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X-ray production by electron excitation, ionization, and capture for Fq+ (q = 1—9) ions in
collisions with a He gas target
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K x-ray transitions resulting from collisions between F projectiles, with charge states rangi'ng from 1+ to
9+, and He atoms have been observed. Production mechanisms leading to projectile K x rays include K-
shell electron excitation, single K-shell multiple L-shell vacancy production, and electron capture. The
measured F K x-ray production cross sections range from 10 ' cm' for low charge states to 10 " cm' for
incident bare ions. Using calculated average fluorescence yields, the K-shell electron excitation, single K-
shell, single K-shell + single L-shell, single K-shell + double L-shell ionization, and electron-capture
cross sections have been determined. The measured ionization cross sections are found to decrease with the

increase in projectile charge state, whereas single-K-shell electron-excitation cross sections increase with the
increase in projectile charge state.

I. INTRODUCTION

Pecent high-resolution experiments in heavy-
ion-atom collisions demonstrate that the satellite
structure of x-ray spectra from target atoms
depends significantly on the projectile atomic
number, its incident energy, and on the physical
and chemical states of the target. ' The x-ray
spectra from gas targets are also strongly de-
pendent on the charge state of the projectiles.
The satellite structures in K x-ray spectra @re
known to be due to simultaneous multiple ionization
and excitation of the inner and outer shells. These
multiple processes in turn give rise to different
fluorescence yields of the final x-ray emitting
atoms. In collisions between heavy ions and heavy
target atoms, production mechanisms for the
satellite structures are complicated by electron-
transfer processes. Similarly, the x-ray satellite
structure of. projectiles depends on the incident
energy, the charge state of the projectile, and on
the physical and chemical state of the target. ~'
For example, Hopkins et al. ' studied the charge
state dependence of x-ray spectra of 0 and F ions
in colli, sion with He, Ne, and Ar, and showed that
for highly ionized projectiles the electron-cap-
ture, electron excitation, and electron exchange
processes are responsible for the x-ray produc-
tion. More recently Fortner and Matthews' in-
vestigated FE x-ray spectra produced in solid
and gas targets for 0.5-1.5-MeV jamu F ions
and observed a variation of the x-ray spectra
between solid and gas targets. They also observed
a variation in the relative K x-ray intensities with
target pressure for gases of Ne and Ar, which was
described by collisional quenching of the long-
lived innershell vacancy states. Because of the
complexity of processes involved in x-ray produc-

tion in heavy-ion-atom collisions, some qualitative
understanding has been obtained from the studies
mentioned above, but determination of the proj-
ectile K vacancy cross sections to specified final
states is very limited so far. By specification
of the final state the electron excitation, single
K-shell multiple I -shell ionization, and electron-
capture processes can be distinguished.

The present investigation is a continuing effort
toward a quantitative understanding of heavy-
ion-atom collision processes involving the inner-
shell electrons as well as the outershell electrons.
Helium was chosen as the target in order to mini-
mize the number of collision processes and to
facilitate quantitative analysis of the possible
processes in F K x-ray production. Data for elec-
tron excitation, ionization, and electron-capture
processes are obtained from the present mea-
surements. The experimental apparatus and
procedures are described in Sec. II. In Sec. III
the processes responsible for the x-ray production
are discussed and quantitative analysis of the mea-
sured cross sections based on theories presently
available are presented.

II. EXPERIMENTAL PROCEDURE

In the present experiment 15-MeV V'(q = 2-9)
beams were obtained from the tandem Van de
Graaff at Kansas State University. The data for
q = 1 were obtained with a 5-MeV beam. In ad-
dition, a 1.5-MeV proton beam was used to bom-
bard an SF, gas target. to obtain the F X x-ray
diagram line. The low charge state F'+ beams
(q = 1-5) were produced directly at the tandem
terminal, whereas the high charge state P beams
(q = 6—9) were obtained by us ing pos ts tripping
carbon foils (5 p, g/cm') placed between the anal-
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FIG. 2. Particle spectrum obtained for 15-MeV F. The
peaks from recoil He and the gas impurities are indi-
cated. The percent of peak C in the spectrum is deter-
mined by the quality of the window on the proportional
counter.

