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The change in the K a x-ray spectra of neon is studied as a function of projectiles of Ct3+4+5+6

N+4,+6,+7, O+4,+5,+6,+7.+8’ and F+9

having an energy between | and 2 MeV/amu. The spectra are observed

using a curved crystal spectrometer. Combined with previous measurements data are obtained for pro-
jectiles from carbon to argon. X rays are observed from different ionization states of Ne designated by

KL" for n=1-7.

An 81% correction between the K L° peak and K L°® peak is derived. Semiempiri-

cal fluorescence yields are applied to the relative x-ray intensities to obtain relative multiple ionization

cross sections. These cross sections are fitted by a binomial distribution as predicted by Coulomb ion-
ization. All cases give good fits except for the F*° induced spectra. A possible explanation is that a

different excitation mechanism may exist for this near-symmetric collision case.

I. INTRODUCTION

In recent studies of high-energy heavy-ion-—
atom collisions, data using gas targets have yield-
ed surprising results. Winters et al.' and Mowat
et al.? have observed an almost exponential in-
crease in the x-ray production cross section of the
gas targets as the charge state of the incident ion
is varied. This is in contrast with Coulomb ioni-
zation theories which treat the projectile as struc-
tureless and predict no dependence on the ionic
charge of the projectile.®**

In a recent Letter it was reported that high-
resolution techniques were used to resolve the
K x rays emitted from a neon gas target bom-
barded by an oxygen projectile into a number of
satellite lines corresponding to different amounts
of multiple L-shell ionization.® In these spectra
it is shown that the amount of L-shell ionization
also depends upon the ionic charge of the pro-
jectile. In this paper a systematic study is done
of the relative intensity of the K x-ray satellite
structure of neon for various projectiles with dif-

ferent incident charge (C*3~*¢ N4+ "6+ *7 Q*4=*s g*9)

Combined with other published data®~® this provides
data of the satellite structure of neon for pro-
jectiles ranging from protons to argon in the 1-2-
MeV/amu energy range.

After an ion-atom collision in which a K-shell
vacancy is produced, the atom can de-excite by
emitting an x ray or an Auger electron. To mea-
sure the total vacancy-production cross section,
both the x-ray production cross section and Auger-
electron production cross section should be mea-
sured. Auger-electron measurements for neon
have proven to be difficult and relatively few mea-
surements have been performed.® Another ap-
proach is to measure the x-ray-production cross
section and apply a fluorescence-yield correction
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to obtain a vacancy-production cross section.
Bhalla et al. have shown that the fluorescence
yield is a function of the number of electrons
present in the outer shell of the atom, or of the
atom’s charge state.'® High-resolution measure-
ments such as those presented in this paper com-
bined with poor-resolution measurements can be
used to obtain vacancy-production cross sections.®
The high-resolution measurements are also im-
portant because they contain information concerning
the multiple ionization of the L shell. These can be
used to test existing theories concerning multiple
ionization.’ 12

II. EXPERIMENT

The experiment is performed using beams of
carbon, nitrogen, oxygen, and fluorine obtained
from the Kansas State University tandem Van de
Graaff accelerator. The beam is energy analyzed
and passed through a thin (20-ug/cm?) carbon
stripper foil as shown in Fig. 1. The stripper foil
also could be removed to allow the beam in its
original charge state to be passed directly into
the detection apparatus. The beam in the desired
charge state is selected by the switching magnet
and passed through a differentially pumped gas
cell. The gas cell consists of four apertures
dividing the cell into four regions: the first in-
termediate region, the target region, the second
intermediate region, and the beam collection re-
gion. The set up has been varied but a representa-
tive set of apertures from front to rear consists
ofholeshaving2-, 2-, 3-, and 4-mmdiameters, re-
spectively. Some of the data were taken without
the fourth aperture without any noticeable change
in the data. For 0.1 Torr of neon in the target
region, the pressure in front of the gas cell, which
is approximately 10 m from the switching magnet,
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FIG. 1. Schematic of the experimental apparatus used
in the experiment, The stripper foil between the mag-
nets may be removed to allow the direct beam to pass
through the gas cell. The curved crystal spectrometer
is at 90° to the beam axis.

is 2X107° Torr. For the intermediate regions,

each 30 cm in length, the pressure is 5X107° Torr.

The beam is estimated to contain better than 98%
of the pure charge state upon entering the target
region.

A schematic of the target region is shown in Fig.
2. The beam passes in front of the 1.6-cm slit of
the x-ray spectrometer which is perpendicular to
the beam axis. The pressure in the cell is kept
constant using a mechanical leak valve in conjunc-
tion with a capacitance manometer. A solid target
may also be used for calibration purposes.
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FIG. 2. Enlarged schematic of the detection region.
Solid targets as well as gas targets may be used for
calibration and alignment purposes.

