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In Kr, the two-electron excitation series for
which some evidence has been established appear
in Tabie III. Similarly, such series in Xe, are
given in Table IV. The average quantum defect
(n —n ) for the observed members to the indicated
limits is also given.

CONCLUSiONS

The two-electron resonances listed into series
for Kr and Xe represent only one-fourth of those
cataloged. The principle problem is, of course,
the complicated configuration interactions present

which displace the levels from locations expected
from simple theoretical considerations and produce
intensity anomalies. For some series the profiles
of the resonances vary with the principle quantum

number. Other series appear fragmentarily, having
observable strength only where they have borrowed
sufficient intensity from an interacting configura-
tion. As a result of these difficulties it appears at
present that substantial theoretical calculations are
required to analyze the spectra further. Prints
of the spectra are available from the authors, and

the reader is again reminded that the detailed lists
are available in Ref. 9.
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The cross-section profiles in krypton and xenon have been measured for one- and two-elec-
tron excitations of the type ns np (So) nsnp (St~2)mp or ns np (So)—ns np (P, D, S)mlm'l'.
These cross sections were assumed to have the fornax

+) + (E E,) (r,/2)a, +(r,/-2)'b,
(E-E;)'+ (I'&~»'

where the adjustable parameters C(E), b&, a&, E&, and I'& were determined by a least-squares
unfolding process which separated the smearing effect of the monochromator slit from the
true optical density. Parameter values and cross-section curves are given for 12 krypton
resonances and 11 xenon resonances.

I. INTRODUCTION

Photoionization in noble gases and metallic va-
pors has been the object of a great deal of experi-
mental and theoretical attention recently. Experi-
mentally, the noble gases have several distinct ad-
vantages over metallic vapors in that they are easy

to handle, noncorrosive, and monoatomic. The-
oretically, their strategic location throughout the
periodic table is ideal for a systematic study of the
photoionization process.

The development of continuum |ight sources~
paved the way to the study of discrete excitation
states lying in the photoionization continua of
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atoms. These excitation states, by virtue of their
interaction with adjacent photoionization continua,
produce asymmetric structure in the photoioniza-
tion cross section. A large number'of gases and
solids exhibiting these discrete excitation features
have been studied. ' An extensive study of heli-
um, neon, and argon has been reported, as well
as a preliminary study of excitations in krypton and
xenon. The preceding paper' is an extension of
the earlier results in krypton and xenon presenting
wavelength positions and some analysis of all the
observed one- and two-electron resonance states
lying between the lowest ionization limits and the
inner d shell excitations. The purpose of this pa-
per is to present measurements of the photoioniza-
tion cross section in the vicinity of some one- and
two-electron excitation resonances in krypton and
xenon supplementing measurements of the continu-
urn photoionization cross section of krypton and
xenon that have been made ' with line sources.

We chose to study resonances associated with
ns nP ( So)-nsnp ( Sq&a) mP Rydberg series in
krypton and xenon and the lowest-energy two-elec-
tron excitations of the type ns np'('So)- ns np mlm'l' because the prominence and width
of these resonances made it feasible to determine
the parameters that describe their cross-section
profile and because these resonances are more
tractable from a theoretical standpoint.

II. EXPERIMENTAL

The NBS 180-MeV synchrotron provided the
continuum source of radiation used in performing
these absorption measurements, and a 3-m graz-
ing-incidence monochromator with 12-p.m slits
(equivalent spectral bandpass, 0. 067 A) provided
the transmission scans. The gas was admitted
directly into the monochromator and was confined
to a region between the entrance and exit slits. A
precision oil manometer ' was used to measure the
pressure over a range 5&&10 3-100& 10 Torr.

The photon beam transmitted by the gas was de-
tected by a crossed electric and magnetic field
photoelectron multiplier with a tungsten photo-
cathode. The counting rate for this detector with-
out the absorbing gas was typically 500 sec. ' A
second detector sensitive to the visible synchrotron
radiation was used to provide a continuous normal-
ization for the transmission measurements by
monitoring the number of electrons accelerated
during each machine cycle. The exit slit and de-
tector combination was scanned continuously during
data acquisition at a rate of 0. 15 or 0. 40 A/min
over a wavelength interval of up to 10 A.