yzing and switching magnets. The F-ion beams
entered a collision chamber filled with He gas
through an entrance aperture (S, = 1.8-mm diam. ,
see Fig. 1) and, after passing through an exit
slit (S, =2-mm diam. ), were stopped in a Faraday
cup. The beam intensity measured at the Faraday
cup ranged from 1 pA for lower charge beams
to a few nA for F" beams. The target chamber
was attached to an Applied Research Laboratories
(ARL) curved crystal x-ray spectrometer, as
shown in Fig. 1. The He gas was introduced into
the target chamber through a needle valve. Its
pressure was monitored with a Baratron gauge
and maintained" to an accuracy of 5% without using
any pressure regulation.

The F K x rays produced in collision with the
He gas were observed and energy analyzed with
the ARL curved crystal spectrometer utilizing a
rubidium acid phtalate (RAP) crystal. The x rays
entered the spectrometer chamber through an 0.38
x 12.5-mm slit (S,), which served as an entrance

slit for x rays and as a baffle for the He gas. The
spectrometer chamber was pumped with a separate
4 diffusion pump. The x-ray detector was a flow
mode proportional counter with a 2 p, -Mylar window
operated at atmospheric pressure using a 90%%uc

argon-10%%uo methane (P10) gas.
Small amounts of heavy impurity gases give

rise to large fluorine x-ray production compared
to He gas. The target constituents were monitored
by a solid-state detector (SSD) placed inside the
target gas chamber at 35'with respect to the inci-
dent beam direction. This detector recorded the
scattered projectiles and recoils from the gas
cell. Recoil He ions were clearly separated from
the recoil residual N and 0, and scattered F from
N and 0 and from Ar which diffused through the
proportional counter window. A sample particle
spectrum is given in Fig. 2. Spectra taken with a
different window on the proportional counter con-
tained no trace of Ar over a similar counting pe-
riod. The data were accumulated only when the
impurity peak counts amounted to less than 1% of
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total particle counts.
X-ray spectra were taken through an electronic

controller connected to a PDP-15 computer as
described previously. ' The control circuit &s

shown in Fig. 3. A dead-time correction factor
Q~/Q„(=X~/X„) was used to obtain the corrected
number of He-recoil ions since the interface has
no external dead-time gate to control the particle
pulse height analyzer (PHA). The PHA was, how-
ever, turned on-off by the PDP-15 in sequence
with the interface. The x-ray counts in a par-
ticular peak were normalized to the number of
recoil helium atoms after correcting the x-ray
intensity for transmission through the proportional
counter window and for ref lectivity from the crys-
tal. The transmission correction factors depend
on the x-ray energies and ranges from 9.10 for the
lowest energy to 1.87 for the highest energy. ' The
ref lectivity is only slightly dependent on the x-
ray energy. ' Furthermore, the correction was
made for the partial decay in flight' of the meta-
stable two electron (ls2P)'P state (r =0.5 nsec)
of F ions. ' This correction factor is 1.13 at.
-15 MeV for the slit geometry used in this experi-
ment.

III. RESULTS AND DISCUSSION

A. X-ray spectra
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The F K x-ray spectra were taken by scanning
the energy ranges 660-760 eP and 800-1130 qp
separately with the incident F projectile charge
states of interest. The low-energy x-ray region
is shown in Fig. 4 for 15-MeV F~, F", F", and
F'+, for 5-MeV F", and for 1.5-MeV H' on SF,.
The low-energy x-ray region is also shown in
Fig. 5 for F~, F", F", and F~ beams. The x-
ray transitions in the low-energy region (Figs.
4 and 5) are labeled according to the electron
configuration KL of the initial state of the transi-
tion. The simple two-electron K x-ray energy
spectrum of the KL configuration can be clearly
seen in the F' spectrum in Fig. 5. The two peaks
are for the decay of the He-like Is2p('P) (highest
energy) and ls2P('P) (lowest energy) initial states
formed by electron capture. The largest peak
for incident F~ is the Li-like KL'('P) transition
formed by excitation. The lowest-energy x-ray
observed for incident F" and F~ is the Li-like
KL'('P) state. In Fig. 4 the remaining peaks are
identified as the KL' (diagram line) through KL'
(Be-like) transition. For the beams given in this
figure (F~-F") the amount of Li-like KL'('P)
contained in the KL' peak is neglected. Jn the
high-energy x ray region (F-ig. 6) the H-like and
He-like transitions are labeled by the electron
configurations np and Isnp (beginning with the
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FIG. 4. F K x-ray spectra in the low-energy region
660-760 eV as obtained with incident 1'-5' F on He and
H+ on SF6. This energy region contains the KI."-K I.""
transitions labeled by the initial state of the transition.
The electron configur'ation of the incident projectiles
are also given. The shaded peak is for transitions re-
sulting from single K-shell ionization.

