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ABSTRACT 

A resolving power, E/.1E, of~ 13,000 has been achieved with the 
modified 6m/16QO Toroidal Grating Monochromator (TGM) installed on 
Beam Line 8-1 at the Stanford Synchrotron Radiation Laboratory (SSRL). 
The resolving power of the TGM was increased by replacing the entrance 
and exit slits with high-preCision slits, masking the horizontal part (short 
radius) of the grating, and improving the TGM scanning mechanisms. To 
determine the performance of the monochromator, we measured the 
dependences of resolution and photon flux on the entrance and exit slit 
widths, the exit slit ppsition, and the masking of the grating. The 
monochromator resolution in the energy range of 25 - 65 e V was derived 
from photoionization measurements of extremely narrow core-excitation 
resonances in He and Ne. With 10 micron vertical entrance and exit slit 
widths and 32 % mask opening of the grating, the monochromator has a 
resolution (FWHM) of 5.0±0.7 meV at a photon energy of 64.5 eV and a 
flux of 2xl07 photons/sec/100 rnA. The results suggest a simple procedure 
for converting a TGM with moderate resolution into a high-resolution 
monochromator with a moderate reduction in photon flux due to masking 
the grating, beyond the reduction attributable to the slit widths. 
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1. Introduction 

Toroidfl.l Grating Monochromators (TOM's) have been extensively 
used in various synchrotron radiation facilities. The TOM is generally 
known to have a moderate- energy resolution with a high throughput [1-5]. 
In the standard configuration for a TOM [3, 4], mirrors focus the source 
sagitally and tangentially onto the entrance slit of the monochromator. The 
beam is then dispersed and· focused onto the exit slit by the grating and 
refocused onto the sample by a bent cylindrical mirror. Various 
parameters of the instrument are optimized to sustain both very good 
resolution at the two wavelengths of the perfect focus and a moderate 
resolution over the entire energy range. As an improvement to this design, 
a movable exit slit can be adjusted to eliminate the vertical defocus for all 
wavelengths [ 6]. The contribution of aberrations to the resolution can be 
reduced further by masking a part of the toroidal grating. This will 
convert the TOM into a high-resolution monochromator at the cost of some 
photon intensity. 

In Section 2, we give a brief theoretical analysis of the main terms 
which determine the resolution of the TOM. The monochromator design 
and necessary improvements to achieve high resolution are discussed in 
Section 3.· The experimental techniques for measuring the resolution and 
the photon flux are given in Section 4. The performance of the 
monochromator is reported in Section 5. Section 6 gives the conclusions. 

2. · TGM Analysis 

The parameters which determine the resolution can be understood 
from the analysis of the aberration-corrected, holographically produced 
toroidal grating. Following Noda et al. [7], we define 'the coordinate 
system as given in Fig. 1. The optical path function, F, for the ray from 
the source point, A(x,y,z), through the point at the grating surface, 
P( l;,w,l), to the image point, B (x',y',z'), can be expressed as a power 
series in the aperture coordinates w ,l [7]: 
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(1) 

where i, j, and k in Fijk are the powers of w, l, and z(or z') in the series 
expansion of F. Each F ijk corresponds to some particular type of 
aberration and are exactly those given in Ref. [7]. The terms which have 
j+k=odd have been omitted, being equal to zero by symmetry. Terms 
with i=j=O are omitted because they do not represent aberrations. If we 
consider only the point A in the x, y plane (z=O) and assume that the 
astigmatism is reasonably well corrected (z'::::Q), we can simplify Eq. (1). · 
For the special case z=z'=O, the optical path function F can be written as . -

~ ' . . 2 ' 2 ' 2 ' 
F'= LJFi1wzl1 =w F20 +.l F02 +wl F12 +higerorderterms. (2) 

ij 

The power series terms, FiJ• can be separated into a holographic 

contribution, H;1, and a term, Mij• due to a classically ruled grating [7]: 

, rnA. 
F-·=M··+-H·· (3) z1 z1 A zJ, 

0 

where m is the spectral order and Ao is the wavelength of the laser light 
used in constructing the holographic grating. 'The expressions for Mu and 

HiJ which are relevant in our discussion are given in Table 1. Assuming 

ao2 (a2o=1/(2p )) is chosen to correct the astigmatism ( F~2 ) for the entire 

wavelength region, the most important resolution-limiting aberrations are 
the defocus ( F;0w2

) and astigmatic coma ( F;2wz2) which can be 

minimized by reducing the ruled width (2w) and the. groove length (21 ), 
respectively. The expression for the focusing term F;0 

1 [.( 1 cos2 a J. ( 1 cos
2 ~ . Jl rnA F 20 = - - a20 cos a + - I -,- a20 cos~ . + - H 20 2 r 2 r . Ao 

. . ' 

( 4 ). 

shows that for a given wavelength (a and ~) and _entrance arm length, r, 
the exi.t-slit distance ,r1

, can be determined so that F20 is equal to zero. 

