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All aspects of photoionization in the soft-x-ray region are taken into account, and a complete
partitioning of the photoionization cross section of neon is given in terms of single-electron processes in

2p, 2s, and ls subshells and multiple-electron processes involving these subshells. The various
processes, including their arigular dependences, are identified and studied by the technique of
photoelectron spectrometry. The partition relies solely on experimental evidence. Absolute subshell cross
sections for the emission of a single electron are compared with current theoretical predictions: The
single-particle, frozen-structure model (Cooper, 1962) that uses the Herman-Skillman potential
overestimated cr, by up to 15%, a.„by (25-35)%, and o.„by about 20%; the random-phase-
approximation-with-exchange model (Amusia, 1972) that includes multielectron correlation and uses
Hartree-Fock wave functions predictions correctly cr„at 110 & h v & 220 eV, where comparative
data exist. The absolute cross section for double ionization in the L shell is 5 X 10 ' cm' at
h v = 278 eV as compared with the theoretical value of 4 )( 10 ' cm'. The energy dependence of
simultaneous excitation and ionization processes in the L shell is reported. A finite threshold value is
observed and a plateau at higher energy is indicated. For h v & 130 eV, el, n'l' transitions are found to
be most probable in which the continuum electron changes its angular momentum, hl = +1, and the
excited electron retains its momentum, hl = 0, namely 2p6 2p4ad, n p. Anisotropy parameters P for
2p electrons agree well with theoretical results; however an unexplained maximum near 8 = 0' at
h v & 1 keV is found for the angular distributions of 2p photoelectrons.

I. INTRODUCTION

A complete partition of the photoionization
cross section into its partial cross sections, with
differentiation according to single and multiple
processes, is much needed if we are to deepen our
understanding of the photon-atom interaction and
improve the reliability of total and partial cross-
section values. Experimental data are especially
needed in the ultrasoft-x-ray range, hv ~ 1 keV,
where the photon interacts with electrons in the
outer region of the atom, and electron-electron
correlation of different types may play an impor-
tant role. Furthermore, accurate subshell cross
sections are essential to quantitative chemical
analysis by photoelectron spectrometry, and
fluorescence x-ray and Auger-electron spectrome-
try. To the present time a partition of the photo-
ionization cross section into all its components
has not been realized.

In this study, we used the technique of photo-
electron spectrometry to delineate the various as-
pects of the photoionization process, and to give a
quantitative account of photoionization of neon be-
tween 100 and 2000 eV. Specifically, we deter-
mined the following quantities as a function of
photon energy: (a) relative differential photo-
ionization cross sections for the ejection of a
single electron from 1s, 2s, and 2p subshells at
0 =90' and 8 = 54.73' between the photon and photo-
electron propagation vectors; (b) relative proba-

bilities of el, n'l' processes, often referred to as
shakeup processes, in which an L electron is ex-
cited to the n'l' state concomitant with the ioniza-
tion of another L electron into an el channel;
(c) energies of photoelectrons arising from el, n'p
processes involving 2p electrons; (d) angular dis-
tributions of 2p photoelectrons, or alternatively,
the anisotropy parameter t}», and (e) angular
depend 'nce of el, n'l' processes involving 2p elec-
trons.

Using these data and earlier data on double-
ionization, e l, e'l' processes, and on e l, n'l' tran-
sitions involving the is shell, we were able to
partition the total photoionization cross se. tio .

0 t t which is known to a great degree of a ccu~ a."y,
into its components and thereby obtain absolute
partial cross sections 0„, for single-electron
transitions and ass«ute cross sections c,t
and 0„„,for multiPle-electron transitions.
Data of this sort, obtained for the first time over
an extended range of energies, allowed us to apply
a stringent and detailed test of current theoretical
models in the nonrelativistic region. In addition,
the angular distributions and energies of photo-
electrons emitted in el, n'l' processes yielded
further insight into the nature of the multiple-
electron transitions.

Qnly few measurements going beyond the deter-
mination of the total photoionization cross section
have been carried out in the past, and most of
these studies had limited objectives. For exam-
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pie, Krause ' measured relative differential cross
sections for M and N subshells of Kr in the soft-
x-ray region; Samson and Cairns' measured sub-
shell cross-section ratios for the outermost shells
of the rare gases at very low energies, hv ~ 30
eV; Siegbahn et aI.' determined differential cross
section ratios for 2p and 2s electrons of elements
4 &Z & 23 at several isolated photon energies;
Lynch et al.' measured the o»(k)/a„(S) ratio for
argon at hv & 30 eV; and a number of investigators
studied cl, n'1' processes for KL and LL shells of
neon ' ' and a number of other shells of the other
rare gases. '" While the above investigations
used the technique of photoelectron spectrometry,
other techniques were employed to obtain relative
intensities of el, e'l' processes for KL and LL
electrons of neon. """ Finally, anisotropy
parameters P were determined for p electrons of

the outer shells of the rare gases ' "at energies
below 50 eV, for 3p and 3d electrons of krypton
and 1s electrons of neon between 300 and 1500 eV, '
and for el, n'l' transitions in helium" semi-
empirically between 100 and 200 eV.

We reported previously" preliminary results of
some aspects of this study, and we presented else-
where" values of the anisotropy parameter, and
differential and partial cross sections for all sub-
shells between 50 and 3000 eV in tabular and

graphic form for those workers who may need
this type of data for reference purposes in a num-

ber of applications as, e.g., energy-dispersive
x-ray analysis by means of photoelectron spec-
trometry. " In this paper we give a full account of
the work.

The detector chamber contains normally a Mullard
continuous electron multiplier with the entrance
funnel biased near ground potential.

In contrast to an earlier version, ' which is now

being used '4 with a helium discharge tube, the
present rotatable chamber allows for a coplanar
arrangement of x-ray tube and median plane of the
analyzer, thus giving continuous coverage of the
angular range -85' & 8 & 120' (-100'&8 &140',
if needed). All surfaces seen by the electrons be-
fore entering the analyzer are uniformly covered
by carbon black. A fixed-source chamber, de-
picted elsewhere, " is designed for work in the
gas phase and provides ports for an x-ray tube,
electron gun, and discharge tube, each located at
right angles with the electron optical axis. The
x-ray tube, transferable between fixed and rota-
table chamber, was designed for ready exchange
of anodes gad windows and generates photons over
a wide range of energies, namely 100~ hv ~ 5000
eV. The tube is pumped separately and operated
at a pressure below 1&&10 ' N/m'. The entire
system is enclosed in a double high-permeability
magnetic shield, which reduces ambient magnetic
fields to about 3 mOe along the electron path.

Although electron optical aberrations are at
minimum for Q =180',"no serious deterioration
of resolution occurs for Q =140' as used here.
A resolution of ~E/E = 5x 10 ' can be achieved, "
but for the sake of higher intensity AE/E =0.15/o

is commonly used. Entrance and exit slits are
typically 7&&0.2 mm for the fixed chamber and
4X1 mm for the rotatable one. With identical
entrance- and exit-slit dimensions the trans-

II ~ EXPERIMENTAL

As in previous studies" ""in which we utilized
the technique of electron spectrometry, we em-
ployed a double-focussing electrostatic energy
analyzer and a number of different x-ray anodes
and source chambers. Since we have not given a
detailed description of the experimental setup be-
fore, we take this opportunity to present the essen-
tial features of the apparatus, operating mode,
and procedures'

SPHERICAL
88~788/ZZ~~Ni~Z/i;. i'/8, "'.:~~jg

IELD X-RAY
TUBE

S
LET

r
PZ4PP«/limni, ]

VIEW

A. Apparatus

In Fig. 1 the analyzer and one of the source-
chamber configurations used, the rotatable cham-
ber, are shown. The spherical sector plates,
machined of aluminum, enclose angles of 140 and
60' and define a mean radius of 152 mm within a
28-mm gap having a tolerance of 10 p, m. The
plates are enclosed in an aluminum housing which

is evacuated by an oil diffusion pump to a base
pressure of 3&&10 ' N/m' (133.3 N/m'=1Torr).