1s3p configuration), respectively. Table I con-
. tains a list of the transition labels discussed above,
the presently observed transition energies, pre-
viously measured transition energies, "calculated
transition energies"" and the assigned transi-
tions. The x-ray energy calibration is based on
the 1s2p('P) —Is'('S) and 2p —ls transitions. '0

The observed and calculated energies are in good
agreement. The two unlabled transitions at
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FIG. 5. F E x-ray spectra in the low-energy region
for incident Ee+-E + beams (see caption 4).

836.7 and 866.2 eV observed in the incident F"
induced spectrum are assigned to excitation of
I i-like configurations and have not been pre-
viously reported.

B. Pressure dependence

The K x-ray yields for each transition were
measured as a function of the target gas pressure.
The x-ray yields for the KL, ', KL, KL', and KL'
transitions and for the recoil He ions are gjven
in Fig. 7 for incident F~ and are linear with gas
pressure over the range of 20-120 mTorr. The
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FIG. 6. F Ex-ray spectra in the high-energy region
800-1130 eV as obtained with incident E4+-E9+ beams.
The energy region contains the np-1s (hydrogenic series)
and the lsnp(n ~ 3)-1s2 (He-like series).

pressure dependence for the ls2p('P) and 1s2p('P)
transitions for incident F~ projectiles are also
linear with pressure as shown in Fig. 8. The
fluorine 'P/'P intensity ratios change with gas
pressure for Ne and Ar targets due to collisional
quenching of the metastable 'P' states in the target
gas. ' However, for a He target the 'P/'P ratios
are constant in the 20-120 mTorr pressure range
as shown in Fig. 8 for a F' beam. The calculated
quenching cross section" for the 'I' state of F
ions in He is a factor of 20 smaller than that in

Ne.
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TABLE'E. Transition energies in units of eV of F K x rays in F+ He collisions.

Transition
labels

Experimental energies
Present Kauffman b

C alculated energies
House ' Tunnell d Transition

KL8
KLY
KL6
KL5
KL4
KL3
KL2
KL2
KL(3P)
KL('P)
2p

ls3p

ls4p
ls5p
ls6p
ls7p

3P
4p
5p
6p
7p

677.0
~ ~ ~

686.5
694.1
702.3
713.0
714.8
725.3
731.0
737.7
827.4
836.7
858.3
866.2
900.1
919.1
932.1
939.8
956.5
982.3

1034.5
1060.8
1072.9
1080.1
1104.4

715.1
724.8
731.1
737.7
827.4

857.5
0 6 ~

899.7
919.6
930.3

954.5
981.0

1034.9
1059.0

1103.5

680.4
685.4
692.2
700.5
710.4

724.2
~ ~ ~

736.0
~ ~ ~

~ ~ ~

677.8
681.7
687.4
694.6
702.4
711.1
714.7
725.0
730.7
735.6
827.5
836.5'

~ 0 ~

863.5'
~ ~ ~

980.7
1034.3

ls2s~2p' ls 2s~2p' ~

ls2s 2p' ls 2s 2p'
ls2s~2p~ ls~2s~2p~ ~

ls2s 2p' ls 2s 2p'
1 2 2p 1 2 ~2p
1s2sm2Pl- ls22sm2Pl-i
ls2s2p('P) - ls'2s
ls2s2p(2P) ls 2s
ls2p(SP) ls~
ls2p('P) —ls'
2p ls
1s2s3p pP] —1s'2s PS]
ls3p ls2
ls2s4p[ P] ls 2s
ls4p- ls2
ls5p —ls2
ls6p ls2
ls7p —ls2
series limit (He)
3p ls
4p —ls
5p —ls
6p ls
Vp ls
series limit (H)

