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The E'+ x-ray satellite intensities were measured with proton impact at a scaled velocity
(relative to that of the L-shell electron) Vi, =2.1 for Z =13-20 and V~ =1.0 for 2 =20-26. The
intensity ratios I», &z/Iz, oz are found to be well characterized by multiple-Coulomb ioniza-
tion predictions. Taking into account the fluorescence yields, the comparisons of the mea-
sured intensity' ratio with the corresponding ratio of theoretical vacancy cross sections
yield a set of empirical vacany-rearrangement correction factors. Theoretical estimates
of these factors based on the atomic transition rates of McGuire are in reasonable over-all
agreement with the extracted values.

I. INTRODUCTION

The Eo x-ray satellite intensities observed in
atomic collisions in general do not directly re-
flect the primary vacancy productions because
the branching ratios of the KL" vacancy config-
uration depend on the specific defect. For the
convenience of making approximations, this de-
pendence can be expressed in terms of the effect
on the Quorescence yield and the probabilities
for vacancy rearrangement. The changes in the
fluorescence yield with increasing vacancies are
well recognised. On the other hand, the consider-
ation of vacancy-rearrangement effects has not
been widespread. Their effects have either been
assumed' to be negligibly smaQ or estimated' '
using the assumytion that the level widths do not
vary with increasing vacancies. In such estimates,
the correction factor varies with Z and, depending
upon the set of level widths used, can differ by as
much as a factor of 2.4 Although the isolation of
these effects is difficult in a single-counter-type
measuremeat, the dependence on Z can neverthe-
less be examined in situations where the mech-
anisms for the primary production of vacancies
are reasonably understood.

In proton bombardment, only the KL satellite
is usually abserved. Both the magnitude and
velocity dependence of its intensity relative to
that of the diagram line, Iz,z/I», oz, have been
shown4' ' ' to be well characterized by the pre-
dictions of the multiple-Coulomb ionization theory.
Although the rearrangement effects were not con-
sidered in many cases, the agreements neverthe-
less suggest that multiple-Coulomb ionization is
the principal mechanism for the primary pro-
ductions of vacancies in proton impact. Thus a
systematic measurement of the KL satellite in-
tensity over a range of Z would enable one to ex-
amine the Z dependence of the vacancy-rearrange-

ment effects. The following sections describe the
details of our investigation at a scaled velocity
Vr =2.1 for Z=13-20 and V~=1.0 for Z=20-26.
Here Vz = (E/AU)' ', with A, being the projectile
mass in units of electron rest mass and U~ de-
noting the weighted average binding energy of
target L-shell electrons.

II. EXPERIMENTAL PROCEDURE

Atomic and molecular hydrogen beams from the
4-M7 Dynamitron accelerator at Albany were used
to bombard thin solid targets. These targets, with
a thickness range of 100-200 p, g/cm', were eva-
porated onto either a thick Al or Cu disk. Elemen-
tal materials were used except for the cases in-
dicated in Table I. An ARL 4-in. curved crystal
spectrometer coupled directly to the target cham-
ber at 90 relative to the beam direction was used
to detect the K x rays. The spectrometer was
mounted with an ADP crystal for the measure-
ments with Z 20 and a LiF crystal for S&20.
Published values of the Kat, ,, energies were used
to establish the energy scale of the spectrometer.

The diffracted x rays were detected with a gas-
flow proportional counter equipped with a, 2- p, m-
thick Makrofoil window and operated with a P10
gas mixture. Signals from the preamplifier were
processed by standard electronics with the single-
channel analyzer (SCA) set to accept only photo-
peak pulses. The x-ray spectra were recorded
through a multichannel sealer, each channel cor-
responding to a specific Bragg angle and an ac-
cumulation of the SCA pulses for a preset num-
ber of beam particles. Incremental stepping of
the spectrometer was automated through a
Canberra Model 1712 scanner unit.

In order to avoid a major modification on the
accelerator, whose nominal operating range is
1.8-4.2 MV, two sets of measurements were
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TABLE I. Relative energies and intensities of theKL satellites and the corresponding cal-
culated ratios of fluorescence yields and primary vacancy cross sections.

