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During the last 10 years various types of soft x-ray monochromators have been developed, which
are optically based on the plane grating focusing condition introduced in 1980. These instruments
as well as those using the original 1980 optical configuration are reviewed and compared to the
other type of high performance soft x-ray grating monochromator, the Rowland circle based
spherical grating monochromator (SGM). Performance data of a plane grating monochromator
(HE-PGM-3), which was recently commissioned at BESSY and which offers a broad spectral range
(40-2000 eV) and very high spectral resolution (up to E/AE~10 000) are given in more detail.
The performance of grating and crystal monochromators is compared in the 1-2 keV photon energy

range. © 1995 American Institute of Physics.

I. INTRODUCTION

Science with soft x-rays has boomed over the last decade
and is still strongly expanding.1 There are mainly two rea-
sons: (1) synchrotron radiation sources of the second and
third generation® provide intense soft x-rays from undulator
sources and (2) high performance monochromators, some of
which will be discussed in this review, provide small photon
energy bandwidths to make high spectral resolution research
possible. For general references see the proceedings of vari-
ous national and international conferences on synchrotron
radiation instrumentation.? In this paper we will restrict our-
selves to monochromators optimized for the 40-2000 eV
range. '

The first milestone regarding very high spectral resolu-
tion in the soft x-ray range was made on a spherical grating
monochromator (SGM) at the NSLS in Brookhaven in
1988.%° It has opened up completely new fields of research.
In the meantime various other very high resolution soft x-ray
monochromators have been put into operation, some similar
to the NSLS-SGM and some optically different.5~'3 In this
article we review one category of the latter, namely those
using plane gratings and applying the plane grating focusing
condition.'* These instruments provide very high spectral
resolution over a continuous broad photon energy range re-
quiring only a single diffraction grating.

Soft x-ray monochromators have always been known to
be technologically extremely demanding for the following
simple reasons. There are two conflicting goals: to minimize
optical aberrations one would like to employ normal inci-
dence optics; but to obtain a reasonable reflectivity, one has
to go to grazing incidence on the optical elements. Also, to
achieve very high resolution of ~10 000 one has to isolate
an extremely small wavelength band of typically 0.0002 nm,
a resolution of ~3 million in the visible. The grating con-
stant is typically 833.33 nm (standard 1200 lines/mm grat-
ing) i.e., more than for 4 million times larger than the desired
Wavelength resolution. At BESSY, for example, we work
with a 10 um exit slit 5 m beyond the diffraction grating in
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order to isolate the angular interval corresponding to such a
wavelength band.

Because of the facts given above, excellent optical solu-
tions and extreme technological quality in both optics and
kinematics are obviously necessary for soft x-ray grating
monochromators if one wants to achieve high resolution,

Spherical grating monochromators combine the disper-
sive characteristics of a grating with the first order focusing
characteristics of a spherical surface. The well—known Row-
land circle spherical grating optical solution'® has been used
in the first monochromator which provided useful photon
flux and resolution in the soft x-ray range above the carbon
K-edge (282 eV), namely the so-called “Grasshopper”.'
The very successful NSLS-SGM “Dragon” can also be op-
erated in the Rowland mode over a limited part of its opera-
tional range.*® In Fig. 1(a) we show the Rowland circle ge-
ometry and in Figs. 1(b) and 1(c) the optical schemes of both
the “*Grasshopper” and the “Dragon” monqchromators. Al-
though the Rowland circle looks simple, instrumental geom-
etry becomes rather complicated, as soon as the requirements .
of fixed input direction (and slit if possible) and fixed exit
direction (and slit if possible) are introduced, as it is the most
desired case at synchrotron radiation facilities.

Plane gratings as diffraction elements have quite a long
history, starting with Ebert’s work in 1889 [see, e.g., Refs.
17-20]. 1n the early cases!’1? they were associated with
parallel light, probably, because at first glance plane gratings
scemed to have no focusing properties at all. The
nonparallel-light case was explicitly discussed in 1949 and
1962.2122 Figure 2 shows the focal curves of a plane grating
in divergent li'ght using various fixed grazing incidence
angles « as a Parameter. These curves are lemniscates, and
were first published by Murty in 1962.22 At first glance, these
curves do not look very promising as far as the realization of
a simple perfect focusing geometry is concerned. The situa-
tion did, however, change considerably when the plane grat-
ing focusing condition was introduced in 1980.!* This will be
further discussed below.
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FIG. 1. (a) The Rowland circle geometry. Note, for our development we use
the grazing angles of incidence and diffraction. (b) The optical configuration
of the first efficient soft x-ray monochromator, the so-called “Grasshopper”
(from Ref. 16). (c) The optical configuration of the first high resolution soft
x-ray monochromator, the so-called “Dragon”-SGM (from Ref. 4).

