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Photoelectron Soft X-Ray Fluorescence Coincidence Spectroscopy on Free Molecules
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A technique for measuring core-level photoemission from free molecules in coincidence with the
soft x-ray fluorescence decay is presented. Zero-kinetic-energy photoelectrons are detected in a time-
of-flight electron spectrometer, and photons are collected in a large solid angle by a detector situated
close to the interaction region. The coincidence spectrum pfshobws an adiabaticslline, free
from electron-electron postcollision interaction effects. The results open up new aspects on core-hole
excitation-emission dynamics. [S0031-9007(96)00280-3]

PACS numbers: 32.80.Fb, 33.60.—q, 33.70.—w, 34.50.Gb

The excitation and deexcitation of core-hole states cagonstructed instrument (Fig. 1). The electron spectrometer
generally not be treated as separate processes [1]. Thises separate extraction and acceleration fields and a drift
implies that full information aboutither of the processes distance that results in a total TOF of 150 ns for the ZEKE
can be obtained only via coincidence measurements [2klectrons. These are detected in a 40 mm double multi-
For free molecules it has recently been shown that muchhannel plate (MCP) detector. A similar design has been
can indeed be learned by measuring the Auger decay insed earlier by Heimanet al. [7]. The photon MCP de-
coincidence with a photoelectron of selected energy [3,4]tector is situated close to the interaction region and collects
In the sub-keV region, where thes binding energies radiation in about 10% of the total solid angle. A poly-
of the first row elements are found, the Auger yield isimide filter with a soft x-ray photon throughput of 70%
typically around 99.9%, leaving 0.1% for radiative decay.is placed in front of the detector to discriminate against
Because of the low fluorescence yield there has untitharged particles. The photon signal is delayed to account
now been no attempt to perform coincidence spectroscopipr the drift time of the ZEKE electrons and the coinci-
involving the radiative decay channel at these energies [SHences are measured with time windows of 10 ns. With

With the time-of-flight (TOF) method zero-kinetic- this simple setup a peak count rate of about 1 ctlumtas
energy (ZEKE) electrons can be extracted and detectegichieved. There are prospects of enhancing the sensitivity
[6,7] with very high efficiency. This technique has also
been applied to threshold photoemission spectroscopy of
molecular core levels [8].

In the present work we have combined a TOF electron
spectrometer with a large photon detector situated close
to the interaction region in order to collect radiation in a
large solid angle. Using this setup we demonstrate that
it is possible to measure the photoelectron spectra in co- e
incidence with the radiative decay. The coincidense 1 Q7 - ER
photoelectron spectrum of Ns shown to be qualitatively | |
different from the conventional spectrum. The difference | ,
is largely due to the elimination of the electron-electron | |
postcollision interaction (PCI) line shape distortion. In
addition we find sharp ZEKE electron soft x-ray coinci- | | | Drift Tube
dence resonances below theidnization limit. | |

The experiment was carried out at the X1B undulator | I
beam line at the NSLS in Brookhaven [9]. The monochro- ' '
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matized synchrotron radiation passed throughs&l gwin- fecccnnene
dow into the interaction region where,Njas was let in d
through a hypodermic needle into the experimental cham- Electron Detector

ber up to a pressure of X 107* torr. The soft x-ray . . .
hotons and the ZEKE electrons were detected at right a FIG. 1. Schematic experimental setup. The total electron time
p g i flight is around 150 ns for the ZEKE electrons. The filter is

gles to both the propagation and polarization directions opolyimide, and the photon detector covers around 10% of the
the incoming linearly polarized photon beam, in a recentlytotal solid angle.
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of the method by several orders of magnitude. The serthe fluorescence yield spectrum agrees with the absorp-
sitivity of the TOF spectrometer was limited by satura-tion spectrum [10]. Using fluorescence yield and ZEKE
tion in the MCP detector, a problem which can easily beelectron spectroscopglone it is not possible to sepa-
solved using pulsed extraction fields. The sensitivity ofrate the higher Rydberg excitations from continuum ex-
the photon detector can also be increased by a photowritations. Also the electronic deexcitation spectra show
electron converting surface coating. In the future we willa smooth threshold behavior at the ionization limit [11].
incorporate these improvements. In principle the experiThis indicates that the distinction between the excitation
mental situation is ideal for coincidence measurements, aif a highly excited neutral state and a threshold ionized
the ZEKE electron detection probability is very high while state is nontrivial.

the total event rate is so low that accidental coincidences The ZEKE electron spectrum measured in coincidence
are rare. with the soft x-ray fluorescence (top curve of Fig. 2) is

