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Be].ative abundances of multiply charged neon, argon, and krypton ions produced by x rays
of energies 0. 28, 1.5, 5.4, and 8. 0 keV have been measured with a time-of-flight mass spec-
trometer. Effectively monoenergetic x rays were obtained by a filtering technique whereby
two filters with transmissions matching at all energies except at the E characteristic line of
the x-ray tube target material were alternately placed in the x-ray beam. The data when
corrected for charge-dependent discrimination effects are consistent with previous measure-
ments and, except for neon, with calculations which include the electron shakeoff mechanism
in addition to Auger transitions. The results for neon at 0.28 keV confirm the need for in-
cluding electron correlation effects in the description of the ionization process. Other dis-
crepancies between theory and experiment can be explained by considering the energy de-
pendence of partial photoionization cross sections calculated by Rakavy and Ron.

I. INTRODUCTION

Previous investigations of multiple ionization of
rare gases have demonstrated that Auger transi-
tions following inner-shell ionization do not com-
pletely account for the observed relative abundances
of the various ions. ' In some cases consider-
ably more ionization is observed than is predicted
from Auger transitions. Most of this additional
ionization can be accounted for by electron shake-
off in which an outer-shell electron is excited to
the continuum by the sudden change in atomic po-
tential following creation of an inner-shell vacan-
cy. '" Recent calculations for helium and neon'
which employ correlated wave functions demon-
strate that correlation effects may also be of signif-
icance in the production of doubly charged ions.

The purpose of this work is to investigate exist-
ing discrepancies between theory and observation
of the relative abundances of multiply charged ions
produced by photoionization in the soft x-ray re-
gion which are possibly due to errors in the partial
photoionization cross sections used to obtain the
theoretical values and to the relatively wide energy
spectra of the x rays often used to produce the ion-
ization. In the present experiment, new measure-
ments of the relative abundances of multiply charged
neon, argon, and krypton ions were made using a
balanced filter technique to effectively obtain mono-
energetic ionizing x rays. It is shown that by the
use of a more precisely defined x-ray energy cou-
pled with interpretation whi. ch considers recently
calculated partial photoionization cross sections,
it is possible to remove some of the ambiguities
and uncertainties connected with the disagree-
ments between theory and experiment.

II. EXPERIMENT

The total ion yield F obtained in a photoioniza-

tion experiment can be represented by
g0

dN(E, Eo)
dE

where dN/dE is the number of photons with energy
between E and E+dE, 0' is the photoelectric cross
section, E0 is the maximum energy of the photons,
and E is a factor which includes the geometry,
collection efficiency, target gas pressure, x-ray
tube current, and collection time. The yield for
a given ion of charge c is

Q0

F,=K, '
p (E) dE,

0

(2)

dNE E
E ~

where the sum is over all atomic sublevels i, o&(E)
is the cross section for electron removal from the
ith sublevel, &; is the probability that an ion of
charge c is created from electronic rearrangement
when a vacancy exists in the ith sublevel, and E&

is the ionization threshold energy for this level.
The relative yield is the ratio of Eq. (2) to Eq. (1).
The interpretation of this ratio is simplified if the
x-ray spectrum is monoenergetic, thus allowing
it to be represented by a 5 function:

—=No 5(E —E~),
dN

where p, (E) is the cross section for creating an ion
of final charge c as a function of photon energy. If
the final charge state results from a two-step pro-
cess, whereby direct ionization by the incident
photon is followed by a reorganization that proceeds
with fixed probability to one of the possible final
charge states, then the yield can be written as



M U LTI P LE IGNI ZATION OF Ne, Ar, AND Kr. . . 603

which gives for the relative yields

K. Z~&o&t&((~a)
y' K Nov(E~)

(4)
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FIG. 1. Transmission curves for matched 8. 6-p
aluminum and 15.7-p magnesium x-ray filters used to
isolate the E characteristic line of aluminum calculated
using mass absorption coefficients tabulated in Ref. 18.

The ratio K,/K is unity if there are no charge-de-
pendent instrumental effects.

