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A high-efficiency x-ray spectrometer has been constructed with use of a curved crystal and a
position-sensitive detector mounted along a Rowland circle. Results obtained for the Cl K absorp-
tion and fluorescent K3 emission of molecular CH;Cl show previously unobtainable details. The
gas target is 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 target allow some
variation of the primary excitation energy. By monitoring emission spectra for different primary ex-
citation energies, we are able to attribute the newly observed absorption features to multivacancy ex-
citations. Such modulations in the suprathreshold absorption cross section would complicate the ex-
traction of structural information in an extended x-ray-absorption fine-structure (EXAFS) analysis.

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, provid-
ed that observed spectra are understandable in terms of
single-vacancy transitions. However, even for simple sys-
tems this requirement is not fulfilled. X-ray satellites re-
sulting from multivacancy transitions are superposed on
single-vacancy transitions yielding a complex emission
spectra whose quantitative interpretation in terms of
molecular-orbital single-electron transitions is elusive.
Recently, a threshold study of the K3 emission of argon
was devoted to investigate multivacancy effects for ele-
mental argon.! The argon gas was excited by mono-

chromatized synchrotron radiation which was sequentially

tuned through single- and multiple-vacancy ionization
thresholds of the Ar K edge, while at the same time
recording the fluorescent Ar Kf3 spectrum. In this way it
was not only possible to disentangle single- and multiple-
vacancy emission contributions but also to establish a
close relationship between Kf-emission satellites and the
suprathreshold structure of the absorption spectrum. This
permitted detailed assignments of many of the features in
both absorption 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. First-
ly, a threshold study of a simple molecular system ap-
peared to be a natural extension of the earlier work.! We
chose to study Cl KX spectra in CH;Cl since, in an ionic
bonding picture, the spectra should have some resem-
blance to the Ar spectra. The Cl K spectra of CH;Cl
excited considerably above threshold are well established
and preliminary near-threshold studies have also been
communicated.>® 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 of high-efficiency secondary monochromators,
which accompanied and finally permitted the experiment
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on Ar, made it possible to use laboratory x-ray sources.
The combination of different anode materials and filters
provides a primary excitation spectrum where effective
excess energy can be varied to a limited extent.

II. EXPERIMENT

The x-ray spectrometer, shown in Fig. 1, consists of a
Johann bent-quartz (1010) crystal (2d=4.916 A) and a
linear position-sensitive gas proportional counter* mount-
ed 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 spec-
trometer design permits coordinated motion of the detec-
tor relative to the crystal along a (moving) Rowland cir-
cle.’ The detector was operated with a counter gas con-
sisting of a mixture of Xe (90 vol %) and CH, (10 vol %)
at a pressure of 35 kPa (350 Torr); its imaging charac-

High-Efficiency
X-Ray Spectrometer

Position-Sensitive
Detector

FIG. 1. Sketch of the high-efficiency x-ray spectrometer in
fluorescence-emission mode. The shaded areas indicate focusing
of x rays at two slightly different Bragg angles, measured simul-
‘taneously by the position-sensitive detector. The dashed lines
refer to a situation where x rays at a grossly different Bragg an-
gle are analyzed.
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teristics were tested according to Ref. 4. The detector’s
position transfer function was found to be practically
linear* across the section used to record spectral data.
The detector’s spatial resolution of 100 um was sufficient
to adequately image the dispersed spectrum. A cell to
contain the target gas and an x-ray tube were mechanical-
ly coupled to the x-ray spectrometer to provide an x-ray
source outside the Rowland Circle. The demountable
anode x-ray tube® exciting the gas target operated typical-
ly at 15 kV and 200 mA for all fluorescent-emission spec-
tra. To minimize the background due to generation of
higher harmonic contributions, absorption 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 directly toward the analyzing
quartz crystal with the .105-mm-long absorption-gas cell
mounted in between. For both emission and absorption
spectra, the target of flowing CH;Cl gas was diluted with
helium in the ratio of 1:10, at atmospheric pressure. This
dilution ratio was empirically found to result in the max-
imum emission intensity with minimum distortion of the
emission 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 con-
veniently obtained from the Pd La; emission line used in
this experiment. The Pd La;—emission line® at 2838 eV
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was also used with the Cl KB—emission spectrum?® of
CH;CI between 2810 and 2830 €V to establish the energy
dispersion of the instrument. The resolution of the instru-
ment in this region is 1.0 eV.