(m+ 1=8)
(~+ 1=7)
(m+ E=6)
(m+ l'= 5)
(m+ 1=4)
(~+ i=3)

These labels are used in identifying the peaks in Figs. 4, 5, 6, and 9.
"Taken from Ref. 10.
'Taken from Ref. 11.
dTaken from Ref. 12.
'There are two P transitions, one at 836.5 eV and one at 829.2 eV. The 836.5-eV transition has a larger fluores-

. cence yield.
There are two P transitions, one at 863.5 eV and one at 871.7 eV. The 863.5-eV transition has a larger fluores-

cence yield.

C. Correspondence between production mechanisms

and observed transitions as a function of
incident charge state

The measurement of the projectile x-ray pro-
duction cross sections in high resolution allows
one to assign uniquely various production mech-
anisms to the observed x-ray transitions. The
assignment of a transition to a particular production
mechanism depends on the incident charge state
of the projectile. Examples of the assignments are
given in Fig. 9.

Z. No initial K vacancies

Figure 9(a) presents an example of a projectile
with no initial K vacancies (F ).

a. K-shell electron. excitation. The lowest-energy
transition (KI ' -K 'L') is from an initial state with
the same number of electrons as the incident projec-
tile and hence the production mechanism leading to
this transition is excitation of a single electron from

the K shelltotheI shell. ExcitationfromtheKshell
to the M shell will result in 2P - Is and 3P Is
K x-ray transitions as illustrated in Table II.
For incident F~(K'L') this excitation is to the
KL 'M configuration with decay to either the
K'L'M or K'L' final configuration with calculated
transition energies" of 709.3 and 779.5 eV, re-
spectively. No evidence for the higher-energy
transition is observed and the lower-energy tran-
sition which is more probable falls between the
KL'-K'L' and KL' K'I, ' but closer to the latter
transition (713.0 eV).

b. K-shell ionization. The next-highest-energy
transition (KI.' -K'L'), which is cross hatched in
the figure, is from an initial state with one less elec-
tron than the projectile and hence the production
mechanism leading to this transition is ionization of
a single K-shell electron. The transitions assigned
to single K-vacancy production (ionization) for ea,ch
incident projectile charge state are the cross-hatched
peaks in Figs, 4-6 as in the example in Fig. 9(a),
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FIG. 7. Pressure dependences of the x-ray yields of
each of the peaks KL -KL in the 15-MeV I' ++ He spec-
tra are linear with gas pressure in the range of 20-120
mTorr. The curve labeled I„„is the yield of the recoil
He ions.

The higher-energy peaks (KL' and KL('P, 'P) are
due to single K-multiple I -shell ionization.

2. Initial K vacancies

Figure 9(b) presents an example for a projectile
with an initial K-shell vacancy (F").

a. K-she/l electron excitation. The peaks labeled
np are the 8-like transitions and hence assigned to
excitation of a single proj ectile electron from the
K shell to the higher shells.

b. Electron capture. The He-like series labeled as
1snp results from capture of an electron into the np
and higher orbits of the projectile. For projectiles
with no initial K-shell vacancies (F ', q & 6) the sin-
gle capture process does not result in a K x- ray. The
incident F' ion beam contains metastable
ls2s('S) ions which contain K-shell vacancies and
must be considered as a special case.

3. Production mechanisms

In the following subsections, a brief description
of the production mechanism for each peak for
the incident projectile F~(K"L") is given.

a. E~( LK'). The four lowest-energy peaks

'0 50 IOO

He PRESSURE (millitorr)

FIG. 8. Pressure dependences of thels2ppP&), 1szp
( P&), and recoil He yields frown 15-MeV 7 ++ He colli-
sions. The ratio of the P& to the ~P& yieMs is given in
the upper part of the figure. This ratio of yields is con-
stant over the pressure range studied.

in Fig. 4 (F~) are easily assigned in the order
of increasing energy to 1 K-shell electron exci-
tation (KL') (small shoulder at 686.5 eV), 1 K-
shell electron ionization (KL'), 1 K-shell +1 I-
shell electron ionization (KL'), and 1 K-shell
+2L-shell electron ionization (KI, '). Peaks cor-
responding to higher ionization states for this
projectile are not included in the present a,nalysis.

