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Electron capture to n > 2 levels of F7* (1s2s)3S projectiles lead to three-electron ions with an en-
ergetically allowed K-Auger decay channel. We have measured the F K-Auger emission spectra for
collisions with thin gas targets of He and Ne with sufficiently high resolution to distinguish capture
to several of the low-lying n values. The K-Auger production cross sections are reported as a func-
tion of the n level into which the electron is captured. The n-level dependence is measured for pro-
jectile energies of 6, 9, 12, and 15 MeV and is compared to the Oppenheimer-Brinkman-Kramers
OBK model for charge transfer and to a 1/n° function. The measured K-Auger electron-production
cross sections closely follow the 1/n> function which differs from the predicted OBK n dependence,
even though the cross sections for the higher n levels agree with the predicted OBK energy depen-
dence. The effects of cascading upon the calculated n dependence are also studied.

I. INTRODUCTION

In recent years Auger-electron emission has been used
to study inner-shell vacancy production!~3 in ion-atom
collisions but, until very recently, has not been widely used
to study electron capture. Electron capture, in particular
electron capture to excited states of highly ionized atoms,
has been, and continues to be, of considerable importance
to the studies of plasma energy-loss processes and diag-
nostics in current fusion-energy programs. The amount of
attention that electron capture has accordingly received
has been great.*~’

The main purpose of the present work has been to fur-
ther the study of electron capture to excited states of high-
ly ionized atoms in ion-atom collisions utilizing K-Auger
electron-emission measurement techniques. Previous in-
vestigations of electron capture to excited states have been,
for the most part, limited to x-ray and vacuum ultraviolet
(vuv) measurement techniques.>~!° A recently developed
technique for studying electron capture to excited states is
energy-gain spectroscopy using low-velocity ions.!1—13

Recent high-resolution x-ray studies at Kansas State
University have concentrated on the fluorine-projectile K
x rays of the F9* + He and F?* 4 Ne (g =2—9) collision-
al systems,*> 415 while K-Auger studies of these systems
have been concerned with the target, rather than the pro-
jectile, as the emitter.>!® The present work is therefore
concerned with the fluorine-projectile K-Auger electron
emission of the above-mentioned collisional systems.

The advantages in using K-Auger electron-emission
techniques instead of high-resolution x-ray techniques to
study the system in question are twofold. One is a matter
of detection efficiency. The efficiency of channel-electron
multipliers (CEM’s) used to detect emitted electrons is
known to be about 90% for electrons with an energy of
about 1 keV and to vary not significantly with electron en-
ergy.'”!® On the other hand, the crystals used in high-
resolution crystal spectrometers have a very low reflectivi-
ty. Thus photons with energies in the 1-keV range are
severely attenuated (by 3 to 5 orders of magnitude) and,
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furthermore, the attenuation is highly dependent upon the
x-ray energy. The other advantage is the fact that the
multiplet fluorescence yields for fluorine are, for the most
part, less than 30% and on the average less than 2% (Ref.
19) for the lower charge states indicating that K-Auger de-
cay of the excited states is much more probable than the K
x-ray decay of these states. K-Auger measurements are
thus much less sensitive to the fluorescence yields.

II. EXPERIMENTAL TECHNIQUES

The experiment was performed in the James R. Mac-
donald Laboratory at Kansas State University using an
EN tandem Van de Graaff accelerator. Fluorine ions of
various charges (¢ =2—8) and with energies of 6, 9, 12,
and 15 MeV were used to bombard thin target gases of
helium or neon. The resulting fluorine-projectile K-Auger
electrons were energy analyzed utilizing an electrostatic
cylindrical-mirror analyzer.'%2°

The resolution of a cylindrical-mirror analyzer has been
described in detail in a paper by Risley.?! The base-width
resolution of such an analyzer is expressed in terms of the
physical parameters of the analyzer and, for 1-keV elec-
trons, was calculated to be ~5.0 eV. Line broadening for
the cyclindrical-mirror analyzer involved in the present
work (caused by the spread in the scattering angle of the
projectiles and by the analyzer having a finite acceptance
angle)! was calculated to be 9—15 €V in the rest frame of
the emitter for an observed electron energy of 1 keV.?
The base-width resolution observed in the present work
was about 10— 15 eV in the rest frame of the emitter indi-
cating that line-broadening effects were the limiting factor
for the resolution of the analyzer.??