SHIELD
CYLINDERS)

FIG. 1. Schematic of 15-cm electrostatic double-
focussing electron energy analyzer. Rotatable chamber
can be replaced by fixed chamber for work with gaseous
or solid samples and the use of x rays, electrons, or
photons from discharge tube as excitation sources.
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mission function is substantially Gaussian and the
transmitted flux is proportional to the energy of
the elec trons .'

B. Mode of operation

Electrons are counted individually and normally
are not subjected to pre- or postacceleration, al-
though this option can be applied. Data acquisition
is automatic and follows the procedure developed
earlier for the original 90' instrument. " A pre-
set energy range, variable from 2 to 500 eV, is
swept repetitively by applying a dc biased positive
sawtooth potential to the inner plate and a negative
sawtooth of the same magnitude to the outer plate,
and by storing the detector signal in the memory
of a multichannel sealer whose channel advance is
synchronized with the sawtooth waveform. Since
the plate potentials are proportional to the kinetic
energy of the focussed electron, each channel
corresponds-to a definite electron energy. In
practice, a master pulse triggers simultaneously
the multiscaler and the oscilloscope that provides
the sweep every 50 msec; and the sawtooth, 7' =46
msec, taken from the cathode-ray tube is super-
imposed on a precision voltage bias, variable
from 0 to 3 kV. Although sawtooth and channel
advance are synchronized only at the start of each
scan, their respective stabilities are sufficiently
good Oven for the duration of several days to ren-
der a data display that is stable within 1 channel.
The linearity of the energy scale is about 1/500 of
the range that is determined by the sawtooth. The
particular advantage of this system of data handling
lies in the automatic averaging procedure, since
a given energy interval is scanned at least 10'
times, thus placing no further demands on the
stability of incident x-ray flux and sample density
beyond those mild demands set by the need to keep
changes of the space charge (and surface charges)
in the sample chamber within certain limits.

Scale linearity and calibration in terms of eV
per channel are checked and determined by means
of electrons from a thermionic source with pre-
cisely known accelerating voltages. The same
electron source also allows the determination of
the conversion factor f =dE/dV between electron
energy E and plate potential V, f = 4.0465(15),
and yields a rough absolute-energy calibration.
However, an accurate absolute calibration of the
energy scale is based on suitable Auger or photo-
electron reference lines and requires the inclu-
sion of a relativistic correction in the factor f.

C. Operating procedure and conditions

In this experiment, high-resolution data,
ZE/E = 0.15(1)%%u., were taken at 8 = 90' in the

scanning mode described above using the fixed
source chamber. With sample pressures ranging
from 5 to 10 N/m' (absolute) in the source and
from 1 to 3 mN/m' in the analyzer (ionization
gauge reading), runs required between 1 and 20 h
to accumulate more than 104 counts in the main
peak. Measurements of angular distributions and
those at the angle 8 = 8, = 54.73' were made with
aE/E =l%%uq using the rotatable chamber, Fig. 1.
In this instance, the sample pressure was reduced
to about 2 N/m' to minimize effects from electron-
atom scattering processes and to prevent a gaseous
discharge between chamber walls and the x-ray
tube anode which was elevated to high voltage.
When angular distributions were measured, analy-
zer-plate voltages were set to pass only electrons
of the desired energy, and the angular adjustments
were made manually. At each setting of 8, count-
ing continued until a statistical confidence of bet-
ter than 5%%uo was achieved, which required between
30 and 200 sec for the various photon sources.
Short term fluctuations of x-ray flux and sample
gas pressure were generally within the counting
statistics, and long term drifts of the x-ray line
intensity were checked and compensated for by
periodically referring the count rates to measure-
ments at the reference angle 8 =90'. Angular
resolution was 4.7 + 0.7', where the "error limits"
refer to the half-shadow fringes ~ Proper opera-
tion of the chamber was tested by recording known
angular distributions of several photo- and Auger-
electron lines, such as He ls(ZrM)), Ne 2s(YMg),
Ne 2s(ZrM)), Ne ls(MgKo. ), and Ne ls —2p2p('D, ).
Except for reduction to equal source volume, ' no
other correction needed to be applied at any ener-
gy or angle but for 8 = 5', where part of the x-ray
beam struck the edges of the entrance aperture.
This correction was large and difficult to assess
precisely so that data at 8 = 5' are somewhat un-
certain.

Although we shall discuss correction to the data
and their uncertainties in Sec. IV as required, we
point out here that we considered the following
variables: x-ray flux, gas pressure, plate vol-
tages, electron transmission, detector response,
elastic and inelastic scattering, background from
various sources, interfering and overlapping
peaks, effective source volume, and space charge.

A variety of elements supplied characteristic
x rays whose energies ranged from 108.9 eV for
Be K to 2042 eV for Zr Ln, and whose natural
widths varied from 0.47 eV for YMg and 0.65 eV
for Mg Kn to about 5 eV for Be K and 0 K from
Al,O, . X rays up to hv = 1 keV were transmitted
through a 0.2-gm polystyrene foil (in one case
carbon foil), and x rays above hv = 1 keV through
a 12.5-p.m beryllium foil. While either type of
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window provided a complete separation of the

vacua of gas cell and x-ray tube, the polystyrene
foils were not opaque to high-energy electrons
and required the anode to be operated at positive
potential and the cathode at or near ground to pre-
vent electrons from entering the gas cell and, in

fact, to avoid untimely destruction of the foil by
electron bombardment. We note that for anodes

supplying x rays of hv ~ 500 eV a takeoff angle of
7 to 10' was used, and for those generating x
rays of hv & 500 eV an angle of 20' to 25' was used
with the latter resulting in a twofold to threefold
intensity increase over the intensities previously
reported for an angle of 7'."

by more complex expressions, such as the often
used, though approximate relation"

o„,(k) =A+B(1+[(4+l)v/c] cos8) sin'8,

where l is the orbital quantum number and v/c the
relative photoelectron velocity.

The total photoionization cross section, which is
extracted from absorption measurements follow-
ing correction for photon scattering or obtained
directly from ion-chamber measurements, con-
tains all individual cross sections for single-,
double-, triple-photoionization processes in the
subshells nl:

III. BASIC RELATIONS

We present in this section the basic relations
and procedures that underlie this investigation.
In the dipole approximation and for random orien-
tation of the target, the differential photoionization
cross section for a subshell nl is given by

where e„, „,, designates the cross section for
double-electron transitions from nl and n'l' shells.
Similarly, the cross section that is obtained the-
oretically is composed of the subshell contributions
o„', (which are calculated):

0'tot —~0„) ~

for polarized radiation, and by

4&
(2)

o„,(k) =o„,/4v

independent of P„, . This latter procedure pre-
supposes the validity of relation (2) or its often
used equivalent form

o„,(k) =A +B sin'8,

(3)