III. RESULTS

A typical example of the Cl Kf3 emission obtained in
fluorescence and the ClK—absorption spectra from
CH;Cl1 is shown in Fig. 2. The energies of the spectral
components in Fig. 2 are listed in Table I. The
Cl K B—emission spectrum was excited by primary excita-
tion from a Pd anode which was shown earlier to result in
a minimum satellite contribution.>®> Emission spectra
with over 10* counts for the peak maximum are typically
accumulated in less than 1 h. The ordinate of
Cl K—absorption spectrum (Fig. 2) is ut obtained from
measurements of I, and I of diluted CH;Cl in the absorp-
tion cell. Typically the absorption measurements took
3—5 h to accumulate over 10* counts for each point in
these two measurements. The absorption spectrum
presented in Fig. 2 is a composite of two separate sets of
measurements with a small change in Bragg angle to ex-
tend the absorption measurements to a higher-energy re-
gion.

We emphasize that the high efficiency of the curved
crystal-position-sensitive detector spectrometer permits
the observation of spectral features with excellent statisti-
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FIG. 2. The experimental chlorine K 3-emission and K-absorption spectra of CH;Cl. The position of Cl 1s binding energy is indi-
cated.
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TABLE 1. Major components in Cl KB—emission and
Cl K —absorption spectra of CH;Cl molecule.

Peak

Energy (eV)

2806.4
2814.0
2817.2

2823.4
2827.4
2831
2836

QMY QW

Cl 1s 2828.5%

2Reference 9.

cal quality accumulated in a reasonable amount of time.
The procedure gives results that are substantially indepen-
dent of drift in primary-source intensity. For comparison,
Fig. 3 shows the Cl K —absorption and Kf-emission spec-
tra obtained with a double-crystal spectrometer.’ The sta-
tistical scatter apparent from the data points above the
ionization limit prevents any conclusion on weak
suprathreshold structures in Fig. 3. Weak features such
as the two broad maxima F and G are far more easily dis-
cernible in the spectrum of Fig. 2 than in the earlier mea-
surements.’ 10

The Cl Kf3—emission spectrum reveals new details but
the principal features remains consistent with earlier mea-
surements. In Fig. 4 we compare the Cl K3 spectrum ex-
cited with a Pd and a Sn anode; the emission spectra of
Pd and Sn are dominated by their respective La, emission
lines. The Pd La has an energy® of 2838 eV which is just

above the Cl K threshold (2828.5 V), while the
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FIG. 3. Cl K—absorption (right) and Cl K3—emission (left)
spectra for CH;Cl as obtained with a double-crystal monochro-
mator (Ref. 9). The Cl 1s ionization threshold is also shown;
the emission spectrum was excited by a Ag anode.
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FIG. 4. Cl KB emission of CH;Cl excited by a Pd anode
(dots) and a Sn anode (solid curve). Also shown is the result of a
molecular-orbital caiculation (dashed curve). All spectra are
normalized to the peak intensity. The energetic width of the
transitions is fitted to the experiment at the high-energy struc-
ture. In the lower panel the difference spectrum between the
Sn-excited and Pd-excited Cl Kf3 spectra is displayed.