The x rays are detected using a 4 in. curved
crystal spectrometer.’® A rubidium acid phthalate
(RAP) crystal (2d spacing =26.121 A) is used to
diffract the x rays. A typical spectrum is shown
in Fig. 3. The identification of the various peaks
will be discussed below. A proportional counter
having a 2-um Macrofol window is used to detect

- the x rays.'* The pulses from the proportional

counter are amplified and pulse height analyzed
using a single-channel analyzer. The energy ac-
ceptance window is set using L x rays of nickel
and beam x rays of oxygen and fluorine. The
pulses are collected in a PDP-15 computer for a
specified amount of integrated beam current. The
computer automatically moves the spectrometer

in constant wavlength intervals thus generating

the spectra as shown in Fig. 3. The lower spec-
trum shown in Fig. 3 was taken with the same
apparatus as the upper spectrum only using a
mica crystal (2d spacing =19.840 A). The mica
crystal gives better resolution than the RAP
crystal. Despite the better resolution no new
features are observed and the results as discussed
below are essentially the same for the two spectra.
The largest advantage in using the RAP crystal is
that the counting rate is almost an order of magni-
tude greater than that for the mica crystal. This
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FIG. 3. X-ray spectra of Ft9+Ne at 28.5 MeV. The
top spectrum has been taken using a RAP crystal. In
the bottom spectrum a mica crystal is used. The dif-
ference in resolution is due {o the difference in 2d spac-
ings. The RAP crystal gave almost an order-of-magni-
tude better yield. The low-energy peaks are due to the
fluorine beam.
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aids in obtaining useful results for some charge
state even when only small beam currents are
available.

III. RESULTS

Spectra produced by bombardment of neon by
O** and O'® at 24 MeV are shown in Fig. 4. The
peaks in Figs. 3 and 4 are labeled according to
the convention of Ref. 5 where K™L" denotes the
peak having m K-shell vacancies and # L-shell
vacancies. Some high-energy peaks in the O
spectrum which do not conveniently fit this nota-
tion are labeled according to the electronic con-
figuration of the transition. The P and °P He-like
KL" peaks of Ne are better resolved in Fig. 4 than
in Fig. 3. This results from the use of a smaller
exit slit collimator in front of the proportional
counter for the data given in Fig. 4. Hydrogenlike
and heliumlike fluorine peaks are seen in Fig. 3
and hydrogenlike oxygen peaks are observed in
Fig. 4. The measured energies of the neon peaks
are given in Table I. These are a composite of all
of the measurements performed in this paper. The
spectra are calibrated using the hydrogenlike lines
of oxygen and fluorine after correction for the
transverse Doppler shift.'® Also given are mea-
surements by Matthews ef al.® from oxygen-in-
duced neon spectra and measurements by Peacock
et al.'® using a plasma source. Also shown are
Hartree-Fock-Slater calculations by Bhalla et al.'°
for the initial hole configurations of (15)™(2s)*(2p)",
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FIG. 4. Spectra produced by 24-MeV O** and O*% on
Ne. The low-energy structure in the bottom spectrum is
from the oxygen beam. 7The assignments of the neon
peaks are discussed in the text.

TABLE I. Energies (in eV) of the various observed
neon peaks.

Initial

configuration
Others (1s™2s% 2p7)
Present a b m q r Calculated®
KL 848.5  848.6 1 2 86 848.5
KL! 855.0  854.8 1 25 853.7
11 6 854.6
1 2 4 860.7
KL? 863.6  862.1 115 860.9
1 0 6 861.7
1 2 3 869.0
KL3 872.4  871.1 11 4 868.9
105 869.2
122 879.0
KL*! 882.5  880.4 113 878.5
1 0 4 878.3
1 21 890.7
KL® 896.5 894.3 11 2 889.7
1 03 889.0
) 9042 1 2 1 902.6
6
KL 9084 9060 go51 1 g 2 901.6
kL7 P 915.9 914.0  914.8
p 922.5 920.8 922.0 1 0 1 914.4
0 22 982.3
KZL* 979.6 0 13 980.9
0 04 979.9
0 21 995.3
K%4.° 992.9 0 12 993.5
0 03 992.0
10034 0 1 1 1007.6
2 6
1006.
KL 006.8 10076 0 0 2 1012.5
(1s2s3p)
1040.5 1041.4
—(1s%2s)
(1s3p)
1083. 1073.
(s 083.3 073.9
2 From Ref. 6. ¢From Ref. 10.

Y From Ref. 16.

where g +7 =n. Except for the normal KL° line,
the present measurements are seen to be con-
sistently higher than the values of Matthews et al.
The present values also agree with the lines mea-
sured by Peacock et al.'® and they agree some-
what with the calculations of Bhalla ef al.'® These
indicate that the assignments are correct.

The relative intensities of the Ne K a satellite
structure, Ry %, are given in Table II. These
values are obtained by fitting spectra such as
those in Figs. 3 and 4 to a number of Gaussian
peaks. The results are corrected for crystal
reflectivity'” and quantum efficiency of the de-
tector™ using the values given in Table II. Most
of the data are taken at the ion velocity of 1.5
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TABLE II. Relative x-ray-production cross sections, Ryyn, for C*3=+8 N+4 +8+7 ord—+8 opq p+9,