(4)

with A+B =100 and P„, =4B/(3A+2B). If, however,
retardation can no longer be neglected, as for
hv ~ 2 keV, one measurement at 8, is insufficient
since angular distributions become skewed in the

forward direction. Equation (2) or (4) is replaced

for unpolarized radiation.
The angle P is the angle between polarization

direction and photoelectron propagation vector,
and 8 is the angle between x-ray and photoelectron
propagation directions. The angular anisotropy
parameter P„, =P(R„, , l, 6) is a function of the ma-
trix elements R„,, the angular momentum quan-
tum number l, and the phase shift 5. It assumes
the values -1 (P„, (2 in the general case and is 2

for s electrons. "
Assuming unpolarized radiation in the following,

the partial or subshell cross section o„, can be ob-
tained experimentally by measuring o„,(k) at an

arbitrary angle 8 and also P„, or, alternatively,
by measuring o„,(k) at the so-called magic angle

8, =54.73', since then

We distinguish the subshell cross section in Eq.
(7) from that in Eq. (6) by a prime since it is not
self-evident that they are identical. In fact, it has
not been examined in the past whether 0„', contains
only single-electron processes or whether it con-
tains also multiple-electron processes. Only very
recently has it been shown" that theoretical cal-
culations based on the commonly employed frozen-
structure approximation lead to subshell cross
sections 0'„, that include multiple processes as-
sociated with the level nl. Consequently, calcu-
lations of this type do not provide a detailed break-
down of o;„as indicated by Eq. (6). Qn the other
hand, more sophisticated calculations "are
capable of distinguishing between the single- and

multiple-photoionization processes.
Experimentally, photoelectron spectrometry

can distinguish the various single and multiple
processes by the kinetic energy the photoelectron
acquires. We have

E, ~(el) =hv E„, - (8)

for the photoemission of a single electron from the
nl level;

E, „. (el, n'I') =hv -E„,-E„.,„
for the simultaneous emission of an electron from
the nl level and the excitation of another electron
from the n" l" level to some n'l' level, an cl, n'l'

process; and

E, „. (el, e'l') =hv -E„,-E„ii,i. E,*„( l', eel)-
(10)
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for the simultaneous ejection of tmo electrons
from nl and n" l" levels, an «l, «'L' process.
Evidently, discrete lines are associated with «l
and el, n'I' processes, Eqs. (6) and (9), provided
hv is discrete, and a continuum consisting of two
indistinguishable parts is associated with «l, «'L'

processes, Eq. (10).
Intensities of photoelectron lines or continua

are proportional to the differential cross section
of the process selected energetically, namely, ""

I„(e)= Cq(1 —o}E,(e)T (kv)I (kv)o, (k),

where x stands for nl; nl, n'l'; etc. C is a constant,
g =ri(E) the detector efficiency, n = n(E) the frac-
tion of electrons scattered out of the beam, E„(e)
the photoelectron energy, T=T (kv) the x-ray
window transmission, and I(kv) the intensity of the
unpolarized x rays. This relation holds for an
electrostatic analyzer mith identical entrance and
exit apertures, with no preacceleration and a suf-
ficiently small acceptance angle. According to
Eq. (11), o„(k) can be determined absolutely if all
the other quantities are known, including the con-
stant C, which contains the density and volume of
the converter gas and the various solid angles.
However, in many instances it suffices to deter-
mine o, (k) on a relative scale, so that only the en-
ergy dependence of the parameters in Eq. (11)
need be known.

In this study, we determined relative differential
cross sections o„(k}according to Eq. (11) for all
processes, 3' converted these into relative cross
sections v„, using either P, or Eq. (3), and nor-
malized the o„ to the total photoionization cross
section 0„,known from the literature. Thus the
cross sections o, and &r, (k) are obtained on an
absolute scale, Schematically,

(12)

Since customarily many observations are carried
out at 8 =90', we like. to express the ratio o„/o»
in terms of the differential cross sections at 90'
or at 8, :

~a o„(k) 2 (1 +P»/4) o„(k)

According to many-electron selection rules '4

there may be an excitation of two electron states
(a) if one electron changes only its n and the other
electron changes n by an. arbitrary amount and its
I by sl, or (b) if both electrons change their n's
by arbitrary amounts and one its l by y and the
other its l by 5 + 1, with the condition y+5 =even.
Photoabsorption measurements have shown ' that
case (a) yields the most intense nl, I' f' transitions
for double excitation of 2p electrons of neon.

Analogously, me expect the «l, n'l' transitions
2p'-2p~ed, 3p (or es, 3p), 2p'-2p ep, 3s, and
2p'-2p'«p, 3d to be predominant. As me have
pointed out earlier in the case of helium, ' it is of
interest to separate the different transitions to be
able to determine whether the continuum electron
changes its f, viz. , ed, 3p (es, 3p), or the excited
electron changes its l, viz. , «p, ns or «p, nd.
Separation can be accomplished on the basis of en-
ergy and/or angular distribution measurements.
From symmetry considerations" me might expect
that the angular distributions of the transitions

Pp'- 2p4«d, 2p

2p ~ 2p «d» 3p

(14a)

(14b)

are characterized by the same anisotropy param-
eter p~ [the weak es, np channel is omitted in Eq.
(14}j. Similarly, the transitions

28 2p ~2p «p» 2s»

2s 2p ~ 28 2p «p» 3s

would have the parameter P„P,eP~; and

2p ~2p «p, 3d

(15a)

(15b)

(16)

a parameter P„which in general would be different
from P~ and certainly different from P, =2.

Thus the final configurations of the double tran-
sitions, Eqs. (14b), (15b), and (16), which satisfy
the dipole selection rules, can be recognized and
distinguished by an angular measurement: Tran-
sition (14b) would have the same P~ value as the
single-electron transition (14a) (2p photoline);
and transition (15b) would have the same P, as the
single-electron transition (15a) (2s photoline).
Though it is, in principle possible that P, = P&= P„
at a certain photon energy kv, this situation is
unlikely to occur" and ean be avoided by using
different excitation energies.

IV. RESULTS AND DISCUSSION .

A. Photoelectron spectrum

Typical photoelectron spectra recorded at 8 =90'
and n. E/E =0.15%%uo are shown in Fig. 2. In accor-
dance with Eqs. (6) and (9), the 2p and 2s photo-
lines signify the emission of a single, and only a
single, electron from the 2p and 2s subshells,
respectively; peaks j, i, and h signify the ejection
of a 2p electron and the simultaneous excitation
of a 2p electron into a discrete, bound level, an
«l, n'l' process; and peaks 0 and n signify «l, n'l'
processes involving a 2s, 2p electron pair. The
peaks c indicate energy losses suffered by a 2p
or 2s photoelectron in collisions with neutral
neon atoms. Although corrections necessary to
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convert these raw data into cross sections have
not been applied, the spectra show the essential
features of photoionization in the L shell of neon,
that is, the predominance of o» at low photon en-
ergies, the increasing importance of v„at higher
energies, and the small but not unimportant cross
section for multiple processes.

An enlarged view of the region in which el, n'l'
processes involving the 2p electrons occur is
shown in Fig. 3. This spectrum was recorded
with particular care to achieve the best possible
resolution that can be gotten without monochro-
matization of the x rays. Note the great number
of peaks that have emerged. As indicated in the
figure, most peaks can be correlated with energy
levels known from optical spectroscopy. " The
spectrum of Fig. 3 was generated by YMg x rays,
but similar spectra, though less well resolved,
were obtained with Zr Mg and Nb Mg x rays.
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FIG. 2. Typical photoelectron spectra as recorded.
Peaks, labeled 2s and 2p, are due to the ejection of a
single electron from 2s and 2p subshells; peaks, labeled
n, o, j, i, h, are due to the simultaneous ejection of an
& electron and excitation of another L electron; peaks
c indicate characteristic energy losses. Spectra were
recorded automatically at 8=90 and 6 E/E =0.15$;
peak heights are representative of relative differential
and, to a lesser degree, integrated subshell cross sec-
tions.

