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Abstract

A high efficiency x-ray spectrometer has been constructed using a curved
crystal and position sensitive detector mounted along a Rowland circle.
Results obtained for the C1-K absorption and fluorescent KB emission of

molecular CH,C1 show previously unobtainable detai]s.' The gas target is

3
excited by primary radiation from a demountable conventional x-ray tube.

The use of different anode materials and the insertion of filters between
x-ray source and farget allow some variation of the'prjmary excitation
energy. By monitoring emission spectra for different primary excitation
energies, we are able to attribute the newly observed absorption features to
multivacancy excitations. Such modulations in the supra-threshold absorp-

tion cross-section would complicate the extraction of structural information

in an EXAFS analysis.

* Center for X-Ray Optics, Lawrence Berkeley Laboratory, University of
California, Berkeley, CA 94720

T IBM Thomas J. Watson Research Center, Yorktown Heights, NY 10598



I. Introduction

X-ray absorption and emission spectra of molecules are useful for
electronic structure investigations since they are closely connected with
the molecular orbitals, provided that observed specfra are understandable
in tgrms of single vacancy transitions. However, even for simple systems
this requirement is not fulfilled. X-ray satellites resulting from multi-
vacancy transitions are superposed on §ing1e vacancy transitions yielding
a compiex emission spectra whose gquantitative interpretation in terms of
molecular orbita] single electron transitions is elusive. _Recently, a— - ——n
threshold study of the KB emission of argon was devoted to investigate
multivacancy effecfs for elemental argon‘. The argon gas was excited by
monochromatized synchrotron radiation which was sequentially tuned through
single and multiple vacéncy jonization thresholds of the Ar-K edge, while at
the same time recording the fluorescent Ar-XKB spectrum. In this way it was
not oniy possible to disentangle single and multiple vacancy emission con-
tributions but also to establish a close relationship between KB emission
satellites énd fhe'suprathresho1d structure of the absorption spectrum.

This permitted detailed assignments of.many of the features in both absorp-
tion and emission spectra to specific excited states.

Taking the threshold study of Ar as the starting point, the present work
is intended to serve two purposes. Firstly a threshold study of a simple
molecular system appeared to be a natural extension of the earlier work].

We chose to study C1-K spectra in CH361 since, in-an ionic bonding picture,
the spectra should have some resemblance of the Ar spectra. The C1-K8

spectra of CH,Cl excited considerably above threshold are well established

3



and preliminary near threshold studies have also been communicatedz'a.

Secondly, the present work is partly a feasibility study since, in contrast
to the work on Ar, a synchrotron radiation source was not utilized. Progress
in the design 6f high efficiency secondary monochromators which accompanied
and finally permitted the experiment on Ar, made possible to use laboratory
x-ray sources. The combination of different anode materials and filters
provides a primary excitation spectruﬁ where effective excess energy can be

varied to a limited extent.

II. Experiment

The x-ray spectrometer, shown in Fig. 1, consists o% a Johann bent
quartz (1010) crystal (2d = 4.916 A) and a linear position-sensitive gas
proportional counter5 mounted on a Rowland circle. The dispersing crystal
was bent to a radius of 55.9 cm. The instrument is operated in a helium
environment at atmospheric pressure. The spectrometer design permits co-
ordinated motion of the detector relative to the crystal along a (moving)
Rowland circ1e4. The detector was operated with a counter gas consisting
of a mixture of Xe (90%) and CH4 (10%) at a pressure of 35 kPa (350 Torr);
its imaging characteristics were tested according to Ref. 5. The detector's
position transfer function was found to be practically 1inear5 across the
section used to record spectral data. The detector's spatial resolution of
100 ym was sufficient to adequately image the dispersed spectrum. A cell to
contain the target gas and an x-ray tube were mechanica11y couplied to the

x-ray spectrometer to provide an x-ray source outside the Rowland Circle.

