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Electron-impact energy dependence of the sodium K-shell double-ionization cross section:
A study of hypersatellite spectra
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The Ko'. q {L "; n =0—5) hypersatellite spectrum of sodium has been detected for various
electron-impact energies in the range of 15 & Eo & 200 keV. The measured energies of the transitions
are in agreement with results of previous experiments at low electron energies and theoretical predic-
tions. For the strongest hypersatellite, which corresponds to a K ~K 'L ' transition, the natur-
al width has been determined. The natural linewidth was found to be I & ——2.2+0.4 eV, which is
much larger than predicted. Furthermore, the electron double-ionization cross section of the K shell

has been obtained. Within the investigated energy region the cross section decreases by about a fac-
tor of 4 with increasing electron-impact energy. This energy dependence suggests the dominance of
direct double ionization in comparison to the shake-off process.

I. INTRODUCTION

In recent years thorough investigations have been per-
forrned to study electron-induced single K-shell ionization
processes and they have considerably improved our under-
standing of the excitation mechanism in the electron-atom
scattering. Only little information has become available
about the simultaneous creation of a K- and an L-shell
vacancy and nearly none on the electron double-ionization
cross section of the K shell where, in addition, inforrna-
tion regarding the coupling scheme and the multiple exci-
tation mechanism are furnished. Due to the rather small
probability of occurrence of the initial K -state configu-
ration during the excitation process of an atom, the exper-
imental investigations on the decay of double vacancies
are scarce in the literature. ' The study of the process
requires spectroscopy of the Kn hypersatellites which
arise as a result of a 1s '~2@ ' single-electron inter-
mediate deexcitation of the initial 1s state configura-
tion. The study on the hypersatellite furnishes informa-
tion regarding the collision mechanism; the coupling
schemes of the two vacancies; the energies, intensities, and
decay widths of the various transitions involved; and
about the atomic cloud nucleus interaction.

It has been the purpose of the present work to study the
energy dependence of the K-shell double-ionization cross
section for electron-impact energies ranging up to the rel-
ativistic region. Such a detailed study of this process
might serve as a first tool in formulating a model that de-
scribes the multiple-excitation mechanism of the simplest
K state. This is an interesting state in the sense that it
is not possible to produce the double K vacancies by cas-
cade transitions and only to a small probability by the
shake-off process. Since the decay of the K state is
also of general interest, we chose sodium as one of the
simplest systems where all possible couplings between the
K and L shells can be studied. Finally, the present work
also checks the validity of a recently deduced empirical
law which apparently describes the broadening of the
natural linewidth observed in K ~K 'L, ' transitions.

Lahtinen and Keski-Rahkonen" also studied the

electron-induced hypersatellite spectrum of sodium and
determined the dependence of the K-shell double-
ionization cross section on the electron-impact energy in
the region 4&EO &25 keV using thin and thick targets.
Their measured value of the double-ionization cross sec-
tion is at variance with theoretical predictions. ' '

The present work reports on the measurement of the
energy dependence of the K-shell electron double-
ionization cross section in sodium for a wide range of
electron energies 15 (Eo (200 keV (Sec. II). A thorough
investigation is made of the intensities and energies
of the hypersatellites (K L ~K 'L ') and the satel-
lites of hypersatellites (K L '~K 'L 2;K 2L

~K 'L;. . . ; etc.). Also, the natural width of the hy-
persatellite line is measured in view of the lifetime of the
K state (Sec. III). All results are discussed in Sec. IV.

II. EXPERIMENTAL METHOD

The experiment was performed at our superconducting
pilot accelerator facility' and since the whole setup is
described in detail elsewhere, ' ' we will focus here only
on a few important aspects. The experimental arrange-
ment is displayed in Fig. 1. Electrons from an electron
gun were focused over a distance of about 2 m onto the
target and were collected in a Faraday cup. A vacuum of
nearly 10 Torr was maintained near the electron gun
and of approximately 10 Torr in the vicinity of the tar-
get. Thin targets of sodium fluoride (NaF) were prepared
under a high vacuum (10 Torr) on carbon substrate (10
pg/cm ) by an evaporation technique. The target (NaF)
thickness was measured to be 160 pg/em using the
method of the energy loss of a particles. The target size
amounted to about 80 mm, and the electron beam im-
pinged on a circular area of about 5 mm diameter.