4 



This condition for a focus in the vertical plane of dispersion can be 
achieved over the whole wavelength region with a movable exit slit. 

By differentiating the grating equation with respect to J3 at constant 
a, we can derive an expression for the slit-width limited monochromator 
resolution: 

11/... = cos J3 11 y (5) 
N ' ' . mr 

where N is the number of grooves per mm, m is the order of diffraction, 
and 11 Y is the exit slit width. The calculated slit-width limited resolution 
for the three gratings of the 6m/1600 TG M covering an energy range of 8 
- 190 e V are given in Table 2. A theoretical resolving power of E/11E = 

30,000 at 60 eV with 10 micron vertical exit slit width gives an estimate of 
how much the performance of the TGM could potentially improve by 
reducing the aberrations. 

3. Monochromator Design and Modifications 

The design of the 6m/1600 TG M installed on the bending magnet 
beam line 8,.1 at SSRL is similar to several other TGM's, for example at 
the Synchrotron Radiation Center (SRC) and at the National Synchrotron 
Light Source (NSLS) [3, 4, 8]. The configuration of TGM 8-1, shown in 
Fig. 2, has been discussed in detail by Tirsell and Karpenko [9]. The 
important features to note are the movable exit slit to eliminate the defocus, 

' F20 , and the four-way adjustable beam apertures to increase the resolution · 

'by masking part of the toroidal grating. . . 
The 6m/1600 TGM at SRC provides an example of the typical 

resolution achieved with the monochromator operated conventionally [8]. 
With 100 J.lm slit width, a resolving power E/11E = 1,300 at 47 eV was 
achieved [8]. · Further improvement was precluded by the sign.al-to-noise 
ratio in the photoabsorption signal. A somewhat lower resolution of 70 -
90 me V in the photon energy range of 30 - 60 e V was measured at the 
U4A 6m/1600 TGM at NSLS [10]. Note that both TGM's at SRC and 
NSLS have fixed exit-slit positions, so that the image of the entrance slit is 
focused by the grating onto the exit slit at only two wavelengths. 
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To improve the performance of TGM ~-1, the old entrance and exit 
slits were replaced by high-precision slits based on a flexural design which 
is used for the Lawrence Berkeley Laboratory Spherical Grating 
Monochromator on BL 6-1 at SSRL [11]. Both vertical and horizontal 
apertures are continuously adjustable from a few microns to 2 mm and 4 
mm, respectively. The linearity and precision of the slit-width openings 
were determined with a coordinate measuring machine and also from 
single-slit: diffraction pattern (Fig. 3). A micro-stepping motor (100,000 
steps per revolution) controlled by a Mitutoyo linear encoder (Laser 
Holoscale with a resolution of 10 nm) drives the sine bar which moves the 
grating. This enabled us to sweep the photon energy in steps of less than 
one meV. 

4. Experimental 

The resolution was measured from photoionization spectra of 
narrow resonance lines in gases with natural linewidths that are much 
smaller than the value of the monochromator resolution. The gas cell used 
for the measurements is shown in Fig. 4. The spectra were recorded by 
measuring the total photoionization current using a two-plate ionization 
chamber of 25 em active length filled with 5 - 60 mtort of gas pressure. 
One electrode was held at a potential of +20 V. At the second electrode the 
photoionization current, in the 1 o-1 0 - 1 o-11 Ampere range, was measured 
by a Keithley 428 current amplifier. One or two free-standing 1000 A 
thick Al windows (LeBow Corp.), mounted on the seat of the gate valves, 
separated the ionization cell from the ultrahigh vacuum of the 
monochromator. When two windows were used, the pressure in the 
refocusing mirror tank WaS kept belOW 5 X 10-1 0 torr by differential 
pumping between the two windows. If a higher photon flux in the 
ionization cell was necessary, we used only one window, letting the 
pressure in the ultrahigh-vacuum part increase to 2 x l0-9 torr. A small· 
gas leakage through each window (leak rate - 2x 1 o-6 liter torr sec-1) was 
compensated within one mtorr by leaking gas into the ionization chamber 
from a gas manifold with a MKS · Baratron pressure head and a Granville
Phillips servo-driven valve assembly operated in a closed control loop. 