Arguments are, of course, slightly different for crystal
monochromators, but these are not really competitive in the
photon energy range below 1000 eV. The only crystal with
an adequate d spacing for that energy range, namely beryl, is
not very radiation resistant and must be replaced quite
often—very different from gratings. Crystal monochromators
are clearly’ superior to grating instrumentation only when
silicon crystals can be used, i.e., above ~2000 eV, as we will
see later.

Il. PLANE GRATING MONOCHROMATORS: THEORY
AND PERFORMANCE

In this section we will chronologically describe the de-
velopment of focusing plane grating monochromators since
1980. Performances will be illustrated by typical examples of
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FIG. 2. Focal curves for a plane grating in divergent light. The virtual
source distances r, are given in units of the real source distance r; as a
function of the grazing incidence angle « as a parameter. These curves are
lemniscates, r, = — r(sin B/sin @) For a=16° the position of the virtual
source and the outgoing light beam are given for a fix-focus constant
cp=2.25.

experimental data. As much of the present research uses cir-
cularly polarized soft x-rays, we will discuss the transfer
function of PGMs for polarized SR. Finally, the most re-
cently commissioned focusing PGM, the so-called BESSY
HE-PGM-3, will be presented in more detail.

Based on Kunz’s well-known plane grating/sliding mir-
ror monochromator GLEISPIEMO?%? soft x-ray plane grat-
ing instrumentation was further developed at BESSY. This
led to a considerable extension of the spectral range covered,
and to the introduction of the plane grating focusing condi-
tion sin Bfsin a=const=fix-focus-constant “c;;”. The upper
two optical schemes of Fig. 3 illustrate this step. Note that
we have employed the grazing angles of incidence and dif-
fraction.

Deducing the virtual source position, r,, from the grat-
ing focusing equation

2

si @ sina  sin® B sin B a
Frq R &) R o i )
with R—o (plane grating case) we have
sin B\? .
Ta= (sin a) ) @

Under the plane grating focusing condition'* the ratio sin g/
sin a is kept constant leading to exact focusing with fixed
entrance and exit armlengths, i.e.,

r2=~r1-6%f. (;3)

X-ray monochromators
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FIG. 3. The introduction of the plane grating focusing condition and optical
designs using it (as of September 1994); (a) The Kunz’ GLEISPIEMO
(Refs. 20 and 23) drawn in a style similar to (b). (b) The introduction of the
plane grating focusing condition; Kunz’ parabolic mitror is replaced by an
ellipsoidal one. (c) Two plane-elliptical mirrors: Nyholm et al. (Ref. 37). (d)
Preoptics, entrance slit, stigmatic layout: Lu and Chen (Ref. 40), Jark (Ref.
41). (e) Spherical mirror: Padmore (Ref. 42), Reininger and Saile (Ref. 43).

Together with the grating equation
n-A=d(cos a—cos f3) )

the angles « and S are determined for a given photon energy
and a given ¢y, constant. In the diagram of Fig. 2 the virtual
source then rotates on a circle. The tunable virtual mono-
chromatic source can be fixed in space, when the grating and
the direction of the incoming light beam are both rotated
around the axis in the center of the grating according to the
plane grating focusing condition. The fixed virtual source has
to be imaged into real space onto the fixed exit slit by some
focusing element.

In the 1980 version of the optics, the fixed virtual source
was imaged by a rotationally symmetric ellipsoidal mirror
onto the fixed exit slit [compare Fig. 3(b)]. The first instru-
ment with the new optics, the Zeiss-built SX700/1
monochromator,'*?*% was delivered in late 1982 and has
now been in successful operation for more than ten
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FIG. 4. Mg K-photoyield-EXAFS spectrum measured at the SX700/1 using
a 610 lines/mm mechanically ruled grating. Data are not normalized or
treated otherwise (from Ref. 26).

years.~2® The instrument includes a kinematically simple
solution for the rotation of the incoming light beam around
the axis of grating rotation.*** In Fig. 4 we show the Mg K-
EXAFS spectrum, which was obtained immediately after de-
livery using a mechanically ruled 610 lines/mm grating.?” No
normalization or any other kind of data treatment has been
applied. Note the high spectral purity: the signal below the K
edge, which is mainly due to stray light induced photoemis-
sion, is small compared to the edge jump. To illustrate the
continuous broad photon energy range a gold photoyield
spectrum measured in 1984 with an ion etched 1221
lines/mm grating is given in Fig. 5.2 For the conversion into
photon flux at 700 eV the gold quantum yield data of Ref. 29
were used, the bandwidth at 700 eV was about 1.7 eV. In the
meantime fourteen such PGMs using the plane grating focus-
ing condition, among them nine SX700s, are in service at
various laboratories (see Table I).