B. Differential cross-section ratios for a~(k)/o „(k)
at 90' and 00

From spectra such as those shown in Fig. 2 we
deduced the differential cross-section ratios
o„(k)/c»(k) at 8 =90' in the energy range
109 ~hv & 2042 eV. They are listed in Table I to-
gether with pertinent characteristics of the x-ray
lines. These ratios as well as those given in the
following tables are obtained from the photopeak-
area values following correction for background,
for interfering lines as in the case of Ne 2s
(Cu Lo.), and following conversion into differential
cross-section ratios by means of Eq. (11). The
factor E (e) in Eq. (11) is automatically obtained,
rI =7I (E) was measured in an auxiliary experiment
by postaccelerating electrons, a did not exceed
0.03 under our experimental conditions, and the
ratio (1 —o.„)/(1 —n») varied less than 0.3% for
the interval of 28 eV between the 2s and 2p photo-
lines. The correction for electron scattering was
therefore omitted, a step which was additionally
justified by an auxiliary experiment in which the
ratios were found to be identical within the error
bounds of 0.5%, although the source pressure dif-
fered widely, 0.1 and 1.5 N/m', and although the
photons, Zr Mg (151.4 eV), produced electrons in
a region of rapidly varying scattering cross sec-
tions. Quoted errors take into account counting
statistics, number of runs (typically three), and
uncertainties in the corrections, with the back-
ground generally contributing the major part. It
is worthwhile to note that peak values gave identi-
cal though inherently less accurate results. Simi-
larly, ratios determined with the rotatable-cham-
ber arrangement, aE/E =1%, agreed excellently
with the high-resolution data despite different
solid angles, different source pressures and dif-
ferent pressure gradients in the slit systems.
Only for Be K (109 eV), a small and presumably
accidental difference was noted, and the value in
Table I gives the weighted average. The few
literature data" available agree satisfactorily
with our results.

Spectra at 8, (54.73') were taken with the x-ray
tube placed in the rotatable chamber. No prob-
lems arose from potential overlap with other lines
at the reduced resolution of 1% nor, as already
stated, from the greater solid angle. Differential
cross-section ratios, which are presented in Table
II, column 2, were analyzed in the same manner
as those listed in Table 1. Relying on Eq. (13),
we calculated the ratios at 80 from those at 8 =90',
Table I, using theoretical values" of p». These
ratios are listed in column 4 and compare excel-
lently with the direct measurement, suggesting
that theory" predicts P» satisfactorily through
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FIQ. 3. Spectral scan of
region containing el, n'l'
transitions involving two
2P electrons. Scale rela-
tive to E(2P3y2) =21.565 eV;
0=90', AE/E=0. 15%, and
hv =132.3 eV (Y Mg. Let-
ters in brackets are desig-
nations previously used
{Ref. 7). Dashed line is
estimated tail of 2s photo-
line, see Fig. 2. Note that
the shoulder 6 has been re-
produced in all high-resolu-
tion runs. Tick marks give
energy positions of Ne+ {3s),
{3p), or {3d) states as re-
ported in Ref. 38.
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the entire range of energies.
Again using the experimental ratio at 8 =90',

we calculated the ratio at 8, by inserting experi-
mental values of t)» in Eq. (13). The results are
displayed in column 3 of Table II and compare
excellently with both the directly measured ratio,
column 2, and the semitheoretical ratio, column

TABLE I. Differential cross-section ratio e» (k)

/o2& (k) at 0 = 90' for neon. Characteristic x-ray lines
are identified and natural widths of lines, I'(Rv), are
given as full width at half-maximum.

4. A single discrepancy of 10%%uo exists for C K
(278 eV); however, the value at 8, was obtained
during the "shakedown" of the rotatable chamber
several years ago and may therefore contain a
certain systematic error.

The experimental differential cross-section
ratios are plotted in Fig. 4 and compared with the
theoretical ratios calculated by Kennedy and
Manson. " Experimental and theoretical curves

TABLE II. Differential cross-section ratio o'2, (k)/o2&
(k) at 0()= 54.73' and anisotropy parameter p 2& .

Line

X rays
Energy

(eV)
Width
(eV)

v» (k)/v2& (k)
This Previous

work work

Photon
energy

(eV)
o'2, (k)/o&& (k)

Ia II III
P2p

Expt. Theory

BeK
YMg
Zr Mg
Nb Mg
Mo Mf
Ru Mf
Rh Mg
CK
Ti Ll
TiLG
QK
CrLG
CuLG
Mg KG
Al KG
ZrLG

108.9
132.3
151.4
171.4
192.3
236.9
260.1
278
395.3
452.2
524.9
572.8
929.7

1253.6
1486.6
2042

5.0
0.47
0.77
1.21
1.53
2.49
4.0
6
3
3

3
3.8
0.65
0.85
1.7

0.135(12)
0.159(6)
0.177(5)
0.209(6)
0.254(8)
O.36(2)
0.40 (2)
O.46(2)
O.vO(6)
0.78 (3)
o.eo(6)
1.o4(s)
1.V2(9)
2.56(9)
3.25(15)
4.5(3)

aReference 6.
Scaled from Fig. 4.7 of Ref. 3.
Reference 7.

0.39 (2)

2.7
3.2' 2 73'

108.9
132.3
151.4
236.9
278
929.7

1253.6
1486.6

0.118(7)
0.145 (5)
0.169(6)
O.32(2)
0.36(2)
1.46(9)
2.1 (1)
2.6(Z)

0.122 (11)
0.145 (6)
0.162 (5)
[0.33 (1)]
[0.41(3)]
[1.43 (5)]
2.ov(s)
2.58(15)

0.123
0.146
0.161
0.33
0.41
1.42
2.02
2.52

1.35(2)
1.41(2)
1.49(3)
[1.42]
[1.4o]
[o.es]
0.85(2)
0.76(2)

1.40
1.45
1.45
1.42
1.41
0.87.
0.74
0.64

Measured directly at ~p.
Derived from measured value at ~ = 90' and measured

P2& using Eq. (13).
'Derived from measured value at ~ = 90 and theoreti-

calP2& (Ref. 39) using Eq. (13).
This work; values in square brackets interpolated

presupposing the same trend as given by theory (Ref.
39) .

Kennedy and Manson, Ref. 39. For hv & 400 eV scaled
from the curve given in Ref. 39, for hv& 800 eV kindly
communicated to us by S. T. Manson (Ref. 56).
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FIG. 4. Differential
cross-section ratios for
2s/2p subshells of neon,
measured at 0=90' and at
&p (54.73'). Values at gp

can be taken to be equiva-
lent to 02~ /02p. Theoretical
ratios are from Kennedy
and Manson (Ref. 39) and
Manson (Ref. 56).

exhibit the same general character in the energy
range from 100 to 1500 eV, indicating a monotonic
increase of the o„/o» ratio from a value of 0.10
at 100 eV to 2.6 at 1500 eV. To emphasize the

discrepancies, we point to the following: (i) The-
oretical ratios are higher than experimental ones
near threshold and consistently higher at energies
above 500 eV; (ii) differences of up to 25% occur;
and (iii) the definite undulation in the experimental
curves is present but much attenuated in the the-
oretical curves. The question whether inade-
quacies in the predictions of the o„or v» cross
section or both are responsible for the discrepan-
cies cannot be decided from the data of Fig. 4, but

must be postponed to Sec. IVG, where o„and o»
will be separated.