The results for the dthreshold region of the Nmole-  distinctly different from both the separate channels. The
cule are shown in Fig. 2. The ZEKE electron spectrumspectrum is dominated by a peak immediately at the core
(middle curve of Fig. 2) is very similar to the one mea-ionization threshold. This peak displays an asymmetric tail
sured by Medhurset al.[8]. All structures below the towards higher energies and possibly some fine structure
1sionization threshold correspond to structures in the abas indicated by the thin solid line drawn through the data
sorption spectrum [10]. The conventional ZEKE electronpoints. This line is based on a tentative fit that assumes
spectrum shows a prominent peak with an intensity maxifour Gaussians of equal width and an energy spacing of
mum at 410.3 eV, notably above the ionization limit at0.31 eV, as expected for vibrational excitations [8,12,13],
409.94 eV [10]. It has a FWHM of 0.75 eV and is asym-on a linear background. The fit gives a full width at half
metric with a tail at higher excitation energies. This peakmaximum of 0.28 eV, and a peak position at 409.93 eV,
is commonly interpreted as being due to the direct emiswhich is close to the core level binding energy. The
sion of Is photoelectrons [8]. intensity ratio for the four components is 1015/26/14,

In the vicinity of the X ionization threshold the fluo- suggesting that the relative vibrational intensities are closer
rescence intensity (bottom curve of Fig. 2) is almost indeto what is found on shape resonance excitation [13] than to
pendent of the excitation energy. No fine structure or edgevhat is expected in the Franck-Condon limit [8]. Because
behavior can be detected in the spectrum. In this respecf the limited statistics we cannot be conclusive on this

point. We cannot rule out a small contribution from
accidental coinicidences, which would result in an apparent

N2 Ionization Threshold intensity enhancement of the higher vibrational excitations
AL RAREE AL AR RARRARARRS RARRY KA M in peakD.
[ Coincidences ] At conventional close-to-threshold photoionization the

- D ] interdependence of the excitation and emission processes
e ] is manifested in the PCI between the slow photoelectron
and the Auger electron. The photoelectron is retarded due
to the change in ion potential associated with the decay,
and the Auger electron is correspondingly accelerated.
At high-flux synchrotron beam lines it has today become
possible to pursue core-level photoemission spectroscopy
of small molecules with a resolution that permits an
analysis of the inherent line shapes [14]. At close to
threshold excitation, however, the PCI distortion often
1 obstructs a quantitative line shape analysis, and a high
- i\;ﬂ N . background of slow electrons makes it difficult to extend
i j v : the measurements all the way down to the threshold. This
P is unfortunate since excitation-emission dynamics become
408 409 410 411 particularly interesting in the immediate vicinity of the
Energy (eV) threshold.
FIG. 2. From top to bottom, the coincidence spectrum, the W_e have used the COInCIdenC.e data to SImuIate. the con-
ZEKE electron spectrum, and the soft x-ray fluorescence yield’emmm"_I ZEKE spectrum applying th_e semchaSSIC_aI th_e-
spectrum of the Nmolecule. The solid line drawn through the Ory of Niehaus [15]. The result of this transformation is
ZEKE electron spectrum is a convolution of the coincidencegiven by the solid curve drawn through featudein the
spectrum and a semiqlassical PCI fUﬂCtiOﬂ_ [15]. The SO|iC_| |ine_experimenta| ZEKE electron spectrum (middle curve of
drawn through the coincidence spectrum is a four Gaussian fitjg ) The close resemblance between this curve and the
with the energy spacing locked to 0.31 eV. The energy scale is . o .
calibrated using the absorption spectrum of Chen, Ma, and Set@ata points demonstrates that the_prl_nC|paI difference be-
[10] The three spectra are measured Simu|taneous|y, ensuriﬁ,@\/een the conventional and the coincident ZEKE electron
their relative calibration. spectrum indeed is the elimination of the PCI effect.
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Thus, we have demonstrated that using the coincidende the intensity below the core ionization threshold. For
technique it is now possible to investigate the core leveln understanding of the finer details in the spectrum,
photoemission process immediately at threshold. Witltheoretical developments are necessary.
improved statistics these data will reveal new information In conclusion, we have demonstrated the feasibility to
about the lifetime broadening, excitation cross sectionsneasure threshold core-level photoelectron spectra of free
and the vibronic coupling at threshold. molecules in coincidence with the radiative decay in the

In addition, the coincidence data allow for new insightssub-keV region. The results include the adiabatiphio-
regarding finer details in the core-hole excitation-emissiorioemission line of N, free from electron-electron PCI, as
dynamics, e.g., one can now experimentally address theell as structure below the ionization limit. The coin-
guestion on how the x-ray decay influences a slow phoeidence spectrum is dramatically different from the con-
toelectron, or a highly excited Rydberg electron. In theventional spectrum, and it demonstrates that it is essential
following we briefly discuss these effects by turning ourto eliminate the electron-electron PCI to observe the finer
attention to the region below threshold. At excitation be-details of the core-hole excitation-emission dynamcis at the
low threshold the core state is neutral, and therefore thmnization threshold.
detected ZEKE electrons must be emitted in a secondary We are grateful for the invaluable discussions with
process. T. LeBrun, and for the technical assistance of the experi-