The criterion used to guarantee predominantly single-
collision events was linearity of the projectile K-Auger
yield as a function of target-gas pressure. Linearity tests
were performed for both gas targets and each projectile
charge state. For each projectile charge state, linearity
was preserved up to at least 10 mTorr. Running pressures
were accordingly kept below 10 mTorr (~7—8 mTorr).
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III. DATA ANALYSIS

The K-Auger production cross sections were calculated
using the equation

Y

Q

where C is a normalization constant, g is the charge state
of the incident projectile, S is the full-scale reading of the
current integrator, P is the pressure of the target gas mea-
sured at the gas cell in mTorr, i is the channel number,
(Y /Q); is the measured electron intensity per incident ion
for channel i after background subtraction, and E; is the
laboratory electron energy for channel i. In obtaining Eq.
(3.1), it is assumed that the projectiles do not change
charge state in the apparatus and that the Auger electrons
are emitted isotropically in the emitter frame.!

For projectile K-Auger electrons (i.e., electrons emitted
from moving ions), the assumption that the Auger elec-
trons are emitted isotropically has validity only in the pro-
jectiles’ rest frame. Therefore, if the main concern is with
projectile K-Auger electrons, a conversion from
laboratory-frame intensity per steradian for each channel i
is necessary. The conversion factor, expressed as (I'/I);
in Eq. (3.1), can be obtained by a simple analysis based on
1dQ=1'dQ)’ (N.B. primed variables here, and throughout
this paper, represent projectile rest-frame variables) and is
found to be the following:!16
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where E' is the projectile rest-frame energy of the elec-
tron, E is the laboratory energy of the electron, and 0 is
the laboratory observation angle (42° in the present
work).!® The reduced energy ¢ is defined as

me . 548.6T(MeV)
m, P~ A(amu)

P
where m, is the mass of the electron, m, is the mass of
the projectile, and E, is the incident kinetic energy of the
projectile. The reduced energy can also be approximated
in terms of 7, the energy of the projectile in MeV, and 4,
the mass of the projectile in amu.

In order to evaluate Eq. (3.2), the conversion from labo-
ratory energy of the electron to projectile rest-frame ener-
gy1 ?6f the electron is needed. The conversion is given
by"

E'=E +t —2(Et)’cosf cosf3 , (3.4)

where f3 is the scattering angle of the projectile. The pro-
jectile scattering angle is assumed to be very small and can
be set equal to zero for practical purposes. The normali-
zation constant C in Eq. (3.1) was determined for this pa-
per from the Auger yield for 6-MeV F?* 4 Ne using
0,4=1.409x 10718 cn?2.%3

IV. DISCUSSION

Fluorine ions with an initial charge state of ¢ =7 can be
created by passing F** or F** ions through a thin

TABLE 1. Lifetimes for the excited states of F’*.

Lifetime®
State (usec)

(1s2s)3S, 3.27x10?
(1525) 'S, 1.98x 10!
(1s2p)3P, 1.04X 1072
(1s2p)°*Py 1.10x 102
(1s2p) °P, 52x107*
(1s2p)'P, 1.79x 1077

2Taken from Ref. 24.

(~10 pg/cm?) carbon post-stripping foil. The distribu-
tion of charge states thus formed includes the two-electron
ion F’*. Not only is a charge-state distribution produced,
but, for any given single charge state, many different ex-
cited states are also formed. In most cases, these excited
states decay to the ground state very rapidly but, for the
two-electron ions, a few of these excited states have rela-
tively long lifetimes (see Table I).2* The times of flight for
F’* ions from the post-stripping foil to the gas cell for
this experiment are on the order of 1 usec for the incident
energies of F’* ions studied. As can be seen from Table I,
only two F’t excited states, the (1s2s)3S and (1s2s)'S
states, have lifetimes comparable to or greater than the
time of flight (~ lusec). Using these values, it can be
shown that approximately 99% of the F'* (1s2s)3S
metastable state created at the post-stripping foil reaches
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FIG. 1. 6-MeV fluorine-projectile K-Auger spectra for

F’+ 4+ He and F’* 4 Ne compared to Auger-energy calculations
for 1s2snl three-electron configurations (see Table II).
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TABLE II. Three-electron spectra of fluorine.