C. Angular distribution of neon 2p electrons

Angular distributions of photoelectrons from the

2p subshell were measured close to 100 eV and

somewhat above 1 keV. Several distributions are
displayed in Fig. 5. Each data point represents
the average of at least two measurements and

error bars reflect the statistical uncertainty,
largest for the Mg Kn and Al Ke distributions,
and intensity fluctuations, largest for Be K, YMP,
and Zr Mg distributions. Distributions for low-
energy photoelectrons are well reproduced by
formula (2), or alternatively Eq. (4), while dis-
tributions for energetic photoelectrons follow
fairly well the relation (5), which takes into ac-
count retardation effects. However, a second
maximum in the distribution near 8 = 0' suggests
that Eq. (5) is not entirely adequate to describe
the photoionization process for 2p electrons of
neon. Further studies of this effect, which may
also occur in other systems, are warranted, al-

100

90

80

Ne 2p

' [j'I
50 A 52

o 60 I

I- 50
f7)

~ A= 475

m 40
I—
Z.'

. r t..
j&-

Mg Ka
hv =1253.6 eV

L T T

= 132.3 eV

K
= I08.9 eVg

A 24.5
J(e, A, B) ~A+B sin e

J(B,A, B) cc A+B [I+—cos B] sin B

60 90 120
e, ANG LE (deg)

20

10

0 30

FIG. 5. Angular distributions of Ne 2p photoelectrons
at low and high energies; E, = 100 eV and E', = 1 keV.
Curves are drawn according to Eqs. (4) and (5) with the
parameters A and B fitted; A+ B=100. Distributions
normalized to 100.0 at 8=90 .

though we could not find such a secondary maxi-
mum for s electrons of neon at similar photoelec-
tron energies.

In Table II, experimental and theoretical aniso-
tropy parameters P» are listed, and in Table III
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TABLE III. Parameters A and B of angular distribu-
tion of photoelectrons ejected from 2p subshell of neon.
A+B =100.

X-ray Photoelectron
X-ray energy energy

line (eV) (eV)

BeK
YMg
Zr Mg
Mg Ko
Al Ko.

108.9
132.3
151.4

1253.6
1486.6

87.3
110.7
129.8

1232.0
1465.0

24.5(1,0)
22 (1)
19(1)
47.5(2.0)
52(2)

75.5(1.0)
78(1)
81(1)
52.5(2.0)
48(2)

the angular distribution parameters are given in
terms of A and B [Eqs. (4) and (5)j. We note the
isotropic contribution decreases between 100 and
200 eV, as theory predicts, "and then increases
monotonically toward higher energies, again in
accord with theory. In fact, . the agreement is ex-
cellent in the 100-eV range, which might be com-
pared with a similarly good agreement in the
threshold region, hv & 40 eV, for the 2p electrons
of neon, '~ "and p electrons in the outer shells
of the other rare gases. ' " Previously' we found
theory to predict reliably P parameters for 3p and
3d electrons of Kr and to predict the proper skew-
ing (retardation effect) of the Kr 3s, 3p, and 3d
and the Ne Is distributions.

The agreement with the theoretical P» is satis-
factory at about I keV, if we keep in mind that the
experimental P» was derived from Eq. (5), where-
as the theoretical P» was obtained with the neglect
of retardation effects. However, neither the skew-
ing nor the secondary maximum introduces any

significant error in the ratios o„/o» and in c„„
Sec. IV F, since the two effects are small and par-
tially compensatory.

D. Energies, angular distributions, and relative intensities

of el~'I' processes in the L shell

The spectral region 28 to 41 eV below the 2p
photopeak contains lines that are due to el, n'l'
processes involving two 2p electrons and the re-
gion between about 50 to 60 eV contains lines that
are due to el, n'l' processes involving a 2p and a
2s electron. In the hope of identifying the final
configurations following these two-electron tran-
sitions, we determined the energies of the peaks
that are displayed in Fig. 3 with the greatest pos-
sible accuracy by using the narrowest character-
istic x ray l-ine available, "I'(YMg) =0.47 eV
(full width at half-maximum), and other narrow
lines such as Zr M( and NbMg. Table. IV sum-
marizes the energies relative to Ne 2p, &, (21.565
eV), which were averaged from at least five inde-
pendent determinations per line and 15 determina-
tions for the strongest line 7(i) For. the weaker
lines, errors reflect mainly the difficulty in de-
termining peak positions; for the line 7 (i), the
error reflects mainly a drift of the photoline
caused by a decrease of x-ray line intensity with

time, which in turn resulted in a decrease of the
space charge in the gas cell, corresponding to a
change in potential by some 10 meV. In the same
table, we list the configurations that can be cor-
related with the observed peaks on energetic
grounds alone and those configurations that are
compatible with the required J values" of —,

' or —,
'

TABLE IV. Relative energies and intensities of d, n'l' transitions (shakeup) involving two 2p electrons of neon.
Compare with Fig. 3.

Peak
No.

Energy (eV)
This work" Table

Intensity
(%) Final states~ Assignment~

1
2

4
5
6
7(&)
8
9

10(h)
11(k )

12

40.5-40.7
39.26(6)
37.97(4)
36.46(5)
36.1(1)
34.84(6)
34.31(3)
33.4(1)
32.24(6)
31.45 (4)
30.47(5)
29.62(7)

40.66

37.99;37.86
~ ~ ~

34.77—34.93
34.27;34.29

33.3

31.52
30.56

2.0
6.9

10.7
9.8
3.6
7.8

36.2
2.9
4.3
9.1
5.4
1.3

[2P ( S)3d] 2D

~ 0 0

[2P4(LD)3d] 2P 2D 2$.[2P4(1$)3P] 2P

~ ~ ~

[2p ('P)3d] 'D D, 'P, 'P
[2P (&)3P] P' 2&'[2P'('$)3sl 'S
double-collision peak

~ ~ ~

[2P'Pp)3P] 'P, 'S, 'S

[2p (~P)3p] P'[2p4(D)3&] D
~ ~ ~

3d 2D

2p nl n «4(?)
3d 2p 2g .3p 2p o

2p nl;n 4(?)
2p 4nt; n 4(?)
3e2 4P, 2D

3p 2po 2Do .

~ ~ ~

3p 2p0

3P 4po

'Values referred to E(2p&2) =21.565 eV.
Values previously obtained (Ref. 7) are j =38.0 eV, i=34.0 eV, and (h+]m]) =30.9 eV.

'Taken from optical-spectroscopy tables of Moore (Ref. 38).
Normalized to total intensity of 100.0%; values refer to spectra obtained at h& =130-150 eV.

~Most probable assignment,
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and the results of the angular distribution mea-
surements. Energies of the selected configura-
tions are taken from optical-spectroscopy data, "
and are given in column 3 of Table IV. It is evi-
dent from Fig. 3, where the energies of the final-
state configuration are inserted as tick marks,
that an experiment at fixed angle 8 cannot dis-
tinguish between the various states even with the

most precise peak-energy determination. Im-
provements can be made, however, with narrow
x-ray lines such as the recently monochromatized
A1Kn line' with I'mo~p =0.2 eV at 1.5 keV or low-

energy synchrotron radiation yet to be employed.
As demonstrated earlier in the case of helium, "

angular distribution measurements can resolve
such quasidegenerate states as peak 7(i), which

may be composed of 2P'('D)Sp and 2P'('S)Ss, to
an unknown degree. The experiment we carried
out was to measure spectra of the type shown in

Fig. 2, at different observation angles 8, namely,
at 8 90 80 35 and 20' using Zr Mg for exci-
tation and at 8 =90, H„and 30' using YM&. We

found in all instances the intensity of peak 7(i) to
vary in the same way as that of the 2p photoline,
suggesting that according to Eq. (14) the peak 7(i)
has by and large p character corresponding to the
state 2p43p, which is formed by 2p'-2p4ed, 3p
(or es, Sp) transitions. The magnitude of a possi-
ble admixture of 2p43s can be estimated from the

precision of the measurements: For example, the
best run at 8 =30' yielded for the intensity ratio
I(i)/I(2p) relative to the ratio at 8 =90' a value of
1.03(11), which sets the upper limit of s admixture
to 30%%uo of the intensity of the peak 7(f), using P, =2
and P~ =1.41 in Eq. (2). Taking into account all
runs, we arrive at an upper limit of 25%%d.