Below theshold the ZEKE electron spectrum is verymental support groups at NSLS in Brookhaven and of the
similar to the absorption spectrum [10]. This similarity ex- staff in the work shops at Forschungszentrum Jilich. One
tends also to the relative intensities of pdedt 408.35 eV, of us (S.E.) is supported by the Deutscher Akademischer
peakB at 408.63 eV as well as the fine structure in regionAustauschdienst in the HSPAUFE program.

Caround 409 eV. Peald&sandB have been assigned to the
4so and4dp 7 Rydberg states [10]. Recently the electronic
decay spectrum excited at peBlas revealed a contribu-

tion also from double excitations to this feature [16]. The [1] T. Aberg and B. Crasemann, iResonant Anomalous

structures in regiorC are attributed to a series of higher Scattering, edited by G. Materlik, C.J. Sparks, and
Rydberg excitations converging to the ionization limit at K. Fischer (Elsevier, New York, 1994), p. 431, and
409.94 eV [10]. references therein.

In the fluorescence yield spectrum we also observe peaks$2] The coincidence requirement applies to ionization. Below
A andB and the fine structure in regid®. However, in the _|on_|zat|on limit a well-defined energy permits selective
this case the relative intensities differ markedly, in par- 3] fﬂxc;ﬂfg‘ ir?gn?qﬂgg;r:;;;atﬁﬂs. Biermann. and W. Eber-
ticular the relative strength of peaksandB is reversed, hardt (to be pljblished). T ’ '
and the intensities in regio€ are redistributed. We (4] k. Lee, S.L. Hulbert, P. Kuiper, D. Ji, and D. M. Hanson,
tentatively ascribe the differences between the intensities = NSLS Annual report, 1994 (unpublished).
of the fluorescence yield and the absorption spectra belows] At higher energies similar experiments have recently been
threshold to an anisotropy effect due to the polarization of  performed; see S.H. Southworth, M. A. McDonald, T. Le-
the incoming radiation [17]. Brun, Y. Azuma, and J. W. Cooper, irgonne National

In comparison with these independently collected data  Laboratory Workshop Proceedings, 19@dational Tech-
curves the coincidence spectrum exhibits some obvious _ nical Information Service, Springfield, VA, 1994), p. 205.
differences. The intensity ratio comparing pedkand [6] Wm.B_. Peatman, B. Gotchev, P. Gurtler, E. E. Koch, and
A is much larger in the coincidence spectrum than in the 7 g'ia'ﬁéi#;};emu Pgﬁz’efo?_? élgfi)r'koﬁ 8. Langer
separate channels. Additionally, the “unstructured signal” D Szostak R. Wehlitz. D.W. Lindle. T.A. Ferret %né
in the coincidence spectrum decreases, comparing the A’ Shirle;l, F;hys. Rev. A;'4, 3782 (1é86.). ' ’
intensity at 409.5 and 411.5 eV. This is also expressedig] | j. Medhurst, P.A. Heimann, M.R.F. Siggel, D.A.
by the fact that the background of the curve fit of the Shirley, C.T. Chen, Y. Ma, S. Modesti, and F. Sette,
coincidence spectrum shown in the top curve of Fig. 2is  Chem. Phys. Lett193 493 (1992), and references therein.
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stepdown at threshold in the coincidence ZEKE electron  Instrum.63, 1367 (1992).
intensity that is absent in both the separate channels.  [10] C.T. Chen, Y. Ma, and F. Sette, Phys. Rev48 6737
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vector of the radiation, whereas orbital excitation is
possible only when the molecular axis is perpendicular to
the polarization. The probability for detection of emission
from 7 orbitals is relatively enhanced when the molecular
axis is perpendicularly oriented to the photon detector
surface. In our experimental geometry this orientation
is realized only by excitation to Rydberg orbitals. In
general we expect more fluorescence intensity from the
valence = than from theo orbitals [12], and hence a
higher fluorescence yield by excitationtoorbitals. This
confirms the assignment of peaksandB as ¢ and 7
resonances, respectively, and also the assignment of the
first sharp feature in structur€ as ao type Rydberg
excitation. We cannot rule out, however, that other
effects influence the florescence yield (FY) intensities.
The selection rules associated with the inversion symmetry
may influence the FY slightly different for the various
Rydberg states. For a definite conclusion information on
the angular dependence is required.