-



6 exciting the gas target operated typi-

The demountable anode x-ray tube
cai]y at 15 kV and 200 mA for all fluorescent emission spectra. To minimize
the background due to generation of higher harmonic contributions, absorp-
tion spectra were taken with the high voltage of the tube limited to 5 kV.
For the absorption measurements the x-ray tube was turned by 90° to point
direct1y toward the analyzing quarté crystal with the 105 mm long absorption
gas cell mounted in.between. For both emission and absorption spectra, the

target of flowing CH,C1 gas was diluted with helium in the ratio of 1:10,

3
at atmospheric pressure. This dilution ratio was empirically found to re-
- sult in the maximum emission intensity with minimum distortion of the emis-
sion profile from self-absorption and to be thin enough that the “thickness
effect”’ did not obscure the sharp features of the absorption spectrum.
Commercially purchased gases were used without further purification.

An accurate calibration of the energy scale was conveniently obtained by
from the Pd-La

1
Hne8 at 2838 eV was also used with the C1-KB emission spectrum2 of CH3C]

emission line used in this experiment. The Pd-La] emission

between 2810 eV and 2830 eV to establish the energy dispersion of the instru-

ment. The resolution of the instrument in this region is 1.0 eV.

III. Results
A typical example of the'C1-KB emission obtained in f]uorescence.and the

C1-K absorption spectra from CH,C1 is shown in Fig. 2. The energies of

3
the spectral components in Fig. 2 are listed in Table 1. The C1-KB emission

spectrum was excited by primary excitation from a Pd anode which was shown

2,3

earlier to result in a minimum satellite contribution®" Emission spec-

tra with over 104 counts for the peak maximum are typically accumulated in



less than 1 hour. The ordinate of C1-K absorption spectrum (Fig. 2) is wut
obtained from measurements of I0 and I of diluted CH361 in the absorption
cell. Typically the absorption measurements took 3-5 hours to accumulate
over 104 counts forveach point in these two measurements. The absorption
spectrum presented in Fig. 2 is a composite of two separate sets of measure-
ments with a small change in Bragg angle to extend the absorption measure-
ments to a highef energy region.

We emphasize that the high efficiency of the curved crystal-position
sensitive detector spectrometer permits the observation bf spectral features
with excellent statistical quality accuhuIated in a reasonable amount of
time. The procedﬁre gives results that are substantially independent of
drift in brimary source intensity. For comparison, Fig. 3 shows the C1-K
absorption and KB-emission spectra obtained with a double crystal spec-
trometerg. Thg statistical scatter apparént from the daté pofnts above
the ionization 1imit prevents any conclusion on weak suprathreshold struc-
tures in Fig. 3. Weak features such as the two broad maxima F and G are far
more easily discernible in the spectrum of Fig. 2 than in the earlier
measurementsg']o.

The C1-KB emission spectrum reveals new details but the principal
features reméins consistent with earlier measurements. In Figure 4 we
compare the C1-KB spectrum excited with a Pd‘and a Sn anode; the emission
spectra of Pd ahd Sn are dominated by their respective Lc] emission lines.
The Pd-La has an energy8 of 2838 eV which is just above the C1-K threshold

(2828.5 eV), while the Sn-La emission line at 3444 eV lies far above the

C1-K threshold. Higher excess energy (over the C1-K ionization threshold)



leads to a larger satellite contributions to the KB emission spectra due to
the more probab]e‘excitétion of multiple vacancy statesz. We obtain the
spectral distribution of C1-KB satellites as the difference between the nor-
malized Pd excited and Sn excited C1-KB emission spectra (Figure 4, lower
part). The hain satellite emission band thus obtained is located on the
‘high energy side of the single vacanty spectrum; however, we also see some
distortion of thé single vacancy spectrum itself due to the satellite emis-
sion. This could not be established previous]y due to statistical scatter
of the data points and irreproducibility of these spéctra in earlier workz.
Also shown in Fig. 4 is a synthesized single vacancy C1-KB spectrum of
CH3C1 based on a.M.O. calculation. The semi-empirical MINDO/3 method]]
(Modified Intermediate Neglect of Differential Overlap) with complete geom-
etry optimization constrained only to preserve thevmolecular point symmetry
and a minimal valence basis set (without C1-3d orbitals) was used in this
ca]cu]étion. The C1-KB radijative yield values follow from the C1-3p orbital
contributions to each molecular orbital (MO) as obtained dir‘ectly]2 from
the eigenvectors of the MINDO/3 MO calculation. The single \facancy]3
C1-XB spectrum is then synthesized from the calculated C1-KB radiative yield
values and'experimenta1 MO binding energies from ultraviolet pﬁotoemission
spectra]4. and broadened by a Lorentzian function having a 1.5 eV FWHM]Z.
The same type of calculation was used successfully in analyzing the C-K and

