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High-resolution pre-edge structure in the inner-shell ionization threshold region
of rare gases Xe, Kr, and Ar

0O.-P. Sairanen, A. Kivimd, E. Nommiste, H. Aksela, and S. Aksela
Department of Physical Sciences, University of Oulu, FIN-90570 Oulu, Finland
(Received 25 March 1996

The total ion and/or electron yield spectra of rare gases Xe, Kr, and Ar have been recorded around the
4d-1, 3d™%, and 2! ionization thresholds, respectively, with very high photon energy resolution at the
Finnish beam line at the MAX | storage ring. Linewidths of the excited states are determined for higher
excitations than earlier. The widths are observed to differ slightly for each core-excited state.
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PACS numbgs): 32.70.Jz, 32.80.Rm, 32.70.Fw

[. INTRODUCTION deexcitation spectra of the higher resonances near threshold
can give complementary information for the studies of the
The absorption spectra of rare gases were one of the firgostcollision interaction effects. But, to consider the different
experiments that showed the usefulness of synchrotron radigossible initial-state effects in the deexcitation proceds
tion in spectroscopic experiments already in the early 1960%€e must be able to distinguish the overlapping resonances
[1]. However, the synchrotron radiation excited absorptiorWith some reliability.
spectroscopy has not been able to compete in accuracy with
the electron energy-loss spectroscopy that uses electron bom- Il. EXPERIMENT
bartment excitation. This has been due to relatively poor . . I
photon energy resolution of the monochromatized radiationl. Th8e e?[gﬂeggtlants V\;]er? cam%q SUt (I)nbthet F'”F"S[‘ bgam
The continuous development of the instrumentation of syn—me[ | a synchrotron radiation laboratory n Lund,

chrotron radiation beam lines has changed the situation. T Sweden. Synchrotron radiation from a short-period undulator

day the best monochromators can provide adequate phot 2] was monochromatized by a modified SX-700 plane grat-

) . . . . Hg monochromatof10]. The beam line has been designed
intensity with photon energy resolution so high that the SYNmainly for gas-phase experiments. Thus a permanent differ-

chrotron radiation excited spectra can overcome the electrogyig pumping system containing also a refocusing toroidal
energy-loss spectra. _ mirror has been installed after the monochromator.

The electron energy-loss results of King and co-workers The total electron or ion yield spectra of Xe, Kr, and Ar
[2,3] have served a |Ong time as a reference for the “nwere recorded by using the t|me_0f-f||gh'[0|:) mass spec-
ewidths of the resonantly excited states in rare gases. Th&yometer described |E8:| The Samp|e gases were introduced
have been applied, e.g., when testing the performance of newirough a capillar tube directly into the excitation region.
monochromators. Although the resolution has improvedThe pressure in the TOF chamber was aboytl® ° mbar
very few more accurate values for the linewidths have beewuring the measurements, but probably much higher in the
given. Also, the widths obtained in Ref®] and[3] contain  gas jet.
only a few low resonances. In this paper we shall present The undulator spectrum is composed of sharp peaks,
very high resolution total yield spectra of rare gases Xe, Krwhich means that the photon intensity varies as a function of
and Ar near the 471, 3d™1, and 2! ionization thresh- the photon energy. This has been taken into account by re-
olds, respectively. The aim is to give more accurate valuesording the photon flux simultaneously and dividing the total
for the linewidths of the excited states and to extend theyield intensity by the flux. The recorded photon energy range
studies also to higher resonances that mainly have lacked different measurements was also kept rather short, not
reliable values so far. Recently, Mastial. [4] have given more than 3 eV in Xe and Kr and 6 eV in Ar, in order to
more accurate values for the widths of the Xd4np,  minimize inaccuracies due to varying photon intensity.
n=6-9, resonances. Those values greatly differ from the
values given by Kinget al. [2].