b. P~(K'L'). The first four peaks beginning
at an x-ray energy of 694.1 eV in Fig. 4 (F~)KL',
KL', KL', and KL' are assigned to the 1K-shell
excitation, 1 K-shell ionization, 1 K-shell+1I-
shell ionization, and 1 K-shell+2L-shell ion-
ization mechanisms, respectively. As in the case
of F~ the higher-energy peaks are not included
in the analysis.

c. F~(K'L'). The assignments of production
mechanisms for this incident beam are discussed
above in the example using Fig. 9(a).

d. F~(K'L') The first pe.ak KL' at 713.0 eV
in Fig. 4 is due to 1K-shell excitation. One K-
shell excitation is becoming significant because
the number of available vacancies in the 2p shell
is getting large. The second peak is due to 1 K-
shell ionization. The third and fourth peaks cor-
respond to the 'P and 'P transition of (1s2p)He-
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like F ions and are due to 1 E-shell+I L-shell
ionization. Note that the KL('P) peak is decreased
in intensity compared to the KL('P} peak. For this
projectile charge state, some low-intensity peaks
are observed. in the high-energy region (see Fig.
6). Note that even though the incident projectile
(K'L'= ls'2s') has no 2p electrons, the ls2s2P
configuration is present following the collision as
evidenced by the observation of the 1s2s2P('P)- ls'2s('S) x ray, This indicates that the 2s and

TABLE Q. Calculated average 2p 1s and 3p 1s
transition energies from ls2st2p"3p configurations of
E+~ for N=. 1,2, 3,4.

Initial configura. tion
Transition energies (qV)

2p 1S 3p 1s

1s2S'2p3p (Zr.3u)
1S2S~2p~3p (X1.4M)
lszst2p 3p (KLsM)
1S2s~2p43p (ZI.~M)

709.3
699.8
692.0
685.7

779.5
754.6
732.3
712.6

'Calculations by Tunnell and BhaQa, Ref. 12.

+%h% \ ~wc%
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FIG. 9. (a) Xx-ray spectrum from 15-MeV 7 +(X L, )

+ He with the designation of the processes leading to each
of the peaks. This. represents a case with no E-shell
vacancies in the incident projectile. (b) Xx-ray spec-
trum from 15-MeV I' '(E)+ He with the designation of
the processes leading to each of the peaks. This repre-
sents a case with a E'-shell vacancy in the incident pro-
jectile.

2P levels get substantially mixed during the col-
lision. lt is also known that the 1s2s2p('P) state
(714.8 eV) lies at an energy similar to the
ls2s'2p configuration energy (713 eV). We have
not corrected the 1 E-shell excitation or the I E-
shell ionization intensities for this effect since
there is no way to obtain the 4P fraction from our
experiment.

e. E~(K'L). The second peak KL'('P) at 725.3
ep corresponds to I E-shell excitation to the
ls2s2p('P) state and is very intense (Fig. 5}. The
firstpeak KL'('P) at 714.8-eV cannot be formed
from the 'S ground state by Coulomb excitation.
The small 'P intensity may be due to electron ex-
change. '4 H-like and additional He-like and Li-
like peaks are seen in the high-energy region of
the x-ray spectrum (see Fig. 6). The He-like
transitions result from I K-shell ionization. Note
once again that even though no 2P electrons are
present in the incident projectile, there. are sub-
stantial amounts of the Isnj and nP configurations
after the collision. 'The H-like transitions result
from 2 E-shell ionization or possibly I K-shell
+ 1 I -shell ionization + 1 K-shell excitation. It
is interesting to note that two peaks, one just
above the 2P-Is transition and one above the
Is3P-Is' transition, are significant. Hartree-
Fock calculations show that these peaks may be
due to Li-like transitions Is2s3P - Is'2s and
1s2s4P - ls'2s, respectively (see Table I). These
peaks are due to the Is - SP and Is 4p excitation
channel.
f. F"(K'+KL) The spe. ctrum in the low-energy

