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ABSTRACT 

At the Advanced Light Source an undulator beamline, with an energy range from 6 to 30 eV, has been constructed for 
chemical dynamics experiments. The higher harmonics of the undulator are suppressed by a novel, windowless gas filter. In one 
branchline high flux, 2 7% bandwidth radiation is directed toward an end station for photodissociation and crossed molecular beam 
experiments. A photon flux of 10l6 photodsec has been measured at this end station. In a second branchline a 6.65 m off- 
plane Eagle monochromator delivers narrow bandwidth radiation to an end station for photoionization studies. At this second end 
station a peak flux of 3 x 1011 was observed for 25,000 resolving power. This monochromator has achieved a resolving power 
of 70,000 using a 4800 grooves/mm grating, one of the highest resolving powers obtained by a VUV monochromator. 

Keywords: synchrotron beamline, VUV monochromator 

1. INTRODUCTION 

At the Advanced Light Source a beamline has been designed for chemical dynamics experiments. Two different classes 
of investigations are being performed both relating to gas phase reaction dynamics with an emphasis on understanding 
combustion chemistry. In the combustion of hydrocarbons many reaction steps occur involving transient species. The reaction 
pathways and energetics of these transient species are not well understood. Three end stations have been constructed 
accommodating various measurement techniques and illumination conditions depending on the purposes of the experiments. 

In the first end station photochemistry and chemical reactivity are being studied. Molecular and free radical 
photodissociation are initiated by a laser, or two molecular beams cross under single collision conditions. After an appropriate 
flight distance the resultant molecular species are ionized by the synchrotron beam. As an ionization source synchrotron 
radiation can selectively differentiate products based on ionization potential while minimizing fi-agmentation. Recently, another 
end station has been added to the white beam branch for performing reactive scattering utilizing imaging detection. 

In the second end station chemical energetics are studied by photoelectron spectroscopy and photoionization. The 
synchrotron radiation photoionizes a molecular beam with near zero kinetic energy electrons detected by a steradiency analyzer and 
ions collected by either a time-of-flight or quadrupole mass spectrometer. Coincidence techniques may be used to separate the 
photoionization yield of each component of a mixed molecular beam. 

The two sets of experiments pose different performance requirements of the optical design. For photodissociation and 
reactive scattering the need is for as high a flux as possible to detect very low number densities, while resolution may be 
compromised. The undulator fundamental can selectively ionize molecules and molecular fragments based on their ionization 
potential. For molecular spectroscopy and photoionization the highest resolving power is desired, with a target set at 100,OOO. 
At the same time for a given resolution, the intensity must be maximized as well.’. In common, these experiments request 
excellent harmonic purity to allow threshold studies. From the dimensions of the molecular beams, a focus in the end stations 
of 1 mm2 is adequate. 
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The beamline as it was constructed is described in section 2. In section 3 the characterization of the gas filter will be 
presented. The measurement of the flux from both the white beam and monochromator branchlines will be described in section 
4. Finally, section 5 presents the determination of the off-plane Eagle monochromator resolution. 

2. DESCRIPTION OF THE BEAMLINE 

The ALS Chemical Dynamics beamline consists of an undulator, a common section, followed by two branches and 
three end stations. Fig. 1 shows a schematic layout drawing of the beamline. The parameters for the optical elements are listed 
in Table I. The design of the beamline has been described in Koike et al.l 

vuv/xuv 
FROM U8110 

Endstation 1 
e 

Imaging a, 

6.65M Monochromator rcl. 

Figure 1. Schematic diagram of the beamline: M1, spherical mirror, M2, retractable toroidal mirror; gas filter, M3, retractable 
toroidal mirror, M4 and M5, cylindrical mirrors, 6.65-m off-plane Eagle type monochromator, M6, toroidal mirror; imaging end 
station, end station 1 and end station 2. The view in the horizontal plane is shown. 

Initially, an 8 cm period undulator (US) was installed, which provided a minimum photon energy of 18.5 eV at 1.5 GeV 
electron beam energy. In September, 1995 that undulator was exchanged with a 10 cm period undulator (UlO) delivering 
radiation over the whole photon energy range of the beamline, from 5 to 30 eV. The U10 undulator has 43 periods. Operating 
at high K the undulator source emits a spectrum with many harmonics and a high total power. 