Beam Energy Pressure
type (MeV) (Torr) Ry, 0 Rypt Ryro Rgy3 Rgp Ryrs Ryy 6 Rygpt
c*3 18 0.13 0.031(8) 0.125(9) 0.240(25)  0.237(25)  0.205(25) 0.123(19)  0.040(7)
c*t 18 0.15 0.090(55)  0.187(32) 0.277(37) 0.219(35) 0.160(28) 0.068(17)
ct® 18 0.20 0.074(9) 0.164(28) 0.235(36)  0.238(33) 0.201(28)  0.088(9)
c*s 18 0.10 0.043(19)  0.095(20) 0.119(20) 0.245(24) 0.254(23) 0.155(20) 0.087(16)
N+ 21 0.10 0.048(14) 0.156(23) 0.248(28) 0.233(27)  0.180(22) 0.086(17) 0.048(12)
N*+6 21 0.10 0.076(10) 0.167(19) 0.259(22) 0.314(21) 0.148(15) 0.037(9)
N+T 21 0.10 0.026(10)  0.062(17) 0.173(24) 0.358(27)  0.229(25) 0.151(29)
N*7 25.5 0.20 0.024(8)  0.065(9) 0.128(9) 0.186(9)  0.273(9)  0.218(8)  0.106(5)
ot 24 0.10 0.031(8)  0.128(13) 0.163(15) 0.324(21) 0.224(14) 0.129(10)
0*5 24 0.10 0.102(11) 0.203(36) 0.281(38) 0.285(52)  0.130(23)
o*b 30 0.10 0.061(10) 0.138(32) 0.159(28) 0.229(30) 0.223(24) 0.132(19)  0.058(7)
0*6 24 0.10 0.079(16)  0.151(24) 0.242(30) 0.293(29) 0.174(22)  0.060(11)
o+8a 35 0.05 0.014 0.054 0.135 0.205 0.237 0.221 0.102 0.033
o*7 24 0.10 0.090(10)  0.203(12) 0.346(16) 0.255(14) 0.107(16)
o7 30 0.10 0.027(4)  0.077(4) 0.105(12) 0.210(15) 0.287(13) 0.210(15) 0.075(10)
o*?a 35 0.05 0.033 0.098 0.183 0.243 0.272 0.137 0.034
O*8 24 0.10 0.104(11)  0.344(17) 0.291(20) 0.261(31)
o*8 30 0.10 0.139(14) 0.390(17) 0.268(18)  0.202(10)
ot8a 35 0.05 0.031 0.074 0.172 0.331 0.249 0.142
F*? 28.5 0.075 0.034(6)  0.347(16) 0.222(25) 0.397(67)
F+9 35.6 0.075 0.041(13) 0.419(16) 0.285(16) 0.254(29)
cL+7e 40 0.050 0.086(8) 0.379(32)  0.331(32)  0.204(27)
crHitd  4q 0.050 0.336(33)  0.314(35) 0.351(62)
cr*3b 49 0.050 0.280(20) 0.236(22)  0.484(32)
Ar+8c  go 0.20 0.058(9) 0.214(17) 0.321(14) 0.223(11)  0.184(18)
Ar*l4c  go 0.20 0.044(5)  0.286(22) 0.249(26) 0.421(18)
Reflectivity x 10° 9 7.8 7.9 8.0 8.1 8.2 8.3 8.4 8.5
Quantum efficiency © 0.37 0.38 0.39 0.40 0.41 0.42 0.43 0.44

2From Ref. 6. dFrom Ref. 17.

> From Ref. 7. €From Ref. 14.

¢From Ref. 8.

MeV/amu. Here data are obtained for C*3:*4s*5:%6
fOI‘ N+4, +86, +7’ fOI‘ O+4, +5, +6, +7, +8, and fOI" F+9.
The N*° beam is too weak to obtain any results.
Only the F*° case could be measured in the fluo-
rine case because the neon K« lines have approxi-
mately the same energy as the fluorine helium-
like transitions. In the F*9 case the projectile
must acquire two electrons to reach a helium-

like state. This can be done by double collisions
in which the projectile captures an electron in
each collision. By adjusting the gas pressure the
probability for this process can be made negligibly
small. The heliumlike system can be formed from
the bare nuclei by a double-electron capture during
a single collision. This process is much less
likely than a single-electron capture.'® This is the
process that gives the small heliumlike (1s)?-
(1s)(38p) transition observed in Fig. 3. The other
heliumlike fluorine lines which lie under the

neon lines have been shown to have almost negligi-
ble intensity when argon is used as the target

gas.” These give negligible contributions to the
neon intensities. Dataare alsoobtained at about
1.87 MeV/amu N*7, O*%*7»*8 and F*°. Com-
bined with the measurements of Matthews et al.,®
the general trend of the oxygen satellite structure
as a function of energy can be seen. Also in-
cluded in Table II are previously published mea-
surements for chlorine and argon projectiles,”*®
giving data on the neon satellite structure over a
large range of projectiles.

The intensities of the high-energy lines above
the Ka satellite group have not been measured.
For the cases studied here the intensity of these
lines is negligible compared with the satellite in-
tensity. In most cases the higher energy lines
are not discernible. For chlorine, where these
lines are readily observed, their contribution to
the vacancy production cross section is small.”
For the lower Z projectilés these contributions
would be even smaller.

In the discussion concerning the peak assign -
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ments, the use of K™L" notation oversimplifies the
process. In the data the heliumlike transitions
(1s2p)3P-(152)'S and (1s2p)*P-(1s?)!S are partially
resolved. The difference in energy between these
two transitions is due to the term splitting between
the 'P and 3P level. This energy difference is on
the order of the splitting between peaks assigned to
a certain electronic configuration. The term
splittings between all levels should be calculated
to test the assumption that each peak corresponds
to a single charge state as implied by the K™ L"
notation. Preliminary calculations using a single-
configuration Hartree-Fock approximation have
been made.?® These indicate that there may be a
small overlap between different charge states
but that the majority of the lines group about the
centroid of the observed peak.?! Because for most
of the charge states there is a large number of
lines and most of these are grouped closely around
the centroid, little accuracy should be lost in
treating each peak as belonging to a specific charge

state.