III ~ DATA REDUCTION

A digital computer was used to facilitate the anal-
ysis of the transmission data. For each resonance

T(E) e-nts&81 (2)

where n is the atom number density and l is the
optical path length in the gas. The cross section
o(E) can be parametrized mathematically in sever-
al different ways. ' Although the formal ap-
proach to each parametrization is quite different,
their theoretical equivalence has been demon-
strated. 0 A cross section parametrized according
to Shore was used to analyze resonance structure
ln Ca I

21 and Sr I 22 I Zn I23 the resonance struc
ture due to the excitation 3d 4s - 3d 4s 4P was
fitted equally well by either the parametrization of
Mies or Shore. Because of its mathematical
simplicity, Shore's parametrization, expressed as

(E —E,) (I',/2) a, + (I', /2)' b,
(E —E,)'+ (r,/2)'

group normalized spectrum scans for several
pressures were recorded on chart paper and digi-
tized so that each resonance feature contained at
least 50 data points. Background radiation, con-
sisting of multiple-order diffracted radiation and
of radiation scattered by the grating, was subtracted
from the raw transmission data in the initial phase
of the computation. The intensity of this extraneous
radiation was determined by the technique described
in Ref. 8 and comprised approximately 3% of the
total radiation detected in the wavelength range
500-600 A.

The optical bandpass is comparable to the width
of some of the observed resonances; therefore, the
measured transmission profile of these resonances
is modified by the slit function. The following data
reduction procedure was devised to account for
this modification by the slit function. A trial trans-
mission was first computed from a parametrized
model cross section and then smeared by the slit
function. This model transmission spectrum was
compared with the data and the parameters deter-
mining the spectral shape of the cross section were
adjusted until a best least-squares fit to the data
was obtained.

The trial transmission P(E&) at the fth data point
is given by

P(E ) = W(E )*tT( E)),

where the star in Eq. (1) denotes a convolution in-
tegral of the monochromator window function W(E)
and the unsmeared calculated transmission T(E).
A window function of Gaussian form' was used in
the computation of the convolution integral. The
integral was approximated by a 14-interval numeri-
cal integration extending over an energy range cor-
responding to three slit widths.

The transmission is related to the photoioniza-
tion cross section by the following equation:
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P'„=(Qs V„st s)'/(Qy V „'s)(Qs t s'), (5)

where 'U„zis the configuration matrix element be-
tween an excited autoionizing state n and a continu-
um channel P, and tz is the dipole matrix element
connecting the ground state with a continuum chan-
nel P. For the outer p electrons of the rare gases
there is a partial photoionization cross section 0~
=

l

teal

into each of the five allowed J = 1 continua
and each autoionizing state has a partial width 1„&
= 2m I o„ql associated with these continua.

Photoionization measurements yield information
about the total width I'„=2w(gs '0 „s)and the total
cross section C(E) = (gs ts ), while photoelectron
spectroscopy measurements 6 give some details
about the partial widths and cross sections. How-
ever, it is clear that the angular dependence of the
photoelectron energy distribution and its variation
through the resonance region will be essential ad-
ditional information for the complete determination
of the partial widths and cross sections.

The analysis of the data was divided into separate

was chosen for this analysis. In Eq. (3), a, , b,
have the dimension of a cross section and are pro-
portional to products of dipole and Coulomb matrix
elements connecting the ground state with the con-
tinuum and the discrete excited state. In this dis-
cussion the adjustable parameters I', , the reso-
nance width, E„the resonance energy position,
and C(E), the total background cross section, as
well as a, and b, , are assumed independent of the
photon energy E. It should be noted as a, —0 each
term in the sum reduces to a simple Lorentzian
profile. In this case b, is proportional to the os-
cillator strength between the ground state and the
ith excited state and is inversely proportional to
resonance width I', .

For an isolated resonance, Eq. (3)reduces to
the familiar Fano ' ' parametrization

o q (I'/2) (E —E„)+o,(q —I) (I'/2)
(E —E,)'+ (r/2)'

(4)

The quantity 0, is the background cross section as-
sociated with the fraction of the available continua
with which the discrete state interacts, o~ is the
remaining background cross section, and q is the
profile index, while the total continuum background
cross section C(E) is given by C(E) = o, +a,.