In the common section of the beamline, the undulator spectrum is modified by two mirrors and a harmonic filter. The 
M1, M 2  mirror chamber is a branching point between the Chemical Dynamics beamline and a second beamline for atomic and 
molecular physics. The switching of the beam between the two beamlines is actuated by the insertion or retraction of the M2 
mirror. The power is to a large extent removed by the M1 and M 2  mirrors, whose substrates are made of GlidCop metal with 
internal water cooling channels. The silicon-coated M 2  mirror has a reflectivity cutoff near 70 eV photon energy. The spherical 
M1 mirror and toroidal M2 mirror produce a convergent beam focused at the center of the gas harmonic filter. The gas filter 
suppresses all the remaining harmonics except the fundamental.2 Horizontal and vertical apertures define the acceptance from the 
undulator source and provide some bandwidth selectivity. In the white beam branchline the toroidal mirror M3 images the beam 
from the gas filter into end station 1. Insertion or retraction of the M3 mirror switches the beam between the white beam and 
monochromatic branchlines. 

The flux at end station 1 was calculated to be about 1016 photodsec with a slow variation with energy.l A silicon 
coating was chosen for the M2 and M3 mirrors because of the high grazing incidence reflectivity of silicon, for example higher 
than the VUV reflectivity of platinum. Silicon coatings have been observed to have oxygen and carbon impurities? The 
minimum bandwidth of the fundamental is 2.3 ?6 derived from the 43 undulator periods. The bandwidth and intensity may be 
increased by opening the horizontal and vertical apertures with a limit set by the differential pumping of the gas filter. From ray 
tracing spot diagrams, the spot size in the end station 1 is predicted to be 50 pm vertically by 170 p horizontally (fwhm).l 
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Type Coating and 
blank material 

M1 Spherical Ni and C coated 

M2 Toroidal Si-coated GlidCop 

M3 Toroidal Si-coated GlidCop 

mirror GlidCop 

mirror 

mirror 

mirror 'Quartz 
M4X Toroidal Si-coated 

M4 cylindrical Si-coated GlidCop 
Bendable 

mirror 

M5 mirror 
Cylindrical Sic -. 

Spherical MgF2 
G1 grating coated Quartz (replica) 

G2 grating Quartz (replica) 
Spherical os coated 

Mh Toroidal Si 

As the prefocus system for the monochromatic branchline, the cylindrical mirrors M4 and M5 produce a horizontally 
and vertically converging beam incident into the 6.65-m off-plane Eagle type monochromator. To compensate the astigmatism 
of the monochromator, M4 is a bendable mirror to produce a variable horizontal focus point. The monochromator is equipped 
with two 6.65-m replica gratings having 1200 Vmm from Milton Roy and 4800 Vmm from Hyperfine, Inc. A'third, 
holographic grating with varied line spacing, which will require limited translation, is on order.4 The toroidal mirror M6 focuses 
rays from the exit slit into end station 2. Alternatively for photodissociation experiments, the M4X mirror focuses the white 
beam into end station 2 with the M5 and M6 mirrors removed. 

Radius Incidence angle?) Groove density 
(m) Wmm) 

and blaze h 
302.3 87.0 

66.3 (h) 77.0 
1.73 (v) 
29.2 (h) 83.0 
0.443 (v) 

1.15 (v) 