region of the x-ray spectrum (see Fig. 5) produced
by the F' beam has the interesting features that
the 1s2s2P(4P) ls'2s('S) transition labeled
KL'('P) is larger than the ls2s2p('P)- ls'2s('S)
transition labeled KL'('P) and that the ls2P('P)
—ls'('S) transition labeled KL('P) is larger than
the ls2P('P) —ls'('S) transition labeled KL ('P).
Both of these effects are attributed to the presence
of the metastable ls2s('S) state in the projectile
beam. This metastable fraction is established in
the post-stripper foil used to obtain the 7+ beam.
The 1s2P('P) state is formed by the excitation of
the 1s2s('S) component of the beam, giving rise
to a larger 'P/'P ratio (see discussion below).
The ls2s2p('P) state is formed by capture directly
into the ls2s('S) metastable component, giving
rise to a large 4I' contribution. The spectrum
in the high-energy region (see Fig. 6) is given
for completeness, but due to the complicated
nature of the excitation process, the cross sections
are not included in our systematics given in Sec.
III G.

g. F"(K). Two different kinds of x-ray emission
peaks are observed: H-like and He-like peaks
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(see Figs. 5 and 6). The H-like peaks (2p-, &p-,
4P-ls) are clearly seen and are due to single
K-shell elec'tron excitation. The He-like peaks
(1s2P'P, 'P-, 1sSP-, 1s4P-, ls5P-, 1s6P-,
lsVp-, 1s8P-ls') are observed and are due to the
one-electron capture. As shown in a separate
paper, " the electron-capture cross section (tr )
is strongly dependent on the projectile energy,
whereas the electron excitation cross section
(a„) is almost constant from 10 to 40 MeV. At
10 Me&, o is three orders of magnitude larger
than o„but at 40 MeV o„becomes one order of
magnitude larger than o„.

h. F~(bare nucleus) Sp.ectra from F~ ions
are very simple because all transitions are due
to the electron capture. The 2P-, 3P-, 4p-,
5p-, 6p-, Vp-1s peaks and series limit are easily
observed. Low-intensity peaks due to double
electron capture to He-like ions are observed.
The ratio of double to single capture is approxi-
mately 0.01.

t I I I

X-RAY PRODUCTION CROSS
SECTION FOR VARIOUS

CHARGE STATES OF IONS
IN l5MeV Fq'+ Ht' COLLISIONS

-l7
I g+ ~

IO

O
~~IO

u)
CL
C)

IO

D. X-ray production cross sections

A summary of the x-ray production cross sec-
tions obtained from the K x-ray spectra as dis-
cussed in the above section for incident F~ to
F~ (except F'") projectiles are given in Fig. 10.
The cross sections are obtained by normalizing
the x-ray counts per recoil He ion to the mea-
sured total x-ray production cross sections of
Guffey" for F +He at 15 Me&. 'The lines labeled
q+ connect points obtained for the same incident
charge state. One K-shell excitation, 1 K-shell
ionization, 1 K-shell+1 L-shell ionization cross
sections for incident projectile P (q'=2+-6') are
plotted versus q at q, q+1, and q+2, respec-
tively, on the abscissa. For example, the 1s -2P
electron excitation and the 1 K-shell ionization
cross sections for q =4 are the points plotted at
4 and 5 on the abscissa. K-shell excitation and
single nl electron-capture cross sections for
incident Fr' (q' = 8' and 9') are plotted at q a,nd

q —1, respectively. It is seen that the x-ray
production cross sections span more than four
orders of magnitude.

E. Charge-state dependence of sP/'P ratios

Recently Fortner and Matthews' reported the
variation of the 'P/'P ratios of F" ions with q
for targets of Ne, Ar, and Kr. Additional data
on the 'P/'P ratios are shown in Fig. 11 as a
function of the charge state (q) of F" ions inci-
dent on a He target. With increasing charge
state, this ratio decreases smoothly from a value
somewhat greater than unity for low-charge
states to about 0.5. for F" and again increases

I

-21

22
0 2 4 6 810

CHARGE STATE OF X-RAY
EMITTING IONS

FIQ. 10. I-ray production cross sections for 15-Me7
I'~++He (q=2-6, 8, and 9) in units of cm2. See discus-
sion in text for explanation of labels.

to 0.V for F" ions. The exceptionally high value
of the 'P/'P ratio for Fr ions is due to the exis-
tence of the 1s2s('S) metastable component in the
incident F"beam. For the F" ground state, the
'P/'P ratio should be small since excitation to
the 'P state from the ground state requires spin-
flip, which is prohibited under' dipole excitation.