Within the precision of the measurements, the
line spectrum of Fig. 3 varied with the angle 8

like the 2p photoline. 4 In addition, no contribu-
tion of 2p'3s states between ~E =27.3 eV and

~E =27.9 eV could be discerned on the flank of
the 2s photoline in the high-resolution spectra,
although small contributions such as the one pos-
sibly assignable to the peak 7(i) could have es-
caped detection. If we generalize the results of
the energy and angular distribution measurements
of peaks 6 and 7 to the entire spectrum (cf. Table
IV) we can conclude that (i) 18% of all e l, n'l'
transitions involving 2p electrons go to a 2p43d

state, and (ii) 82/& of the transitions go to a 2P SP
state with the possibility of up to ~ of these going
to a 2p'3s state. This result implies that tran-
sitions 2p —2p~e d, Sp (or es, Sp), in which the out-
going electron experiences the angular momentum

change ~l =+1 and the excited electron retains its
angular momentum, gl' =0, are predominant at
photon energies between 130 and 150 eV. Popu-

lation of the Sp state occurs 60 to 8iPg of the time,
which is of a similar magnitude as the 70% popu-
lation of the analogous 2s state of helium" at the

same relative photon energy. This means that the
so-called monopole process 2p'-2p4ed, np that is
predicted in the sudden approximation or shakeoff
theory is the most probable process even at rela-
tively low photon energies. As was shown earlier
theoretically ' it would be predominant at photon

energies much in excess of the excitation thresh-
old of the shakeoff electron. Several experimental
observations are in accord with this prediction:
For example, in helium the "monopole" excitation
gains in importance with increasing photon ener-

gy,
"and in neon 99%%uo of the el, n'l' processes con-

comitant with K ionization by 1.5-keV photons are
"monopole" and only about 1% requires a change
of l for the excited electrons, 1s'2s'2p

1s2s 2p'3s, es.~

Up to this point we have ignored a process which

has a substantial probability in the ionization of

argon, "~ the configuration interaction SsSP ('S)
-Ss'Sp'Sd('S) corresponding to 2s2p'('S)
-2s'2P Ss('S) or 2s'2p43d('S) in Ne. The latter
state occurs at ~E =38.3 eV in Fig. 3 and an in-
spection of the figure shows its contribution to be
insignificant, less than 3/o of all el, n'l' processes.
If we were to allot the total 2p43s intensity we just
found to amount to less than 25%%uo of peak 7(i) to
the configuration interaction route, we would find
the final state 2s'2p' arising from single s-elec-
tron ionization to transform into the state 2s'2p43s
in less than 5%%uo of the cases. This estimate should

be compared with the theory of Chang et al. , ' who

calculate a probability of 2.2%%uo for the related
virtual Auger process 2s2p'- 2s'2p es, in which

the excited electron goes into a continuum state.
The small, if not negligible, probability of the
configuration interaction in neon as opposed to
that in argon can be understood qualitatively if we

consider that in neon interactions take place be-
tween different principal shells having a smaller
overlap than the subshells of the same principal
shell in argon.

As a final observation we note in Fig. 3 the
occurrence of peaks that cannot be identified with

terms derived from optical-spectroscopy data.
We suspect that at least part of them belong to
2p4nl, n ~ 4, configurations. Few of these states
are listed in Moore's Tables. " Their total inten-
sity amounts to 36%%uo relative to the intensity of the
identif ied trans itions.

As seen from Table IV, peaks [10(h)+ 11(k)],
7(i), and 3 (j) can be associated with the states
2P PP, 'D, and 'S) to which a Sp electron has been
added. Interestingly enough the theoretical mul-
tiplet ratio of 9:5: 1 for these states, which is
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observed for example for the magnesium K+3,
K&4, and Kn' x-ray satellite lines, ' which have
the same final states, is not observed in the pres-
ent case. Instead a ratio of 9:(17-22):& 6 is found.

E. Relative intensities of el, n'I' transitions in the L shell

as a function of photon energy

o,
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FIG. 6. Energy dependence of the ~l, n'l' process in-
volving two 2P electrons and referred to 2P photopeak.
Points refer to peak 7(i) of Fig. 3; right-hand ordinate
is auxiliary. Dashed line represents our choice of
bridging the gap between 300 and 900 eV.

In Table IV, the relative intensities of ~l, n'l'
transitions involving two 2p electrons are given
for a photon energy of about 140 eV; in this section
the intensity variation of peak 7(f) with photon en-
ergy is reported and discussed. Since we noted
that "monopole" transitions are intense even at
low energies and should become dominant at higher
photon energies "' ' we shall frequently use the
term shakeup in the following, implying that the
shakeoff theory does provide an adequate descrip-
tion of the cl, n'l' processes somewhat above
threshold.

While the energy dependence of el, e'l' processes,
also called shakeoff, has been investigated in
several instances, ""' only one qualitative re-
sult" has been given for the shakeup of Kl, elec-
trons in neon, and a detailed study has been made
of the shakeup process in helium" over a wide

range of energies. In this experiment we mea-
sured probabilities of shakeup involving 2p elec-
trons and 2s2p electrons of neon over a range of
excitation energies from 130 eV to 2 keV. We
show in Fig. 6 the intensity of peak 7(f) relative
to the intensity of the 2p photoline as a function of
relative excitation energy e/E„where e =hv E*-
is the excess energy of the photon hv over the en-
ergy necessary for the shakeup transition,
E*= 21.56+34.31 eV for peak 7(f ), and E, is the

energy to promote a 2p electron in the presence
of a 2p hole, E, =34.31 eV in this case. By adding
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FIG. 7. Energy dependence of the el, n'l' process in-
volving a 2s and a 2P electron and referred to the 2s
photopeak. Points refer to peak 0 of Fig. 2; right-hand
ordinate is auxiliary.

another ordinate to Fig. 6, giving the relative
shakeup intensities for all transitions, see Fig. 3,
we express the fact that the intensity of peak 7(i)
is @/Proximately a constant fraction of the total
shakeup intensity regardless of energy. Unfortu-
nately, no suitable x-ray lines exist between 300
and 900 eV to be able to unambiguously fix the
shape of the curve, but it appears as if a high-
energy limit is being reached without going through
a maximum. The existence of a maximum has
previously been associated" ' with the presence
of electron-electron correlation and has, in fact,
been observed" in He, where correlation is
strong, and for el, e'l' processes in neon, although
in the latter case two contradictory observa-
tions'" persist. It is absent, or at least very
weak, for shakeup of 2p electrons in neon in spite
of the correlation in this shell which needs to be
invoked to explain the shakeup intensity for hv -~
and to correctly compute photoionization cross
sections. " A threshold value of almost 4% is sug-
gested by the data points between 130 and 190 eV.
A finite and sometimes large threshold value is
characteristic of shakeup processes, whereas a
zero value is required for shakeoff events. 4'

Peaks n and 0 of Fig. 2 are due to shakeup pro-
cesses involving a 2s, 2p electron pair. In plotting
their intensities relative to the intensity of the 2s
rather than the 2p photoline, we take the point of
view of the shakeoff theory, which predicts a small
probability of shakeup, -off, for an inner electron,
e.g., 2s, when an outer electron, e.g., 2p, is
ionized. Figure 7 shows the energy dependence of
the shakeup probability as a function of e/E„ this
time using E, = 39.4 eV, and E*= 48.5+ 39 ~4 eV.
As for the 2p electrons, a finite threshold value
and an asymptotic limit are observed, but in con-
trast to the 2p'-2p4el, n'l' shakeup, a pronounced
maximum occurs at e/E, =14. The threshold value
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TABLE V. Relative intensities of d,n'l' transitions
(shakeup). involving a 2p2 or a 2s2p electron pair. Val-
ues are given in percent and relative to intensity of par-
ent photoline of single-eI. ectron photoionization.