- 

- 

- 

26.0 (h) 77.9 - 

28.5 - 24.9 (h) 77.9 - 

1.78 (v) 9.8 - 

5.164 1200, 
6.65 (1500 A) 1500 A 

21.102 4800, 
6.65 (1500 A) lo00 A 

15.8 (h) 81.0 - 

An elevation view of the 6.65-m off-plane Eagle monochromator, constructed by McPherson Corp., is shown in figure 
2. The entrance slit is hidden behind the exit slit in figure 2; both are oriented horizontally. The slits have two adjustments, 
width (5 to 500 pm) and rotation angle, as well as occultors, which can mask the slit length. The gratings disperse the radiation 
vertically and may be rotated through a 30" angle. The grating chamber is mounted on a granite table. The grating carriage and 
chamber independently ride on pairs of cross-roller bearing slides allowing a translation of 950 mm. The range of rotation and 
translation motions permit the 4800 V m m  grating to scan from zero order to 2000 k The grating rotation and translation are 
driven by stepping motors with linear encoders and limit switches. In the case of rotation, the linear encoder is an alternative for 
a Hewlett Packard laser interferometer. This interferometer determines the rotation angle by measuring the path length between 
two beams reflected back from a pair of cube comers above and below the rotation axis. On top of the grating chamber are 
manipulators, which permit under vacuum the interchange of the 1200 and 4800 Vmm gratings and the adjustment of the pitch, 
roll and yaw angles of the gratings. On the right side is a deuterium lamp with an insertable-retractable mirror, which can 
provide U V  radiation when the synchrotron beam isnot available. The deuterium lamp was used in testing the monochromator 
control software and in dibrating the entrance and exit slit widths. The monochromator is pumped by two 400 Vs ion pumps 
and a titanium sublimation pump (not shown in figure 2). 
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Figure 2. A layout drawing showing the elevation view of the 6.65 m off-plane Eagle monochromator constructed by 
McPherson. Shown from the right side are the deuterium lamp, the entrance and exit slits, vacuum chamber and translatable 
grating chamber. 

The 2. of the off-plane Eagle monochromator is given-by? 

sin a, z2 
R~ cos2 a 

m;l = 2d(l+ 

where d is the grating period, 2 z the separation between e n k c e  and exit slits (174 mm), R the grating radius and a the 
incidence (and diffraction) angle of the grating. 

The 6.65-m off-plane Eagle monochromator was chosen to provide a high resolving power for spectroscopy 
experiments. Off-plane Eagle spectrographs have achieved very high resolution for absorption  measurement^.^^^ In addition, the 
off-plane Eagle mounting suppresses scattered light by deflecting the zero order away from the vertical plane through the exit slit. 
One added complexity is that as the grating translates the horizontal position of the beam on the exit slit will move unless there 
is a small, compensating rotation of the M5 mirror. 

The flux, resolution and spot size provided at end station 2 were calcu1ated.l At end station 2 the calculated flux has a 
maximum in the mid-1012 photodsec range for a resolving power of 25,000. The M4 and M6 mirrors have silicon optical 
surfaces. The M5 mirror was chosen as an uncoated CVD Sic mirror because of the high normal incidence reflectivity of CVD 
Sic. Each grating has an efficiency maximum from the blaze angle: 8 eV for the 1200 Vmm grating and 12 eV for the 4800 
Vmm grating. A coating of AI I MgF2 was selected for the 1200 Vmm grating to provide high efficiency at low photon 
energies. The coating for the 4800 V m m  grating was chosen to be Os for good overall efficiency. The theoretical resolving 
power using the 4800 Vmm grating is estimated be 2 x 10s. From spot diagrams the spot size is predicted to be 240 pm 
vertically by 360 pm horizontally (fwhm) in end station 2. 

3. GAS HARMONIC FILTER 

Higher harmonics present in the undulator spectrum can dramatically increase the background level. For example in the 
experiments performed in end station 1, high energy photons may dissociatively ionize parent molecules or background gases. 
Because of these considerations a windowless harmonic filter has been developed employing rare gases (argon, neon or helium) as 
the filter medium and differential pumping to preserve the beamline vacuum. This gas harmonic filter has been described in 
detail in Ref. 2. Photons with energies exceeding the ionization potential of the rare gas are absorbed with very high efficiency. 
The harmonic filter consists of a gas cell and three differential pumping regions, both upstream and downstream of the cell. Each 
of these regions is separated by conductance limiting aperture tubes. In addition, on the branchline to end station 1, a MgF2 
filter can be inserted in the beam to provide a lower photon energy cut-off. A further advantage is that the gas filter reduces the 
incident power to the level of tens of mW, therefore eliminating the need for water cooled optics downstream. 
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The performance of the gas filter was characterized with a Transmission Grating Spectrometer (TGS).8 During the 
measurements the TGS was installed at the end of the first branchline, behind end station 1. The spectrum of the 8 cm period 
undulator was measured at K = 5.24, and the results shown in fig. 3. In the absence of gas, a number of undulator harmonics are 
observed, with additional peaks present from higher diffraction orders of the transmission ,gating. The TGS sensitivity is, to 
first order, inversely proportional to h. The intensities of the higher harmonics are strongly attenuated above - 70 eV (- 180 A) 
by the M1, M2 and M3 reflectivities. Integration of harmonic peaks in the spectrum with and without neon gas shows a 
suppression of greater than four orders of magnitude. In figure 2 the fundamental appears to have lower intensity when the neon 
gas was present in the gas filter compared with when the gas was absent. However, after correcting for the contributions of 
higher orders, the fundamental intensity is the same in both cases within the measurement uncertainty. 