An effectively monoenergetic x-ray beam was
obtained by a balanced filter technique first used
by Ross in which two filters were alternately
placed in the x-ray beam, one with a K absorption
edge above, the other below the x-ray energy of in-
terest corresponding to the K characteristic line of
the target material. The transmissions of the fil-
ters were matched everywhere except at the ener-
gy of interest and the resulting difference in ion
count with these filters corresponded essentially
to the monoenergetic K line of the target. Figure
1 shows typical calculated transmission curves for
the pair of matched filters, 15. 7- p, magnesium and
8. 6- p, aluminum, . The transmissions match
everywhere except in the region of the 1.5-keV K
characteristic lines of the aluminum target, so
that the difference in ion count rate obtained with
these filters is mainly due to photons of this ener-
gy. Since the filters are matched at the higher en-
ergies, the x-ray tube may be operated at as a high
a voltage possible to maximize the intensity of the
target characteristic lines. Table I indicates the
target and filter combinations used in the present
work. The KQ.'and KP lines for carbon and alu-
minum targets and the K& lines for chromium and
copper targets fall between the limits defined by
the K absorption edges of the two filters. Also
shown in the table are the filter thicknesses used
with their estimated uncertainties. The values for
the mass absorption coefficients used to calculate
the filter transmissions may be in error by as

much as 10% in some cases. 'o

Charge analysis of the ions was accomplished
with a pulsed linear time-of-flight (TOF) mass
spectrometer similar in design to that of Wiley and
McLaren. ' The operating characteristics of the
instrument used have previously been described in
detail. ' ' By using a pulsed x-ray beam, disad-
vantages associated with coincidence techniques
previously used for timing were eliminated, while
the advantage of collecting all ions under identical
experimental conditions was retained.

Figure 2 shows a schematic diagram of the exper-
imental arrangement. Radiation from a pulsed x-
ray tube (1) was collimated (2) and filtered (3) be-
fore entering the ionization region between grids
62 and 63. An x-ray trap (4) was used to monitor
the beam intensity and to suppress secondary elec-
trons. Two of the four slits in the collimator were
also used as secondary-electron suppressors. By
use of appropriate voltages on G1, G2, and G3, ions
were trapped in the ionization region between G2
and G3 while the x-ray beam was on. The choice
of bias voltages was based on achieving maximum
count rate with minimum charge discrimination. '

After the x-ray pulse was turned off, a positive
52-V pulse was applied to 62 to push the ions into
the region between G3 and G4, where they were
accelerated through a potential difference of —1520
V before entering the linear drift tube (5). The
drift tube was made of 2. 5-in. copper tubing which
was 210. 64 cm in length. Detection, following
flight times on the order of 15 p, sec, was achieved
by a Bendix model 306 magnetic electron multiplier
(6). A timing start pulse, coincident with the push-
er pulse, and the ion detector pulse triggered, re-
spectively, the start and stop of a time-to-ampli-
tude converter, the output of which was fed to a
512-channel multichannel pulse- height analyzer.
Only one ion could therefore be detected per x-ray
pulse.

For all measurements the x-ray tube was oper-
ated at 20 kV with a pulse current of 100 mA at a
frequency of 10 kHz. The x-ray pulse width was
always 2 p, sec full width at half-maximum.
It was demonstrated from pre'~lsure dependence
measurements that at the gas pressures used
(4x10 ' Torr for neon, 5x10 ' Torr for argon, and
Vx10 ' Torr for krypton), charge-exchange colli-
sions in the ion source were negligible.

Because of the low count rates (from 0. 5 to 24
counts/min, depending on the target-gas combina-
tion), data were accumulated over long periods of
time. The matched filters were mounted on a mov-
able vacuum feedthrough and interchanged once
every 4-10 min. The ion count for each filter was
accumulated in separate sections of the multichan-
nel analyzer. The total count for each ion charge
included a summation over all observed isotopes of
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TABLE I. Target and filter combinations used to obtain a monoenergetic x-ray beam. The numbers in parentheses
give the positions of the K absorption edges for the filters in keV which define the limits of the effective x-ray window.
Also indicated are the filter thicknesses in microns.