We measured the photonflux with a Si n-on-p photodiode from 
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United Detector Technology (Model XUV100C), which has a high quantum 
efficiency in the 25 - 170 e V range, typically 17 electron-hole pairs per 
photon at 65 e V. The observed photocurrent, in the 1 o-8 - 10-9 A range, 
was measured with a current amplifier. Above 150 e V, the error in the 
photon flux measurement was less than 4 %, increasing to about 12% near 
theSi K-edge. 

5. Results 

5.1 Photon Flux 

Figures 5 and 6 show a scan of the monochromator output over the 
energy ranges covered by the 823 1/mm and 2400 1/mm gratings, 
respectively. The decrease in intensity at low photon energies for both 
gratings is a geometrical effect because more of the beam is missing the 
optical surface. The decrease in photon flux at high photon energies for 
the 2400 l/mm grating results from a lower efficiency of the mirrors and 
grating. The first two mirrors and the gratings of the TGM are coated 
with Pt. The absorption near the Pt 4f7 /2 and 4f5J2 edges at 70.9 e V and 

74.2 eV, respectively is observed with the 2400 1/mm grating. The same 
structure is repeated with second order light from the 823 1/mm grating. 
The absorption feature around 102 eV is due to the Pt 5s edge and 
absorption by the Si 2p-shell of the Si02 overlayer of the Si np-

photodiode. This fe~ture can be observed with less intensity with the 823 
1/mm grating at energies corresponding to second and third orders of 
diffraction. The broad absorption feature in the 63 - 70 e V range is due to 
Pt 5Pl/2 and Ni 3Pl/2·3/2· Nickel is used as coating .material for the 

' ' 

refocusing mirror. 
For the planning of an experiment it is important to know what the 

available photon flux will be at a certain monochromator resolution. Two 
of the important parameters determining the monochromator resolution 
are the horizontal opening of the mask in front of the grating and the 
vertical opening of the entrance and exit slits .(see below) .. The variation of 
the photon flux with mask opening and both entrance and exit slit opening 
shows the expected linear and quadratic dependencies, respectively (see 
Fig. 7 and 8). 
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5.2 Energy-resolution Measurement and Data-fitting 
Procedure 

For obtaining the instrumental resolution, the best choice is to 
measure a photoionization spectrum from a gas sample with a natural 
linewidth smaller than or comparable with the instrumental contribution. 
We studied the inert gases He and Ne with suitable absorption edges at 
energies covered by the 823 1/mm grating. However, for the systematic 
study of the monochromator resolution on various parameters, the He 
photoionization 1s2 ---7 (2s4p+2p4s) Rydberg state with an experimental 
linewidth of 5 + 1 me Y [ 12] was measured. A typical spectrum (double
excitation Rydberg state near 64.5 eV [12]) with pronounced Fano profile 
[13] is shown in Figure 9a (dotted points). · 

The value of the monochromator resolution was determined in two 
ways: One approach was to deconvolute the experimental spectra by. 

· dividing its Fourier transform by a Fourier transform of a Fano function. 
After taking the inverse Fourier transform, the monochromator function 
would emerge. This instrumental function was then fitted with a 
symmetrical Gaussian function assuming that resolution of the TGM is 

. equal to the FWHM of the Gaussian function. The second approach was 
based on a least-square fit of the experimental spectra with a numerical 
convolution of a Shore function [14] with a Gaussian function. The first 
approach has the advantage that it gives the pure instrumental function, and 
non-Gaussian contributions to the instrumental function, can be detected 
(see Fig. 9b ). Its disadvantage is the great sensitivity of the Fourier 
transformation to noise in the spectra. The second approach gave in some 
cases better fits of the experimental spectra. Nevertheless, the derived 
values for the monochromator resolution agree within 1 me V for both 
fitting procedures. 