For lower-charge-state ions which have many
electrons, it is expected that the excited states
formed by multiple electron processes are statis-
tically populated, i.e., the 'P, /'P, ratio would be
unity. This is nearly the case for low-charge-
state ions. For higher-charge-state ions, - the
nonspin flip electron excitation selection. rule
becomes more strict. If it were possible to ob-
tain a pure Is' F" beam, it is predicted that the
.charge-state dependence of the 'P/'P ratio would
exhibit a cusplike behavior with a minimum at
q = 7.
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F. Average fluorescence yields of various ionization states

To convert the measured x-ray production cross
sections into the ionization cross sections, the

I I I
'

I I

0 2 4 6 8 lO

CHARGE STATE (q) OF F IONS

FIG. 11. Ratio of intensities of the 1s2p(3P) decay to
the 1s2p(~P) decay of F is displayed as a function of the
incident projecti1. e charge state for 15-MeV F~'+ He.
For q= 7 the process is electron excitation of the beam,
for q&7 the process is electron capture, and for q& 7
the process is ionization. The exceptionally high ratio
at q= 7 is due to the preferential excitation of the 1s2p
(3P) state from the metastable 1s2s(3S) component in the
incident beam.

fluorescence yields must be known. No experi-
mental or theoretical average values of the flu-
orescence yields of F' ions with various ion-
ization states have been reported previously,
except for F'. 'The fluorescence yields for all
the possible electron configurations (ls2s" 2p')
were calculated by Tunnell and Bhalla" based
on the method developed by Bhalla" using the
nonrelativistic Hartree-Fock-plater atomic mod-
el. By weighting the possible electron config-
urations assuming a statistical population dis-
tribution of states, the average fluorescence
yields are obtained, as given in Table III. The
calculated average fluorescence yields increase
sharply for F" (q ~ 5) ions. Also shown are the
average fluorescence yields obtained based on the
statistical scaling model of Larkins. ' For q & 4,
the agreement between the two methods is fairly
good. The two methods of calculating the flu-
orescence yield disagree for q ~ 5, as discussed
by Bhalla et al."

G. Single, double, and triple ionization cross sections for
various charge states

The measured x-ray production cross sections
for single K, single K+ single L, and single K
+double L-shell ionization are converted to ioni-
zation cross sections using the fluorescence yields
from Ref. 17. These results are shown in Fig.
12.

The ionization cross sections decrease with
increases in the charge state of the projectiles.

&ABLE QI. Average fluorescence yields for various charge states of I"ions (x 100).

Configuration Weight

0
1'

1s'2s'2p'
18~2s22p'
1s'2s'2p'
1s'2s'2p'
1s~2s~ 2p~
lsd 2p6

1s~ 2s~ 2p3
1s~2s~2p4
ss'2p'
1s'2s'2p2
1s'2s'2p'
1s'2p4
1s'2s'2P
1s~2s~ 2P2
&s'2p'
1s~2s2
lsd 2si 2P
1s 2p
1s~2s~
1si 2p

1.13
1.17
1.41
1.27
1.57
1.30
1.56
1.86
1.75
1.83
3.16
2.24
1.58
6.56
9,64
0.29

16.9
22.4
75.0(0) b

48.9(1)"

12
4

30
2&

2
40
60
12
30
80
30
12
60
40

2
24
30

4
. 12

1.13

1.23

1.40

2.68

19.2
55.4(75.0) '

1.13

1.31

1.48

1.85

2.23

2.38

Based upon the empirical formula of Larkins.
The numbers in parentheses are obtained by neglecting the 2s-2p mixing.
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K-SHELL El ECTRON IONIZATION
CROSS SECTIONS FOR

l5MeV F'I++ He COLLISION

SINGLE K-SHELL ELECTRON
EXCITATION CROSS SECTION FOR

15MeV Fq++He COLLISION
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FIG. 12. F K-shell electron ionization cross sections
for 15-MeV F~++ He collisions. The open circles are for
single K-shell electron ionization and the closed circles
are for double ionization (single K-shell+ single L-shell
ionization). The open squares are for triple ionization
(single K-shell+ double L-shell ionization). The triangle
denotes the measured cross section for neutral F atoms
by McKnight and Rains (Ref. 22). The solid line is the
calculated single K-shell ionization cross section based.
on the PWBA-CS.