After the ellipsoidal focusing mirrors had reached the
target specification of 0.5 arcsec rms tangent error over the
whole mirror surface in 1990, very high spectral resolution
has been obtained at BESSY with this specific type of
optics.*® However, for best values the ellipsoidal mirror
has still to be shadowed off to a small fraction of its surface
because of remaining tangent errors. This was, for example,

3
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FIG. 5. Gold-photoyield spectrum measured at the SX700/1 using a 1221
lines/mm ion etched grating. To emphasize the spectral purity the Si K-edge
is included (from Ref. 28). .
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TABLE I. Monochromators based on the plane grating focusing condition (as of September 1994).

Dipole/

Location Type Focusing insert.dev. References
Berliner S$X700/1 ellipsoid dip 14,2428
Elektronen-speicherring- SX700/2/FUB ellipsoid dip 11,14,24,30
Gesellschaft fiir SX700/3 ellipsoid dip, circular 14,24,32
Synchrotronstrahlung HE-PGM-2 ellipsoid dip 14,28
(BESSY), Berlin HE-PGM-3 2 spheres dip 12,14,42,43,44

SX700/PTB ellipsoid dip 14,24,52
Center for CAMD-PGM sphere dip 14,43,69,70
Advanced entrance slit
Microstructures and Devices
(CAMD), Baton Rouge, LA
Hamburger $X700 sphere triple undulator 13,14,24,43,45,46
Synchrotronstrahlungs-
labor (HASYLAB), Hamburg
Instrument Center SX700 ellipsoid dip 14,24
for Synchrotron Radiation
(ISA), Aarhus
MAX-LAB SX700 two plane dip 14,24,37
Lund SX700 ellipsoids undulator 14,24,37,71
Synchrotron Radiation
Center (SRC), Aladdin-PGM ellipsoid undulator 14,40,41
Wisconsin entrance slit
Synchrotron Stat. 5U.1 sphere undulator 14,4272
Radiation Source
(SRS), Daresbury
ELETTRA SX700 ellipsoid undulator 14,24,41
Trieste entrance slit

necessary during the first observation of the (2p,nd)'P°
double excitation Rydberg series of helium, which was found
by Domke et al. using a bandpass of 4 meV at 64 eV photon
energy (see Fig. 6).3!

One of the PGMs at BESSY, the SX700/3, is installed in
such a way that it accepts the circularly polarized synchro-
tron radiation from above or alternatively from below the
plane of the storage ring.*? For this purpose two plane mir-
rors under 2° grazing incidence in s-reflection are mounted
in front of the monochromator. In the dipole SR-source case
of completely polarized light with a phase difference of 90°
between /| and [, the degree of circular polarization is given
by

B82.73 82.75 62,77 84.11 64.13 54.15’ 84.83 84.85 64.87

Photoionization Yield

P, ) =185|=2 £ 7. )

S, is one of the Stokes parameters. P, is largely conserved
in the SX700/3, because the instrument is always operated at
grazing angles, even for low photon energies like 30 eV. The
angular range around 45° incidence angle, where the 90°
phase relation between the horizontally and vertically polar-
ized radiation from the dipole source is destroyed by the
strongly phase shifting optics, is thus completely avoided.
Figure 7 shows a circular polarization map of the SX700/3-
beamline. Values of P, on the researchers sample are given
as a function of both the photon energy and the off-plane

7 "/
64.93 65.05 65.08 £5.07 66.13 65.14 65.15

Photon Energy (eV)

64.89 64.91

FIG. 6. (sp,2n~)'P% and (2p,nd)' P® resonances of doubly excited helium
taken at the SX700/2. This was the first experimental observation of the
(2p,nd)'P° series (from Ref. 31).