IV. THREE-ELECTRON SYSTEM

The decay of the three-electron system needs
to be studied more closely. Beam-foil studies
have shown that the (1s2s2p)*P and (1s2p%)*P
have radiative decays to the (1s%2s)2S and (1s22p)-
2p states for atoms around the Z of neon.?*: 23
The energy difference between these normally
forbidden decays and the decay of the doublet
levels is as large as the energy difference between
satellite groups. The calculated energies of the
transitions of the three-electron system for neon
are given in Table III. The second column gives
the energies obtained by using a single-configura-
tion Hartree-Fock calculation.>® The third col-
umn gives the results of a Z-expansion calcula-
tion.?® Comparing these values with the values in

TABLE II. Calculated transition energies for the
three-electron system of neon.

JAMISON, AND RICHARD 1

Energy (eV)

Hartree-Fock? Z expansion?

Transition

(1s2s52p)-(1s22s)

p-2 894.2 895.4
ép) -2 898.9 914.6
(p)%p-2s 913.1 907.4
(1s2p)-(1s%2p)

p-2p 895.2 897.0

:p-2p 903.7 805.8

p2p 905.3 908.2

%5-2p 911.0 917.1
2See Ref. 24.

PSee Ref. 25.

Table I, it is seen that the transitions between
doublet levels correspond to the calculations of
Bhalla ef al.!° for the three-electron system and
to the observed value of the peak KL® The quartet
decays have approximately the same energy as

the K L® peak. To obtain relative ionization cross
sections the data must be corrected for this ef-
fect.

The decay scheme for the three-electron system
of neon is shown in Fig. 5. The energy levels are
those given by the single-configuration Hartree-
Fock calculations.?* The decay of the fully allowed
doublet transitions are indicated by the solid lines.
The decay of (1s2s2p)*P,,, 4/, and (1s2p0%)*P,/, 4/,
states to the (1s22s)2S and (1s%2p)?P states are
indicated by dashed lines. These normally for-
bidden transitions occur by mixing with the
(15282p)2P,/, 4/, and (1s2p%)*P,,, ./, states as
indicated by the wavy lines.*® The J =2 compo-
nents of the *P states do not couple with the doublet
states and do not have a radiative branch to the

doublet states.?”

To correct the data for the overlap of Ry, 6 with
Ryrs, the ratio of the number of radiative decays
from the quartet states N, to the number of radi-
ative decays from the doublet states N, needs to
be known. The number of radiative decays from a
given multiplicity Ng can be estimated by using

the formula
Ns= > nl@) 3 gla, Ldw(a, L, J), (1)
o L,J

where the sum over « is a sum over all possible
initial configurations in the three-electron system

DECAY OF THREE ELECTRON SYSTEM
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FIG. 5. The decay of the three-electron system of
neon. The energies are from Ref. 24. The allowed de-
cays are designated by the solid lines. The forbidden
decays are designated by the dashed lines. The wavy
lines indicate the coupling between states. :
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and the sum over L and J ranges over all possible
states having the given multiplicity S. n(a) is the
initial population of the configuration a. In this
analysis it is assumed that the different configura-
tions are populated randomly and that the probabil-
ity for creating a 2s and 2p hole are equal. Thus
the configurations 1s2p?, 1s2s2p, and 1s2s® are
assumed to be populated in a ratio of 15:12:1,

gla, L, J) is the relative initial population of a
given state labeled by S, L, and J in the configura-
tion @. For a statistical population each state is
weighted by (2J +1) so that g(a, L,J)=(2J +1)/
Z},-(2J+1), where the sum is over all states in the
given configuration. For 1s2p?® configuration there
are 30 components so that g=(2J +1)/30 for that
configuration. In the 1s2s2p configuration there
are 24 possible components and g =(2J +1)/24. For
the 1s2s® configuration the only possible state is
2S,/s, SO that g=1 is that case.

in Eq. (1), w(a, L,J) is the fluorescence yield
for that particular state, or the x-ray branching
ratio for that state. Bhalla et al.’® have calculated
these numbers using wave functions for the average
state in each configuration. No multiplet effects
are considered. Bhalla has recently performed
calculations for doubly ionized neon including the
multiplet effects and has shown that the fluorescence
yield depends on the multiplet level considered.?®
The dependence is due to the change in the wave
functions by the electron-electron interactions.
Since calculations have not been made for the
three-electron system, each multiplet level is
assumed to decay with the same fluorescence yield
as the average configuration except when selection
rules close one of the possible decay channels.
The (1s2p%)2P and 2S levels are assumed to have
a fluorescence yield of 0.0823.'° The (1s2s2p)*P
and *P,, ,/, levels are assumed to have w=0.0843.
The decay of the 1s2s® configuration to the ground
state is not observed in this experiment so that
w=0. The (1s2)?)%P has its Auger channel closed
under the dipole approximation. The selection
rules are that AL=0, AS=0, AJ=0, and no change
in parity.?° For the (1s2p?)2P state to undergo
Auger decay to the (1s%)'S state, a p-wave electron
must be emitted to satisfy AL=0. The 'S+p-wave
state has odd parity because a p-wave electron has
odd parity. This transition violates the parity con-
servation rule because (1s2p?)2P has even parity.
Thus, the fluorescence yield for the (1s2p?)2P
state is one. Since the (1s2p?)*P,,, ,/, state
decays primarily as a result of coupling with the
2p state, the fluorescence yield for the *P,/, ,/,
state is also one. The Auger channel may not be
completely closed because some configuration
mixing may occur. This would make the fluores-
cence yield not exactly but almost one. The *Py/,

states have a fluorescence yield of zero since there
is no x-ray branch.