15

C1-L emission spectra =~ of CC]4 and CHC1, and found to be adequate at

2,3 3

this level of analysis.
From the comparision of the experimental results for both small and

large excess exciting radiation energies, it is clear that the remaining



discrepancies between calculation and experiment are significantly lafger
than the distortion of the experimental spectrum due to the satellite con-
tribution. To obtain a better quantitative agreement a more sophisticated
theory is needed, specifically one which goes beyond the -present ground

state MO approximationslz.

IV. Discussion_of the Suprathreshold Absorption Spectrum

X-ray absorption structure in the region about 40.eV above the core
jonization 1imit is usually attributed to transitions of single core elec-

trons to continuum states referred to as shape-resonances16

, or to multi-
vacancy transitions. Shape resonancés are the beginning of the EXAFS
(extended x-ray absorption fine structure) structure.vhowever. the descrip-
tion of shape resonances and EXAFS are not at present in the same language.
A detailed calculation of the shape resohances for this molecule would be
useful for comparison but is not available to our know]edgel Also the lim-
ited range of the measured absorption spectrum does not.permit a complete
analysis in the EXAFS formah'sm”° However, an estimate of the periodicity

in the EXAFS structure can be obtained from the known interatomic distances

of the molecular structure. The oscillatory part of the EXAFS is expressed1

as sin (2kr + v(k)), where k is the wave vector of the photoelectron and r
the distance of the neighboring atoms from the excited atom, v(k) denotes a
phase shift. Thus the periodicity in k space is given by 2kpr = 2%, or

energetically

1



In methyl chloride, the only important scattering center for photo-
electrons from C1 jonization is the carbon atom, since the hydrogen atoms
contain only small electronic charge. Thus, for CH3CI the expected EXAFS

periodicity is 11.8 ev (C1-C bond 1ength‘8

is 1.78 A), much larger than
fhe observed 5 eV separatipn of the two maxima F and G which is therefore
not related to the EXAFS structure. This suggets that we should consider an
interpretation of the suprathreshold feature based on multivacancy excita-
tions. Unfortunate1y. no simple empirical rules can be app]ied'to test the
appropriatness of such an interpretation. While for free atoms the Z+1
approximation works well to estimate fhresholds for multivacancy excitations
and even assign sbecific multiplets in suprathreshold absorption spectra].
the same épproximation is not easily applicable to molecules. However, an
estimate of the energy for the double vacancy excitation can still be made.
If we associate the observed x-ray emission satellite (Fig. 4) with the
analogous transition for C1+. namely: (1s 3p5) > (152 3p4) (irrelevant
electronic shells omitted), we can estimate the double ionization threshold
ofvc1'(1523p6) >t {1s 3p5) using the first jonization potentié] of the
molecule and the two-hole correlation energy of C1. The calculation uses a

closed cycle which can be represented by the diagram:

‘“C;l*'(i'ssps)\
E(13p%) E at
E* _4_7
- CI*(1s23p*

:Cl“(1323p6)
ground state of
Cl in CH,CI



where ED(1s3p5) is the 1s3p double ionization threshold, Esat the x-ray
transition energy of the KB-satellite and €* js the first double ionization
potential of C1  in CH3C1, which can be expressed as

*
£ =2 + Ucorr,3p ’

using the first jonization energy of a CH3C1 molecule, EI and the two hole

correlation energy in the C1-3p shell, Ucorr.Bp'{ The first ionization

potential of the molecule refers to the removal of an outermost electron

from a C1 (3p) derived state'?. Therefore,

5, _ _
ED(ls3p ) = Esat + (2 EI + U ) .

corr,3p _
can be inferred from atomic chlorine, its

The correlation energy ucorr.3p

value equals the difference between the ionization energy of neutral C1 and

20,21

twice the fonization energy of C1 . Using tabulated values for these

ionization energies we find U = 5.4 eV, Thus the estimated 1s3p

corr,3p
double ionization threshold is

| ED(ls3p5) = 2819 eV + (2 x 11.3 eV + 5.4 eV) = 2847 eV
which is 19 eV above the 1s single vacancy ionization threshold. For Ar the
corresponding double ionization threshold is 31 eV above the single one, but

5452) lies oh]y 15 eV above the 1s

the first two-hole bound state Ar (1s3p
jonization 1imit]. Thus it appears possible that the broad absorption
maximum about 8 eV above the Cl-1s threshold of CH3C1 arises from a multi-
vacancy complex.