5.3 Resolution Versus Exit Slit Position 

One of the largest terms contributing to the monochromator 
linewidth is the defocus, F;0 . This term can be. eliminated by moving the 

exit slit to the vertical focus position for a given wavelength. Figure 10 
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shows the effect of the exit-slit positiOn on the resolution of the 
monochromator determined at photon energies of 31.8 e V (He { sp,23+} 
state in second order), 47 eV (Ne {2s-1 4p} state) and 64.5 eV (He 
{ sp,24+} state) while the other terms were kept constant. The 
measurements at 31.8 e V were performed with old entrance and exit slits 
and the data for 47.0 eV and 64.5 eV were obtained after the installation of 
the high-precision slits. It is obvious from the figure that the resolution 
depends strongly on the exit.;slit distance. This shows the importance of a 
movable exit slit for achieying a high resolution over the available energy 
rangei 

Fig. 10 shows a comparison of the experimental exit-slit distances 
with calculations assuming F~0 = 0. The calculation of the theoretical exit

slit distance was performed_ by B. Tonzet {Instruments SA-Division Jobin
Yvon) for our holographically produced, aberration;.reduced toroidal 
grating [15]. The experimental exit-slit distances at 31.8 eV, 47.0eV, and 
64.5 eV a~e larger than the theoretical values by 3.2 em, 8.0 em, and 7.5 
em, respectively. The small difference of 3.2 em for the measurement 
with the old slits shows that the design parameters of the TGM do nof agree 
completely with the anticipated values. The difference between the data 
obt~ined before and after the installation of the high-precision slits is due to 
a design related change of BL 8-1. The change in the slit positions inside 
the slit housing has not been included in the calculations. Therefore for 
TGM 8-1, an offset of 7.5 -·8.0 em should be added to the theoretical exit-

. , 

slit distance to eliminate the defocus term. All experimental data shown in 
this paper were obtained with the exit slit at the focus position. 

5.4 Resolution Versus Slit Openings 

Figure 11 shows the measured monochromator linewidth as a 
function of the vertical entrance and exit-slit openings, which were. changed 
simultaneously. · The horizontal apertures were kept at 2 ·min. . The 
measurements were carried out at a photon energy of 64.5 · e V and with 
32% mask opening of the grating. The data move away from a straight 
line around a 50 micron slit opening. In the range between. 50 and 100 
microns, and presumably for larger slit openings, the data approach the 
slit-width limited pe·rformance with a dispersion of 0.24-0:23 e V /mm, as 
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expected by theory (see Table 2). The ultirpate resolution, at lower slit 
openings, is limited by the aberrations. The data also indicate a maximum 
resolving power of 13,000 for 10 Jlm vertical slit settings and 32%. 
horizontal mask opening of the grating. Higher resolution is expected if 
the grating is also masked in the vertical plane. 

Figure 12 shows the effect of the horizontal exit-slit opening on the 
resolution of the monochromator. There is no significant change in 
resolution for exit-slit widths in the range of 1-3 mm. However, at lower 
slit widths the resolution improves. 

5.5 Resolution Versus Masking 

The effect of masking a part of the grating to reduce aberrations and 
thus improve the resolving power of the monochromator is shown in Fig. 
13. The data were obt,ained for vertical entrance and exit-slit openings of 
10 J.lm and 20 J.lm. The horizontal entrance/exit aperture was kept at 3 
mm/2 mm. Because without masking the monochromator resolution is the 

- . 
same for 10 J.lffi and 20 Jlm slit width, the resolution is not slit-width 
limited but determined by the aberrations of the grating. As can be seen 
from Fig. 13, the aberration decreases with increased masking of the 
grating. The intercepts of linear fits through the two sets of data points 
taken at vertical slit openings of 20 micron and 10 micron provide the 
ultimate achievable monochromator linewidths of 6.2 meV and 3.7 meV, 
respectively, at horizontal mask openings approaching zero. The calculated 
slit-width limited resolution at 20 Jlm and 10 Jlm are 4.5 meV and 2.2 
meV, respectively. This indicates that for achieving the slit-width limited 
resolution· one should try masking the grating vertically, as well as 
horizontally, to reduce ray aberrations due to the w2 aberration ~nd 
. fabrication errors. In addition, higher precision in the alignment of the 
entrance and exit slits with each other may be required to achieve the 
ultimate goal. 

6. Conclusion 

We have shown that it is possible to achieve ultrahigh resolution, at 
. I . 

the expense of the flux, m the soft x-ray energy range from a 
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conventional, moderate-resolution Toroidal Grating Monochromator with 
a movable exit slit. An ultimate resolving power of 13,000 was obtained 
by improving the accuracy of the entrance and exit slits as well as the 
driving mechanism, and by horizontally masking · about half of the 
grating. To achieve the slit-width limited resolution, it will also be 
desirable to mask a vertical portion of the grating as well as to improve 
the precision in the alignment of the slits. 
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Figure Captions 

1. Coordin~te system used to discuss the optical system (from Ref. 7). 

2. Schematic drawing of the Toroidal Grating Monochromator on BL 
8-1 (from Ref. 9). 

3. Measured slit width as a function of micrometer setting. 

4. Schematic drawing of a photoionization gas cell with differential 
pumpmg. 

5. The monochromator output from the 823 1/mm grating detected with a 
Si photodiode and normalized to 100 rnA ring current. The 

, horizontal/vertical opening of the entrance and exit slits were 3 
mm/200 J.lm and 1.5 mm/200 J.lm, respectively. 

