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Electron-impact excitation of autoionizing states in xenon 
Deepak Mathur4) and David C. Frosf» 

Christopher Ingold Laboratory, University College London, 20 Gordon Street, London WCIH OAJ, 
United Kingdom 
(Received 26 May 1981; accepted 29 June 1981) 

High-sensitivity single-ionization efficiency functions of Xe have been measured using a computer-control1ed 
beam of electrons monoenergetic to -45 meV FWHM. Well-defined structure detected in the energy range 
12.2-13.5 eV is attributed to the excitation of neutral Xe Rydberg states converging on XE+('P 1/2) fol1owed 
by autoionization. Some of the structure appears to correspond to parity forbidden s -p' transitions. A sharp 
increase in ionization is observed at the 2 P 112 threshold. 

INTRODUCTION 

A number of experiments have been conducted in re
cent years to study electron and photon induced excita
tion of Rydberg states of xenon below the 2P1/2 limit. 1-7 

With the ground state having a configuration np6 (1So1. 
excited states of the type np5, ml can converge on either 
the 2P3/2 or the 2P1/2 ionization limits. Highly excited 
Rydberg states converging on the latter can therefore 
lie above the first ionization potential. Their degener
acy with the 2PS/2 continuum can lead to autoionization 
expected to produce structure in the total ionization ef
ficiency (IE) function between the 2P3/2 and 2P1/2 thresh
olds. 

Mainly in the 1950' s, many attempts to resolve fine 
structure in electron-impact IE functions unfortunately 
only produced a vast accumulation of mainly contradic
tory data (Ref. 8 and references therein). Recently, 
modern technology has facilitated the development of 
experiments using directly produced beams of nearly 
monoenergetic electrons to study IE functions with sig
nificantly improved resolution and signal-to-noise (S/N) 
ratios. The pioneering work of Marmet, 5 Lossing, 9 

and co-workers and the more recent experiments of 
Johnson et al. 16 and Suzuki and Maeda21 must be noted 
in this connection. Nevertheless, the published fine 
structure has sometimes5,13 emerged from a not incon
Siderable degree of mathematical treatment of the ex
perimental data. 

We report here results of high sensitivity/stability 
measurements of the IE function for Xe+ using a com
puter-controlled source of electrons monoenergetic to 
-45 meV full width at half maximum (FWHM) and a 
quadrupole mass spectrometer. We have chosen Xe for 
two reasons: first, the pOSition of Rydberg states lying 
between the Xe+ 2PS/2 and 2p1I2 limits are known to high 
precision1,s,4,7 and, second, two recent high resolution 
electron impact ionization studies5,16 are in contradic
tion to each other and differ also with IE functions for 
Xe+ obtained using the more indirect methods of Grasso6 

and Hashizume and Wasada. 2 

a) Now at Department of PhYsiCS, Birkbeck College, University 
of .London, Malet Street, London WCIE 7HX, U. K. and Tata 
Institute of Fundamental Iresearch, Homi Bhabha Road, Bom
bay 400 005, India. 

b)J. S. Guggenheim Memorial Fellow. Permanent address: 
Department of Chemistry, University of British Columbia, 
Vancouver VGT lY6, B.C., Canada. 

EXPERIMENTAL 

The apparatus used is based on the original design of 
Maeda, Semeluk, and LOSSing and the modifications 
have been described elsewhere. 10-12 Briefly, two hem
ispherical electrostatic analyzers in tandem produce an 
electron beam of intensity -10-8 A and FWHM - 45 me V 
(as determined by scanning one analyzer against the 
other) which intersects an atomic beam at right angles 
in a room-temperature interaction zone enclosed by 92% 
transparent molybdenum mesh. The gas pressure in 
the interaction region is .s; 10-5 Torr and the background 
pressure is .s; 10-7 Torr. Ions formed are extracted into 
a quadrupole mass spectrometer by an extremely weak 
electric field at 90 0 to the inCident electron beam and 
subsequently detected by an off-axis chann~l electron 
multiplier operating in the single particle counting mode. 
The acquisition of ion counts as a function of electron 
impact energy is controlled online by a PDP 8 mini
computer. 

SubSidiary experimentsll have shown the electron en
ergy scale to be linear and to drift by much less than 20 
meV over the usual 20 h data accumulation period used 
in the present measurements. The energy scale is cal
ibrated with reference to the initial onset of Xe+ pro
duction, taken to occur at 12.13 eV. 8 The number of 
ion counts recorded per second in these measurements 
is typically -1000 at an electron energy of 12.5 eV. An 
idea of the SiN ratio can be obtained by referring to 
Fig. 1. 

RESULTS 

Figure 1 shows a typical untreated IE function for Xe+ 
produced by repetitively scanning the electron energy 
from 12.1 to 13.6 eV over about 20 h. Structure is 
easily discernible in the raw IE function and, of course, 
more so in its first differential. In order to improve 
the SiN ratio in the differential, some elementary data 
treatment was done, the results of which are shown in 
Fig. 2. 