Sn La—emission line at 3444 eV lies far above the Cl K
threshold. Higher excess energy (over the Cl K ionization
threshold) leads to a larger satellite contribution to the
K B-emission spectra due to the more probable excitation
of multiple-vacancy states.? We obtain the spectral distri-
bution of Cl Kf satellites as the difference between the
normalized Pd excited and Sn excited Cl K3—emission
spectra (Fig. 4, lower part). The main satellite emission
band thus obtained is located on the high-energy side of
the single-vacancy spectrum; however, we also see some
distortion of the single-vacancy spectrum itself due to the
satellite emission. This could not be established previous-
ly, due to statistical scatter of the data points and irrepro-
ducibility of these spectra in earlier work.?

Also shown in Fig. 4 is a synthesized single-vacancy Cl
KB spectrum of CH;Cl based on a molecular-orbital
(MO) calculation. The semiempirical A MINDO/3
method!! (modified intermediate neglect of differential
overlap) with complete geometry optimization constrained
only to preserve the molecular point symmetry and a
minimal valence basis set (without Cl 3d orbitals) was
used in this calculation. The Cl K radiative yield values
follow from the Cl3p—orbital contributions to each
molecular orbital as obtained directly!? from the eigenvec-
tors of the MINDO/3 MO calculation. The single-
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vacancy'® Cl K spectrum is then synthesized from the
calculated Cl Kf radiative yield values and experimental
MO binding energies from ultraviolet-photoemission spec-
tra,'* and broadened by a Lorentzian function having a
1.5 €V full width at half maximum!?> (FWHM). The same
type of calculation was used successfully in analyzing the
C K— and Cl L, ;—emission spectra'® of CCl, and CHCI,
and found to be adequate at this level of analysis.

From the comparison of the experimental results for
both small and large excess exciting-radiation energies, it
is clear that the remaining discrepancies between calcula-
tion and experiment are significantly larger than the dis-
tortion of the experimental spectrum due to the satellite
contribution. To obtain a better quantitative agreement a
more sophisticated theory is needed, specifically one
which goes beyond the present ground-state MO approxi-
mations.'? ,

IV. DISCUSSION OF THE SUPRATHRESHOLD
ABSORPTION SPECTRUM

X-ray-absorption structure in the region about 40 eV
above the core-ionization limit is usually attributed to
transitions of single-core electrons to continuum states re-
ferred to as shape resonances, ¢ or to multivacancy transi-
tions. Shape resonances are the precursor of the EXAFS
(extended x-ray-absorption fine structure) features; howev-
er, the descriptions of shape resonances and EXAFS are
not at present in the same language. A detailed calcula-
tion of the shape resonances for this molecule would be
useful for comparison but is not available to our
knowledge. Also, the limited range of the measured ab-
sorption spectrum does not permit a complete analysis in
the EXAFS formalism.!” However, an estimate of the
periodicity in the EXAFS structure can be obtained from
the known interatomic distances of the molecular struc-
ture. The oscillatory part of the EXAFS is expressed!’ as
sin[2kr +W(k)], where k is the wave vector of the pho-
toelectron, r the distance of the neighboring atoms from
the excited atom, and W(k) denotes a phase shift. Thus
the periodicity in 'k space is given by 2k,r =2, or, ener-
getically,

77,ZﬁZ

2mr?

P =

In methyl chloride, the only important scattering center
for photoelectrons from Cl ionization is the carbon atom,
since the hydrogen atoms contain only small electronic
charge. Thus, for CH;Cl the expected EXAFS periodicity
is 11.8 eV (Cl—C bond length!® is 1.78 A), much larger
than the observed 5-eV separation of the two maxima F
and G, which is therefore not related to the EXAFS struc-
ture. This suggests that we should consider an interpreta-
tion of the suprathreshold feature based on multivacancy
excitations. Unfortunately, no simple empirical rules can
be applied to test the appropriateness of such an interpre-
tation. While for free atoms the Z 4 1 approximation
works well to estimate thresholds for multivacancy excita-
tions and even assign specific multiplets in suprathreshold
absorption spectra,’ the same approximation is not easily
applicable to molecules. However, an estimate of the en-

ergy 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 Cl*, namely
(153p%)—(1523p*) (irrelevant electronic shells omitted),
we can estimate the double-ionization threshold of
Cl=(15?3p®)—Cl1*(1s3p®) using the first ionization po-
tential of the molecule and the two-hole correlation energy
of Cl. The calculation uses a closed cycle which can be
represented by the following diagram:

c1*(1s3p%)