100 

10 
h 
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0 100 200 300 400 500 600 700 
x (A) 

Figure 3. Undulator spectrum at K = 5.24 recorded without Ne (upper curves) and with 30.6 Torr Ne (lower curves) in the gas 
cell. First order contributions of the undulator harmonics are indicated. Contributions are also seen from higher orders of the 
grating. 

The photon energy scale of the monochromator was calibrated using the gas filter as an absorption cell. The results for 
the 4800 Vmm grating are displayed in figure 4. The photon energy was scanned through known absorption lines of argon, neon 
or helium with the appropriate gas being present in the gas filter. The resonances were observed as minima in &e photon 
intensity, which was monitored in end station 2. In general, the absorption lines were measured in saturation. However, it is 
also possible to avoid saturation by switching from one gas to another and then scanning across a resonance of the first gas, 
which is then present in the gas filter as an impurity. It is estimated that the energy calibration is accurate to 1 meV. 

4. FLUX 

The flux on the white beam branch was measured with a UHV compatible*calorimeter (Scientech, Inc.). Semiconductor 
photodiodes cannot be exposed to intensities of 1016 photon I sec mm2 because of beam damage.9 On the other hand, a 
calorimeter, having a power range of 10 mW to 10 W and a nominal accuracy of 3 %, is well suited to observing the 
unmonochromatized undulator fundamental. One uncertainty in the calorimeter calibration in the VW h region is derived from 
the reflectivity of the aluminum absorber. There is some evidence from the reflectivity of polished aluminum samples that the 
normal incidence reflectivity is low, less than 0.1, for photon energies above 8 eV.l0 No correction was made here for the 
absorber reflectivity. 
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Figure 4. The photon energy calibration of the monochromator using the 4800 Ymm grating. Data are resonances of Ar, Ne and 
He observed in the gas filter transmission. 
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The intensity curves fall off near the ionization potentials of the gas in the harmonic filter because of the Rydberg series 
converging on the ionization potentials. At 11.5 eV photon energy a dip is observed from the saturated argon 4s and 4s' 
resonances.ll The measured flux is smaller than the calculated flux by a factor of.two or lessdepending on the photon energy. 
This difference should be attributed to the non-ideal composition of the Si optical coatings on the M2 and M3 mirrors. The 
difference in intensity at a given photon energy with different gases in the harmoec filter indicates a background component of 
the radiation in addition to the fundamental peak. The integrated intensity of the background can be roughly estimated from the 
measurements at 13.2 eV photon energy, giving about 10 %. A source of the backbound radiation is considered to be the ends 
of the undulator, where the peak magnetic field is decreased. The background radiation at energies above the fundamental, 
although relatively weak, compromises the selectivity of the undulator as an ionization detector. For photon energies of 10 eV 
and below, a MgF2 filter can be inserted in the beam to provide a lower energy cut-off of the background at a cost of a 35 % 
decrease in intensity. Subsequent to the flux measurement shown in figure 3, the absorption in the MgF2 filter increased 
because of color center formation. 

The photon flux of the monochromatic branch line was measured with a Si n-on-p photodiode (International Radiation 
Detectors) mounted temporarily inside end station 2. This detector was calibrated over the energy range from 4.9 to 23.9 eV at 
the National Institute of Science and Technology. The calibration accuracy was 10 96 on average, depending on the photon 
energy. Although this Si photodiode was nitrided to increase its radiation hardness, it can be damaged with doses of radiation 
greater than 1016 photons / crn2.l2 Attempts were made to limit the exposure of the detector to fidiation. 

The measured flux through the Eagle monochromator with either 1200 or 4800 Vmm grating is shown in figure 6. The 
undulator gap was set to different discrete values, and the grating angle (a) was varied through the maximum. The entrance and 
exit slit widths were both set to 50 pm. The flux was normalized to 400 mA and 25,000 resolving power. 