The top two curves of Fig. 2 result from simple 
moving averages (MA) smoothing using the method of 
fourth differences14 in which data smoothed once ey,) 
are given for a five-point smoothing algorithm by 

ey,) = t(YI-2 + YI-1 + y, + YI+1 + Y'+2) , 

where i=3-1022 for a set of 1024 raw data points. Fig-
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FIG. 1. The raw ionization efficiency function of xenon and its 
first differential obtained with an electron beam energy resolu
tion ""0.045 eV FWHM. 

ure 2 shows that carrying out an increasing number of 
MA runs (represented by NSMTK) gives more "effective" 
smoothing at the expense of resolution. Despite this, 
there are strong basic similarities between the curves 
obtained after 30 and 100 smoothing treatments (see 
top two frames of Fig. 2). 

We have also introduced a modification to the five
point smoothing algorithm by giving each of the five data 
points different weights whereby data that have been 
smoothed once are now given by 

eYiW) = is [17Yi + 12(Yi-l + Yi+d - 3(Yi-2 + Yi+2)] . 

The structure in the resulting data functions, shown in 
the lower two frames of Fig. 2, is now nearly indepen
dent of the number of smoothing runs carried out for 
NSMTK:;.15. 

The third smoothing procedure attempted involves the 
fitting of a quintic polynomial to a moving group of nine 
data points using the modified least squares teChnique 
of Savitzky and Golay. 10,15 The resulting first differen
tial is found to be very nearly identical to the lowest 
curve of Fig. 2. 

DISCUSSION 

The first differential of our IE function (Fig. 2) re
veals sharp, reproducible (to better than 30 meV) fine 
structure superimposed on a steplike background func
tion extending between 12.1 andJ3. 4 eV. Such fine 
structure is expected to arise through autoionization of 
highly excited Rydberg levels of neutral Xe, each pro
cess resulting in a feature on the direct IE function 
which is a reflection of the electron impact excitation 
function relating to the appropriate neutral Xe* state. 

A discussion of the theoretical and experimental line 
profiles of neutral autoionizing states manifesting them
selves on IE curves has been given by Bolduc and 
Marmet. 17 The form of excitation function will, of 
course, be dependent on whether or not the transition 
(np, ml) Xe* - Xe+ (2p1l2) + e- is optically allowed or not. 
The excitation function for optically forbidden transi
tions (e. g., parity forbidden s-p' transitions in the 
present case) is expected to be sharply peaked at thresh
old, whereas optically allowed transitions (e. g., s-s', 
s-d', ... ) are expected22 to possess excitation functions 
riSing much less steeply with energy. Since some ex
citation functions sharply "peak" near threshold, 22 it 
is not surprising that we observe the first differential 
of the Xe" IE function (Fig. 2) minimize below zero 
twice and approach zero at a number of other energies. 
The correlation between the energies of our minima and 
the various Rydberg levels converging on the Xe+ (2PII2) 
limit is seen to be very good (Table I). 

o -------------- 0 

o 
NSMTK-l00 

NSMTK-15 

Electron Energy (eV)-

FIG. 2. The first differential of the ionization effiCiency func
tion of xenon. The top two frames show results of simple five
point moving averages smoothing. The lower two frames show 
results of weighted five-point moving averages smoothing. 
The lowest frame also shows the result of modified least 
squares smoothing (see text). NSMTK = number of smoothing 
runs performed on raw data. 
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TABLE I. Rydberg levels of Xe converging on Xe+ 2Pl/2' 

Observed 
s' pI d' /' (± 0.03 eV) 

12.23 

n=7 
12.25 (l)a 
12.28 (2,1) 12.28 
12.31 (0) 

n=6 12.35 
12.34 (2)a 12.39 
12.37 (3) 12.44 
12.46 (1) 12.49 

n=8 n=4 12.54 
12.58 12.58 12.62 

n=8 
12.73 (1) 
12.75 (2,1) 12.72 
12.76 (0) 

n=7 
12.77 (2,3) 12.77 
12.83 (1) 12.82 

n=9 n=5 12.87 
12.89 12.89 12.92 

n=9 n=8 
12.98 12.99 (2,3) 12.95 

13.02 (1) 13.01 

n=10 n=6 

13.06 13.05 13.06 

n=ll n=10 n=9 n=7 

13.16 13.10 13.12 (2,3) 13.16 13.15 
13.14 (1) 

n= 12 n=ll n = 10 n=8 

13.22 13.19 13.21 13.22 13.21 

n=13 n=12 n =11 n= 9 

13.27 13.25 13.26 13.27 13.27 

n=14 n=13 n=12 n= 10 

13.30 13.29 13.29 13.30 

n=15 n=14 n= 13 n=ll 
I 13.33 I 13.31 I 13.32 I 13.33 13.33 I I I I 
I I I I 
I I , 

~= 18 n=18 n= 18 n= 18 
I 

13.37 I 13.37 I 13.38 I 13.40 13.38 I , I I 
I I I I 
I I I I 
n=oo n= 00 n=oo n= 00 

13.44 13.44 13.44 13.44 13.43 

13.48 

aJ values are shown in brackets. 