4 Rev. Sci. Instrum., Vol. 66, No. 1, January 1995 X-ray monochromators
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FIG. 7. (a) Circular polarization map of the SX700/3: Above the hatched
area the values of P, and I{hv,y)/I(hv,0) are larger than 0.5 (calcula-
tion). The product P% [ is maximal above the (P% J=max)-curve. In-
cluded are the three energy-scan-ranges for constant ¢ and experimental
data, see text for details. (b) Py, on the sample calculated for the three
energy-scan-values ¢=0.3, 0.6, 0.9 mrad; outside the recommended energy
ranges the lines are drawn thinner. (c) P, above the
z//(PZ,,cI =max)-curve, as emitted by the dipole magnet (P ;,) and on the
sample (P ou)- Note the small depolarization effects (from Ref. 32).

angle i in the lower part. Experimental data as measured
with a polarimeter using mirror optics (Av=30, 50, 70, 90
eV)32’33 and using multilayer optics (hv=265 eV)** and es-
timated from photoemission data (Av=700 eV)® are in-
cluded. The values of P, along the photon-energy scan
lines are given in the middle part, and the curve for P, as
emifted by the dipole magnet and as available at the sample
is plotted in the top part; the ¢ values selected for this curve
are those which give the highest values in the figure-of-merit
product

\/1 I \?
. W’ (6)

where I(hv,) is the photon flux at the elevation angle .
This circular-soft-x-ray beamline is now very popular at

BESSY and many new scientific results have been obtained

on it, among them soft x-ray microscopy pictures of mag-

Rev. Sci. Instrum., Vol. 66, No. 1, January 1995

FIG. 8. Spectromicroscopy from iron whisker using L;VV Auger electrons
at the SX700/3. The images have been recorded with right-hand circularly
polarized light of 708 eV (a) and 720 eV photon energy (b), the light being
incident under 25° to the surface of the whisker. The sum (c} and the nor-
malized difference (d) of the raw images show the topography (c), and the
magnetic contribution (d) to the total contrast. Dark (white) areas in (d)
represent domains with a magnetization vector upwards (downwards) along
the vertical axis (from Ret. 36).

netic domains using a fast parallel-imaging electron analyzer
(see Fig. 8°).

We will now describe some optical configurations which
use the plane grating focusing condition but are otherwise
different from the 1980 version of the optics discussed
above.

The necessity to close down the aperture because of ex-
isting tangent errors on the ellipsoidal mirror has been men-
tioned. Another reason for closing down the aperture for very
high resolution is the astigmatism of the optics. The astigma-
tism gives rise to an astigmatic coma aberration from the
ellipsoidal mirror, which increases quadratically with sagittal
aperture, as shown in the ray tracing Fig. 9(a). In 1985 Ny-
holm et al.*” addressed this point and suggested decoupling
meridional and sagittal focusing using two plane elliptical
mirrors for this purpose [Fig. 3(c)]. With these optics, the
light spot on the sample can be tailor-made to the researchers
needs, because focal spot distance and magnification in the
sagittal direction can be selected independently. The raytrac-
ing is shown in Fig. 9(b). At Maxlab one decided to use the
modified SX700 for high resolution photoemission spectros-
copy and very successful work was done.*® As an example
Fig. 10 shows the contributions of the surface atoms in an
electron energy distribution curve for two geometrically dif-
ferent rhodium surfaces.® In Fig. 9(c) we calculated this
optical configuration in a slightly different version, which is
preferable if a very small spot at the exit slit has to be cre-
ated, for example, for photoeleciron microscopy applica-
tions.

Another elegant way to eliminate astigmatism was found
by Lu and Chen®® and by Jark:* an entrance slit was intro-
duced and positioned such that the distances real-source to

X-ray monochromators 5
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FIG. 9. Images of the light source in the plane of the exit slit, photon
energies 399.9 eV, 400.0 eV, and 400.1 eV. Source size o,=300 um,
a,=80 um, ri=15 m, r;=1.5 m, c;=2.25. (a) Original design (Ref.
14), (b) Nyholms modification (Ref. 37), sagitally focusing mirror 3.8 m
from the source. (c) Similar to (b), but sagitally focusing mirror close to the
exit slit (distance 500 mm).

grating and virtual-source to grating were equal. With the
rotationally symmetric ellipsoidal mirror the monochromator
is then stigmatic [Fig. 3(d)]. Jark suggested using the ellip-
soid in p reflection in order to reduce the effect of tangent
errors.*! That stigmatic beamline is in a commissioning state
at the time of writing.