The emitted characteristic x-ray radiation from the tar-
get was studied perpendicular to the beam axis (8=90 )

employing a high-resolution flat crystal Bragg spectrome-
ter equipped with a thallium acid phthalate (TlAP) crystal
(2d =25.745 A). The target-spectrometer distance was
maintained to 100 cm to reduce the scattered background
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FIG. 1. Experimental setup: 1 denotes cathode; 2—4, poten-
tial grids; 5, lens; 6,7, 16, vacuum valves; 8, deflecting magnet; 9,
Soller slits; 10, x-ray detector; 1 1, Bragg crystal; 12, 1 3, horizon-
tal and vertical steerer; 14, target chamber; and 1 5, Faraday
cup.

radiation. A strong magnetic field (800 G) deflected scat-
tered electrons from the radiation path. Finally, a long
Soller slit of dimension 20 & 30 )& 1 50 mm was placed in
the radiation path. The slit width amounted to 0.1 mm
which gave a divergence angle of 0.076' from the target.
The present setup had the advantage of a low background
radiation which enhanced the signal-to-background ratio.
This has been crucial to the present measurement since a
high background could have easily suppressed the weak
signals from hypersatellite transitions.

The characteristic x-ray radiation was diffracted from
the T1AP crystal, and then detected by a flow gas propor-
tiona1 counter operated at a pressure of 760 Torr using a
gas mixture of argon (90%) and methane (10%). A Mylar
window coated with aluminum (2 pg/cm ) separated the
proportional counter from the vacuum of the spectrome-
ter.

The spectra were observed with a step scanning method.
At each Bragg angle the x-ray intensity was measured for
a definite charge (e.g. , 50 pC) determined by integrating
the incident electron flux using a Faraday cup. The inten-
sity of x-ray radiation was collected with an increment of
60=2 & 10 degrees Bragg angle. A computer-
controlled scanning procedure furnished the x-ray intensi-
ties as a function of angle. All functions concerning the
setting of the crystal and the detector, the charge regis-
tered per step, step sizes and intervals, number of sweeps
needed to obtain sufficient statistics, and the data acquisi-
tion were controlled by an LSI 1 1/23 computer. Finally,
a DEC Vax 11/750 computer served for data analysis.
For calibration of the spectrometer we used the position
of the Na Ka

& 2 line which could be reproduced with an
accuracy of +0. 1 1 eV. Once this was accomplished, the
spectrometer was set to scan the spectrum around the hy-
persatellite lines and subsequently again around the Kn
position. The Ka spectra and the hypersatellites of sodi-
urn were measured at 1 5-, 25-, 50-, 100-, 150-, and 200-
keV electron-impact energies.

III. ANALYSIS AND RESULTS

A typical Na Ea spectrum is shown in the upper part
of Fig. 2. The largest peak is due to a pure Ee
(ls '~2p~/2 3/p) transition with no vacancy in the L
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FICs. 2. Sodium Ka spectrum obtained by bombarding a thin

( 1 60 pg/cm ) NaF target on a carbon layer with electrons of 1 5

keV using a flat TlAP crystal (upper part). The lower part
displays the result of a fit to the individual lines. The letters
through D characterize the diagram ( 3) as well as the KL " sa-
tellite lines. The solid line in the upper part of the figure is the
sum of the individual lines.

she11 in the initial-state configuration. On the higher-
energy side of this peak several structures were noticed
which are attributed to multiple vacancies in the L shell.
The spectra were analyzed applying a fitting procedure
that has successfully been employed previously. ' ' For
the Ka line (A) and its satellites (B,C,D) a combination
of a Gaussian and a Breit-Wigner function yielded the
best fit to the data points as indicated in the lower part of
Fig. 2. During the fitting procedure the parameters as
peak position and intensity were left variable while the
shape of the line, i.e., the full width at half maximum
(FWHM), line asymmetry, and the Gaussian to Breit-
Wigner ratio were assumed to be the same for all lines.
The solid line in the upper part of the figure represents
the sum of the fits to the diagram and satellite lines. The
intensities and the energies of these peaks were found to
be in accordance with previous measurements. ' ' Since
the energy difference of the Ea& and K+2 transition is
quite small (& 1 eV), it was not possible to resolve these
two lines. The energy of the Ka ~ 2 transition is observed
to be E(Ka)=1041.19+0.11 eV which compares fairly
well with the available Dirac-Fock calculated value'
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(1042.0 eV) and another similar experiment' (1040.9+0.2
eV).