A quantity of theoretical importance is the cor-
relation index p which is a measure of the projec-
tion of the final continuum-state vector (after auto-
ionization) upon the continuum-state vector rep-
resenting all dipole transitions from the ground
state. For resonances that are described by Eq.
(4) we have p = a,/C(E), but a more general def-
inition that applies to overlapping resonances is
given by

energy intervals that included the four lowest
members of resonances belonging to the 4s 4p ( So)
—4s4p ( S»s)np series in krypton and 5s 5p ( So)
-5s5p ( S«2)np series in xenon as well as reso-
nances due to the lowest-energy two-electron ex-
citations. The decision to treat resonances in a
particular energy interval as a group according to
Eq. (3) or to treat them as single noninteracting
resonances according to Kq. (4) was based on the
author's judgment of how great an effect the pres-
ence of a resonance had on its neighbors. With the
number of resonances for a given region fixed,
initial values for the parameters (C, a, , b, , I', ,
E,) were chosen and the model transmission was
computed according to Eq. (I) at each data point.
A nonlinear least-squares parameter-fitting com-
puter algorithm fitted the model transmission to
the data by adjusting the value of each parameter
until the fractional change of each parameter from
one iteration to the next was less than 0. 001. At
this point the search for the best fit was terminated
and a confidence limit calculation estimated the
variance of the parameters. Typically the rms
deviation of the observation from the "best" model
transmission curve was 0. 004 for values of the
transmission that ranged between 0. 05 and 0. 8.

IV. RESULTS

The weighted average of each parameter and its
standard deviation for the krypton and xenon reso-
nance profiles are presented in Table I and Table
II, respectively. The code number and wavelengths
listed in Tables I and II are taken from Ref. 10 and
the energy E listed in the third column is computed
from these wavelengths. If several resonances are
analyzed as a group the energy position of one of
them is fixed (indicated by 0. 0 in the DE column)
and the energy difference ~E between it and other
members of the group is derived from the computed
values of E, in Eq. (3). The quantities a, b, C, and
I' are defined by Eq. (3) and are the parameters
that represent each resonance using Shore's rep-
resentation. If the resonance was analy'zed under
the assumption that it was a single noninteracting
resonance, the values of q and p listed in the
tables were obtained by evaluating q and p for each
spectral scan and then finding the mean and stand-
ard deviation in the usual manner.

The number in the last column indicates how
many spectral scans were analyzed to obtain the
parameter values, while the bracket in the last
column encloses the number of resonances analyzed
as a group.

In addition to the random error cited in Tables
I and II, anadditional source of systematic error is
present in the parameters a, b, and I' (and also in
q and p ) due to the uncertainty (s 0. 006 A) in the
spectral width of the slit function. The magnitude
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TABLE I. Parameters for resonances in krypton. The quantities a, b, C, I', and ~ define the resonance profile

according to Eq. (3), while the profile index q and the correlation index p are evaluated when the resonance was treated

as a single noninteracting resonance. The bracketin the number-of-runs column encloses the number of resonances in-

cluded in the group analyzed.

Code' (A) (eV) {meV)
b

(cm-')
a

(cm ')
C Ib

(cm ') (meV) q P

No. of
runs

1
3
4
5
6
9

10
11
14
15
18
19

501.23 24. 735

462. 71
461.83

457. 86

26. 794
26. 864
27.036
27. 078

496.07 24. 992
492. 52 25. 173
472. 26 26. 253

67.0 +0.6
38.9 +0.03
0.0

0.0
44.4+0.4
55.3+2. 5

42.0+1.5
0.0

—260 +80
-450 +55
-500+ 45
-430 +45
—295 +75

—60 +120
—220 +100
—515 +65
—385 +80
—132 ~80
—55 +30

—105 +40

—60 +15
280 +60

0 +40
—300 +70
—30 +12
350 +150
320+ 20

—150 +85
45 +15

—55 +20
130 +15

—370 +25

815 +70

750 +70

770 +90

680 +70

635 +60
635 +60
650 +50

4. 0
19.04
7. 50

22. 8
3.9
1.58
7.36

13.2
7. 8
3.5
6. 8
7. 18

+0.5
+0.54
+0.70
+0.8
+0.3
+0. 28
+0.80
+0.5
+0.6
+0. 8
+0.8

+0.32

—0. 22 +0.03 0.34+0.03 4

—0. 10 + 0.06 0.39 +0.02 3

0. 11+ 0.03 0.62 + 0.02 5
—0. 38 +0.06 0. 24 + 0. 03 3

~The code number and the wavelength are taken from Ref. 10.
In addition to the statistical error quoted, the parameters a, b, I', q, and p are subject to a systematic error due to