Esat

c1t(1s23pt)

c17(1s23p%)
ground state of
C1 in CH3C1

where Ep(1s3p?) is the 1s3p double-ionization threshold,
E, the x-ray transition energy of the Kf3 satellite, and
E* is the first double-ionization potential of Cl~ in
CH;Cl, which can be expressed as

E* =2E;+ Ucorr, 3p >

using the first ionization energy of a CH;Cl molecule, E;,
and the two-hole correlation energy in the Cl 3p shell,
Ucorr,3p- The first ionization potential of the molecule
refers to the removal of an outermost electron from a
C1~(3p)-derived state.!® Therefore,

Ep(ls 3P5)=Esat+(2EI + Ucorr,Sp) .

The correlation energy U, 3, can be inferred from atom-
ic chlorine; its value equals the difference between the ion-
ization energy of neutral Cl and twice the ionization ener-
gy of C1~. Using tabulated values?>2! for these ionization
energies we find Ucgyy3p=5.4 eV. Thus the estimated
1s 3p double-ionization threshold is

Ep(153p®)=2819 eV+(2X11.3 eV+5.4 eV)
=2847 eV,

which is 19 eV above the 1ls single-vacancy ionization
threshold. For Ar the corresponding double-ionization
threshold is 31 eV above the single one, but the first two-
hole bound state Ar(1s3p>4s?) lies only 15 eV above the
1s ionization limit.! Thus it appears possible that the
broad absorption maximum about 8 eV above the Cl ls
threshold of CH;Cl arises from a multivacancy complex.
Experimentally the relation between suprathreshold ab-
sorption structure and multivacancy excitation can be
tested by scanning the energy of monochromatic primary
radiation while at the same time recording fluorescence-
emission spectra.! In the present experiment, a crude
monochromatic analysis is permitted by the fortuitous lo-
cation of the Ru L; edge®?? in between the palladium
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La; and La, characteristic emission lines.® One has in
this way the possibility to “tune” the excitation energy by
selectively filtering out portions of the Pd La radiation
profile using Ru filters of different thicknesses.”> The
modified filtered primary radiation spectra are shown in
the bottom part of Fig. 5. Observe that this radiation is
located in the same energy region as the Cl K—absorption
suprathreshold structure G of CH3;Cl (Fig. 5, middle
panel; see also Fig. 2). For each primary excitation condi-
tion we recorded the ClKpB—emission spectrum. The
satellite emission intensity is obtained in the same way as
previously described for Fig. 4, namely by subtraction of
the normalized Cl K emission obtained with unfiltered
Pd La excitation. The shape of these difference spectra is
similar to the one displayed in Fig. 4 for Pd and Sn pri-
mary excitation; however, the satellite intensity measured
at 2819 eV and evaluated relative to the peak intensity of
the Cl K3 emission varies significantly depending on the
thickness of the Ru filter. By averaging over the energy
distribution of the recorded primary excitation spectrum
we associate a mean excitation energy with each primary
excitation spectrum as shown by the vertical lines extend-
ing upward in the lower panel of Fig. 5. The upper right

' N
T t v +
relative satellite

CHsCl intensity (%)

Cl Kpgs

Pd L, emission
+Ru filters

2820 2830 2840
PHOTON ENERGY (V)