Accurate widths for the resonances are of general interest
since these values are used, as mentioned above, when de-The total experimental width of each line was obtained by
termining the photon energy resolution of new monochromaa least-squares fit of Voigt functions. The observed linewidth
tors. By using high-intensity undulator radiation sources, tha@s a convolution of the natural lifetime width of the excited
photon energy bandwidths comparable to or even smallestate and the experimental broadening. The lifetime width is
than the lifetime widths can be used in resonance Augesupposed to be of a Lorentzian shape. Actually, the interfer-
spectroscopyAuger resonant Raman spectrosc$py). The  ence between the autoionizatiqne., participator decay
knowledge of exact natural widths has become importanchannel of the excited state and the direct photoionization
since they are needed when trying to avoid line-shape distochannel should lead to an asymmetric Fano profile for the
tion effects in the experimental specf@). Moreover, the absorption line[11], as in the well-known case of He

Ill. DATA HANDLING
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1s°—2s2p absorption. However, the inner-shell resonance 10000
excitations in the rare gases have appeared to decay promi-
nently via the spectator process and therefore the interference
effects between the direct and autoionization channels are
expected to be so small that they do not distort the line
profiles[7,12—14. o 60007
The experimental broadening function is a convolution of § T
three different factors: the source, the exit slit width, and the 8 4000
slope errors of the optical elements of the monochromator.
The source and the slope errors are supposed to give a g -
Gaussian broadening function, whereas the slit contribution
should be a step function in the case of a singhet) slit. 0
When using very small slit widths the experimental contri- 65 66 67 68 69
bution can be estimated to be close to a Gaussian shape.
Especially in the cases of Xe and Kr, the experimental con-
tibution to the total measured linewidth is so small that the _ .
measured line shape is almost Lorentzian. Thus the error FIG. 1. TOta'.y'eld spectrum of Xe; an overview, formed by
made when supposing the total experimental contribution t8°mb'n'ng two different recording ranges.

be Gaussian has a negligible effect on the deconvolute . . . . .
g'g ﬁihe possible errors in the width values mainly consist of

Lorentzian(natura) width. In the case of Ar, the effect can difficulties in estimating the background properly. The error
be more significant since at higher photon energies the phq- 9 9 Properly.

ton band is broader and also the relative contribution of th imits have been estimated by fitting the spectra with slightly

slit to the total broadening function increases. This has beeggj;ecrteg; ?J?}ig{gggg:&afhees'Slr?ath: gﬁgewc?;g\]r,otfhteh;ncrﬁ;f)end
taken into account when estimating the error limits of the ; P p
width values. band has also been taken into account.

As mentioned earlier, the recorded photon energy range at
a time was kept short because the varying photon intensity as IV. RESULTS
well as the possible instabilities in the circulating electron
beam of the storage ring might lower the experimental reso- _ o
lution. Two or more recordings were needed to cover the The total yield spectrum of Xe at thed4-np excitation
whole threshold region and the photon bandwidth had to b@hoton energy range is shown in Figs. 1 and 2. The width of
estimated for each recording separately. Therefore the megje.mcommg photon beam was restricted by using a 2-mm
surements were carried out as follows. First, the strongest diorizontal aperture before the monochromator. Also the illu-
the most isolated resonance-gE6p in Xe, 3dz,25p in Kr, minated area of the refocusing mirror was diminished by a
and 3391%45 in Ar—was taken as a reference line and re-2-Mm vert|c_al aperture. The photon ban?mdth was found to
corded alone by using a very shdit2 eV) photon energy P& 6 MeV in the measurement of thdt‘#_'lep resonance.
range. The natural Lorentzian width of that line was deter/APSOrption resonances up tofi@ould be fitted individually
mined carefully by using the procedure describedig].  rather reliably in both @ series. Higher resonances are fitted
Then, the next resonances were recorded together with tHith curves that represent more or less a sum of the reso-
reference line. The photon bandwidth was determined by dif2nces converging to the ionization edge. _
viding the total width of the reference line into the Lorentz- _ The results for the natural widths of measured lines are
ian and Gaussian contribution, where the Lorentzian widtffiven in Table I together with the values given by Masui
was set to be the same as the natural lifetime width obtaineft @ [4] and King et al. [2]. Our values for the natural
above. The Gaussian contribution, i.e., the photon bandwidtiidths of the 4l5;np, n=6,7, excited states are slightly
in that recording, was then obtained using the numerical inlarger than the values by Maset al. The results do not
formation on the widths of different shapes given by Leemeet even within the error limits. If the results of Masui
[16]. After obtaining the photon band width, the natural €t al.were right, the resolution of our monochromator would
(Lorentzian widths of the other resonances were determined© much worse than indicated by the measurement for the
by using again the table by Lee, but now with the help ofkrypton 3d~'5p excited stategsee below Therefore, we
total widths and the Gaussian photon bandwidth. conclude that the values given by Mastial. are slightly