The energies of the Rydberg states tabulated in Table 
I are from the experiments of Stebbings and 
co-workers3,4 and the very recent measurements of 
Grandin and Husson. 1 Energies of Rydberg states 
not detected in the above-mentioned experiments have 
been deduced from the Rydberg formula~ 

E=E .. -R/(n- ~)2 , 

where the quantum defect ~ has been taken from Moore 18 

for optically allowed levels. In the case of optically 
forbidden transitions, it has been assumed that ~ varies 

slowly with the principle quantum number n and that for 
a given series ~(s,P,d, ... )"" ~(s',P',d', ... ), where 
s, p, d, ••• are Rydberg levels converging on Xe+ (zP3/Z) 

and the primes indicate levels converging on Xe+(2plIz}. 
Though it is not possible to unambiguously assign all 
observed minima to specific Rydberg levels, it appears 
that some of the detected structure is almost certainly 
attributable to parity-forbidden transitions of S-p' type 
(e.g., at 12.28 and 12.72 eV). 

Due to differences in energy resolution and sensitiv
ity, a detailed comparison of our results with earlier 
data is not feasible; however, comparison in terms of 
the number of minima observed and the general shape 
of the various first differential curves shows that our 
curve compares rather well with the relatively much 
lower resolution RPD one obtained by Grasso,6 who de
tected 14 clear minima compared to our 24. Both sets 
of data reveal a very pronounced minimum at the Xe+ 
eplIz) onset. The data of Johnson et al. 16 and Hashi
zume and Wasadaz also provide some evidence for this 
particular minimum. 

Our present data confirm earlier observations6,16 of 
a relatively sharp increase in Xe+ flux at the zP1I2 ion
ization potential, contrary to the findings of Marmet 
and co-workers, 5 whose filtered IE function revealed 
six shallow structures and showed little evidence of any 
sharp variation in the vicinity of the 2P1/2 threshold. 
Moreover, three of the processes reported by these 
authors (at 12.30, 12.67, and 12.92 eV) were attributed 
to formation of temporary Xe- states, on the grounds 
that interpretation in forms of optically forbidden p' 
levels could be ruled out owing to inconsistent quantum 
defects. Available data appear to contradict this inter
pretation. The photoexcitation results of Grandin and 
Husson, 1 as well as those of Rundel et al. 3 have re
solved fine structure splitting in some np' autoionizing 
levels and, using their data, we calculate the quantum 
defects for np' (J = 1) levels to be 3.62, 3. 59, 3.59, 
and 3.63 for n = 7,8,9, and 10, respectively; correspond· 
ing quantum defects for np' (J = 0) levels are 3. 53 and 
3.53 for n = 7 and 8. For larger values of n, J splitting 
becomes too small to be of consequence here. 

It is of interest to note that our data shows clear 
structure above the Xe+ (zPl/z) onset. There is evidence 
for this in aU previous studies on Xe, except in the 
data of Marmet and co-workers. 5 A short-lived Xe
state is probably involved here; however, it must be 
mentioned that although weak Xe-resonant states have 
been observed in highly sensitive electron transmission 
studies in the energy range 18-20 eV, 19,ZO none have yet 
been detected in the 12-14 eV range. 

CONCLUSIONS 

IE functions for Xe have revealed sharp fine structure 
in the energy range between Xe+ ep3I2) and Xe+ (zPl/Z) 

limits. Comparison of the energies corresponding to 
minima in the IE first differential with the known posi
tions of Xe Rydberg states converging on the zPt/Z limit 
gives good agreement and strongly suggests that some 
parity-forbidden transitions of the type s-p' are being 
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observed. Comparison of present data with earlier re
cent work indicates reasonable agreement in terms of 
gross features, except in one case. S Present data also 
confirm earlier indications that the Xe+ flux increases 
sharply above the 2P1/Z onset; it is therefore not nec
essary to invoke a "competition between states" hypoth
esis, 5 whereby it has been suggested that the cross sec
tion for ionization to the Xe+ (2pl/2) state proceeds at the 
expense of that via the 2P3/2 channel. 

Earlier assignmentS of some of the observed struc
ture to Xe- resonances may have been based on grounds 
which did not consider that fine structure splitting of 
np' Rydberg levels of Xe can be quite considerable for 
low values of n and, consequently, calculations of quan
tum defects" with weighted means of J values may lead 
to false conclusions. 
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