In Fig. 3 the hypersatellite spectra recorded at 15-, 25-,
50-, 100-, 150-, and 200-keV electron-impact energies are
displayed. While the recording of a Ku spectrum took
3—4 sweeps (40 min) in the desired energy range for a pre-
cise measurement of intensity and energy, the Ka hyper-
satellite spectra needed some 600—700 sweeps
( —110—130 h). It is due to the small probability of the
Ka" transition relative to the Kaj z transition ( —10 ).
The different spectra have been accumulated for different
charges of electrons that have traversed the target.
Several lines sitting on a more or less strong background
are observed. The most intense line at E=1146 eV shows
up clearly in all six spectra and most distinctly in the
spectrum obtained for a bombarding energy of 15 keV.
The peak to background ratio for this line is decreasing
with the bombarding energy since the line intensity is de-
creasing and the background is simultaneously increasing.

A somewhat different fitting procedure than described
above was employed in order to deduce the peak energies
and intensities unambiguously. First, the spectra were
smoothed by always averaging five adjacent data points
and moving this "five-data-point" window point by point
over the entire spectrum. Two typical examples are
displayed in Fig. 4. It shows the smoothed and
background-subtracted 15-keV spectrum, which has the
best statistics, and the 50-keV spectrum, as a typical ex-
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FIG. 4. Sodium hypersatellite spectrum for Eo ——15 and 25
keV. The spectra are background subtracted and were
smoothed according to the procedure described in the main text
(upper part). The lower part displays the result of a computer
fit to individual lines marked E through L. The sum of these
lines are the solid curves shown in the upper part of the figure.
Line 6 designates the investigated K+2 hypersatellite.
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FIG. 3. The sodium hypersatellite spectra obtained for the
same conditions as described in Fig. 2 but for all impact electron
energies employed.

ample of a spectrum with less pronounced peaks. Then,
in contrast to the fitting procedure adopted for'the separa-
tion of the diagram and satellite lines, a Gaussian shape
was assumed for the hypersatellite lines. This was neces-
sary because of the low statistics in the hypersatellite
spectra. While the line shapes were assumed to be the
same for all lines, positions and intensities of the lines
(E L) were kept —variable during the fitting procedure.
The results are displayed in the lower part of Fig. 4. The
solid lines in the upper part of the figure represent again
the sum of the individual fits to E through I .

The energies of the lines measured in the region of the
hypersatellite spectrum are compiled in Table I. The re-
ported energy values are the difference of the observed hy-
persatellite energies with respect to the Ka& 2 transition
energy. They have been obtained by means of the above-
described computer fit to the spectrum. The quoted un-
certainties in the energy positions of the peaks E—L. de-
pict the mean standard deviation of the measured Ka2
transition energies at various impact energies. Table I
also includes the results of the previous measurements for
the designated peaks using electron excitation" and
heavy-ion collision. ' The last two columns of Table I
contain averaged group energies of the designated transi-
tions' using the Hartree-Fock program of Froese-
Fischer' and the Dirac-Fock program of Desclaux,
respectively.
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TABLE I. Energies of the designated spectral lines of sodium relative to the Ka12 line (1041.19+0.11 eV) in eV as obtained from a
fit to the six spectra of Fig. 3.

Designated transition

E

G K ~K 'L ',Ka2(L )

H

"(L—1)

I K L K 'L K "(L )

K —2L —3 K —1L —4 K &(L —3)

K —2L —4 K —lL —5 K It(L —4)

L K L ~K 'L K "(L )

'Hartree-Fock calculation, Ref. 17.
Dirac-Fock calculation, Ref. 17.

'From Ref. 11.

