire and P. Richard, Nid .
8, 1374 (1973); G. Basbas, W. Brandt, and B. Laubert,
ibid. 7, 983 (1973).
F. Hopkins, H. Brenn, A. H. Whittemore, N. Cue, and
B. P. Chaturvedi, Phys. Lett. A 53, 79 (1975).

sJ. B. Macdonald et al. , Phys. Bev. Lett. 30, 251 (1973).
9B. Fastrup and A. Crone, Phys. Bev. Lett. 29, 825

(1972); B. Fastrup, G. Her~~», Q. Kessel, and
A. Crone, Phys. Bev. A 9, 2518 (1974).

~OHobert L. Kauffman, C. W. Woods, K. A. Jamison,
and Patrick Richard, Phys. Rev. A 11, 872 (1975).
C F Mooxe etal J Phys B 7 L302 (1974

~2C. W. Woods, H. L. Eaux~~, K. A. Jamison, C. L.
Cocke, and P. Richard, J. Phys. B 7, L474 (1974).

~SC. W. Woods, H. L. Kauff~~n, K. A. Jamison, N. Stol-
terfoht, and P. Richard, J. Phys. B 8, L61 (1975),

~4D, Burch, N. Stolterfoht, D. Schneider, H. Wieman,
and J. S. Bisley, Phys. Hev. Lett. 32, 1151 (1974}.

"R. L. ZaufS ~~, C. W. Woods, K. A. Jamison, and
P. Richard, J. Phys. B 7, L335 (1974).

'~H. Tawara and F. J. de Heer, Physica 68, 607 (1973).
~~B. Aagaard, E. Bjbving„and B. Fastrup (private com-

munication).
~SF. W. Martin, Nucl. Instrum. Methods 124, 329 (1975).
~9J. C. Johnson, A. T. Stair, and J. L. Pritchard, J.

Appl. Phys. 37, 1551 (1966).

20V. S. Nikolaev, I. S. Dmitriev, L. N. Fateeva, and
Ya. A. Teplova, Zh. Eksp. Teor. Fix. 40, 989 (1961)
[Sov. Phys. —JETP 13, 695 (1961)j; a worst case &43
for +4 nitrogen ions in N2 at O.l MeV/amu.

"F.W. Martin and H. K. Cacak, S roceedings of the
Fourth International Conference on Beam-Foil Spec-
troscoPy and Heavy-Ion Atomic Physics, Gatlinburg,
Tennessee, Sept. 15—19, 1975 (Plenum, New York,
1976}.
L. H. Toburen, Phys. Bev. A 5, 2482 (1972).

23A. Langenberg and J. Van Eck, Phys. Hev. Lett. 31,
71 (1973}.

24E. Evexhart, G. Stone, and H. J. Carbone, Phys. Hev.
99, 1287 (19S5).

2~F. W. Bingham, Tabulation of Atomic Scattering Pa-
rameters Calculated Classically from a Screened
Coulomb Potential, SC-BR-66-506 (Sandia Laboratory,
Aug. 1966; CFSTI, Springfield, Va. 22151) (unpublished).

26R. K. Cacak and F. %'. Martin, this issue, Phys. Rev.
A 13, 599 (1976).

~H. Laubert, H. Haselton, J. B. Mowat, B. S. Peterson,
and I. A. Sellin, Phys. Rev. A 11, 135 (1975).

SJ. S. Briggs and J. H. Macek, J. Phys. B 6, 982 (1973).
J. H. Macek and J. S. Briggs, J. Phys. B 6, 841 (1973).

@B.Fastrup, G. Hermann, Q. Kessel, and A. Crone,
Phys. Hev. A 9, 2518 (1974).

"W. B. Thorson, Phys. Bev. A 12, 1365 (1975).
32M. B. C. McDowell and J. P. Cole~~~, Introduction

to the Theory of Ion-Atom Collisions (North-Holland,
Amsterdam, 1970), Chap. 4, Sec. 8.

33See Bef. 32, Chap. 4, Sec. 12.
+W. E. Meyerhof, Phys. Hev. A 10, 1005 (1974).