Photon
energy

(eV)

2p2 2s2p
Peak 7(i ) Total' Peak n Peak o Total"

132.3
151.4
171.4
192.3
260.1
929.7

1253.6
1486.6
2042

2.49(9)
2.61(7)
3.0 (3)
3.1(3)
5.1(7)
5.5(1.0)
6.7(8)
6.0 (5)

3.8
4.3
5.2
9.0

1.7 (2)
~ ~ ~

1.9(3)
~ ~ ~

2.1(5)
2.1(2)
2.0(2)'
1.8 (2)

2.6(3)
3.6(4)
3.7(4)
4.0(6)
4.8(5)
3.9(4)
3-3(2)'
3.2(3)

4.3

5.6

6.9
6.0
5.3
5.0

Reference 2P photoline; [2P'('P )];E =21.565 eV.
Reference 2s photoline; [2s2p (S)];F =48.5 eV.

'According to Carlson et al . (Ref. 6).
Carlson et al . (Ref. 6) report 1.5 and 2.670 for n and

o respectively.

is about 2% for the shakeup of a 2p electron con-
comitant with the ionization of a 2s electron.

Returning to the question whether the shakeup
peaks n and o should be associated with the 2s
photoline and the group comprising peaks 1-12
with the 2p photoline we have two comments to add.
First, had we referred the n-o group to the 2p
photoline, we would have obtained a curve starting
at a very small threshold value and rising steadily
with energy resulting in a shakeup probability of
20P/p at hv =2 keV. In view of previous experi-
ence, '~' this would be an unlikely behavior both
regarding energy dependence and magnitude.
Second, had we referred the intensity of peak 7(i),
representative of the peaks 1-12, to the 2s photo-
line in disregard of the conclusions of Sec. IVD,
we would have obtained a curve starting at a high
threshold value of about 2(P/~ (35% for all tran-
sitions) and dropping with energy, giving, for
example, a shakeup probability of 2% (4%) at
hv =1.5 keV. Again, this can be considered im-
probable, and as a consequence lends a further
argument against the assignment of peak 7(i) to
the configuration-interaction process 2s2p (2S)- 2s'2p'('S)3s.

In Table V, the relative intensities of the shake-
up peaks are tabulated. In this table and in Fig. 6,
the peak "i" comprises the lines 5-7 plus the
faint line 8, since at many x-ray energies these
lines could not be resolved. In an earlier paper'
the strong line 0 observed with Al Ke excitation
was suspected to contain some tungsten photo-
lines; however, the smooth alignment of this data

point with adjacent points, Fig. 7, removes this
suspicion.

F. Partition of photoionization cross sections

In the preceding sections we have reported
cross-section ratios v„/v» and el, n'I' (shakeup)
probabilities for ionization in the L shell, but for
the partitioning of ofot into the various constitu-
ents, we also need to have el, e'I' (shakeoff) proba-
bilities for ionization in the L shell; and if we ex-
ceed the Ne 1s threshold, we need additionally
ratios v„/v„, shakeoff and shakeup probabilities
for KL electrons. We measured a„/o„at two
energies and found values of 0.040(4) at hv =1487
eV and 0.035(3) at hv =2042 eV. For shakeoff
probabilities concerning only L electrons we used
the mean of Carlson's ' and of Van der Wiel and
Wiebes' s "data, and for the high-ener gy limit of
shakeoff and shakeup probabilities concerning KL
electrons we used the evaluation of Krause, '
namely, v,/(vz + v, ) =0.14(1)+0.075(6) =0.215(10),
with the first term referring to shakeoff and the
second one to shakeup. Correspondingly, we ob-
tain for the L shell v,/(v~ —v, ) =0.12+0.07
=0.19(2). The energy dependence of shakeoff of
an L electron with K ionization has been investi-
gated recently, ' and we adopted these results,
but for the corresponding shakeup with K ioniza-
tion we had to assume a shape similar to that
given in Fig. 6 in the absence of a specific mea-
surement. (However, besides a value for the
high-energy limit, a low-energy point was avail-
able and served as a second anchor point. ") All
data necessary for the partition of at, t are experi-
mental and could have been obtained solely from
measurements employing photoelectron spectrom-
etry had this been the only technique available.
However, some data on multiple processes which
we have taken from other sources contain also
results from Auger-electron and ion spectrom-
etry, techniques especially suited for studying
el, e'l' events.

Partitioning of the total photoionization cross
section, given by Henke and Elgin 'and by
Wuilleumier, ' followed the prescription of Eq.
(12). Results are plotted in Fig. 8 for 100 &hv
& 2000 eV and are given elsewhere in tabular rep-

resentationn

for 50 &hv & 3000 eV." In that paper,
cross sections below 100 eV were extrapolated by
following the trend indicated by Kennedy and
Manson's calculation. " Since then the more
sophisticated calculation of Amusia e~ al."has
become available, making it necessary to multiply
v„reported in Ref. 20 by a factor ranging from
0.75 at hv = 50 eV to 0.95 at hv =90 eV. Corre-
spondingly, o» should be corrected upward, bu&
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with o„/o»s 0.1, the change is insignificant.
The accuracy of the cross sections for the vari-

ous processes is estimated from the accuracy of
the total and the relative partial cross sections.
Based on an accuracy of 2-3% for ot„, subshell
cross sections o„, are established to an accuracy
of better than 10%. A breakdown of our estimates
throughout the energy range is given in Table VI.

G. Comparison of subshell cross sections 02~ and 0„
with theory

Identification of all photoionization processes
taking place and normalization of measured rela-

FIG. 8. Partition of total photoionization cross section
of neon into its components of single ionization in 2P, 2s,
and 1s subshells, multiple ionization, and simultaneous
excitation and ionization in the various subshells. Note
that the designations (c,n) and (~, e) omit the quantum
number l used in the text.

tive partial cross sections to the absolute total
cross section provided us with absolute subshell
cross sections O„and 0» which can be compared
directly with theoretical predictions. However,
as pointed out in Sec. III, Eqs. (6) and (7), some
caution must be exercised as to the exact meaning
of the subshell cross sections calculated within
different models. In the soft-x-ray region, a
number of calculations, some of them extensive,
have been, carried out in the past ten years, cal-
culations which are based on the central-potential
one-electron model introduced by Cooper. " The
central potential used is the Herman and Skillman
(HS) potential and continuum wavefunctions are
eigenfunctions of the same potential. Specifically,
there are the calculations by Manson and Cooper, "
who use HS initial and final wave functions; by
McGuire, "who uses the Cooper model in a slightly
different formulation; by Combet-Farnoux, "who
uses the Cooper model; by Kennedy and Manson, "
who use Hartree-Fock (HF) continuum wave func-
tions for hv & 400 eV; and by Scofield, "who uses
the relativistic version of the Cooper HS model.
Disregarding small differences arising from dif-
ferent normalization and numerical procedures,
the various calculations give identical results ex-
cept for. the Kennedy and Manson calculation, which
in principle at least can be considered superior
at low energies because of the use of HF con-
tinuum wave functions. In a recent development,
Amusia e~ a~.""dropped the independent-parti-
cle approximation and incorporated intrashell
correlation and intershell interaction through the
random-phase method with exchange (RPAE) and
the use of HF wave functions ~ Kelly and co-
workers ' as well as Chang et al."have calcu-
lated cross sections also for multiple-ionization

TABLE VI. Error estimates (in percent) for photoionization cross section of neon and its
constituents in the energy range from 50 to 3000 eV. [Uncertainties of the cross sections for
all multiple processes are generally smaller than those for the e l, n'l' and e l, ~'l' compo-
nents (see Sec. IV F and Ref. 9).]