Substituting the above values into Eq. (1), the
ratio of the number of quartet x-ray decays to the
number of doublet x-ray decays, N,/N,, is found
to be 0.81. Thus to find the true amount of Ry;s
and Rys, 81% of the Ry, s intensity must be sub-
tracted from Ry ;s and added to Ry 6. The value
of N,/N, depends upon the assumption of a statis-
tical initial population, upon the fluorescence
yields used, and upon the assumption of strong
coupling between the quartet and doublet states.

V. FLUORESCENCE YIELDS

The fluorescence yield for a particular state
w(a, L,J), as referred to earlier, can be defined
as

w(a, L,J)= Elfxr‘ , @)

where the numerator is the x-ray decay rate and
the denominator is the sum of the decay rates
of the competing transition from that state. This
differs from the usual definition,'® wy =T, /(T,
+I',), only by the inclusion of all possible decay
modes of the state. This becomes important only
in the few-electron systems. Eq. (2) explicitly
accounts for other possible decay modes such as
two-photon emission. It should be noted that for
systems which include large amounts of one- and
two-electron systems that the average fluorescence
yields® @ #0, /(0, +0,) since this would not include
all of two-photon decays and metastable decays
which are not detected.®°

The observed x-ray groups are from states
having a specific degree of ionization and not from
specific L, S, J states. w(a, L, J) must be averaged
over the initial populations of each state to obtain
a fluorescence yield wg,n for a particular ioniza-
tion state KL". This requires that an initial popu-
lation must be assumed. A complete set of cal-
culations for w(a, L, J) have not been performed.
Bhalla has calculated w(a, L,dJ) for the (152s%2p°%)3P
and 'P states and obtains values of 0.013 and 0,028,
respectively.?® Using a statistical population of
3P: 'P of 9:3, w(1s2s%2p%)=0.0167 which is in agree-
ment with the previous calculations.!® Bhalla
et al.’! have given evidence that the states may not
be statistically populated but that the population
is approximately the same for a variety of pro-
jectiles. The nonstatistical population would affect
the correction to the three-electron peak as dis-
cussed previously and would affect the fluorescence
yields derived by Bhalla et al.'® If the states are
populated the same way, independent of projectile,
a set of fluorescence yields may be derived which
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can be used for all sets of data.

A set of semiempirical fluorescence yields are
given in Table IV derived by Stolterfoht et al.®
These values are obtained by using high-resolution
x-ray intensities such as those given in Table I,
high-resolution Auger intensity ratios for KL° and
KL'® and the ratio of x-ray to Auger production
cross section.” A binomial distribution for relative
intensities is assumed. For comparison the cal-
culated fluorescence yields of Bhalla et al.'® are
also given in Table IV. These are derived as-
suming a statistical population among the different
configurations. The difference between the two
sets of values is greater for the larger amounts
of multiple ionization. The largest difference is
for KL ® where the calculations do not take into
account the closed Auger channel of the (1s2p?)2p
and *P states.

The value of w7 of 0.375 given in Table IV is
derived assuming that no long-lived metastable
decays are observed. The fluorescence yield is
not one even though no Auger processes can occur
because the (1s2p)®P, , cascade to the (1s2s)3S |,
which in turn decays by a magnetic dipole transi-
tion to the (1s%)S, state. The (1s2p)3P, can also
decay to the (1s2)'S, state via a magnetic quad-
rupole transition.?! The mean lifetime for the
°P,-'S, and °S,-!S decays are 448 (Ref. 34) and 92 000
nsec,?® respectively. These states are not ob-
served in this experiment due to recoiling from
the detection region before decay. The 3P,-'S,
decay which proceeds by mixing with the 1P1
state has a mean lifetime of 0.18 nsec,®® and its
decay should be totally observed. Table V shows
the measurements of the ratio 'P/3P for different
projectiles. Matthews et al.® quote a value of 1.6
but the measurements of this paper and other
works” give a value closer to 1.1 which is near
the theoretical value of one given assuming sta-
tistical population and total detection. The agree-

TABLE IV. NeonK -shell fluorescence yield wyyn for
the ionization state KL" .

WrL™

n Semi empirical? Calculated®
0 0.016 0.0160

1 0.018 0.0174

2 0.021 0.0195

3 0.022 0.0229

4 0.045 0.0289

5 0.051 0.0416

6 0.378 0.0802

7 (0.375) eeoe

2From Ref. 32.
Y From Ref. 10. These values are obtained by assum-
ing a statistical population of the different configurations.
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TABLE V. Measured values of the ratio P/3P in the
two-electron system of neon.

Projectile (energy) p/%p
0" (35 MeV)? 1.6
F*? (28.5 MeV) 1.13
Cl*? (40 MeV)P 1.08
cl*!t 40 Mev)P 1.04
CI*13 (40 MeV)® 1.14
2From Ref. 6.