Theory? Theory® Experiment Experimental
error
(eV) (eV) (eV) (eV) Label
1s25%(?S) 521.6 525.4 1
521.0 n 1
1s2s2p(*P) 525.3 525.7 2
15252p(*P_) 535.9 535.9 535.9 " s 3
1s2s2p(?P.) 541.1 541.7 4
1525 35 (*S) 633.3 633.7 5
1s2s3s(%S_) 636.6 637.5 635.1 ;8-3 6
1525 3p(*P) 637.8 638.0 7
1s2s3p(*P_) 638.3 639.4 8
15253d(*D_) 642.5 642.9 ;%? 9
1525 4s (*S) 671.6 667.9 I%g 10
152545 (*S_) 672.9 672.0 n 11 1
1525 4p (*P) 673.2 12
1s2s4p (*P_) 673.5 13
1525 55 (4S) 688.4 682.5 ;;i 14
1s2s5s(?S_) 689.0 15
1525 5p (*P) 689.2 16
1s2s5p (*P_) 689.5 17
15 25 65 (*S) 697.2 691.6 ;%3 18
1s2s6s(S_) 697.5 19
1525 6p (*P) 697.7 20
1s2s6p (*P_) 697.9 21

2Chung (Ref. 27).
®Bhalla (Refs. 28).

the target area, while approximately 1% of the F’*
(1s2s) 'S metastable state created at the post-stripping foil
reaches the target area. The fraction of the total F’*
beam which is in the (1s2s)S metastable state at the tar-
get chamber was measured as a function of beam energy
and was found to be between 9% and 25%.° These frac-
tions are necessary to determine the cross sections for pro-
jectile events involving the (1s2s)?S metastable state of
fluorine. Schiebel et al.?> have reported a variation in the
fraction of the metastable component as a function of foil
thickness. However, a survey of the available literature
relevant to this problem indicates that the variation in the
metastable fraction between gases and thin foils is approx-
imately 25% (Ref. 26) which is on the order of the errors
reported in Ref. 5. The fraction of the total F'* beam
which is in the (1s2s) 'S state will be negligible compared
to the (1s 2s) *S metastable-state fraction.

Since the (1s2s)3S metastable state of the fluorine pro-
jectile has an initial K-vacancy, single-electron capture to
an excited state of the projectile can result in a K-Auger
transition, whereas the two-electron ground state of the
projectile must undergo a double process (i.e., simultane-
ous K-shell excitation and single capture to an excited
state) to produce a K-Auger transition. The double pro-
cess is much less probable than the process of single-

electron capture and thus the F’+ spectra in Fig. 1 are at-
tributed, predominantly, to single-electron capture to ex-
cited states of the (1s2s)>S metastable component of the
two-electron fluorine beam and the subsequent K-Auger
decay of the three-electron states thus created.

The theoretical K-Auger decay energies of the three-
electron states are shown in Fig. 1 compared to the spectra
for 6-MeV F’* +He and 6-MeV F'* +Ne in the projec-
tile rest frame. The theoretical energies and the experi-
mental rest-frame energies of the major peaks are tabulat-
ed for comparison in Table II. The column marked “la-
bel” in Table II corresponds to the the position numbers
in Fig. 1 for identification purposes. The upper calcula-
tions in Fig. 1 are those of Chung,?’ and the lower calcula-
tions from Bhalla et al.?*?° Both sets of calculations were
normalized to the projectile rest-frame energy of the
second major peak for F’+ 4 He in Fig. 1. As can be seen
from Fig. 1, both the spectral peaks and the calculations
are in definite groupings corresponding to electron capture
to a specific shell or level of the F7* (1s2s)3S metastable
state. Thus the lowest-energy group in Fig. 1 corresponds
to electron capture to the n =2 level of fluorine, the next
group corresponds to electron capture to the n =3 level of
fluorine, etc., all the way out to the series limit. The
groupings of the calculations correspond very well with
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the peak groupings and reinforce the above identification
of the peak groupings.

