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We describe a spectrometer system developed for electron, ion, and x-ray

spectroscopy of gas-phase atoms and molecules following inner-shell excitation by

tunable synchrotron radiation. The instrumentation and experimental methods are

discussed, and examples are given of electron spectra and coincidence spectra between

electrons and fluorescent x-rays.
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1. Introduction

The de-excitation of an atomic inner-shell vacancy state is a complicated process due

to the large number of alternative, multi-step decay pathways involving the emission of

photons and electrons. These decay processes produce an array of atomic ion charge

states, for example, Aru to Ar8* following Ar K-shell photoionization [1,2]. Molecular de-

excitation processes are further complicated by dissociation resulting in fragment ions.

In addition, de-excitation can depend on excitation energy, particularly near resonances

and thresholds where excitation and decay must be treated as a unified process [3].

Detailed experimental information, including coincidence measurements [2], are required

to characterize these complex processes.

In order to study inner-shell processes, we have developed a spectrometer system

for recording electron, ion, and x-ray fluorescence spectra. The spectrometer has been

used on beamline X-24A [4] at the National Synchrotron Light Source (NSLS) for

excitation-dependent studies of Ar L-shell and K-shell photoexcitation and vacancy decay

processes, in this report we describe the instrumentation and experimental methods, and

examples are given of electron spectra and electron/fluorescent-x-ray coincidence

spectra.

2. Spectrometer components

The primary components of the spectrometer system are indicated in Fig. 1. A

focused, narrow-bandwidth x-ray beam having a high degree of linear polarization is

provided by beamline X-24A [4]. This beamline is typically operated in the x-ray energy

P.34



flUG-23-1993 18 :20 FROM PHYSICS LAB TO P. 05

3

range 2 - 6 keV. The spectrometer contains a commercial double-pass cylindrical mirror

analyzer (CMA) [5] for electron spectroscopy. The x-ray beam passes through an

effusive beam of sample gas positioned at the source point of the CMA, and the CMA is

positioned with its symmetry axis parallel to the polarization direction of the x-ray beam.

The CMA accepts a large solid angle of electrons emitted into a cone of 12° included

angle centered about 42.3° polar angle with respect to the x-ray polarization direction [5].

The energy resolution of the CMA is determined by the pass energy and by the use of

either 1 mm or 4 mm diameter internal apertures [5].

The CMA has been used to record excitation-dependent spectra of Ar 1s

photoelectrons, KLL and LMM Auger electrons, and L ^ M Coster-Kronig electrons [6].

In principle, more detailed experimental information on inner-shell processes can be

obtained using coincidence measurements to record a selected subset of the possible

decay pathways [2]. In practice, coincidence measurements may require reduced

resolution to obtain sufficient count rates. For coincidence measurements, either a time-

of-flight (TOF) ion spectrometer or a Si(Li) x-ray fluorescence detector is positioned

opposite the CMA.

The TOF spectrometer is similar in design to that described by Hall et al. [7]. A

penetrating field efficiently extracts low-energy ions from the interaction region. Ions of

different mass-to-charge ratio are separated in the TOF spectrum, in which the time

correlation is measured between ion pulses and photoelectrons or Auger electrons

detected by the CMA. Only preliminary results have so far been obtained using this

electron/ion coincidence technique. Future developments will include reversing the
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potentials on the TOF spectrometer to record threshold electrons in coincidence with fast

electrons detected by the CMA.

The Si(Li) detector is a commercial x-ray spectrometer that has been used in

combination with the CMA to record Ar 1s photoelectrons and Ar LMM vacancy-cascade

Auger spectra in coincidence with unresolved Ar Ka and KG x-ray fluorescence [8]. The

data collection circuit and a coincidence spectrum are discussed in the following sections.