Target
material

C
Al
Cr
Cu

X line
(keV)

0, 28
1.5
5.4
8. 0

K edge

Mylar (0.284)
Al (1.560)
V (5.464)
Ni (8.332)

Thickness

6.3+0.3
8. 6+0.3

12.2+0, 5
10.2+0. 3

Filters
K edge

Be (0. 19)
Mg (1.303)
Ti {4.956)
Co (7. 709)

Thickness

26 +1
15.7+0.3
19.3+0.8
11.2 +0.3

the atomic species.

III. RESULTS AND DISCUSSION

A. Data

The measured relative abundances of neon, ar-
gon, and krypton ions at different x-ray energies
are shown in Tables II-VII. No measurements
were made at 8. 0 keV for neon. The errors shown
merely represent the counting statistics for the
total accumulated data, which were obtained over
a period of several days. Reproducibility of ion
charge spectra from day to day was generally with-
in the counting statistics, although, as judged from
the range of values, the errors could be as much
as an additional 5%%up higher. Reproducibility of the
data was determined largely by the stability of the
instrument and operating conditions during the pe-
riod that the two different filters were in the x-ray
beam.

Several charge- dependent instrumental discrim-
ination effects were considered as possible sources
of error. One due to motion of the ions in the ion-
ization region prior to application of the extraction
pulse was largely overcome by applying the appro-

priate voltages to the grids of the ion source. '
Calculation of ion losses due to this motion for the
grid voltages used indicated that collection efficiency
for each charge was the same within an estimated
error of 3%. The largest error due to this effect
is associated with the results for krypton.

In this experiment charge discrimination also
resulted from a geometric effect due to the finite
size of the detector and the transverse motion of
the ions resulting from their initial energy (ther-
mal plus recoil). ' Because the size of the detector
aperture was smaller than the estimated extent of
the ion beam in the plane of the detector, some of
the ions which entered the drift tube could not be
detected. Figure 3 shows calculated ion collection
efficiencies due to this effect for the various ion
charges as a function of the initial kinetic energies
for the present experimental conditions. ' The re-
sulting collection efficiency is lowest for ions of
lowest charge.

The data corrected for collection efficiency are
shown in the tables, with the mean initial energy
value used shown in parentheses in the column head-
ing. The errors in this correction are associated
with uncertainties in the ion recoil energy and pos-
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sible small effects due to the presence of electric
and magnetic fields near the detector. The errors
are consequently expected to be higher for those
cases involving the largest recoil. This correction
also does not allow for possible small effects which
might result from variation in ion detection effi-
ciency as a function of the ion impact position on

the detector. '
Another source of possible charge-dependent

discrimination is associated with detector response.
A measurement of the ion detection efficiency of

the multiplier indicated a small decrease in detec-
tion efficiency with decreasing ion charge, and

therefore ion impact velocity, consistent with ear-
lier observations. ' The greatest observed dif-
ference in efficiency was about 5/z, although there

FIG. 3. Calculated percentage of the total number of
ions initially entering the drift tube which also enter the
detector as a function of initial ion kinetic energy (thermal
plus recoil) and charge. The details of this calculation
are described in Ref. 21.

was an estimated uncertainty of 6% associated with
these measurements. Corrections for this effect
have not been applied to the data.

B. Interpretation of Results

For neon photoionized by 0. 28-keV x rays, only
outer-shell ionization is possible and Auger tran-
sitions are not energetically allowed. As seen in
Table II, our corrected results agree well with two
earlier experiments by Carlson in which the aver-
age x-ray energy was assumed to be 0. 225 keV.
The experimental results indicate a greater degree
of multiple ionization (14% Ne' ) than the shakeoff
theory predicts, as shown in column 4 of Table II,
where the theoretical values were also obtained
from Carlson. Our experimental results confirm
the need for a better theoretical calculation, which
possibly includes correlated wave functions to esti-
mate the contribution of double ionization. '

The 1.5- and 5. 4-keV x rays are capable of ion-
izing neon in the K shell. Comparisons are made
with data from previous experiments in which x
rays from an aluminum target (Ka energy = 1.49
keV, column 4 of Table III) and a titanium target
(Ko. energy=4. 5 keV, column 7 of Table III) were
used. ' Also included are comparisons with calcu-
lated values (column 8, Table III) in which only
Auger transitions and electron shakeoff were in-
cluded. These values were interpreted from Ta-
ble III of Carlson and Krause, ' where we used their
estimate that Ne' constitutes 6. 5/p of the ions
formed. Our work is in good agreement with both
the previous experiments and the calculation. The
similarity of the results at 1.5 and 5. 4 keV suggests
that the relative ionization and rearrangement prob-
abilities [(o'&/a' )'s and nt's of Eq. (4)] are indepen-
dent of the incident photon energy in this range,
which is expected since the requirements for the
sudden approximation used to predict electron
shakeoff are satisfied, and no new electronic sub-
shells are available for ionization.