The resolution of the analyzer was not sufficient to con-
duct a positive identification of the individual states
within each grouping, especially for the higher-n values.
As can be seen from Table II, there are four individual
states that may be present for n =2, while only two major
peaks for helium are experimentally distinguished. The
(1s252)?S, the (1s2s2p)*P, and the (1s2s2p)?P_ are all
assumed to be formed from the F’* (1s2s)3S component
of the beam, and the (1s2s2p) *P_, included for complete-
ness, is formed from the (ls2s)!S state of F'™.
Throughout Table II the minus and plus subscripts indi-
cate lower- and higher-energy multiplets formed from the
F’* (15 2s) S state and the F'* (1s2s) 'S state, respective-
ly.

The neon spectrum in Fig. 1 has noticeably more struc-
ture on the high-energy side of each grouping than exhib-
ited in the helium spectrum. The added structure is
thought to be due to multiple-capture events where the ad-
ditional captured electrons act as ‘“spectator” electrons
participating in the Auger transition only by screening the
nuclear charge of the projectile. The K-Auger decay ener-
gies of the 1s2s5%2p* and the 1s2s2p™ states have been cal-
culated by Can et al.?® and found to lie between 535 and
600 eV. These configurations correspond to multiple cap-
ture to the n =2 level of the (1s2s)°S metastable state of
fluorine. For the case of fluorine incident on a neon tar-
get (see Fig. 1), the added structure observed at the higher
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FIG. 2. Energy dependence of F’* 4 He spectra illustrating
the kinematic energy shift of the peaks, the kinematic broaden-
ing effects, and the 8-electron background present in all the
spectra taken.
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FIG. 3. Energy dependence of the fluorine-capture cross sec-
tions for F’+ 4+ He and F'* 4+ Ne compared to an OBK calcula-
tion (Ref. 31) and an eikonal approach to electron capture (Chan
and Eichler) (Refs. 32 and 33). Both calculations are normalized
to the corresponding 15-MeV data points.

energies for n =2 falls within the range of the calculated
multiple-capture states. For the case of a helium target,
the only possible multiple-capture event is double capture
which is an order of magnitude smaller than single cap-
ture for fluorine on helium or double capture for fluorine
on neon.!*3°

The energy dependence of the F’* + He spectra in the
laboratory frame is shown in Fig. 2 and is representative
of the energy dependence for the F’* + Ne spectra. Fig-
ure 2 also illustrates the energy dependence of the & elec-
tron background. As is expected and shown in Fig. 2, the
more violent the collision (i.e., the higher the incident en-
ergy) the more § electrons are produced. Also depicted in
Fig. 2 are the kinematic broadening effects and the
kinematic shift in energy of electrons ejected from a mov-
ing emitter described by Eq. (3.4).

The energy dependence of the cross sections for electron
capture to excited states of fluorine are compared to an
Oppenheimer-Brinkman-Kramers®! (OBK) approximation
for electron capture and to an eikonal approach to elec-
tron capture (Chan and Eichler)**3® in Fig. 3. It is well
known®** that the OBK approximation considerably
overestimates the experimental total cross section but oth-
erwise reflects the correct behavior at high velocities.
With an eikonal approach, Chan and Eichler’>*? obtain
the cross section for electron capture in terms of the corre-
sponding OBK cross section and a scaling term. The cal-
culations were independently normalized to the 15-MeV
data for both targets with larger normalization factors for
the OBK calculation as expected. As can be seen in Fig.
3, both calculations appear to be in good agreement with
the energy dependence of the data for both targets al-
though the OBK appears to be in slightly better agree-
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FLUORINE CAPTURE CROSS SECTIONS
Is2snt—>1s2 K-AUGER TRANSITIONS .
10713 E : m— 10
T 1 T T T 1 T T T 1 3
i i e 3
- F™ He 1 F -/ F™ He ]
6 MeV 117 IS MeVv
- - ’I/
-6 |_ - - -~ 3
ot E K ] Fi 1'°
a 1 F! . 8 E
B - ® 4
1 i )
- - ‘ -
1
< i
o~ ~17 L - - — 10
£ F E I E 3
b F 1 Fil ]
L | 4 ik i
| © INCLUDES ALL HIGHER - {| O INCLUDES ALL HIGHER .
- VALUES OF n | VALUES OF n
10-'8 |- O OBK PREDICTED 4 LI O OBK PREDICTED o
] O CHAN & EICHLER 1 1 © CHAN 8& EICHLER 3
E PREDICTED 1 Fj PREDICTED 3
! — OBK+9l 1 € — 0BK+90 ]
[ —— CHAN8 EICHLER = 0.6 1 P! ——cHAN&EICHLER=10 )
i -- SECOND BORN +1.0 1t -- SECOND BORN +1.0 1
1o-19 L ] I | | | | ] | L1 10
2 4 6 8 10 I2 2 4 6 8 10 I2
n n