Phosphor screens allow viewing the position and spot size of the x-ray beam. Slit

sizes of 1 - 2 mm are used to limit the spot size of the x-ray beam as it enters the

spectrometer. A window having high transmission for the x-ray beam separates the

spectrometer chamber from the ultra-high vacuum beamline. We have used a 13 )im

thick polypropylene film window epoxied over a 13 mm diameter hole drilled in a solid

copper conflat-flange gasket.

The intensity of the x-ray beam is measured using a silicon photodiode

(n on p type) located downstream of the interaction region. Such diodes are highly

responsive and stable in soft x-ray beams [9]. The flux and the bandwidth of the x-ray

beam depend, in part, on the acceptance apertures of the beamline, the alignment of

beamline optics, and thermal and mechanical stresses on the monochromator crystals [4].

The Ar studies have been performed using SI(111) crystals in the beamline's double-

crystal monochromator. With 200 mA stored current in the NSLS x-ray ring, the x-ray

diode typically indicates a photon flux of 6 x 1010 sec1 at 3.2 keV, the Ar K-edge. The

x-ray energy bandwidth at 3.2 keV is 0.5 - 0.8 eV (FWHM), based on back-reflection x-ray

standing wave measurements and measurements of the Ar 1s -* 4p absorption
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resonance.

A high sample gas density in the interaction region is required to obtain sufficient

count rates. An effusive gas beam is produced by a gas nozzle of 0.5 mm bore backed

by 4 kPa (30 torr) of sample gas, and a cryopump provides the pumping speed (13201/s

for Ar) needed to accomodate high gas flow. The resulting background pressure in the

spectrometer chamber is 1.3 x 10"2 Pa (1.0 x 10"4 torr). An automated flow control system

on the gas inlet line maintains constant backing pressure behind the gas nozzle, which

ensures constant gas beam density in the interaction region.

The electron count rate is quite sensitive to the positions of the gas beam and x-ray

beam with respect to the optimum source point of the CMA. Ths gas nozzle is mounted

on an X-Y-Z manipulator to position the gas beam at the CMA's source point. X-Y-Z and

angular positioning of the CMA and gas nozzle with respect to the x-ray beam is provided

by mounting the spectrometer chamber on an elevating tabfe with a ball bearing system

which allows precise positioning in the horizontal plane.

3. CMA control and data collection circuits

Figure 2 shows a flow chart of the circuits used for computer control of thfe CMA

potentials and for pulse processing of detected electrons and fluorescent x-rays. A

computer is interfaced to a CAMAC crate which contains a 0 - 10 V digital-to-analog

converter (DAC) and a multichannel counter. The DAC voltage controls the potentials

placed on the CMA's retarding grid and inner and outer cylinders by pairs of stable, low

noise power supplies. We have used 0 -1 kV power supplies for lower-energy electron
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spectra recorded at higher resolution and 0 - 5 kV power supplies for higher-energy

spectra. To set the pass energy of the CMA, an offset voltage is added to the OAC

voltage which controls the outer cylinder's power supply.

The observed electron kinetic energy is determined by the retarding grid potential and

the pass energy. The voitages placed on the CMA's retarding grid and cylinders are

measured as functions of DAC setting to derive calibration data used by the control

program. This procedure gives a reproducible kinetic energy scale, indicating stable DAC

and power supply circuits. However, errors in the observed kinetic energy scale can arise

due to errors in the power supply calibration or due to contact potentials or small fields

in the interaction region. If possible, electron peaks of known kinetic energy are recorded

to check and adjust the observed kinetic energy scale.

For recording electron spectra, a common circuit is used in which channeftron pulses

are amplified, discriminated, and counted in a sealer. For coincidence measurements,

however, the time characteristics of the circuits must be carefully considered to ensure

that signal to noise is maximized while jitter and false coincidences are minimized. A

detailed description of the circuit and methods used to record electron/x-ray-fluorescence

coincidence spectra is given by LeBrun et al. [8]. Here we give a simplified description

of the circuit and data analysis procedures.