2p 2p

2p 2D

Present
work

96.6+0.5
99.3+0.8

104.5+0.6

112.1+0.9

113.6+ 1. 1

121.8+2.4
133.7+ 1.9
143.6+2.7
150.2+2.0

Experiment

Ref. 11

104.3+0. 1

112.3+0.3

113.5+0.5

Ref. 17

104.1+0.5

113.6+0.5

122.8+0.5

133~ 8+0.5
144.3+0.7
155.3+0.6

103.3

112.7'

113.8'
119.9
131.7
146.0
160.8

Theory

DFb

104.8

113.6

114.5
121.2
133.1
147.4
162.5

Apart from the hypersatellite (Ka2) and its satellites
(Ka, ) designated by G and H through L,
respectively —a few more quite weak transitions were
recorded. Two such transitions (E,Q are shown in Fig. 4
and are compiled in Table I. Four more weak lines were
observed at energies 1115, 1122, 1127, and 1134 eV (not
shown in Fig. 4). A proper designation for the transitions
leading to these lines could not be made. These lines
could possibly be due to higher Ka or Kp satellites. This
seems plausible since the Kp(L ) and Kp(L ) group
energies fall quite close to the observed values (1114.7 and
1137.0 eV, respectively). ' The multiplet structure of
peak H is resolved by fixing the intensity ratio of
the ls 2p '( P)~ ls '2p ( P) and ls 2p '( P)
—+ ls '2p ( D) transitions (9:5) using theoretical values
of Lahtinen and Keski-Rahkonen. "

Table II compiles the influence of the electron-impact
energy on the intensity Ka," relative to Kaz. Since the
uncertainties of some of the lines are fairly large especial-
ly at higher electron-impact energies, it becomes difficult
to extract a general behavior. Therefore, a straight line fit
y =a +bEo, where Eo denotes the electron-impact energy,
was made to the individual intensities at various impact
energies. The results of a and b are also listed in Table II

and their implications will be discussed in Sec. IV.
In Table III the observed intensity ratios of the hyper-

satellite to Ka intensity, I(Kaq)/I(Ka), are listed at vari-
ous impact energies. Applying the appropriate correc-
tions for the crystal reflectivity, the detector efficiency at
the two different x-ray energies, and using the fluores-
cence yield cu(Ka2)/co& ——l. 11—as obtained from the
theoretical calculations for Ne (Ref. 21)—we deduce the
cross-section ratios listed in column 2. The third column
contains the theoretical K-shell single-ionization cross sec-
tion by Scofield extrapolated to Na according to a pro-
cedure which will be described in detail elsewhere. The
validity of the extrapolation procedure was checked using
the available experimental data for the neighboring ele-
ments Z =8 and Z=10. The present o.z values are close
to those predicted by the scaling behavior proposed by
Drawin. ' The last column exhibits the deduced double
K-shell ionization cross section of sodium.

IV. DISCUSSION

A. Hypersatellite energies

A scrutiny of Table I reveals that the observed energies
for the designated transitions are quite close to those ob-

TABLE II. Intensities of the designated spectral transitions of sodium relative to the Ka2(L ) hypersatellite at various impact en-
ergies.

I
J
K
L

Ka2(L 2)

Ka2(L 5)

Designated
transition

G Ka2(L )

H Ka2(L ')
2p 2p

P~D

15

100.0+5.2
36.3+2.5

20.3+ 1.4
24.3+ 1 ~ 6
11.0+4.9
20.9+4.9
31.9+5.0

25

100.0+8. 1

46.7+3.6

26.1+2.0
40.9+3.4
42.4+3.6
86.6+8. 1

50

100.0+8.5

29.9+5.2

16.8+3.0
37.6+8.8
21.1+7.7
46.4+8. 1

41.6+4.0
7.2+9.2

29.4+9. 1

54.9+9.6

24.5+6.2
37.3+ 15.9
34.9+ 16. 1

31.1+16.6

Impact energy (keV)
100 150

100.0+ 10.0 100.0+ 16.2
74.3+7. 1 43.8+ 11.1

25.9+6.4
81.9+17.4
80.7+ 17.8
89.7+17.7

20+4
25+5
18+ 10
35+17

200

100.0+ 17.3
46.4+ 11.6 37+7 0.13+0.12

0.07+0.07
0.17+0.11
0.20+0. 15
0.20+0.25
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TABLE III. Double-ionization cross section of sodium of various electron-impact energies.