FIG. 6. n dependence of the fluorine partial-capture cross sections for 6-MeV F’* 4 He (indicated by X) and 15-MeV F’* +He
(indicated by A) compared to the predicted n distribution of the OBK approximation (Ref. 31), the Chan and Eichler calculation
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ment. It should be noted that, since the spectra and thus
the cross sections presented in this section result from the
incident F’* (1s2s)3S metastable state, the cross sections
have been adjusted by the energy-dependent fraction of
the (1s2s)3S metastable component of the beam which
survives to the target area.’

From Fig. 1, it is evident that not only can the total
cross section be obtained, but also the partial cross sec-
tions for n =2, 3, and 4 and the partial cross section for
the sum of all higher n (3} *_; in the following figures).
The energy dependence of the partial cross sections is
displayed in Fig. 4 and compared to the previously men-
tioned calculations for the corresponding n level. For the
helium case the calculations, which are normalized to the
6-MeV data points, and the data tend toward better agree-
ment as the value of n increases. The n =2 partial cross
sections (X’s) and the calculations are in poor agreement
while the partial cross sections for Y °_5 (O’s) are in ex-
cellent agreement. For the neon case the agreement be-
tween the calculations, normalized to the 15-MeV data
points, and the cross sections follow the same trend as in
the helium case. Overall, the normalization constants for
the neon data are greater than the normalization constants
for the helium data in both Figs. 3 and 4. This perhaps
reflects the problems inherent in using perturbation calcu-
lations for near-symmetric collisional systems, particular-
ly at low velocities.

According to the OBK approximation,’! electron cap-
ture to excited states should follow a 1/n3 dependence for
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FIG. 7. n dependence of the fluorine partial-capture cross
sections for 6-MeV F’+ 4+ Ne compared to the OBK (Ref. 31)
and the Chan and Eichler (Refs. 32 and 33) calculations. K—n
(L —n) refers to the calculated values for capture of a neon K-
shell (L-shell) electron into an excited state of fluorine.
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sufficiently large velocities or sufficently high n levels.
Figure 5 shows the n dependence of the fluorine partial-
capture cross sections compared to a 1/n* function for
each target gas at each incident-projectile energy. The cir-
cled data points represent the sums of the partial cross
sections for all states with n>5 and the squared data
points represent the corresponding 1/n3 function predic-
tions. It is evident from Fig. 5 that the partial cross sec-
tions do indeed follow a 1/n function.

Figure 6 presents the partial cross sections for two ener-
gies of fluorine on a helium target compared to the corre-
sponding OBK, Chan and Eichler, and second Born calcu-
lations.’®37 It is obvious from Fig. 6 that, although the
experimental partial cross sections might exhibit a 1/n°
dependence, neither the OBK nor the Chan and Eichler
calculation is at sufficiently high velocities to vary as
1/n3. Therefore, either the calculations do not predict the

correct n dependence, or some process not presently con-
sidered is affecting the data, or possibly a combination of
both. Included for comparison is a second Born calcula-
tion®® for n =1, 2, and 3 even though the second Born is
not expected to be valid at the velocities considered.
Indeed, the second Born is in no better agreement with the
experimental n distributions than the other two calcula-
tions.