1 1200 Vmm Grating lb) 4800 Umm Grating 
0 0 

In 
2 

0 m (I) 

c 
. 
J= 

x 
a 

ii 

Y 

5 10 15 20 
Photon Energy (ev) 

10 15 20 25 
Photon Energy (ev) 

Figure 6. The flux through the branch line to end station 2 including the Eagle monochromator employing either the 1200 
Vmm or 4800 Vmm grating. The intensity was detected by a NIST calibrated Si n on p photodiode. 

The measured intensity is in the range of 1O1O to 1011 photon / sec, about an order of magnitude lower than the 
calcu1ations.l The shape of the flux curve with the 1200 V m m  grating can be readily understood. The maximum at 8 eV 
corresponds to the on-blaze condition, and the decreasing intensity beyond 11 eV follows the reflectivity of the M g F 2  coating. 
In contrast to what is observed with the 4800 Vmm grating, that intensity curve is expected to be broad with the maximum close 
to the nominal on-blaze energy of 12 eV.I3 

The throughput of the branch line to end station 2 was investigated by measuring the reflectivities of the M4, M5 and 
M6 mirrors. A deuterium lamp and an interference filter (Acton Research Corp.), having maximum transmission at 10.3 eV, 
was added to an existing refle~t0meter.l~ The radiation from the deuterium lamp is unpolarized in comparison with the 
beamline, where the reflections are with p polarization. Incidence angles were chosen to duplicate the geometry in the beamline. 
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The measured reflectivity of the M4 mirror was 0.50 at 78O, and for the M6 mirror the result was 0.78 at 81". The M4 
mirror has a silicon coating, while the M6 mirror is an uncoated silicon substrate. The reflectivity of the M4 mirror agrees with 
the results of Windt et al. for an electron beam evaporated Si film? Using Auger depth profiling, Windt eE al. observed oxygen 
and, to a lesser extent carbon, throughout their Si coating. The as-polished silicon M6 mirror is expected to have an oxide layer, 
about 10 A thick at the surface. The measured reflectivity of the M5 mirror was 0.45 at IOo, also in agreement with Windt et 
aL3 At 10.3 eV photon energy the uncoated silicon substrate had higher reflectivity than the silicon coated mirror, and the high 
perfonnance of Sic  is confirmed as a normal incidence reflector. 

Contamination blemishes matching the beam footprint were observed on the M4 and M5 mirrors, but not on the M6 
mirror. On the contaminated regions of the mirror surfaces, lower reflectivities were observed. In the case of the M5 mirror, the 
decrease in reflectivity was determined to be a factor of six. Previous to the measurements shown in figure 6, the M4 and M5 
mirrors were cleaned using the W / ozone method.15 In addition, the pumping speed was increased at the M4 and M5 mirror 
chambers. 

A final uncertainty in the beamline transmission is the diffraction efficiency of the gratings, which depends on the shape 
of the groove profile. The scalar efficiency employed in the flux calculations1 is expected to give higher values than the 
efficiencies of the actual fabricated gratings. Unfortunately, the large 1200 and 4800 Vmm gratings are not compatible with the 
reflectometer used for the mirror reflectivity measurements. 

5. RESOLUTION 

The resolution of the Eagle monochromator was determined by performing photoionization efficiency measurements in 
end station 2. In this experiment an atomic or molecular beam crosses the VUV radiation with photoions detected by a 
quadrupole mass spectrometer. After passing through the interaction region, the radiation strikes a silicon photodiode used to 
normalize the ion signal. Subsequent to these measurements the silicon photodiode was replaced with a tungsten photocathode, 
which is insensitive to beam damage. 

The photoionization efficiency spectrum of neon between the 2P3/2 and 2P1/2 thresholds is shown in figure 7. For 
this spectrum the 4800 I/mm grging was used with 10 pm entrance and exit slit widths. The grating translation remained fixed. 
The photon energy step size was 0.1 meV and the collection time at each step was 3 sec. A small electric field of 0.76 V/cm 
was employed to extract the ions from the interaction region, while minimizing the influence of the Stark effect on the spectrum. 