6. The monochromator output from the 2400 1/mm grating detected with 
a Si photodiode and normalized to 100 rnA ring current. The 
horizontal/vertical opening of the entrance and exit slits were 3 
mm/300 J.lm and 1.5 mm/150 J.lm, respectively. 

' 
7. · The··measured photon flux at 64.9 eV plotted against horizontal mask 

opening for three different vertical entrance and exit-slit settings. The 
horizontal entrance and exit slits were fixed at 1.7 mm and 2.0 mm, 
respectively. The solid line is a linear least-square fit to the data. 

8. The measured photon flux at 64.9 eV plotted against vertical entrance 
and exit-slit openings for three different horizontal mask openings. 
The solid line is a quadratic least-square fit to the data. 

9. a) Photoionization spectrum from He gas showing the auto ionizing 
double-exCitation state of He Csp,24+) 1 pO. The spectrum was obtained 
with entrance and exit slits of 10 J.lm and 32% mask opening of the 
grating. The solid curve is a fit with GFano = 5.0 me V and 
GGaussian = 5.0 meV. 
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b) The monochromator function after deconvolution (dots) and fits 
with a symmetri~al Gaussian function (solid line) and an 
asymmetrical Gaussian function (dashed line). The photoionization 
spectrum was measured with 30 J.lm vertical entrance and exit-slit 

I • c 

openmg. 

10. The measured monochromator linewidth (FWi-IM) as a function of the 
exit-slit distance. Entrance- and exit-slit vertical openings were kept 
at 20 J.lm with 48% mask opening of the grating. The resolution was 
determined by fitting a He double-excitation peak at 64.5 e V and at 
31.8 eV (with second order light) and a Ne state at 47 eV. The 47 eV 
curve is incomplete, with the data extending barely through the 
minimum. The vertical lines at the bottom of the figure indicate the 
theoretical exit-slit distances for F~0 .:..._ 0 [15]. 

11. The measured monochromator linewidth (FWHM) at 64.5 e V plotted 
versus equal opening ofverticalslits. The horizontal entrance/exit 
apertures were kept at 3 mm/2 mm. The horizontal mask opening was 
32%. 

12. The measured monochromator linewidth (FWHM) at 64.5 e V plotted 
versus horizontal exit-slit opening. The vertical entrance/exit slits 
were kept at 10 J.lm /10 J.lm. The horizontal mask opening was 48 %. 

13. The measured monochromator linewidth (FWHM) at 64.5 eV plotted . 
versus horizontal mask opening for vertical entrance and exit-slit 
openings of 10 J..Lm and 20 J..Lm. The horizontal entrance/exit aperture 
was kept at 3 mm/2 mm. The solid line is a linear least-square fit to 
the data. 
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Table -1. Values for Mij and Hij in Eq. (3). 

Mij = Eij (a, r) + Eij (f3, r') 

Hij = Eij ( y, r c ) - Eij ( o, r n ) 

1 cos2 a 
E20 (a, r) =- - a20 cos a 

2 r 

E02 (a, r) ..:.. _..!:__ - a02 cos a 
2r 

· sina sinacosa 
E12(a, r) = - 2-- a02 · . - a12 cos a 

· 2r r 
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' Table 2. Ideal peformance for the R=l9.224 m grating and a vertical exit
slit width of Y=lOJlm. 

Grating Photon energy Reciprocal linear 
(eV) dispersion (eV/mm) 

2400 1/mm · 200 0.746 
150 0.447 
100 0.222 

75 0.139 

8231/mm 80 0.338 
60 0.201 
40 0.099 
20 0.032 

2881/mm 25 0.096 
20 0.065 
15 0.039 
10' 0.020 

Slit-width limited 
resolving power 
E/ilE (FWHM) 

26,700 
33,600 
45,000. 
54,000 

23,700 
29,900 
40,400 
62,500 

26,000 
30,800 
38,500 
50,000 
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