PFrom Ref. 7.

ment gives some confidence to both assumptions.
The theoretical fluorescence yields as calculated
by Bhalla (last column in Table IV) are obtained
by taking the avervage total x-ray rate, I,, and
Auger rates, T,, for various electronic configura-
tions. These rates were obtained by taking an
average over the spectroscopic terms assuming
a statistical population. Bhalla®” and Chen and
Craseman®® have recently pointed out that signifi-
cantly different fluorescence yields are obtained
by calculating by the weighted average of the
fluorescence yields of the individual multiplet
states in the spirit of Eq. (1). We therefore ex-
pect that the discrepancies will be removed with
properly calculated fluorescence yields.

VI. THEORY

Several theories of vacancy production have been
developed for heavy-ion-atom collisions.?® The
molecular-orbital theory has been successful in
describing vacancy production in low-energy colli-
sions.*® Here the electrons are assumed to adjust
adiabatically in molecular orbitals during the colli-
sion. At intermediate energies the concept of
diabatic orbitals can be used to qualitatively ex-
plain the data.*’ To use these concepts the aver-
age electron velocity, v, = (2U/m)1/2, where U is the
electron binding energy and m is the electron
mass, must be greater than the incident projectile
velocity v;, or V=v;/v,<1.2° For the collisions
considered here V; >1. In these collisions the
scaled velocity of the K shell, Vj is approximately
one. Some molecular effects may be observed in
the K-shell cross section even though the L-shell
cross section would have no such effects. The
use of molecular orbitals has been extended to
higher energy for near symmetric collisions*?
but multiple ionization has not been considered.

Several ionization theories treating the impinging
projectile as a structureless particle have been
developed. The semiclassical approximation®!
(SCA) and the binary-encounter approximation’®
(BEA) have the same starting point for multiple
ionization, The cross section oym;n for ioniza-
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tion of m K-shell electrons and n L-shell electrons
is given by

oy = [ 2 db (fn) PrG)

* (1= po) = () 2 01 - 20,

(3)

where Py(b) and P, (b) are the probability per
electron for ionization of the K and L shells, re-
spectively, and (}) are binomial coefficients.

Py(b) and P, (b) are written explicitly as functions
of the impact parameter . In the above expression
the probability for ionization of the 2s and 2p sub-
shells are considered to be equal. If Pg(b)<<1,

the expression becomes for single K-shell ioniza-
tion

Ogn = f 27b db ZPK(b)<§>PL"(b)[1 P ()],
(4)

The two theories differ in their methods of cal-
culating P,(b) and P,(b), The SCA theory treats
the projectile as having a classical trajectory and
uses perturbation techniques to compute the prob-
ability for ionization of the target by the projectile
following that trajectory.*®* The BEA theory uses
the expression for cross section for ionization
and transforms this expression into one containing
an impact parameter. By comparison of this
expression with o = [ 270 P(b)db, an expression
for P(b) can be obtained.? For both treatments,
in the region where P (b) is nonzero P, (b) is
almost constant so that £, (b) can be replaced by
the probability for L-shell ionization at zero-
impact parameter, P;(0). Equation (4) reduces
to

OgLn :(2>P£ (0)[1 - P, (0)] 8=nog ’ (5)

in agreement with Eq. (34) of Ref. 12. Thus the

multiple ionization should follow roughly a binomial

distribution. This has been demonstrated for solid

targets® but has not been proven for gas targets.
P, (0) has been given in the BEA theory as'?

o(E)/N
nRZ s

P(0)= (6)
where R is given by R=V2 A; A is the mean
radius of the electron orbital. o(E)/N is the cross
section for ionization per electron given by

a(E;)) _ Z%

-~ - —-Q—Uz G(V). (7)
Z is the projectile charge and 6,=6.56x 107'* cm?
eV2, U is the electron binding energy and G(V)
is a function of the scaled velocity whose value is

tabulated in Ref. 12. No simple formulas have
been developed in the SCA theory, but it does pre-
dict the same Z2 scaling with projectile charge.*?
Calculations in the SCA theory for P, (b) have not
been performed in the scaled velocity range of
this experiment.

VII. DISCUSSION

Relative ionization cross sections can be obtained
from the relative x-ray intensities given in Table I
by using the formula 0 n=Ry.n /W n combined
with the semiempirical fluorescence yields given
in Table IV. The relative ionization cross sections
are given in Table VI. The values have been
normalized to unity. The fluorescence yields tend
to alter the profiles of the relative intensities
greatly by accentuating the lower charge states
and reducing the amount of the higher charge
states. For the 24-MeV O*® case the KL* peak
contains only 10% of the total x-ray intensity but
it has the largest relative ionization cross sec-
tion of 35%. If the fluorescence yields of Bhalla,
et al.’® are used, the relative ionization cross
sections will change for the higher ionization
states. Figure 6 shows the relative cross sec-
tions for the 21-MeV N*7 case obtained using
wgn by Stolterfoht et al.** (lower) and by Bhalla
et al.’® (upper). It is seen that the K L® values in
the upper figure have a much larger intensity than
in the lower figure. This is because the calcula-
tions of Bhalla et al.'° do not take into account the
closed Auger channel of the (1s2p%)2P and *P
states.