Experimentally the relation between suprathreshold absorption structure
and multivacancy excitation can be tested by scanning the energy of mono-
chromatic primary radiation while at the same time recording fluorescence

emission spectra]. In the present experiment, a crude monochromatic



analysis is permitted by the fortuitous location of the Ru-L3 edge8’22

in between the palladium La1 and ch characteristic emission 1ine58.
One has in this way the possibility to "tune® the excitation energy by
se]ectiyely filtering out portions of the Pd-La radiation profile using Ru

23. The modified filtered primary

filters of different thicknesses
radiation spectra are shown in the bottom part of Figure 5. Observe that
this radiation is located in the same energy region as the C1-K abéorption
suprathreshold structure G of CH3C1 (Fig. 5, middle panel; see also

Fig. 2). For each primar& excitation condition we recorded the C1-KB
emission spectrum. The satellite emission intensity is obtained in the same
way as previously described for Fig. 4, name1y>by subtraction of the normal-
ized C1-KB emission obtained with unfiltered Pd-La excitation. The shape of
these difference spectra is similar to the one displayed in Fig. 4 for Pd/Sn
primary excitation; however, the satellite intensity measured at 2819 eV and
evaluated relative to thé peak intensity of the C1-XKB emission varies sig-
nificantly depending on the fhickness of the Ru filter. B8y averaging over
the energy disfribution of the recorded primary excitation spectrum we asso-
ciate a mean excitation energy with each primary excitation spectrum as |
shown by the.vertica1 lines exténding upward in the lower panel of Fig. 5.
The upper right panel of Fig. § givés the relative satellite intensities
versus the mean primary éxcitation energy. For comparison we have included
also the result with a Sn anode. The energy position of the Sn—La],emis—
sion Hne8 was taken as the mean primary excitation energy, whﬁch has an -

effective excess energy of 625 eV above the Cl-1s ioniiation threshold

(Sn—La]: 3444 eV).
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Before discussing the relative satellite intensity variafion with energy
displayed in Fig. 5, we wish to make two further comments. OQur measured
satellite intensity is relative to the unfiltered Pd excited C1-KB spectrum.
In the comparison between the Pd excited C1-KB spectrum and the M.0. calcu-
1ation norma1ized to the main peak of the experimental spectrum shown in
Fig. 4, the remaining relative safe11ite intensity is about 1 to 2%, com-
pared to the maximum C1-KB intensity. Secondly, our evaluation of the mean
excitation energy completely neglects pos;ib1e primary radiation from other
Pd-L emission lines. While the La emission is undoubtedly dominant, there

8, mainly

js some contribution from these other Pd-L primary x-ray lines
the LB] emission line (3d-»2p1/2: E = 2995 eV). Higher energy primary
excitation radiation would result in an additional satellite intensity in
our emission spectra. Of more serious consequence for our evaluation of
relative satellite intensities,'this higher energy produced satellite in-
tensity will vary since the different filters used to modify the primary
excitation do not attenuate Pd-La and higher energy componghts equally.
Therefore we checked the attenuation of the Pd—LBl emission line which is
the most prominent contaminating line radiation. The attenuation was found
to be proportional to the La1 attenuation for the Ru filters used in this
experiment.