Target Egest —EK~i 2
(eV)

K~)1/IKiOL (%)
=1 Vi =2.1

F V'
+KgiTi+K APL (Vo)

VL, =1

Al

Si (Si02)

P (Cop)
s
Cl (CaCl, )
K (KBr)
Ca (CaCl2)
Sc
Tl
V
Cr
Mn
Fe

5.1~0.7 (Ko. ')
8.3+ 0.4 (KG;&)

9.8+ 0.6 (K0, 4)

7,8+ 1.0 (KG.')
13.1+0.6 (Ka. s)
15.8+0.8 (K+4)
13.7+ 1.2
16.3+1.0
17.8 + 1.3
23.8~ 2.1

20.5 + 1.1
22.2 '+ 1.3
22.5'+ 1.5
23.3 '+ 1.8
26 0&.b

27.4
287~ b

9.8
8.3
8.0
6.8
5.8
4.4
3.9

27.5

18.2'

16.0
14.1
10.0
5.8
6.0

1.097

1.092

1.086
1.081
1.072
1.063
1.060
1.058
1.052
1.051
1.049
1.047
1.p44

47.5

35.4

27 ~ 1
21.5
17.6
12.2
1(}.4
9.0
7.9
7.0
6.3
5.6
5.1

Relative to theKe& line.
Held to the weighted average value of the satellite group reported in Ref. 8.
Interpolated values.
Sum of Kn', Ko,'&, and K+4 intensities.

made: V~=1.0 for Z=20-26 and VL, =2.1 for
Z=13-20. For a given set, H,' and H,

' as well as
H,

' iona were required to cover the proton energy
range implied by a given Vi. The resulting E
x-ray spectra at the same proton velocity are not
expected to depend on the beam species used; in-
deed, no discernible differences were observed
in the few cases where such comparisons were
made.

III. DATA ANALYSIS AND RESULTS

As expected, the only satellite excited with any
appreciable intensity corresponds to single-&-

single-L, vacancies (R'L), except for the cases of
Al and Si where the KL' satellite is also seem.
Typica1. spectra are shown in Figs. 1 and 2.
Using a double-crystal spectrometer, Psrratt'
had earlier shown that the EL satellite consisted
of several transitions. In the present study these
transitions are partially resolved only for A1 and

Si, and unresolved for the higher Ztarget-s (see
Figs. 1 and 2).

Peak areas were extracted by a least-squares
fitting of the spectrum with a function consisting
of a sum of standard line shapes plus a linear
background. For Al and Si, the numen'ical line
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FIG. 1. Al«x-ray
spectra excited by 2.I.-
MeV 83+ vrkth a Blear back-
grmoMI sgbtracted Out.
Dashed azores, results of
a line-shape Qt for each
peak as described tu text;
sam& of the fitted peaks
shown as a soled cuj.ve.
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pIQ, 2. Sc EQ x-ray
spectrum induced by 2.36-
Mev H3+. The solid curve
represents the results of
the least-squares fit as
described in the text.
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shape from the 11-keV electron-excited Al
line was used with the position, width, and height
as adjustable parameters. The remainder were
fitted with an analytical line shape consisting of
a I.orentzian function attached with asymmetric
exponential tails. As can be seen from Figs. 1 and

2, the fits are good. Entered in Table I are the
relative energies of the KI satellites extracted
from the fitting procedure. The yield ratios
Iz»/I»» formed from the extracted areas are
also tabulated in Table I and displayed in Fig. 3.
Since the background in all cases is relatively
small, the errors are dominated by the peak
shape uncertainties. Based on repeated data
runs, the errors in the intensity ratios are es-
timated to be -6%. No corrections for the
various absorptions and crystal ref lectivity were
made since the corresponding energy difference
is small and such corrections would essentially
cancel out in the ratio. In Fig. 3, the intensity
ratios at V~=2. 1 have also been scaled up to the
corresponding ratios at V~ =1, based on the rea-
sonable assumption' that the t/~ dependence of
these ratios is the same for all S, the scaling
factor being determined from the two measure-
ments on Ca.

imal, perhaps reflecting their near cancellation
in the ratio. Further, the effects are expected
to diminish with increasing g. Thus the ratios
measured here with compounds are expected
to reflect the corresponding elemental cases.