To obtain P, (0) a least-squares fit to a binomial
distribution is performed on the data in Table VI.
The probability for ionizing the 2s and 2p sub-
shell is assumed to be equal. Hopkins et al. have
shown that treating the probability for ionization
of the 2s and 2p subshells as being unequal changes
P, (0) very little for most physically plausible
conditions.® 0y, 7,x,8 has been fit with the sum
of 0.7 and ok 8. This is because the only way to
detect 04 s is for the neon ion to capture an elec-
tron and observe its cascade. The results of the
fits are given in Table VI. Several sets of data
and their fits are shown in Fig. 7. Also given in
Table VIis x2/(n—-1), n—-1 being the number of
degrees of freedom, the number of observed peaks
minus one, since only P, (0) is varied in the fitting
procedure. It is seen that x2/(rn - 1) ranges from
zero to ten for all spectra except for the F*°
spectra. As seen from Fig. 7 the KL® peak con-
tains more intensity than can be predicted from
a binomial distribution. The other data are seen
to have a reasonably good fit.

The values of P, (0) range from 0.287 for 18-
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TABLE VI. Relative ionization cross section gggn and probability for ionization at zero impact parameter Py, 0). Vi
is the relative velocity of the projectile (see Sec. VI).

Relative ionization cross sections

Beam x?
(energy) Vi O 0 Ogrl Okr 2 OkL3 ok Okz® OkL® Okp ks Pr©  n-1
C*? (18 MeV) 6.68 0.052 0.185  0.304 0.286 0.121 0.047 0.005 0.287 3.10
c*1 (18 MeV) 6.68 0.148  0.264 0.373 0.144 0.061 0.010 0.314 1.53
C* (18 MeV) 6.68 0.133 0.253 0.346 0.171 0.082 0.014 0.333 1.99
Cc*% (18 MeV) 6.68 0.112 0.213 0.254 0.256 0.118 0.035 0.011 0.396 0.80
N+ (21 MeV) 6.68 0.091 0.254 0.385 0.177 0.074 0.014 0.004 0.340 2.59
N*6 (21 MeV) 6.68 0.168 0.352 0.267 0.176 0.033 0.005 0.384 9.18
N*T (21 MeV) 6.68 0.097 0.220 0.301 0.265 0.086 0.032 0.485 2.05
N+7 (25.5 MeV) 7.36 0.076 0.176 0.331 0.235 0.107 0.059 0.016 0.420 4.66
o*4 (24 MeV) 6.68 0.068  0.240 0.292 0.284 0.092 0.024 0.365 6.33
0*5 (24 MeV) 6.68 0.198 0.377 0.255 0.144 0.025 0.379 5.59
0*5 (30 MeV) 7.47 0.134 0.259 0.285 0.201 0.090 0.025 0.006 0.364 0.38
0*% (24 MeV) 6.68 0.188 0.344 0.269 0.149 0.042 0.008 0.394 1.04
0*% (35 MeV)? 8.07 0.031 0.106  0.228 0.332 0.187 0.096 0.017 0.003 0.351 2.96
o*7 (24 MeV) 6.68 0.319 0.351 0.213 0.095 0.022 0.451 0.72
0*7 (30 MeV) 7.47 0.083  0.203 0.264 0.258 0.127 0.056 0.011 0.413 1.33
0*7 (35 MeV)? 8.07 0.076 0.193 0.345 0.224 0.131 0.027 0.004 0.384 6.06
0*% (24 MeV) 6.68 0.354 0.325 0.214 0.107 0.565 1.04
0*% (30 MeV) 7.47 0.372 0.408 0.155 0.065 0.514 7.11
0*8 (35 MeV)? 8.07 0.116 0.263 0.299 0.199 0.093 0.030 0.483 0.64
F*? (28.5 MeV) 6.68 0.123 0.533 0.073 0.172 0.626  42.14
F*? (35.6 MeV) 7.47 0.137 0.555 0.206 0.102 0.566  40.85
cl*? (40 MeV)b 5.83 0.308 0.350 0.255 0.088 0.570 0.94
cr*!! (40 Mev)®  5.83 0.396  0.372 0.232 0.647  0.02
cI*13 (40 Mev)®  5.83 0.418 0.271 0.310 0.676  10.51
Art® (80 MeV)®  7.72 0.225 0.406 0.235 0.091 0.042 0.464 7.39
Ar+*!4 (80 MeV)®  7.72 0.198 0.334 0.241 0.227 0.670 2.99
2From Ref. 6.
PFrom Ref. 7.
¢From Ref. 8.
MeV C*3to 0.676 for 40-MeV C1™*3, P, (0) for the BEA theory. This is expected since the BEA
data taken at V, =6.68 (1.5 MeV/amu) is plotted theory predicts a 1/E dependence for high-energy
in Fig. 8 versus the ionic charge of the projectile. projectiles while Bethe-Born theories predict a
The trend previously noted from examination of correct InE/E dependence which is more slowly
the x-ray spectra is again seen in the data.*® This decreasing.*’
is that projectiles having the same ionic charge The relative x-ray intensities Ry ;» given in
produce similar amounts of multiple ionization. Table II can be used in conjunction with the flu-
This is especially true when a K-shell electron orescence yields Wy n given in Table IV to obtain
is added to the projectile. The spectra do not an average fluorescence yield . Using the for-
show as great of a change in multiple ionization mula® ®~'=27 Ry n/We,n, @ for the different colli-
when an L-shell electron is added to the pro- sion cases are derived and given in Table VII. The
jectile. Also plotted in Fig. 8 is the curve of the chlorine and argon values are not included because
prediction of the BEA theory. Values of P, (0) for the high-energy excitations are non-negligible in
these cases are predicted to be from 3.0 to 6.0. these cases.”® It is seen that @ ranges from 0.027
This is unphysical since the probability cannot for 18-MeV C*3 to 0.162 for 2.85-MeV F*°. These
exceed one. The data are seen to be approximate- values are from about 1.7 to 10 times the normal
ly an order of magnitude below the BEA predic- fluorescence yield of 0.016. If the x-ray data are
tions and the data do not show as great an increase not corrected for this effect, an enormously large
as the Z2 rise predicted by Coulomb ionization charge-state effect would be observed in the low-
theories. In Fig. 9 the energy dependence of O¢ resolution data. An improved estimate of @ for
is shown. Also given is the energy dependence of the cases of large excitation may be obtained by
the BEA theory. The data although an order of using the binomial fit to the data. In some cases,