It thus appears that we have found a significant resonance for the
excitation of the Ci-KB satellite at 2819 eV coincident with a weak, broad
structure in the C1-K absorption spectrum at around 2836 eV. This is the

first clear identification of a suprathreshold feature in the x-ray absorp-

tion from a molecule with a multivacancy excitation complex of states linked



=-11-

to the emission satellite structure aséociatéd with its decay. Similar
assignments] have been established for atomic argon where the absorption
spectrum shows an array of relatively sharp features due to double vacancy
final states. For solid rare gases the double vacancy excitations also
exhibit s;ructura1 features comparable to the gaseous argon absorption cross
section24. and the C1-K multivacancy absorption structure of CH3C1 therefore
seems surprisingly weak and broad. Qualitatively we suggest that the breadth
and absence of line structure are dﬁe to the Franck-Condon factors of the
complex of excited states in the transitions. It is suggested that feature

F in Fig. 2 is a shape resonance.

V. Conclusion

The present measurements show that the quality of x-ray absorption and
emission spectra obtained with state of the art instrumentétion, using con-
ventional x-ray sources, is comparable to that obtained in synchrotron
radiation experiments. Certainly, the limited availability of intense line
sources poses strong restrictions té systems which can be studied "at reso-
.nance". On the other hand the lower cost of conventional laboratory equib—
ment and easy access combine to give experimental setups such as the one
described here a residual importance even for x-ray absorption and emission
" measurements needing high statistical quality.

In summary; we have obtained the C1-K absorption and KB emission spectra
of CH3C1 with previously unobtainable details. We were able to identify a
sqprathresho]d structure in the absorption spectrum as due to the excitation

of multivacancy states whose decay in turn gives rise to satellites in the
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KB emission spectrum. It is hoped that the present results will stimulate
molecular orbital calculations of the excited final hole states, not only to
give a more satisfactory representation of the single vacancy emission spec- .
trum than the one presented here using a semi-empirical calculation, but
also to fully explore the dynamics of the photoexcitation process.

| Finally, the result of the present investigation issues a clear warning
Qith respect to interpretation of EXAFS structures. The opening of multi-
vacancy excitation channels above the single vacancy absorption threshold |
may very well produce extra modulations of the suprathreshold absorption
cross section which complicate thevextraction of structural information in
an EXAFS analysis. Recent evidenﬁe for such compiitations has also been

presented for Ni-Zr a]]oyszs.

To fully disenténg]e the two contributions
for the suprathreshold absorption structures in molecules and solids in
general requires tunability available only with synchrotron radiation

sources.
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Figure Captions:

Fig. 1:

Sketch of the high efficiency x-ray speftrometer in fluorescence
emission mode. The shaded areas indicate focusing of x-rays at two
slightly different Bragg angles, measured simultaneously by the
positibn sensitive detector. The dashed lines refer to a situation

where x-rays at a grossly different BragQ angle are analyzed.

‘The experimental chlorine XB emission and K absorption spectra of

CH3C1. The position of C1-1s binding energy is indicated.

C1-K absorption (right) and C1-KB emission (left) spectra for

_ CH3C1 as obtained with a double crystal honochromator (Ref. 9).

The C1-1s jonization threshold is also shown; the emission spectrum
was excited by a Ag anode.

C1-KB emission of CH3C1 excited by a Pd anode (dots) and a.Sn anode
(solid curve).v'Alsé shown is the result of a molecular orbital cal-
cﬁ]ation (dashed curve). A1l spectfa are normalized to the peak
intensityf The energetic width of the transitions is fitted to the
experiment at the high energy structure. In the lower panel, the
gifference spectrum between the Sn excited and Pd excited C1-KB
spectra is displayed.

C1-K absorption obtained at relatively high partial pressure of the
sample gas to cleariy expose the suprathreshold structure. In the

Tower part the primary radiation spectrum of the Pd-La emission is

shown on the same energy scale modified by Ru filters:. no
filter; -=——— 1 ym Ru; ---- 2 ym Ru; ------ 4 uym Ru (Ref. 23). The
insert in the upper part gives the relative intensity of the C1-KB
emissioﬁ satellite (for details see te*t), plotted versus a mean

excitation energy obtained as a reasonable average of the primary

radiaton spectrum.
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Table 1. Major components in C1-KB emission and C1-K
' absorption spectra of CH3C1 molecule.

Peak Energy (eV)
A 2806.4
8 2814.0
c 2817.2
D 2823.4
£ o 2827.4
F 2831

G 2836

Cl-1s- ' 2828.5 (Ref. 9)
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