The highest resonances could not be recorded togeth&o low. Our results for the rest of thedg;np series meet
with the reference line. In those cases the photon bandwidtthe results of Masuet al. within the error limits.
was estimated with the help of the “middle range” reso- Our results show a tendency of slight decrease in widths
nances, whose natural widths were obtained as describadhen going on to higher resonances in both series
above. This means, of course, that the accuracy in the est{4ds,;np and 4dz3np). If this tendency is real, it indicates
mation gets poorer. that the Auger decay widths differ somewhat for each core-

When comparing the energies of the resonance excitatiorexcited state. Such a difference could arise from various rea-
to those of Kinget al.[2], we found that the photon energy sons, as discussed, e.g., in R¢fs7,18. First, the absolute
scale of our monochromator is slightly compressed, about Auger decay rates are found to depend on the core-electron
meV/eV. This has been taken into account when determiningrbitals, which, furthermore, are sensitive to the electronic
the total full widths at half maximum of the measured lines.structure. The continuum orbital is affected when the field it
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TABLE |. Natural widths (meV) of the Xe 4 !np,
n=6,7,8,9 excited states.

State Kinget al. [2] Masuiet al.[4] This work

4d5/2'169 -1
4dztep 111+ 4 106.3:0.5 109.8-1.0

7p 128+9 106.0-0.5 109+ 1
8p 104+ 1 103+3
9p 104+ 2 08+8

Intensity (arb. units)

4d§,%6p 119+8 104+1 1071
I4) 133+15 1065 1063

646 648 650 652 654 656 8p 110+ 3 105+3
9p 106+3 104+5

4d3/2—16P

ger transitions is almost the same as the intensity ratio of the
4d~16p and 4 17p excited states in the yield spectrum.
For higher 41~ 18p resonances the relative decay rate to the
5p~2np final states is higher than could be expected from
the corresponding absorption probability in the yield spec-
trum [7,12]. It seems that the decay of the higher excited
state leads more probably tg52np final states than the
decay of the lower excited state. This could lead to a varia-
tion of the lifetime of the resonantly excited state. The results
would indicate that the lifetime of the excited state is longer
66.0 665 67.0 when the excited state has higher probability to decay to a
lower-energy state. One has to, of course, bear in mind that
the tendency is very slight compared to the error limits and
therefore very definite conclusions cannot be made. Espe-
4d,,"'7p ] cially for the 4dz3np series, a small change in the back-
ground estimation gives different values for the linewidths.
We have chosen a slightly increasing background caused by
the onset of the giant resonance.

Masui et al. found “a marginal hint” for an increase in
widths on going from the d,,;6p to the 4;37p excited
state. Instead of broadening, our results for thig, % p ex-
cited state show a slight asymmetry with a small tail on the
high photon energy side. The asymmetry is clearly seen even
though the peak is fitted by using a increasing background.
The asymmetry could be due to the excitation fefype
states. In Xe the d absorption cross section has a huge
Photon energy (eV) resonance above the ionization threshold. This giant reso-
nance is caused by excitationsdb continuum states. Since
the giant resonance has some discrete character in elements
4dg1—6p excitation region; middle, thedf,!np,n=7 and the after Xe it is possible that near thal4hreshold it has some
4d,1—6p excitation region; and bottom, thelgl -np,n=7 ex-  discrete character also in Xe. This could therefore be respon-
citation region. The solid lines correspond to the least-squares fit ofible for the asymmetry observed near ik, 47 p excitation
Voigt functions to the experimental points. peak. At higher resonances there could be same kind of

asymmetry, but the statistics of the spectrum do not allow us
é:iraw further conclusions.