The argon ion spectrum due to the 0. 28-keV x
rays (Table IV) is particularly interesting because
this energy falls between the 2s and 2P levels of
argon. As judged from the L/M edge jun p of the

TABLE II. Relative abundances of neon ions following ionization by 0.28-keV x rays. Comparison with previous
experiment and theory.

Charge of
ion (g) Uncorrected

Corrected
(0.05+0. 02 eV)

P revious experiments
I II ThE'ory

0. 788+ 0. 014
0. ,189 + 0. 008
0. 020+0, 004
0. 001+0.001
0. 000 + 0. 001

0. 842+0. 025
0. 144+0. 015
0. 013 + 0. 003
0.001+0.001

0. 870 + 0. 03
0. 122 + 0. 005
0. 007+0. 001

0. 857
0. 138

0. 955
0. 045

Reference 4; I, from measurements of ion abundances; II, from measurements of ejected electrons.
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TABLE III. Relative abundances of neon ions following ionization by 1.5- and 5.4- keV x rays. Comparison with
previous experiment and theory.

Charge of
ion (c)

1.5 keV
Y,/Y

Corrected
Uncorrected (0. 06 + 0. 02 eV)

Previous
experiment~

5.4 keV
Y,/Y

Corrected Previous
Uncorrected (0. 07 + 0. 03 eV) experiment Theory"

0. 041+ 0. 002
0. 685+ 0. 012
0.235+ 0. 006
0. 037+ 0. 002
0. 003+0.001

0, 062+ 0. 010
0. 698+ 0. 013
0.207 + 0. 008
0. 030 + O. 002
0. 002+0. 001

0. 057 + 0. 006
0. 702 + 0. 005
0.208+ 0. 003
0. 030+ 0. 002
0. 003+ 0. 001

0. 055+ 0. 008
0. 685 + 0. 035
0.221 + 0. 018
0. 036+ 0. 007
0.004+0. 002

0. 088 + 0. 01
0. 695 + 0. 038
0. 190+0. 020
O. 027+ O. 008
0. 003+ 0. 002

0. 08 +0. 02
0.69 +0. 02

0. 195+0.02
0. 035+ O. 008

0. 065
0. 703
0.202
0. 027
0. 003

~Reference 5. Obtained by
manner of Eq.

combining &~'s with 0.
&

from Ref. 5 in the
(4).

argon photoelectric cross section, ' about 6% of
the ionization occurs in the M level and 94% in the
2P level. A previous experiment ' indicates that
16% of the ions resulting from outer-shell ioniza-
tion of argon will be Ar', which for this case rep-
resents at most 1% of the total number of doubly
charged ions. Likewise, the number of Ar' ions
following ionization in the 2P level will be negligible
since the probabilities for competing radiative
transitions are very small. It is therefore reason-
able to assume all Ar' ions to be the consequence
of M-level ionization, and all multiply charged ions
to be the consequences of 2P ionization. The ion
abundances relative to the total number of multiply
charged ions formed 'are then simply given by the
relative probabilities (nz~'s) for producing an ion
with charge c following an initial 2P vacancy. These
probabilities are compared directly with values
obtained by using Auger transition probabilities
and electron shakeoff theory as shown in Table
IV. In this case there appears to be acceptable
agreement.