The treatment of vacancy-rearrangement effects
on the x-ray yields corresponding to KI" vacancies
can be simplified by considering only the L, and

t ~ & f I l i ~ i I t I ~
l I & l I

I-
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IV. DISCUSSION

Our main interest is in the intensity ratios, and
therefore no detailed consideration was given to
the observed satellite energies except to note
that these relative energies are in reasonable
over-all agreement with the observed trend. '
Although chemical bonding effects in the Ke
x-ray satellites excited by light ions have been
reported'0 for Al and Si, they are manifested main-
ly in terms of the energy shifts. The observed
effects on the intensity ratio I~,~/E~, ~ are min-

I

1 i ~ 1» i i 1 t i i i 1 I I I I

15 20 25
Z

FIG. 3. E~ satellite intensity ratio vs Z. The relative
error for each Vl, is estimated to be 6%. Solid circles,
data at Vz, =2.1 which have been scaled up to correspond
to Vl =1 (see text). Solid curve, predictions of Coulomb
ionization without rearrangement effects.
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L, subshells and not distinguishing these, and as-
suming that the vacancies are in dynamical equili-
brium. Vacancies in the L, subshell can be in-
corporated but will only add complications to the
equations with no improvement on the clarity.
Using v„, o„, and o„ to denote, respectively, the
fluorescence yield, K x-ray, and primary vacancy-
production cross sections corresponding to the
KI" configuration, the relation between the cross
sections can be written as

o„=co„(o„+o„) (1 —T„,„).
Here T~ (0 &m&n) expresses the probability that
the EL" configuration is transformed into the KL
configuration prior to a K x-ray transition. Only
m =n —1 is expected to be significant, since the
probability of simultaneously filling two or more
L holes is small. The term OT arises from the
rearrangement of the KL"" configuration, and
is given by

T= T
on =Tn, n+y(on+?+ on+ y)

For the case of a single K vacancy (n =0), there
is no vacancy rearrangement and the term inside
the right-most parentheses in Eq. (1) should
therefore be set to unity. We see from Eqs. (1)
and (2) that the x-ray satellite intensity is not
proportional to the primary vacancy cross sec-
tion. Indeed, in heavy ion bombardment, where
the K x-ray intensities are observed"' "to peak
at about the KL or KI. satellite, the cascading
contributions in the o„ term can introduce sub-
stantial distortion if the T „are not negligibly
small. Thus the interpretation of x-ray satellite
intensities in terms of the primary vacancy cross
sections must be exercised with care.

For proton impact, the largest number of vac-
ancies is seen here to correspond at most to the
KL' defect configuration, with an intensity of
~0.1 times I~,&. For the purpose of comparison
with the present experimental results, we write
the x-ray cross section for EL, vacancies relative
to that for a single K vacancy as

o", 1 (u, o~v

Oo +~i ~o ~o

where the A«will be termed the "rearrangement
correction factor. " This factor has the explicit
form

o+/oo + To~T~2 0'~ /o~

In view of the over-all successes of Coulomb
ionization theories in accounting for the system-

atics of proton-induced single-vacancy-production
cross sections" and the fact that the satellite
intensities are relatively small, as observed here
and elsewhere' ', multiple-Coulomb ionization
is expected to be the principal mechanism for
primary vacancy productions. Since the ~,/~,
ratios are close to unity and, moreover, can be
estimated with reasonable accuracy, comparisons
of the observed satellite intensity ratios with the
theoretical o",/o, would enable us to extract the
A« factors. Although the magnitudes of the ex-
tracted A«will depend on the theory used to cal-
culate o~/oo~, the experimental A«are expected
to reflect the actual Z dependence. The reason
for this follows from the observation that the
probability of double ionization is relatively
small, and this results" in an expression for the
o",jo, which is nearly proportional to the cross
section o~ for single-L ionization, and all simple
Coulomb ionization theories predict similar Z
dependence for oL at a fixed scaled velocity.