Intensity (arb. units)

Intensity (arb. units)

68.0 68.5 69.0

FIG. 2. Some details of the total yield spectrum of Xe. Top, the

experiences changes. Second, the decay rates depend on tt?l
kinetic energy of the transitions, as demonstrated clearly for
Coster-Kronig transitiong19]. The energy dependence of
Auger amplitudes might be pronounced especially at low The total yield spectrum of krypton at thel3*np reso-
kinetic energies. In the case of Xe, the transition to thenance excitation range is depicted in Figs. 3 and 4. In these
5s~2np final states have energies up to about 10 eV. Theneasurements the width of the incoming photon beam was
relative group decay rates to the5°np, 55~ '5p 'np, and  restricted by using 2-mm horizontal and 2-mm vertical aper-
5s2np final states may thus change, depending on the printures before the monochromator. The photon bandwidth was
cipal quantum numben of the spectator electron. The decay found to be 8 meV in the measurement of trtb§,§5p reso-
spectra show that the intensity ratio of the nance. Also in Kr, resonances up toplBould be fitted in-
4d~16p—5p 2np and 4~ 17p—5p 2np resonance Au- dividually rather reliably in both series. Curves on the

B. Krypton
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FIG. 3. Total yield spectrum of Kr; an overview, formed by
combining two different recording ranges.

higher-energy side represent again more or less a sum of the
resonances converging to the ionization edge.

The natural widths obtained are given in Table Il. As can
be seen, the width of thed335p excited state, which has
largely been used in the determination of the monochromator
resolution, is in good agreement with the earlier determined
values[2,20]. . : :

At the 3d5,;6p resonance an asymmetry can be observed 920 92 4 928 93.2 936
at the high photon energy side. This is most probably due to
the 3d5’,% ionization threshold lying almost exactly under the .
resonance€93.79 e\j. The asymmetry could be fitted rather 1 3d3y 6p
satisfactorily with a curve of arcus tangential shape. The
3d;36p excited state seems to be broader than could be :
expected from the Gg,%np series. This is also probably due
to the underlying 8,3 ionization theshold and difficulties in
estimating the threshold shape properly. _

The widths of the exited states show the same trend as in &
Xe: they seem to decrease when going on to higher resonaceséj
in series. As in Xe, the resonance Auger electrons have
rather small energies, which can lead to changes in the rela-
tive intensity distribution of the resonance Auger transition
to the 40~ 2np, 4s *4p~np, and & 2np final states as a
function of the initial excited state. The decay spectra of the
excited states again support this explanation: the relative in- Photon energy (eV)
tensity of the transitions to thep4 np final states in the
decay of the excited states is getting stronger with increasing |G, 4. Some details of the total yield spectrum of Kr. Top, the
n [13]. Due to large error limits, any definite conclusions 3dg2—5p excitation region; middle, thed,}—np,n=6 and the
cannot be made. 3d;;— 5p excitation region; and bottom, thel3;—np,n=6 ex-

citation region. The solid lines correspond to the least-squares fit of
C. Argon Voigt functions to the experimental points.

Intensity (arb. units)

ts)

7p
8p

ty (arb. un

o 10p

936 94.0 94.4 948

The total yield spectrum of argon near thp2 ioniza-
tion threshold is shown is Figs. 5 and 6. In these measuregneasured lines are given in Table Ill. The inaccuracies in the
ments the width of the incoming photon beam was restricteyalues are higher than in the cases of Xe and Kr because of
by using a 2-mm horizontal aperture before the monochrothe difficulties in obtaining the accurate shape and width of
mator. the monochromatized photon band. The monochromator