For 1.5-keVx rays, ionization can occur in the
2s, 2P, and 3s levels of argon. The values ob-
tained are compared with those of a similar experi-
ment by Carlson and Krause' (Table V). The ob-

served ion abundances in this case do not agreewith
the theoretical abundances calculated by combining
relative photoionization cross sections obtained
from the modified Stobbe-Hall formula' and n; 's
(including the nz~'s used to explain the 0. 26-keV
data) in the manner of Eg. (4). The agreement be-
tween theory and experiment at 0. 28 keV suggests
thai reasonable values for the n~~'s have been cal-
culated. This, coupled with the fact that the pres-
ent experimental data at 1. 5 keV confirm former
experimental results, suggests that the discrepancy
may be largely due to the choice of partial photo-
ionization cross sections. Interpolation of partial
cross sections for aluminum and iron calculated by
Rakavy and Ron" using modified Fermi-Amaldi
atomic potentials implies that the 2P cross section
in argon should be larger than the 2s cross sec-
tion, which is the opposite of values calculated by
Carlson and Krause from the Stobbe-Hall approxi-
mation. This would tend to bring the theoretical
prediction into better agreement with experiment,
since the theoretical value for the Ar' -to-Ar'
abundance ratio is higher than the experimental val-
ues. This change, however, would increase a
smaller discrepancy in the Ar' and Ar' abun-
dances, suggesting a possible small error in the

TABLE IV. Relative abundances of argon ions following ionization by 0.28- and 1.5-keV x rays. Comparison with
previous experiment and theory.

Charge of
ion (c) Uncorrected

0.28 keV

YcjY
Corrected

(O. 05+0. 01 eV)

4

2

(corrected)

1.5 keV

Y,/Y
Corrected

Theory Uncorrected (0. 05+ 0. Ol eV)
Previous

experiment"

0. 050 + 0. 004
0. 800 + 0. 018
0. 144+0. 006
0. 008+0. 002

0. 070+ 0. 010
0. 797 + 0. 020
0. 127+ 0. 008
0. 007 + 0.002

0. 856 + O. 021
0. 136+ 0. 009
0. 008+0. 002

0. 870
0. 119
0. 010

0. 043+ 0. 004
O. 410+ O. 012
0.410+0.012
0. 110+0.006
0. 025 + 0. 004
0. 002 +O. 002
0. 001+ 0. 001

0. 064 + 0. 008
O. 434 + O. 014
0.383+ 0. 013
0. 096 + 0, 007
0. 021+ 0. 004
0. 002+ 0. 002
0. 001+0. 001

O. 044+0. 015
O. 470 + O. 011
0.370+0.009
0. 093 + 0. 006
0. 019+ 0. 004
O. 004+ 0. 002

Reference 6. "Reference 5.
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TABLE V. Relative abundances of argon ions following ionization by 5.4- and 8. 0-keV x rays. Comparisons with
previous experiment and theory.

5.4 keV 8. 0 keV

Charge of
ion (g) Uncorrected

Corrected
(0. 05 + 0. 02 eV)

Previous
experiment~ Theorya Uncorrected

Corrected
(O. 05+0. 02 eV) Theory"

0. 025+ 0. 004
0. 073 +0. 007
0. 132 + 0. 009
0.351+ 0. 016
0.280 + 0. 013
0. 109+ 0. 008
0. 026+ Q. 004
0. 003 +0. 002

0. 042+ 0. 006
0. 087+ 0. 008
0. 139+0. 010
0.344 + 0. 016
0.263 + 0. 013
0. 099+ 0. 008
0. 023 + 0. 004
0. 003+ 0. 002

Reference 5; 4. 5-keV x rays were used.

0. 020+ 0. 01
0. 104+0.005
0. 135+0. 005
0.352 +0.008
0.259 + 0. 008
0. 099 + 0. 007
0. 027+ 0. 005
0. 004+0, 002

0. 014
0. 107
0. 143
0.399
0.230
0. 094
0. 022
0. 005

0. 014+ 0. 016 0. 024 + 0, 024
0. 061+0. 019 0. 074 + 0. 022
0. 127+ 0. 026 0. 134+ 0. 028
0.341 + 0. 043 0.339+0. 043
0, 300+0.036 0.285+0, 036
0. 123 +0. 022 0. 113+0,021
0. 032 + 0. 010 0. 029 + 0. 010
0. 002 + 0. 005 0. 002 + 0. 005

Obtained by combining at&'s from Hef. 5 with
lated o; from Ref. 15.