The n dependence of the partial cross sections for 6-
MeV F’+ 4+ Ne is compared, in Fig. 7, to the OBK calcu-
lation and to the Chan and Eichler calculation for electron
capture from the L shell of neon to an excited state of
fluorine and for electron capture from the K shell of neon
to an excited state of fluorine. Again, good agreement be-
tween the data and the calculations is not evident. In ad-
dition to the difference in normalization between the OBK
and the Chan and Eichler calculations, the two theories
predict quite different K—n partial-capture cross sec-
tions.

The energy dependence of the relative predicted n dis-
tributions for F’* 4+ He are illustrated in Fig. 8 for both
the OBK and the Chan and Eichler calculations. Also
shown in Fig. 8 is the most probable n value of the final
state occupied by the captured electrons calculated with a
classical treatment for low-energy collisions (E <10
keV/amu).*® It is interesting to note that the quantum-
mechanical treatments, in the low-velocity limit, do not
approach the n value predicted by the classical treatment,
but at the high velocities, do approach the experimental n
distributions for F'* 4 He (cf. Fig. 6).

The relative experimental fluorine n distributions (or n
populations), calculated from the partial-capture cross sec-
tions in Fig. 5 and normalized to the total cross section
for the corresponding projectile energy, are tabulated for
helium and neon in Tables III and IV, respectively. Also
listed are the n populations calculated from the relative-
projectile x-ray intensities measured by Hopkins et al.*
The n populations calculated from both the x-ray mea-
surements and the Auger measurements agree very well
with each other and vary only slightly with incident-
projectile energy. The relative fluorine populations for
both targets vary as 1/n° for n >3. For n =2, the popu-

TABLE III. Relative n populations for fluorine projectiles incident on helium.

n=2 n=3 n=4 n=>5 > >

n=4 n=>5

6 MeV 0.66 0.15 0.07 0.13

0.64 0.15 0.06 0.05

9 MeV 0.68 0.13 0.06 0.13

0.66 0.13 0.06 0.14

12 MeV 0.69 0.13 0.06 0.13

0.69 0.13 0.06 0.13

15 MeV 0.66 0.14 0.07 0.13

0.63 0.14 0.08 0.15

35.6 MeV* 0.60 0.20 0.10 0.10

0.67 0.33

Average 0.66 0.14 0.07 0.13

2Taken from the x-ray measurements of Hopkins et al. (Ref. 40).
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TABLE IV. Relative n populations for fluorine projectiles incident on neon.

n=2 n=3 n=4 n=>5 > >
n=4 n=>5
6 MeV 0.72 0.15 0.05 0.13 0.08
9 MeV 0.74 0.13 0.05 0.13 0.09
0.71 0.15 0.04 0.14 0.10
12 MeV 0.69 0.16 0.15
0.73 0.12 0.14
15 MeV 0.66 0.13 0.21
0.74 0.12 0.14
35.6 MeV* 0.68 0.20 0.08 0.05
0.73 0.17 0.09
Average 0.71 0.15 0.06 0.15 0.09

2Taken from the x-ray measurements of Hopkins et al. (Ref. 40).

lations are larger than expected from the 1/ function.

It was mentioned earlier that there might exist processes
or effects not accounted for in the partial-capture cross
sections that would lead to the large disagreement between
the data and the theories. One factor that has been ig-
nored so far is the lifetimes of the states created after elec-
tron capture. If the lifetimes of these states are compar-
able to or longer than the time the projectile spends in the
viewing region of the analyzer, the actual total intensities
for these states will be larger than the observed intensities.
An expression for the ratio of the observed intensity to the
total intensity is given by*°

Xn+X —AX
R= [z dX @.1)
X0 X 1
where X is the distance from the entrance aperture of the
gas cell to the start of the viewing region of the analyzer,
X, is the length of the viewing region, and A is-a decay
constant. The decay constant is expressed in units of in-
verse length and is given by