Photon
energy Total' 2P 2s el, n'l' El, E'l' 1s el, n'l' el, e'l'

50-100
100-200
200-870
870-1100

1100-2000
2000-3000

5
5
7

10

12
6
7
7
7
8

20
10
15
15
10
15

25
15
15
10
10
15

30
10
10

20
10
10

According to Henke and Elgin (Bef. 49), below 870 eV, and gluilleumier (Bef. 50), above
870 eV.

"Subshell cross sections o'2, and o2& extrapolated according to Amusia (Ref. 30). Valid for
Fig. 11 and for values of Ref. 20 if corrected according to Sec. IV F. (Corrected values
available from authors. )

Extrapolated; see also Bef. 20.
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FIG. 9. Experimental sub-
shell cross section 0» from
Fig. 8 compared with theory.
HF-L and HF-V, length and
velocity forms of calcula-
tion by Kennedy and Manson
(Ref. 39). RHS is calcula-
tion by Scofield (Ref. 55).
Figures 9-11 are drawn
carefully to permit scaling;
numerical values can be
found in Ref. 20. Note that
experimental subshell cross
sections in Figs. 9—11 refer
to single-electron transi-
tions.

processes using the Brueckner-Goldstone multi-
body perturbation theory. From the various cal-
culat'ions, we chose somewhat arbitrarily the cal-
culations of Kennedy and Manson, Manson, "and
Scofield for comparison with our experimental
subshell cross sections o„and o», keeping in
mind that these calculations are representative
of the other calculations of this type. Figures
9-11 show that the simple independent-particle
model reproduces o» within about 10%%ug over the
entire range, if we choose the velocity form of
the cross section. Although Scofield's prediction
agrees better with experiment, this should not be
construed to indicate that relativistic effects are
at work at these low photon energies. " The sur-
prisingly gooP agreement between theory and ex-
periment for v» is not repeated for o„: There
the theoretical o„ lies consistently above the ex-
perimental o'„by 20 to 35%. In contrast to the

single-particle model, the model of Amusia et al.
gives excellent agreement with the experiment in
the range where the two sets of data overlap, Fig.
11. This demonstrates the importance and the
success of including electron correlation effects
in photoionization calculations. These effects
though not as dramatic in neon as in argon, kryp-
ton, and xenon~ " ' are also significant for neon,
as this experiment shows. It would be desirable
to extend the RPAE calculation to higher energies.
Similar good agreement might be expected, since
at least for hv ~ 1 keV, no additional processes
should come into play and since we excluded in
Sec. IV E the possibility of the configuration inter-
action 2s2p'-2s'2p 3s draining strength from the
single-electron ionization process to any apprecia-
ble extent.

The Cooper model, in the calculation of Sco-
field, overestimates the cross section o„ to a
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Fig. 9 to higher photon en-
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Notations as in Fig. 9, but
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Manson (Ref. 56), and
RPAE is the random-phase-
approximation-with-ex-
change calculation by
Amusia et al. (Ref. 30).
The RPAE curve is scaled
from Fig. 4 of Ref. 30.

similar degree as the cross sections o„and o~
at energies above 1 keV. At hv =1.25 keV, we

0'2p + = 1 290'2p pt The cross sections for multiple-
electron transitions have been calculated only on
a relative scale except for one instance, where
the multibody perturbation theory was used to cal-
culate o„... for the L shell at hv =278 e7.
Chang et al." report a value of (5+ 0.2) x10 "
crn', which is somewhat larger than the experi-
mental value of (4 + 0.6)x 10 "cm'. The reason
for the mild discrepancy probably lies mostly
with the experiment, since the value we selected
for normalization is the mean of two different ex-
periments '" that are at variance in this energy
region.

V. SUMMARY

Using the technique of photoelectron spectrom-
etry, we have been able to select individual photo-
ionization processes according to the number of
electrons ionized or excited, the quantum num-
bers nl and n'l' of initial and final states, and the
angular distributions of the ejected photoelectrons.
We identified the processes that take place and
measured their relative cross sections in the
energy range from 100 eV to 2 keV, in which
range the photoabsorption cross section is equiv-
alent to the photoionization cross section since
photon scattering processes play a subordinate
role. With the data at hand, we could divide the
total photoionization cross section, which has
been established reliably in many experiments by
a number of workers, into its components on a
purely experimental basis without the need of in-
voking theory, thus allowing a more rigorous and

detailed test of theory than is provided by a com-
parison of the total cross sections only. Spe-
cifically, we checked the theoretical predictions
of 2p, 2s, and 1s subshell cross sections against
our experimental subshell cross sections and find
the central-potential independent-particle model,
which in general uses Herman-Skillman wave func-
tions, to reproduce the gross features satisfac-
torily over the entire energy range, but inade-
quately if we require an accuracy of better than
l(Po, which is a very modest accuracy if we have
to depend on theoretical predictions in other en-
ergy ranges and for other elements where no ex-
perirnental determinations exist. The agreement
between experimental and theoretical subshell
cross sections is, however, much improved if we
interpret the cross sections obtained in the
Cooper -Herman-Skillman model as containing
both single- and multiple-photoionization process-
es. In fact, a very recent analysis of the problem
has shown" that this is the correct interpretation
whenever the frozen-structure approximation is
employed as in the customary photoionization cal-
culations.

Qn the other hand, the Hartree-Fock RPAE
calculations of Amusia and co-workers" agree
excellently, that is, within the error limits of
about 5%, with our data on the neon 2g subshell
cross section. Although the calculations have not
been carried out over the entire range of this ex-
periment, the present test and a test involving the
3s subshell cross section of argon near threshold'
suggest that calculations of this type should prove
dependable in predicting subshell cross sections
over an extended range of energies and elements.

Although multiple-photoionization processes
have been known for a long time, originally by



10 PHOTOIONIZATION OF NEON BETWEEN 100 AND 2000 eV:. . . 257

way of the x-ray satellites, their occurrence has
been largely ignored in photoionization cross-
section calculations, not too surprisingly, since
up until recently choice of the potential and wave
functions resulted in a much greater effect than
multiple processes. As theoretical predictions
for single-electron photoionization are becoming
more dependable, multiple processes are gaining
in importance from the theoretical point of view.
In this experiment we have reported absolute
cross sections for multiple processes in the vari-
ous subshells. There exists a single theoretical
value that can be compared with experiment: the
experimental cross section for double ionization
in the L shell of neon, which has a value of 4X10 "
cm' at hv =278 eV, which compares favorably
with the theoretical value of 5 && 10 "cm'.

Simultaneous excitation and ionization processes

in the L shell have been investigated in detail,
demonstrating that shakeup processes, in which
the ionized electron changes the angular momen-
tum l but not the excited electron, are strong even
at low energies, hv = 150 eV. Configuration-inter-
action processes that lead to an excited ionic
state, found to be strong in argon, are found to be
weak, if not absent, in neon.
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