the uncertainty in the width of the slit function (3.0 ~0.3 meV). This systematic error amounts to approximately 10% of
the parameter value for resonances whose width is equal to the slit function width and decreases proportionately as the

slit width to resonance width ratio decreases.
'The quoted error for the parameters of these resonances corresponds to the standard deviation.

of this error' depends on the width of the reso-
nance compared to the slit width. In this investiga-
tion a number of resonances were approximately
as wide as the slit function, and the width of the
sharpest resonance studied was about a factor of
2 smaller than the slit function. For resonances
of these widths the systematic error attributable
to the uncertainty in the width of the window func-
tion is estimated to add an additional 10% of .he
parameter value to the statistical uncertainties

listed in Tables I and II. As the width of the reso-
nance increases with respect to the width of the
slit function, this systematic error decreases pro-
portionately.

The curves for tlute krypton and xenon cross sec-
tion shown, respectively, in Figs. 1 and 2 were
computed from the parameters listed in Tables I
and II. A background cross section decreasing
linearly for increasing photon energies was used
in computing the cross-section curves in Figs. 1

TABLE II. Parameters for resonances in xenon. The quantities a, b, C, I', and ~ define the resonance profile
according to Eq. (3). The profile index q and the correlation index p are evaluated when a resonance is treated as a
single noninteracting resonance. The bracket in the last column encloses the resonances analyzed as a group.

A.

Code~ (A)

E
(eV) (mev)

b

(cm ')
a c r"

{cm ') (cm ') (meV) q p

No. of

1
2
3
4
9

10
16
27
34
35
36

599 ~ 99
595.93
591.77
589.54
579. 16
570. 79
557. 83
546. 08
540. 62

539.33

20.664
20. 805
20. 951
21.030
21.407
21.721
22. 226
22. 704
22. 933 0.0

8.5+0.8
22. 988

—550 +40
—270 +15
—485 +60
—350 +40
—230 +15
—80 +25

—405 +25
—420 +55

75 +40
—95 +45

10 +30

26 +20
—70 +15
115+ 15

—55+15
—120 +30
—60+10

65 +8
90 +18

—125 +35
130 +35

—100 +25

790 +60
720 +30
760 +60
740 +50
680 +55
715 + 70
620 +35
600 +60
605 +45

550 +45

3.7 +0.4
8.14+0.8

31.2 + 0. 8
14.6 +0.8
5.8 +0.6
7.2 +1.0

13.0 +0.6
6.25 +0.3
4. 2 +1.3

10.0 +1.4
3.6 +1.1

0.03 +0.03
—0. 24 +0.03

0. 23 +0.04
—0. 14 +0.04
—0.32 +0.13
—0. 50 +0.20

0. 16+0.04
0. 21 +0.02

0.70 + 0.04
0.40 +0.02
0.65+ 0. 03
0.50 + 0.04
0.41 +0.03
0.19+0.05
0.67 +0.02
0.65 +0.04

—1.05+0. 10 0.18 +0.05

~The code numbers and wavelengths are taken from Ref. 10.
In addition to the statistical error quoted, the parameters a, b, I', and p are subject to a systematic error due to the

uncertainty in the width of the slit function (2. 0 +0.2 meV). This systematic error amounts to approximately 10% of the
parameter value for resonances whose width is equal to the slit function width and decreases proportionately as the slit
width to resonance width ratio decreases.