Impact
energy

(keV) 10+ I (Ko.")/l(A a) 10+ o 2/o. ~ (10 m )

15
25
50

100
150
200

3.96+0.33
3.20+0.39
3.49+0.43
4.75+0.72
3.94+0.71
5.02+2.51

3.05+0.25
2.46+0.30
2.68+0.33
3.65+0.55
3.03+0.55
3.86+ 1.93

177 63
122 42

7419
4672
3689
3190

5.42+ 0.45
3.01+0.37
1.98+0.24
1.71+0.26
1.12+0.20
1.23+0.61

' K-shell ionization cross section obtained by extrapolation of the theoretical values by Scofield (Ref.
22).

tained in previous measurements of Lahtinen and Keski-
Rahkonen in electron excitation" and of Watson et al. in
heavy-ion collision' for the corresponding transitions.
The present values are also quite close to the theoretically
calculated values, using a Hartree-Fock and Dirac-Fock
program, ' for hypersatellite and its satellites. This vali-
dates our assignment of peaks in the sodium spectrum. It
is interesting to see that for Kaz(L ) the experimental
energy is some 8—10 eV less than the theoretically
predicted value. A similar observation was also made by
Watson et al. ' for Na in heavy-ion collisions. Benka
et al. observed the same trend for fluorine when
theoretical predicted energies were found to be higher
than the experimentally observed transition energies.
Watson et al. ' have attributed it to the rapid electron
transfer to n & 2 levels of sodium following multiple ioni-
zation and prior to K x-ray emission. The increased
screening due to electrons in the outer shells (n ~ 2) would
suppress the hypersatellite energy. The same mechanism
of rapid electron transfer seems plausible in the present
experiment.

B. Intensities and cross sections

The Ka transition recorded in the present experiment
corresponds to the Kaz transition since the Ka& transi-
tion is suppressed according to the L-S electron-electron
coupling scheme where the ls ('So)~ls '2p '( P&)
(ICa~) spin-flip transition is strictly forbidden. The detec-
tion of a Ka" transition is made possible from chlorine,
where the deviation from L-S coupling is appreciable and
it thus could be considered as the starting element for the
intermediate coupling.

Table II compiles the intensity of various Kcz," transi-
tions relative to Ka2 intensity for different impact ener-
gies. Before entering the discussion on the behavior of

these transitions with electron-impact energies, we would
first like to focus attention on the dependence of the K-
shell electron double-ionization cross section of the
electron-impact energy. From Table III it becomes evi-
dent that the double-ionization cross section decreases
roughly by a factor of 4 with the change in electron-
irnpact energy from 15 to 200 keV. A previous measure-
ment of Lahtinen and Keski-Rahkonen" on the K-shell
electron double-ionization cross section of sodium is avail-
able in the literature with a small electron-impact-energy
overlap (15—25 keV) with the present experiment. Both
experiments are at variance with each other by about a
factor of 2 in this region. The origin for this discrepancy
is not evident since two different experimental setups have
been employed. It is worthwhile to mention that in Ref.
11 the thin sodium target had a thick substrate of alumi-
num and a sophisticated procedure had to be adopted to
rectify the substrate effect. A comparison of the mea-
sured values of the K-shell double-ionization cross section
with theoretical predictions is compiled in Table IV,
where the values of Refs. 11—13 have been extracted from
Fig. 4 of Ref. 11. The agreement between our measure-
ment and the classical' as well as quantum mechanical'
calculation is satisfactory.

It should be noted, however, that the energy dependence
of the double-ionization cross section, as found in the
present work, is in better agreement with the former ex-
periment, " than with the theoretical prediction. ' ' Fit-
ting a power law of the form o.

2 ——aEo, where a and b

are constants and Eo is the electron bombarding energy,
to the present data in the energy range 15 &Eo &200 keV
as well as to the values of Ref. 11 for 9 & Eo & 25 keV—
the data points have been taken from the figure —we ob-
tain b = —0.6 and —0.4, respectively. The classical and
the quantum mechanical calculations yield b = —1.4 and
—1.3, respectively. The difference between experiment

TABLE IV. A comparison of experiment and theory for the K-shell electron double-ionization cross
sect ion at 15 and 25 keV (in 10 m ).