Electron and x-ray fluorescence pulses are counted individually and sent to the start

and stop inputs of a time-to-amplitude (TAC) converter. A multichannel analyzer (MCA)

displays the pulse-height spectrum from the TAC, which represents the time-correlation

between detected electrons and x-rays. A peak in the pulse-height spectrum is observed
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due to true coincidences, that is, due to electrons and x-rays originating from the same

atom. The peak sits atop a background due to random coincidences. Gating circuits

within the MCA allow regions of the pulse-height spectrum to be selected and provide

separate output pulses for true-plus-random coincidences and random-only coincidences.

The data collection program steps the DAC voltage and reads the counter to produce

separate histograms of electron counts, true-plus-random coincidences, and random

coincidences as functions of electron kinetic energy. After normalization for the relative

widths of the two gating regions, the random coincidence spectrum is subtracted from the

true-plus-random spectrum to yield the true coincidence spectrum. This simple procedure

was used to obtain the coincidence spectrum described in the next section. More

elaborate data analysis procedures may be used to determine the random spectrum and

reduce the noise in the resulting true coincidence spectrum [7,8].

4. Electron and coincidence spectra

A 2000 eV electron beam provided by the CMA's internal electron gun [5] was used

to record the Ar LMM Auger spectrum plotted in Fig. 3(b). This spectrum results from

direct ionization of L shell electrons: and reproduces the main features of the spectrum

reported by Werme et al. [10]. The spectrum plotted in Fig. 3(a) was recorded using

3211.3 eV x-rays at beamline X-24A. This excitation energy is 4.9 eV above the K edge,

where K-shell ionization dominates the photoabsorption cross section. The K vacancy

decays primarily by KLL Auger processes, leaving double vacancies in the L shell. These

L shell vacancies further decay by LMM processes, resulting in the spectrum of Fig. 3(a).
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Analysis of such spectra gives information on the complex arrays of states involved in the

vacancy cascade pathways. Both electron spectra in Fig. 3 were recorded with the CMA

operated in retarding mode at 20 ©V pass energy using 4 mm diameter internal apertures.

The kinetic energy range 120 - 240 eV was scanned using 0.1 eV steps at an observed

resolution of 0.7 eV (FWHM). The observed kinetic energy scale was shifted by -2 eV

to match the peak energies reported by Werme et al. [10].

When the Ar K shell is photoionized near threshold, post-collision interaction (PCI)

results in energy exchanges between the Isphotoelectron and KLL Auger electron [3,11].

The energy distributions (lineshapes) become broadened and asymmetric, with their

maxima shifted in energy. However, approximately 12% of Ar K vacancies decay by

emission of Ka or KB x-rays [12]. That fraction of 1s photoelectrons will be unaffected

by PCI with KLL Auger electrons, although PCI with LMM Auger electrons following Ka

x-ray emission is still possible. In order to test these ideas we recorded the Ar 1s

photoelectron spectrum in coincidence with unresolved Ka and KB x-ray fluorescence.

The results obtained using 3266.5 eV incident x-rays (60.1 eV above threshold) are

plotted in Fig. 4. The observed energy scale has not been corrected by reference to

peaks of known kinetic energies, however the relative energies and peak shapes are

accurately determined. As expected, the coincidence spectrum is indeed seen to be

symmetric and its maximum is shifted to slightly higher energy in comparison with the

non-coincidence spectrum.
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Figure captions

1. Diagram showing the primary components of the electron spectrometer system.

2. Flow chart of circuits used for computer control of the electron spectrometer and

recording of electron/fluorescent-x-ray coincidence spectra.

3. Ar LMM Auger spectra recorded using (a) a 3211.3 eV x-ray beam and (b) a 2000 eV

electron beam.

4. (a) Ar 1s photoelectron spectrum and (b) coincidence spectrum between Ar 1s

photoelectrons and unresolved Ka and KB x-ray fluorescence. The spectra were

recorded simultaneously using an incident x-ray beam energy of 3266.5 eV.
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