The aforementioned technological difficulty to manufac-
ture aspheres of sufficiently high quality led to Padmore’s
proposal to choose a spherical mirror instead of an ellipsoi-
dal one for focusing®? [see Fig. 3(e)]. A similar decision was
made at Hasylab for the SX700 monochromator at a triple

Doris-Bypass-Undulator*® and at BESSY for the HE-PGM-3

6 Rev. Sci. Instrum., Vol. 66, No. 1, January 1995
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FIG. 10." Contributions from bulk and surface to the 3ds, electron energy
distribution curve of the Rh(110) and the Rh(111) surface. The photon en-
ergy was 370 eV, the recording time 15 min for each spectrum (from Ref.
39).

at a dipole magnet.** One consequence was that the focal
length had to be increased considerably in order to avoid
excessive coma from the sphere (compare the raytracings in
Fig. 11).

During commissioning of the SX700 at Hasylab* and

1.0 T T T T T

0.5 ) 4 ’ R

a) )

d)

1 1 1
10 08 06 05 10 -0 05 00 05 10
X [mm] X [mm]

FIG. 11. Influence of coma when using a spherical focusing mirror: (a), (b)
plane elliptical mirror, length 40 and 200 mm, (c), (d) spherical mirror,
length 40 and 200 mm. Sagittal focusing is done in both cases with another
plane elliptical mirror close to the exit slit.

X-ray monochromators
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FIG. 12. Optical scheme of the HE-PGM-3. Note the 1 m long spherical premirror for sagittal focusing; the light comes from a dipole magnet.

the HE-PGM-3 at BESSY'? in 1992, another interesting ad-
vantage inherent in the combination of the plane grating fo-
cusing condition and a spherical mirror was exploited: One
can use different virtual source fix-focus constants ¢ for
different purposes and still focus optimally after appropriate
adjustment of the exit slit distance according to the equation

1 P2

“Rsimy’ @

"2"*‘7’21 rs

(see Fig. 12 for the parameters).
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FIG. 13. On the grating efficiency map the a=f(\)-curve for maximum
grating efficiency of a 1200 lines/mm grating is given together with the
half-maximum curves for the more grazing and the more normal incident
angle values (curves max/2). The working curves a=f()\) of the SX700/1
for both gratings (1200 lines/mm, 600 lines/mm) and both modes of opera-
tion (fix focus and higher order suppression) are included (from Refs. 14 and
52).
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The standard value c;=2.25 was selected in 1930 on
the basis of grating efficiency optimization over a broad pho-
ton energy range* (see Fig. 13). Values c £<2.25 give
steeper angles for any given photon energy and do therefore
decrease the higher order content. Values cj>2.25 give
more grazing angles and higher spectral resolutlon because
the virtual source distance increases with c# fr and the virtual
source size with ¢y which results in a stronger demagnifi-
cation of the source into the plane of the exit slit. At the same
time there is a certain decrease in flux because both the grat-

(Ar)y clusters

Ar2p Photoeleciron Spectra
hv=254.2 eV i

infensify (arb. units)

251 249 247
Binding energy (eV)

FIG. 14. A selection of argon 2p photoelectron spectra for argon clusters of
various average sizes N (from Ref. 47).
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FIG. 15. HE-PGM-3 raytracing for hv=400 eV: (a) c=1.2, (b) cpp=12.
The distance between the peaks is 500 meV and the source size is o }
o,=300 um-100 um in both cases.

ing acceptance and grating efficiency go down. Note that the
vertical beam size increases by a factor of ¢ at the grating
in accordance with Liouville’s theorem.

At Hasylab and at BESSY the result of the use of high
¢y values was very high spectral resolution immediately af-
ter installation of the high flux SX700** and the
HE-PGM-3,'? respectively. Figure 14 shows an example of
research at the SX700 at Hasylab, the first energy resolved
core level photoemission spectrum from clusters.*’

To illustrate, the nice optical trick of cs variation, we
show in Fig. 15 ray tracings for two different cases: c;;=12
and czr= 1.2, all other parameters are unchanged. The sys-
tem is obviously very flexible. The reader will probably
agree that the effect is dramatic. It is twofold: The spatial

width of the image decreases linearly with increasing ¢y and

the energy width decreases more strongly than linearly be-
cause with increasing ¢ the grazing angle B goes down and
therefore the dispersion d 8/d\~1/sin 8 increases. Note that
this is an optical advantage which does not exist in Rowland
circle configurations: On the Rowland circle the ratio of the
size of the entrance slit to its image at the exit slit is always
1:1.