Impact energy
(keV)

15
25

Experiment
Present work

5.42+0.45
3.01+0.37

Ref. 11'

10.7
9.5

Ref. 12'

6.9
3.3

Theory
Ref. 13'

8.5
4.2

'Values have been obtained from Figs. 3 and 4 in Ref. 11.
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and theory may be caused by the fact that both theoretical
approaches are nonrelativistic which naturally yields a
faster decrease of the cross section with increasing impact
energy, since relativistic effects, which cause a rise of the
cross section, are not taken into account. For the
single-ionization cross section of Na, we deduce from the
extrapolated relativistic calculation by Scofield ' a value
b= —0.7, which exhibits a swifter decrease of the cross
section in the energy region of present interest than
predicted by nonrelativistic theories.

In conclusion, we state that the observed energy depen-
dence of the double K-shell ionization cross section con-
tradicts the proposition by Watson et al. ' that the main
process of multiple ionization is a shake-off process,
which is energy independent. The strong contribution of
an impact-energy-dependent binary-encounter process in
the multiple-excitation mechanism is also evident in the
previous work on Kcz satellites' ' and is in support of
the present findings.

Finally, we return to the compilation of the Ka," transi-
tions listed in Table II. The fit of a straight line to the in-
tensities, as described above, reveals that the transitions H
through G show more or less the same electron-impact
energy dependence as the hypersatellite line (G), since the
values of the slopes vanish —with the exception of I and
J—within the quoted error limits. Since a possible sys-
tematical error caused by the background subtraction is
not yet included, even the small values of b for lines I and
J are probably comparable with zero. Thus the Kcx," tran-
sitions are also strongly energy dependent. Finally, it is
noted that the comparable intensity of several Ka," to
Ka~ transitions contradicts the previous belief that the
electron-impact ionization usually creates only pure K
states and only very little K L "(n & 1) states. '

C. Natural linewidth of the hypersatellite line

The inspection of Figs. 2 and 4, respectively, reveals
that the width of the hypersatellite line (G) is clearly
larger than that of the Ka line. Since the overall resolu-
tion of a line depends on the aperture of the Soller slits,
the finite width of the rocking curve of the crystal, and
the natural linewidth, one can deduce the natural
linewidth corresponding to the Kaz transition. The ob-
served linewidth of the Kcz line amounts to I =3.1 eV.
Assuming a natural linewidth of I x. ——0.3 eV (Ref. 31), a
deconvolution of these two distributions yields the instru-
mental width I I ——2.95 eV, where Csaussians have been
used to describe the different lines. This instrumental
width is angle and, therefore, energy dependent, as can be

seen from the Bragg condition. For the TlAP crystal this
instrumental width increases by about 11% (i.e., I I ——3.28
eV) for the necessary change of angle from the Ka to the
hypersatellite transition. ' By deconvolution of the in-
strumental distribution I I with the distribution of the ob-
served total width of 4.6 eV, the natural width of the Kaz
hypersatellite line (G) is obtained to be 2.2+0.4 eV. This
is an increase of the natural width of a hypersatellite line
by about a factor of 6 to 8 as compared to the natural
width of a Ka line. This indicates a drastic reduction of
the lifetime of a double K vacancy state to 0.3)&10 ' s
from a value of 2.2)&10 ' s for the single K vacancy
state. It should be noted, finally, that the explanation by
Mosse et al. is not supported in the present work. Ac-
cording to these authors, the total width of the hypersatel-
lite as observed for Cu is given by the expression
3I z+ I L. For the present case, however, 3I z+ I I
amounts in the case of Na to about I =0.9 eV as com-
pared with the deduced value of 2.2+0.4 eV.

V. CONCLUSION

The energies of the Ka hypersatelhte (Kaz) and its sa-
tellites (Ka, ) are measured with high accuracy. The ex-
perimental energies corroborate the theoretical prediction
except for a deviation of some 8—10 eV for the Kaz(L )

line. This deviation may be attributed to the rapid elec-
tron transfer to n )2 shells following multiple ionization.
The relative intensities of Ka, were found to be depen-
dent on the electron-impact energy which indicates that
the excitation mechanism of atoms is energy dependent
and is not a pure shake-off.

The intensity comparison of Ka," with Kaz lines indi-
cates that, even in electron-atom scattering, the excitation
of K ~L " (n & 1, . . . , 5) states is equally as prominent
as the excitation of a pure K state. Furthermore, the
present experiment furnishes new values of the electron
double-ionization cross section which are comparatively
closer to the theoretical predictions. Finally, the natural
linewidth of the hypersatellite lines exhibits an increase of
a factor of 7 as compared to the Ka linewidth.
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