The calculated single K-shell electron ionization
cross sections, based on the plane-wave Born ap-
proximation with Coulomb deflection and increased
binding (PWBA-CB)" corrections, using the calcu-
lated binding energy for various ionization states are
also given in Fig. 12. The calculated ionization cross
sections do not decrease as rapidly as the measured
cross sections. This could indicate that electron
screening is effective for few electron ion systems
on a light target like He."

The cross section obtained by extrapolation
to the neutral F atoms is in agreement with the
results of McKnight and Rains" for bombardment
of SF, with He ions and is also in agreement with
the PWBA-CB prediction for neutral F atoms.

H. K-shell excitation cross sections for various charge
states

The measured K-shell electron excitation cross
sections (o„)of F" are shown in Fig. 13. o in-
creases one order of magnitude with increases
in the charge sta, tes from F" to F", and tends
to saturate. For F' ions, o„cannot be obtained
accurately because of the unknown contribution of

FIG. 13. F single K-shell electron excitation cross
sections in 15-MeV F'++He collisions. The solid line
represents the calculated cross section by assuming that
the excitation cross sections are proportional to the
number of I-shell vacancies (see text).

the metastable 'S state in the beam. An estimate
of this cross section is -2.8 &&1o" em' assuming
15/q of the beam in the 'S state. The electron
excitation cross sections per atom o„shown in

Fig. 13 for F" ions which have only one K-shell
electron are multiplied by a factor of 2 in order
to compare with the lower-charge-state ions which
have two K-shell electrons. No theoretical cal-
culations of o„ for various projectile charge states
have been reported so far. The statistical pre-
diction given in Fig. 13 is obtained by assuming
the cross sections are proportional to the number
of L vacancies and the number of K electrons.
This prediction is arbitrarily normalized to the
measured o„for F" ions. The statistical cal-
culation predicts the eorrecttrendbutoverestimates
the cross sections for low charge states. Ratios
of o„ to o; are given in Fig. 14. The single K-
shell ionization cross section increases drastically
in going from F'+ to F', indicating that the K-
shell electron excitation processes become more
important in x-ray production for higher-charge-
state ions, compared with the K-shell electron
ionization processes.

IV. CONCLUSION

We have used high- resolution K x- ray spectra
to identify K x-ray transitions that are associated
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FIG. 14. Ratio of X-shell electron excitation to single
X-shell electron ionization of 15-MeV F~'+ He collisions.
The solid line is drawn to guide the eye.

with the three K x-ray production mechanisms
of K-shell electron excitation, E-shell ionization,
and electron capture to shells higher than the K
shell. These production mechanisms have been
studied as a function of. the projectile charge
state. Vfe have obtained for the first time absolute
cross sections for K-shell to L-shell excitation
of F as a function of projectile charge state for
F~+He collisions. Vfe have also obtained the

pure single K-shell ionization cross section as a
function of projectile charge state for this sys-
tem. For 15-MeV F" on He the ratio of the E-
shell to L-shell excitation cross section to the
single K-shell ionization cross section increases
by more than one order of magnitude in going
from q=2+ to q=6+. For q=4+ the cross sec-
tions are nearly equal and for q =6+ K-shell
to L-shell excitation is about four times larger
than single K-shell ionization. The charge de-
penderice for the excitation cross section is qual-
itatively understood from a statistical calculation
accounting for the number of initial L-shell holes
and the number of initial K-shell electrons. The
charge dependence for the single K-shell ionization
cross section is in approximate agreement with a
PVfBA-CB calculation using the K-shell binding
energies of F". A study of the polarization of
the projectile x rays" formed from the various
processes leading to the various atomic config-
urations studied here would be of considerable
interest. Theoretical calculations of the exci-
tation, single and multiple ionizatiori cross sec-
tions for projectiles with the various charge
states are essential for understanding the collision
phenomena involving the innershell electrons as
well as the outershell electrons.
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