Above the ionization potential Ne+ 2P3/2, two Rydberg series 2p5ns1 and 2p5nd' converge to the spin-orbit excited Ne+ 
2P1/2 ionization limit16 The spectroscopic content of figure 7 has been presented separately in Hsu et al.17 The neon 2p5nd 
and 2p5nd' series autoionize with both series having very narrow natural linewidths. A very high resolution two step laser 
excitation experiment determined r14s* = 25 pV and r 1 w  = 8 pV.18 In contrast for argon, krypton and xenon, the linewidth of 
the nd' series is much larger than the ns' series7 As a result from the neon spectrum, the resolution of the Eagle 
monochromator can be observed directly from the lineshapes of the Rydberg resonances. 

The observed linewidth of the neon 2$17s' resonance, shown in the inset of figure 5, is 0.3 meV (fwhm) corresponding 
to a h resolution of 0.008 A or a resolving power of 70,000. The resolution of the monochromator using the other, 1200 Vmm 
grating was evaluated with the photoionization efficiency spectnun of NO obtained at 10 pm entrance and exit slit widths. At 
9.3 eV photon energy, resonance linewidths of 0.22 meV (fwhm) were observed equivalent to a h resolution of 0.03 A or a 
resolving power of 40,000. The resolution, M, of the two gratings differs by about a factor of four inversely following the 
ratio of the grating periods. 

The experimental resolution is determined by a number of factors: the slit width and diffraction limits, aberrations, 
grating fabrication errors, the alignment of the monochromator and the precision of the grating drive. The ray tracing described 
in Ref. 1 showed that the calculated resolving power of the Eagle monochromator with 4800 Vmm grating was 200,000. Also, 
the resolving power was predicted to be nearly constant independent of the photon energy, which was a consequence of the source 
size increasing with h because of diffraction. 
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Figure 7. The photoionization efficiency of neon measured with the 4800 Ymm grating using 10 pm entrance and exit slit 
widths. 

The next resolution factor involves the slope errors of the grating blank and the accuracy of the ruling of the grating 
grooves. The figure of the 4800 Ymm grating was measured with the ALS long trace profiler with a result of 3.2 prad rms over 
a 30 mm length. Two 6.65 m spectrographs, at NIST and at the University of Maryland, have employed replicas from the 
same Hyperfine 4800 Ymm master grating. From the NIST spectrograph a h resolution of 0.009 A at 800 A has been 
reported;19 Orth et al.13 obtained a resolution of 0.006 A at 1100 A with the UM spectrograph. The resolution contribution, 
AI, of the grating slope errors varies slowly with photon energy, AX - 2d cosa Aa. 

The alignment of the entrance slit, grating and exit slit is also critical. The grating roll and yaw were adjusted to 
maximize the intensity at zero order and at one photon energy, 12.7 eV. The ideal rotation of the entrance and exit slits should 
be at small, opposing angles from the direction parallel to the grating  groove^.^^^ In practice for the neon spectrum, no 

. significant change was observed with small rotations of the slits, and the slits were left horizontal. The translation of the grating 
was varied to optimize the focus. 

I 

For monochromators the grating rotation drive is a last important factor for the resolution. Noise was observed in the 
laser interferometer encoding the grating angle. Two sources of mechanical vibration were identified, a water chiller and a 
cryopump compressor, and attempts were made to vibrationally isolate both. At present, vibrations in the grating angle limit 
the minimum step size to about 0.0025 A, i.e. 0.1 meV at 21.6 eV. The resolution contribution, AX, of the grating angular 
stability varies slowly with photon energy. The measured resolving power of 70,000 is caused mainly by the accuracy of the 
grating optical surface and the stability of the grating rotation drive. Since the resolution contribution, AX, from both these 
factors vary slowly with h, AX is expected to remain nearly constant. 

The performance of the ALS Chemical Dynamics Beamline has been characterized and is in operation for user 
experiments. The harmonic suppression of the gas filter was determined by using a transmission grating spectrometer. An 
attenuation of higher harmonics by greater than four orders of magnitude was observed. The flux of the white beam branchline, 
measured with a calorimeter, was 10l6 photon / sec in agreement with the predicted intensity. The flux of the monochromatic 
branchline, determined with a NIST-calibrated photodiode, was at the maximum 3 x 10" photon / (sec 1/25,000 band width). 
The resolution of the off-plane Eagle monochromator was demonstrated with the photoionization spectrum of neon. A resolving 
power of 70,000 was observed, which is among the highest achieved by a VUV monochromator. 
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