0. 015
0. 100
0. 136
0.400
0.230
0. 094
0. 022
0. 005

interpo-
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FIG. 4. Calculated partial photoionization cross sec-
tions for the different indicated sublevels of krypton as
a function of the photon energy. These calculations were
performed by Ron using the method described in Ref. 15.
The points shown on each curve indicate energies at
which numbers were actually obtained. The dashed por-
tions of each curve are extrapolations.

values used for the o.'2, 's.
Ionization can occur from all electronic levels

of a,rgon with 5. 4- a,nd 8. 0-keV x rays. Table V
shows a comparison of the present 5. 4-keV values
with earlier experimental values obtained with a
titanium target (4. 5 keV). Again, the theoretical
values' are based on Auger processes and elec-
tron shakeoff. The agreement is better here, which
is expected since the partial photoionization cross
sections used by Carlson and Krause agree closely
with those interpolated from Rakavy and Ron. "

In Table VI the data for krypton ionized by 0. 28-
keV x rays are compared with results in which the
most probable photon energy was assumed to also
be 0. 28 keV. Although the two results agree with-
in the quoted uncertainties, the higher charge states
are somewhat more abundant for the present exper-
iment, which is particularly noticeable for Kr'
and Kr' . This can possibly be explained by the dif-
ference in the character of the ionizing x rays. Our
x-ray spectrum was essentially monoenergetic and
could produce ionization in the 3P and 3d levels and
in the n =4 level, whereas the relative probability
for photoabsorption for the x-ray spectrum used
in the previous experiment showed that about 20%
of the ionization was produced by photons with only
enough energy to ionize in the 3d and n = 4 levels.
According to a previous experiment, if the photons
are only energetic enough to ionize in the 3d level
or n = 4 level, then the Kr' is about twice as abun-
dant as Kr'; thus the Kr' abundance would be en-
hanced by the contribution from low-energy x rays.

Ionization becomes possible in the 3s level of
krypton when 1.5-keV x rays are used. Previous
similarities in the relative abundances of ions pro-
duced by photons of different energies but which
ionize from the same atomic levels suggest that
these results should be compared with a previous
experiment' in which the average photon energy was
1.15 keV (Table VI). However, in this case extrap-
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TABLE VI. Belative abundance of krypton ions following ionization by 0.28- and l. 5-keV x rays. Comparisons
with previous experiment and theory.

0.28 keV 1.5 keV

Charge of
ion (c)

Corrected
Uncorrected (0. 05 + 0. 01 eV)

Previous
experiment~ Uncorrected

Corrected
(0. 05*0.01eV)

Previous
experiment

1
2

5'

0. 017+ 0. 003
0. 440+ 0. 010
0. 436 + 0. 010
0. 095+ 0. 005
0. 012+0.004

0. 025+0. 004
0.470+0. 012
0. 411+ 0. 010
0. 084+ 0. 005
0. 010+0. 004

0. 025 + 0. 006
0.519+0.005
0.398 + 0. 006
0.075 + 0. 003
0. 007+ 0. 002

0. 032+0. 004
0. 162 + 0. 009
0.372 + 0. 014
0.273 +0. 012
0. 120+0.008
0.024+0. 005
0. 015+0.004

0. 051+0. 005
0. 183+ 0. 011
0.371+0. 015
0.254 + 0. 012
0. 107+0.008
0. 021 + 0. 005
0. 013+0. 004

0. 03 +0.005
0.275 + 0. 016
0.408 + 0. 015
0. 229 + 0. 009
0. 072 + 0. 005
0. 013+0. 005

~Beference 7. "Produced by x rays of average energy 1.15 keV (Bef. 7).

olated values from Ron's' calculated partial photo-
ionization cross sections shown in Fig. 4 as well
as values obtained by Krause and by Cooper and
Manson ' indicate that the relative amounts of 3s,
3P, and 3d ionization vary over the energy range
1. 15-1.5 keV in such a way that ionization from
the 3s level decreases more slowly with increasing
energy than ionization from the 3P and 3d levels.
This would explain the difference in the ion spectra
for the two experiments, since the increased rel-
ative probability for ionization in the 3s level at
1. 5 keV would result in a greater percentage of
higher charged ions. Because of this energy-de-
pendent uncertainty in the cross sections, it is
possible that the rearrangement probabilities are
still energy independent.