magnitude lower are seen to fall off less than the as for O*%;-the lower satellite intensities are not
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FIG. 6. Relative multiple-ionization cross sections
for 21-MeV N*7+Ne. The top figure shows values de-
rived using the fluorescence yields of Bhalla et al.!?
The bottom figure shows values derived using semi-
empirical fluorescence yields. Note the jagged profile
of the top figure.

observed because of their small fluorescence
yields. They make significant contributions to
the Auger yield and thus to @. To account for
their effect the fit to the relative ionization cross
sections may be used to obtain estimates of their
relative x-ray intensities. From these estimates
a ®may be derived as before. For 24-MeV O'®

a @ from the fit is 0.123 compared to @ =0.153 as
derived from the data itself. For the cases pro-

P, (0)=0.396 C*+Ne PL(0)=0.565 0% Ne
- x% (n-1)=0.80 I8 Mev 1 [ x*(n-1)=1.04 24 MeV
0.6} —0.6— —
¥ §
€r ANy .
&t {8} ;
0.2 —0.2|— —

KU KE kS K RS KL KO k! KE kS KE KC K KOk
P_(0)-0.626 F*%Ne P_(0)=0.570 [

L x%/(n-1)=42.14 285 Mev 4 | x%(n-1)=0.94 40 MeV -
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KU KE RS KE KC KE KGKE® Kl kE kG Kk Kk K KOek®

FIG. 7. Relative multiple ionization cross sections
and their fits to a binomial distribution. The measured
cross sections are given by the light bars. The fits are
given by the dark bars. Note the large discrepancy for
the 28.5-MeV F*°+ Ne case.
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FIG. 8. P.(0) as a function of ionic charge for projec-
tiles having arelative velocity of V,=6.68 (1.5 MeV/amu).
The solid curve is the prediction of the BEA theory which
contains a Z? dependence. The data rise less than Z2.

ducing less multiple ionization, such as carbon
and nitrogen, the procedure does not give much
change in @,

VIII. CONCLUSIONS

The relative multiple ionization cross sections
fit a binomial distribution reasonably well. The
data do not provide good fits if they are not cor-
rected for the KL5 and KL® overlap or if the flu-
orescence yields of Bhalla ef al.!° are used.
These fluorescence yields neglect the closed
Auger channel of the (1s2p2)2P and P states. In
deriving the semiempirical fluorescence yields
a binomial distribution is assumed.®* The two

T | ! T
0"9+ Ne

et i
a- e- O’8
o2+ A_Or/ ]
0-0"®
- A- +5 -
! | ] |
30 40
ENERGY (MeV)

FIG. 9. Energy dependence of O"8+ Ne. The solid
curve is the prediction of the BEA which falls off faster
than the data.
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TABLE VII. Average fluorescence yield, w, for C, N, O, and F for various energies and
charge states.

w
Energy Charge state
Beam (MeV) 3 4 5 6 7 8 9
C 18 0.027 0.030 0.032 0.047 cee
N 21 roe 0.034 0.046 0.078 e
25.5 DR v DR LY 0'056 .e .o
24 0.039 0.041 0.050 0.078 0.153 .
] 30 0.039 0.055 0.110
35 re 0.035 0.041 0.078
F 28’5 LY .o . e ceo0 Y 0162
35.6 c e so e Y i ee o e 0151

cases for which the fluorescence yields are de-
rived have differing amounts of multiple ioniza-
tion but still give consistent sets of values. Also
the fluorescence yields give multiple ionization
cross sections which fit a binomial distribution
over a wide range of values of P;(0). Thus the
fluorescence yields and the data are at least

self consistent in regard to the binomial distribu-
tion.

The notable exceptions in the data are the F™
cases. The data have much larger KL® peaks
than are predicted by the binomial distribution.
These spectra would be most sensitive to the
KL®-KL® correction because most of the ioniza-
tion is contained in the two peaks. A small error
in the amount of correction could distort the
multiple ionization values greatly. The chlorine
induced spectra and the Ar*¢ induced spectrum

also contain large amounts of multiple ionization
but have reasonable fits to a binomial distribu-
tion. Another possible explanation for the dif-
ference is that another ionization mechanism is
present for the F*° case. This is in the near-
symmetric collision region so that some vacancy-
promotion mechanism may be preferentially ex-
citing in the KL°® ionization state. Or, a multiplet
state with a high fluorescence yield may be pref -
erentially excited so that the statistical excitation
assumption is no longer valid.
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