In argon the background increases more strongly after theroadening should increase B8 The resolution estimate
first ionization edge than in Kr and Xe. The reason for this is(according to the measurement of the width of the krypton
that the continuum states are predominantlydofharacter 3d35p excited state at 91.2 ¢\should lead to a bandwidth
and the p—ed channel follows unbrokenly the@2-nd  of about 30 meV at 244 eV. The experimental broadening is
series below the ionization edge, whereas in krypton andherefore so large that the effects of possible errors on the
xenon the continuum states above the edge are predongéstimated shape of the photon band are not negligible. Any-
nantly of f character. The results of the deconvolution of theway, our results suggest a smaller width for thpg,g4s
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TABLE Il. Natural widths (meV) of the Kr 3d np,

n=5,6,7,8,9,10, excited states.
State Kinget al. [2] This work )
c
3dg25p 83+ 4 83+1 b
6p 79+2 8
7p 79+2 %
8p 76x+3 5
9p 78+5 =
10p 758
3dy25p 83+2 2440 24425 2445 24475
6p 98+ 12 84+ 3
P 773
8p 705 2p,,"'3d
9p 708 -
10p 68+ 8 =
=)
=
excited state than has been suggested earligg]in E
Opposite to the cases of Xe and Kr, the natural widths in §
Ar seem to increase with increasimg Kinetic energies of £

the 2p~* Auger transitions in Ar are around 200 eV. At such
high kinetic energies the Auger amplitudes may not show
any pronounced energy dependence. h . .
Above the 2, ionization threshold the lines show clear 246 247 248
asymmetry. Especially the peaks corresponding to the
2p1;23d and the D;,;4d states are so asymmetric that ad-
ditional peaks had to be fitted in both cases. This asymmetry
has also been observed in an earlier study by Nakaetuah
[21]. They explained it to be due to interference between the
direct photoemission channel and the autoionization decay _
channel leading to the same final states. As pointed out
above, this interference should lead to an asymmetric Fano 2
profile. However, the studies of the decay spectra of the
2p,;33d excitation have shown that the resonance Auger
process, where the excitedl Zlectron stays as a spectator
during the decay process, strongly dominates over the auto-
ionization(or participatoy procesg 14]. Therefore the asym- 248 8 249 2 549 6 2500 550 4
metry caused by the interference should be very small, if
detectable. We suggest that the asymmetry is partly due to
background and partly due to excitations to the

y (arb. units)

Intensi

Photon energy (eV)

FIG. 6. Some details of the total yield spectrum of Ar. Top, the

12000
| i 2p_1ﬂ4s excitation region; middle, the r%‘lﬂnd,(n+2)s,
2p,, 48 3d  4d 5d 6d 32 1 - = 52
10000 4 . P12 | I T E n=3, and the P;>—4s excitation region; and bottom, the
[2P3 4 3d 4|d 5d 6d 2py3—nd,(n+2)s,n=3 excitation region. The solid lines corre-
8000 | ' 'k spond to the least-squares fit of Voigt functions to the experimental
| points.
(2]
T 6000
3
3 ]
O 4000
2000 2py;5(n+2)s states that should lie near the2and states.
] The broad peak near thepg§3d peak in Fig. 6 can be
0L . . . : . : connected to the background caused by the.2-+ed elec-
244 246 248 250 trons. We have estimated a linear shape for the background
Photon energy (eV as the first approximation, which certainly is not exactly cor-
aqy

rect. The two narrower peaks could indicate excitations to

FIG. 5. Total yield spectrum of Ar; an overview, formed by (n+2)s states. The fit of the spectrum gave these peaks
combining two different recording ranges. relative intensities of about 10%, which is in good agreement
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TABLE Il Natural widths (meV) of the Ar 2p~'4s and  not be fitted separately. However, the fact that the deter-

2p~*nd, n=3,4,5,6 excited states. mined linewidths for the @z3nd excited states are clearly

- broader than those for thepg, series indicates that the
State Shavet al. [3] This work (n+2)s excitations are not negligible in thepg; series.
2p3ads 116+ 4 114+2
3d 118+ 4 125+3 V. CONCLUSION
4d 142+ 14 1295 We have measured the absorption structures in Xe, Kr,
5d 133+10 and Ar at the energy range of thela!, 3d~ %, and 2!
6d 139+10 thresholds, respectively, with higher resolution than before.

" The widths of the excited states seem to decrease slightly as
2py24s 109+3 a function ofn in Xe and Kr. This could be connected to the
3d 132+10 1155 variation in the relative group decay rates of the excited
4d 132+10 11710 states when the transition energy is low, as it is in Kr and
5d 112+10 especially in Xe. To confirm this, further studies of the decay
6d 133+10 processes of these excited states are needed.
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