1

=, _ 4.2)
vr
where v is the projectile velocity and 7 is the lifetime of
the state of interest. Most of the states created by electron
capture to the fluorine projectile have relatively short life-
times (~10"*—10"" sec),!’® but the F’* (1s2s2p)*P
states have much longer lifetimes (~2—16x10"°
sec).**2 Thus for the projectile energies studied in the
present work, the majority (70— 85 %) of the contribution
of the (1s2s2p) *P;,, ,,, states is observed, but less than
20% of the (1s2s2p)*Ps,, contribution is observed. The
difficulties in correcting the partial-capture cross sections
for n =2 all relate to instrument resolution. First, the
(1s2s2p)*P multiplet cannot be separated from the
(1s2s2)28 multiplet with the spectrometer in the present
configuration so that the contribution of the (1s2s2p)“P
to the partial-capture cross section for n =2 cannot be
determined. Second, the contributions of the various
states to the (1s2s2p)*P multiplet intensity cannot be
directly determined, although they can be estimated sta-
tistically. Even if the lifetime corrections for these

metastable states, which apply to the total-capture cross
sections as well as the partial-capture cross sections for
n =2, were easily applicable, the effect on the partial-
capture cross sections for n =2 would be to raise the cross
section. This would give worse agreement with the theory
(cf. Fig. 6).

Cascading via x-ray transitions is another possible fac-
tor which can alter the observed n distributions. It would

CALCULATED n DISTRIBUTIONS
INCLUDING CASCADING
6-MeV F7*+He
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FIG. 9. Predicted n distributions of 6-MeV F’++He as a

function of time using an OBK calculation with cascading ef-
fects included.
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TABLE V. Predicted and observed (1s2snl) K-Auger relative
yields.

OBK OBK
n No cascading With cascading Measured
2 1.00 1.00 1.00
3 9.71 0.91 0.23
4 18.02 0.81 0.10
> 80.81 1.39 0.14
n=>5

raise the observed K-Auger cross sections for the smaller
values of n, and, if included in the calculations, it would
elevate the predicted intensities for the smaller values of n.
Figure 9 illustrates the effects of cascading after different
time intervals on the n distribution of the initial OBK cal-
culation for 6-MeV F’* ++He. The cascading model**—#
used for the calculation utilizes a hydrogenlike model for
the necessary transition probabilities and assumes that
only E 1 x-ray transitions are possible channels for cascad-
ing. Nevertheless, as more time is allowed for cascading
events to occur, the calculated n distribution approaches
the trend of the experimental n distribution (cf. Fig. 6).
The n distribution stabilizes after about 25 psec, which
is much shorter than the 380-psec total viewing time of
the analyzer for 6-MeV F’* ions. The OBK-predicted n
distributions, including cascading, give better agreement
with the measured K-Auger yield than the OBK without
cascading, as can be seen in Table V. Nevertheless, the
agreement is not very good and the conclusion is that the
OBK and the Chan and Eichler calculations are predict-
ing n distributions at low-ion velocities that are peaked at

higher-n values than is found experimentally.
V. CONCLUSION

The projectile K-Auger electron-production cross sec-
tions resulting from electron capture to excited states of
the two-electron (1s2s)3S metastable ion of fluorine are
reported. The K-Auger emission spectra of the resulting
(1s 2snl) three-electron states are measured with sufficient-
ly high resolution to distinguish electron capture to
several of the low-lying n values. The corresponding F
K-Auger electron-production cross sections are reported as
a function of the n level into which the electron is cap-
tured. The data for these n distributions agree with a
1/n3 function, although perhaps fortuitously, since life-
time and x-ray cascading effects are present in the data.
The effects of cascading, via n—n’' (n>n’'>2) E1 x-ray
transitions, on the OBK-calculated n distributions for
electron capture are presented. Without the effects of x-
ray cascading, the OBK calculation for low-ion velocities
predicts a maxima in the n distribution at high values of n
(n~7) and does not converge to the value of n (n =4)
predicted by a classical model.*® With the effects of x-ray
cascading, the agreement for low-ion velocities between
the OBK-calculated n distribution and the experimentally
determined n distribution is better but still not very good.
It is concluded that the experimental n distribution peaks
at a lower value of n than predicted by theory for energies
near 6 MeV.
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