The ~,/e, ratios used in the present analysis
were estimated following the prescription of
Larkins" and using the transition rates of
McGuire. " As can be seen in Table I, they are
close to unity. Possible simultaneous outer-shell
vacancies, whose number is expected not to dif-
fer for KL and K vacancies, do not alter signifi-
cantly these calculated ratios and further may be
filled prior to the K x-ray emission, since solid
targets were used. For Al and Ar where Hartree-
Fock-Slater (HFS) calculations" "are available
for comparisons, the HFS ratios for both 1s '2P '
and 1s '2s ' configurations differ from the Larkin' s
values by no more than 10%.

Multiple-Coulomb ionization theories based on
impact-parameter formulation have been described
by several authors "' ' ' " Since the probability
for double ionization is relatively small for the
cases considered here, Eqs. (34) and (35} in
McGuire and Richard" would provide adequate
estimates of the primary vacancy cross-section
ratios for our purpose. The calculated o,/o,
using weighted-averaged L-shell binding energies
are tabulated in Table I. The products
(o~/o,")(&u,/s&, }are shown as the solid curve in
Fig. 3 and are seen to simulate the Z dependence
of the observed intensity ratios. In conjunction
with Eq. (3) and the over-all data at V„=1, a set
of empirical rearrangement factors A«can be
extracted, and these are shown in Fig. 4. As
indicated earlier, not much weight should be at-
tached to the absolute magnitudes, but the over-
all Z dependence is expected to be significant.

For the purpose of comparison, A«has been
calculated from Eq. (4) using the assumption that
the level widths are independent of the number of
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Fig. 4, the solid curve represents the estimated
A«using the widths of Mcauire. " Based on the
errors in the intensity ratios, the relative errors
in the extracted A»z are -10% for Z~19 and -6$
for Z~20. Although-the calculated value differs
from the extracted value in some cases by as
much as 21/0, the over-all agreement is reason-
able, particularly in view of the fact that average
parameters have been used for the calculations of

o,/o", and A.»l, with no adjustment on the parameters.

V. SUMMARY

I » I l l l l I » l l I

l5 20 25
z

FIG. 4. Empirical rearrangement correction factor
displayed as a function of &. The relative errors are
estimated to be -10% for & —19 and 6' for & —20-
The solid curve represents the values obtained from
Eq. (5).

L, vacancies, i.e. , T»=T» =Fr, /(I'z+ I»), where
the I'I, and I'~ are the corresponding level widths
of the atom. I'~ is the average l -shell width and

may be taken to be j.~, since both F~ and

1~ include Coster -Kronig contributions
2

to the L,, subshell where such transitions are
energetically possible. Using the transition rates
of McQuire, "the T» value ranges from 0.015
(Z=13) to 0.242 (Z =26), while the corresponding
o,/c', ratio ranges from 0.48 to 0.05. Since the
simple ionization theory" gives o,/o, =~~(v, /u, )

and o,"/oov= —,'(o",/cod)', Eq. (4) is approximately

I'g + ~L,1-T„r~
This same expression has been given by I i et al. ,

'
and they showed that the value calculated for a
particular Z can differ by as much as a factor of
2 depending on the set of level widths used. In

Accurate estimates of the vacancy-rearrange-
ment effects would require a major undertaking
of the detailed calculations of all possible tran-
sition rates corresponding to a given defect con-
figuration. In many instances of interest, the
exact configuration may not even be known. For
simple defect configurations, atomic level widths
have been used to estimate' ' the rearrangement
corrections in x-ray measurements. These cor-
rections have been shown' to depend on the
particular set of level widths used. Based on the
premise that multiple-Coulomb ionization is the
primary vacancy-producing mechanism, we have
obtained a set of empirical rearrangement fac-
tors from the measurements of I»,~/1» „ratios
with proton impact at a fixed Vi. These empiri-
cal factors are found to be in close agreement with
the simple estimates based on the use of atomic
level widths from McGuire. " For larger defect
configurations, the use of more realistic level
widths may be necessary for the estimates of
rearrangement eff ects.
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