The 5. 4- and 8. 0-keV x rays fall between the K
and L levels in krypton. In Table VII, the 5. 4-keV
results are compared with a calculation and an ex-
periment in which the primary ionizing energy was
4. 5 keV. There is a slight disagreement between
the two experimental values which again is possibly
due to the energy dependence of the partial photo-

ionization cross sections (Fig. 4). The theoretical
values at 5. 4 and 8. 0 keV were obtained using par-
tial cross sections for krypton calculated by Ron'

and shown in Fig. 4. The estimated uncertainty of
the calculated values is 25%, and within this limit,
the agreement between theory and experiment is
adequate.

Although all of the data presented here generally
agree where possible with previous results, there
does seem in some cases to be a small but system-
atic shift in intensity toward the higher charged
ions in our work. This could be due in part to the
charge-dependent detector response mentioned
earlier for which no correction was made.

IV. CONCLUSION

The relative abundances of multiply charged ions
observed here are consistent with previous mea-
surements and, e.-.cept for neon at 0. 28 keV, with
theoretical predictions which take into account
Auger transitions and electron shakeoff. The re-
sults again indicate that additional effects such as
electron correlation must be included for neon.

TABLE VII. Belative abundance of krypton ions following ionization by 5.4- and 8. 0-keV x rays. Comparison with
theory and experiment.

5.4 keV 8. 0 keV

Charge of
ions (c)

Corrected Previous
Uncorrected (0. 05 + 0. 01 eV) experiment~ Theory Uncorrected

Corrected
(0. 05 + 0. 01 eV) Theory"

1
2
3

5
6

8
9

10

Using x

0. 016+0.008 0. 028+ 0. 010 0. 013+0.006
0. 011+0.003 0. 014+ 0. 005 0. 033 +0. 006
0. 057+ 0. 005 0. 064 + 0. 006 0. 073 + 0. 006
0. 170+0. 010 0. 177+0. 011 0.209 +0.009
0.217 + 0. 011 0. 216+ 0. 012 0.233 + 0. 009
0.245 + 0. 012 0. 236 + 0. 013 0. 225 + 0. 011
0.206+ 0. 010 0. 194+ 0. 010 0. 152 + 0. 008
0. 065+ 0. 005 0. 060 + 0. 005 0. 052 + 0. 005
0. 012 + 0. 003 0. Oll+ 0. 003 0. 010+0. 003

0. 0005 + 0. 0009 0. 0005+ 0. 0009

rays of average energy 4. 5 keV (Bef. 7).

0. 004
0. 027
0. 073
0. 227
0.234
0. 194
0. 159
0. 073
0. 007
0. 0015

0. 023+ 0. 009
0. 016+0. 006
0. 040+ 0. 012
0. 183+0.021
0. 195 + 0. 022
0.268+ 0. 026
0. 180+ 0. 022
0. 083 + 0. 013
0. 011+0.006
0. 002 + 0. 002

0. 040+0.
0. 020+ 0.
0. 044+ 0.
0. 189+0.
0. 193+0.
0.257+0.
0, 169+0.
0. 076+ 0.
0. 010+0.
0. 002+0.

009
008
013
022
023
026
022
013
006
002

0. 001
0. 023
0. 072
0.210
0.208
0.200
0. 179
0. 085
0. 008
0. 002

"Obtained with e s from Bef. 7 and 0 s from Bef. 16.
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Our results, when interpreted in terms of partial
photoionization cross sections calculated by Rakavy
and Ron, "indicate that the previous disagreement
between theory and experiment for argon I,-shell
ionization is possibly due to a poor choice of par-
tial photoionization cross sections. Small dis-
crepancies between the measured relative abun-
dances of krypton ions can also be explained in
terms of the energy dependence of the partial photo-
ionization cross sections predicted by Ron. ' Vfith-
in the uncertainties of the data there was no evidence
for an energy dependence for the rearrangement

probabilities (o't 's), following inner- shell ioniza-
tion in the energy range for which the sudden ap-
proximation used to predict electron shakeoff is
valid.
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