The quoted error for the parameters of these resonances correspond to 1 standard deviation.
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FIG. 1. Photoionization cross
section of krypton calculated
from the parameters listed in
TableI, according to Eq. (3) in
the text. The cross section for
resonances in the vicinity of
the n = 5 member of the
4s'4p'('S, ) -4s4p' ('S, , ) np
series is shown in (a), while
resonances near the n =6
series member are shown in
(b), and (c) illustrates the
cross section near the n =7
and 8 members of this series.
For this presentation the
background cross section de-
creases linearly with increas-
ing photon energy. The reso-
nances are identified by the
code numbers of Ref. 10.
The value of the background
cross section C determined
for each resonance or group
of resonances is denoted by
0; the magnitude of one stan-
dard deviation is indicated by
the vertical bars. The sym-
bol ~ denotes data from Ref.
11. A dashed line indicates
a spectral region containing
resonances that were not ana-
lyzed.
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FIG. 2. Photoionization cross section of xenon calcu-
lated from the parameters listed in Table II, according
to Eq. (3) in the text. The cross section of resonances
in the vicinity of the z = 6 and the z = 8 and 9 members of
the 5s 5p ('So) —5g5p ( S~~2)~p series are shown in (a) and

(c), respectively. Two electron excitation cross-section
profiles are shown in (b). In Fig. 2 the background cross
section C decreased linearly with increasing photon energy.
As in Fig. 1 the resonances are identified by the code num-
bers of Ref. 10. The symbol p denotes the magnitude of
the background cross section C determined for each reso-
nance group, while the bar indicates the magnitude of one
standard deviation. The symbol ~ denotes data from
Ref. 11. A dashed line indicates a spectral region con-
taining resonances that were not analyzed.

and 2, where the average slope of the background
cross section as a function of photon energy was
determined from the continuum cross-section data
of Ref. 11 in the region of these resonances. In
the analysis of the data the background cross sec-
tion was assumed constant; however, the wings of
the widest resonance effectively extend about 50
meV to either side of the resonance center, and the
total change in the linearly decreasing background
cross section over this energy range is approxi-
mately 10 cm . A change in the background cross
section of this magnitude would introduce in the
parameters an error small compared to their sta-
tistical uncertainty which becomes even smaller
for sharper resonances.

In Figs. 1 and 2 the values of the continuum
cross-section data measured at discrete wave-
lengths by Samson are denoted by the solid
circles. The value of the background continuum
cross section at the center of the resonance (the
quantity C in Tables I and II) determined from the

present measurements is denoted by the open
circles whose bars have a magnitude of one stand-
ard deviation. In Figs. 1 and 2 all the resonances
shown are identified by the code numbers of Ref.
10, and a dashed region indicates an energy inter-
val containing resonances where the cross section
was not evaluated.

V. DISCUSSION

At most two of the resonances shown in Fig. 1(a)
can be associated with the 4s 4p ( So)-4s4p ( S,&z)np
single-electron excitation series in krypton. The
other resonances are likely first members of series
converging to 4p ( P)5s( ' P) terms in Kr D.

The resonances near the second member of the
4s 4p'('Sp) 4s4p ( Sg/p)Plp series are shown as the
center plot, Fig. 1(b), while the lower curve, Fig.
1(c), is the absorption cross section in the vicinity
of the third and fourth members of this one-elec-
tron excitation series.

The cross section in the vicinity of the first
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TABLE III. Code, cross-section ratio R (described in
text), principal quantum number z, effective quantum
number ~*, and the product of n* and the width I' of
selected resonances in krypton and xenon.

Code

3
4
5

10
11
14
18

1
2
3
4

16
27
34

0.63
0.52
0.61
0.53
0.66
0.60
0.37

0.70
0.38
0.67
0.48
0.67
0.68
0.27

Krypton

Xenon

2. 323

3.363
4. 351
5.303

2. 359

3.409
4.433
5.420

(n*)'I
(eV)

0.28

0.50
0.64
1.01

0.41

0.51
0.54
0.67

member of the 5s 5p ( So)- 5s5p ( S«3)np series in
xenon is shown in Fig. 2(a). As in krypton, at most
two of the resonances can be associated with the
series corresponding to the excitation of a single
electron. The other resonances and resonances 9
and 10 in Fig. 2(b) must be associated with two-
electron excitation states. The second member
of the 5s 5p'('So)- 5s5p ( S|~q)np series is not
shown, but the third and fourth members of this
single-electron excitation series are shown in Fig.
2(c). All the xenon resonances with the exception
of 34 and 35 were treated in the approximation of
isolated resonances.