FIG. 5. Cl K absorption obtained at relatively high partial
pressure of the sample gas to clearly expose the suprathreshold
structure. In the lower part the primary radiation spectrum of
the Pd La emission is shown on the same energy scale modified
by Ru filters: , no filter; — — —, 1 um Ry; —-—.—. , 2
pum Ru; —--—-- —, 4 um Ru (Ref. 23). The inset in the upper
part gives the relative intensity of the Cl K 3—emission satellite
(for details see text), plotted versus a mean excitation energy ob-
tained ‘as a reasonable average of the primary radiation spec-
trum.

panel of Fig. 5 gives the relative satellite intensities versus
the mean primary excitation energy. For comparison we
have included also the result with a Sn anode. The energy
position of the Sn La;—emission line® was taken as the
mean primary excitation energy, which has an effective
excess energy of 625 eV above the Cl 1s ionization thresh-
old (Sn Lay: 3444 eV).

Before discussing the relative satellite-intensity varia-
tion with energy displayed in Fig. 5, we wish to make two
further comments. Our measured satellite intensity is rel-
ative to the unfiltered Pd-excited Cl K spectrum. In the
comparison between the Pd-excited Cl K3 spectrum and
the MO calculation normalized to the main peak of the
experimental spectrum shown in Fig. 4, the remaining rel-
ative satellite intensity is about 1% to 2%, compared to
the maximum Cl KJf intensity. Secondly, our evaluation
of the mean excitation energy completely neglects possible
primary radiation from other Pd L—emission lines.
While the La emission is undoubtedly dominant, there is
some contribution from these other Pd L primary x-ray
lines,® mainly from the Lp; emission line (3d—2p ,;
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 intensity will vary since the dif-
ferent filters used to modify the primary excitation do not
attenuate Pd La and higher-energy components equally.
Therefore we checked the attenuation of the
Pd L 3;—emission line, which is the most prominent con-
taminating line radiation. The attenuation was found to
be proportional to the La; attenuation for the Ru filters
used in this experiment.

It thus appears that we have found a significant reso-
nance for the excitation of the Cl Kf3 satellite at 2819 eV
coincident with a weak, broad structure in the
Cl K —absorption spectrum at around 2836 eV. This is
the first clear identification of a suprathreshold feature in
the x-ray absorption from a molecule with a multivacancy
excitation complex of states linked to the emission satel-
lite structure associated with its decay. Similar assign-
ments! 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 structur-
al features comparable to the gaseous argon absorption
cross section,” and the Cl K multivacancy absorption
structure of CH;Cl therefore seems surprisingly weak and
broad. Qualitatively we suggest that the breadth and ab-
sence of line structure are due to the Franck-Condon fac-
tors 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 instrumentation, using conventional x-ray
sources, is comparable to that obtained in synchrotron-
radiation experiments. Certainly, the limited availability
of intense line sources poses strong restrictions to systems
which can be studied “at resonance.” On the other hand,
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the lower cost of conventional laboratory equipment 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 Cl K—absorption
and K fB-emission spectra of CH;Cl with previously unob-
tainable details. We were able to identify a suprathreshold
structure in the absorption spectrum as due to the excita-
tion of multivacancy states whose decay in turn gives rise
to satellites in the Kf3-emission spectrum. It is hoped that
the present results will stimulate molecular-orbital calcu-
lations of the excited final-hole states, not only to give a
more satisfactory representation of the single-vacancy
emission spectrum than the one presented here using a
semiempirical calculation, but also to fully explore the
dynamics of the photoexcitation process.

Finally, the result of the present investigation issues a
clear warning with respect to interpretation of EXAFS
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structures. The opening of multivacancy excitation chan-
nels above the single-vacancy absorption threshold may
very well produce extra modulations of the suprathreshold
absorption cross section which complicate the extraction
of structural information in an EXAFS analysis. Recent
evidence for such complications has also been presented
for Ni-Zr alloys.”® To fully disentangle the two contribu-
tions for the suprathreshold absorption structures in mole-
cules and solids, in general, requires tunability available
only with synchrotron-radiation sources.
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