In Fig. 1 the resonances numbered 3, ll, 14,
and 19 correspond to the first four members of the
4s 4P ( So)- 4s4P ( S|~2)nP one-electron excitation
series. In Fig. 2 the resonances 3, 16, 27, and
34 are associated ' with the n = 6, 7, 8, and 9
members of the cor responding
5s'5p'('So)- 5s5p'x(S«z)np excitation series in
xenon.

For neon' and argon, 8 two-electron excitation
states are sufficiently separated in energy from
the one-electron excitation series that the overlay
is negligible and the ratio ft = 1 —o,gC(E), where
0

„

is the minimum cross section in the resonance,
is equal to p . In the case of krypton and xenon,
the two-electron excitation states overlap the
single -electron excitation series; consequently,
although R still suggests a measure of the interac-
tion of these resonances with the continuum, it is
not necessarily equal to p~. For this reason the
prominence of the single-electron excitation series
and some of the two-electron excitation states is

a result of the strong interaction of the resonance
with the available continuum channels. In Table
III, R is evaluated from the cross section shown

inFjgs. land 2 for selected Kr and Xe resonances
identified by the code number. The principal quan-
tum number n, the effective quantum number n*,
and the product (n~)3I' are also given in this table.

For an unperturbed Rydberg series q, p, and
the product (n*)'I' should be constant or smoothly
varying. In neon and argon the first few mem-
bers of the single-electron excitation series in-
volving the s subshell electron exhibited these
properties. The corresponding resonances in
krypton and xenon behave in a more complicated
way because of the configuration interaction be-
tween the single-electron excitation series and
two -electron excitations. Although the quantum
defect of the one-electron excitation series is ap-
proximately constant for each series, the product
(n")'I' changes significantly. Particularly in kryp-
ton the first and fourth series members show a
perturbation by neighboring resonances, while in
xenon only the fourth member shows a width per-
turbation that is reflected in the (n~)'I' product.
The perturbation that affects the (n~) I" product of
the fourth series member is also reflected in a
smaller value for R. However, the value of R is
constant for the lower Rydberg series members in
krypton and xenon in spite of the apparent strong
interaction that the first series member in krypton
has with adjacent resonances.

In krypton the eight lowest-lying resonances are
grouped together and have quantum defects whose
magnitudes are compatible with resonances that
could be reasonably associated with the lowest J
= 1 levels belonging to series converging to
4s4pex (~S»z), and 4s 4p PP)4s (

' P) terms in Kr».
The assignment of these resonances can not be car-
ried out with certainty without the theoretical guid-
ance of a multiconfiguration ab initio calculation.
In particular, even though resonance number 5 has
been assigned to a transition of a single 4s electron
to one of the 5p levels in krypton, the profile pa-
rameters and quantum defects would not exclude
either of the two prominent adjacent resonances.

There are two reports ~ of measurements of
the continuum yhotoabsorption cross section of
krypton and xenon in this wavelength region, along
with a low resolution measurement3 of the cross-
section profile in the vicinity of the krypton reso-
nance due to 4s 4p ('So) —4s4p'( S«z)5p. Although
the magnitude of the background cross section is
in good agreement with this work, the cross section
profile is distorted due to the lower instrumental
resolution. The present values of the background
cross section for krypton (C in Table I) tend to be
systematically higher than those of Samson" but
somewhat lower in magnitude than the measure-
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ments of Rustgi et a/. The displacements are
within the limits of statistical error; however, in
the case of xenon the present measurements are
in better agreement with those of Samson than those
of Rustgi et al.

In conclusion we have presented cross section
measurements in the vicinity of the more promi-
nent one- and two-electron excitation states in
krypton and xenon. The smearing effect of the slit
on the data was accounted for by an unfolding pro-
cess based on a least-squares fit of the observa-

tions to the transmission calculated from a param-
etrized model folded with the slit function. The
parameters describing the cross section in the
vicinity of a resonance were evaluated for 12
krypton resonances and 11 xenon resonances
using this data-reduction technique.
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