In Table II we give some equations which should be
useful for beamline designers. They describe the main fea-
tures of monochromators applying the plane grating focusing
condition: reciprocal dispersion, magnification, and coma
from grating and sphere are given as a function of angles;
fix-focus constant and beamline dimensions. The equations
were deduced using the aberration term notations as given by
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TABLE II. Grazing angles a, B at grating, reciprocal dispersion, magnifi-
cation, and coma from grating and from spherical mirror as a function of
wavelength and fix-focus constant cg; for monochromators using the plane
grating focusing condition:

02 in2
sin“a sin“ B
+ =

Plane grating focusing equation: 0

r

see in B 2
: = = = . t t
Fix focus condition constant=cg=>r, ry- Cgp=constan

sin
AG [, (=1
a=acos| ——— ( ekt g1
: Lﬁ-— 1 7 \*%.G

B=asin(cs-sin a)

Reciprocal dispersion:

sin
dNds= ___‘B_i_
r cff+ m
for HE-PGM-3:
sin a
d\ds=
712211, 12500- ——2
- 12500-c5+500
Magnification:
ryesin @ ra
Q =ng’Qfm=

ry-sin B ’ r ‘c;f+r21
for HE-PGM-3:
Q— Cff‘ r3
=T55on. 21500
12500'cff+500

Coma (grating):

, sin®a-cos ¢ sin? B-cos B
+

d)\cgza‘lj.wg‘ r:]! r§
for HE-PGM-3:
1 -1
D= =15 WP e/
S

2
Approximations: sin a=e, cos a=1— 5 B=cy-a
for HE-PGM-3 typical value: d\ g=X-107°
Coma (sphere):

ds=r3-1.5-w2-sin y-cos y-

1 1
(Eff' ritra) ;z]
dNgy=dN/ds-ds,,
for HE-PGM-3:

— 2 o By) 1 1

ds.;=5000-1.5-w;-sin 2°-cos 2 [m— ;g]
with:

G =grating ruling density,

n=spectral order,

wg’=ha1f width of grating,

w,=half width of spherical focusing mirror,

a=grazing angle “in” at grating,

B=grazing angle “out” at grating,

y=grazing angle at spherical focusing mirror,

¢s=fix focus constant,

r=distance source—nplane grating,

rp=distance grating—virtual source,

ryy=distance grating—focusing mirror,

ry=distance focusing mirror—exit slit,

Q. =magnification by plane grating,

Qs =demagnification by focusing mirror.
HE-PGM-3 parameters: r;=12500 mm, r»; =500 mm, r3=5000
(+100,-—300) mm, G'=1221 lines/mm, 366 lines/mm, w,<57 mm,
w100 mm, y=2°, compare Fig. 12.
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TABLE III. Characteristic data of HE-PGM-3.

Image of
Grating 1221 lines/mm r3 Ahv/As 300 um source
Ctr (mm) a(deg) PB(deg) (meV/um) Demagnification (meV FWHM)
Photon energy=100.0 eV :
1.60 5391.27 7.9386 12.7666 0.27496 3.7677 21.894
2.25 4985.65 4.9244 11.1362 0.25790 5.6858 13.607
5.00 4693.52 2.0271 10.1870 0.24929 13.3375 5.607
10.00 4641.35 © 09982  10.0326 0.24801 26.9426 2.762
Photon energy=280.0 eV
1.60 5391.27 47609  7.6313 1.29562 3.7677 103.164
2.25 4985.65 29513  6.6524 1.21289 5.6858 63.996
5.00 4693.52 1.2143  6.0827 1.17111 13.3375 26.342
10.00 4641.35 0.5981  5.9915 1.16519 26.9426 12,974
Photon energy=400.0 eV
1.60 5391.27 3.9856  6.3850 2.21429 3.7677 176.313
225 4985.65 24704  5.5654 2.07221 5.6858 109.337
5.00 4693.52 1.0164  5.0887 2.00058 13.3375 44,999
10.00 464135 05009  5.0148 1.99141 26.9426 22.174
Photon energy=530.0 eV
1.60 5391.27 34635  5.5469 3.37889 3.7677 269.044
2.25 4985.65 2.1467  4.8346 3.16156 5.6858 166.815
5.00 4693.52 0.8834  4.4211 3.05247 13.3375 68.659
10.00 464135 04348 43518 3.03485 26.9426 33.792
Photon energy=1000.0 eV
1.60 5391.27 25228  4.0386 8.76429 3.7677 697.855
225 4985.65 1.5635  3.5196 8.19833 5.6858 432.571
5.00 4693.52 0.6435  3.2189 7.91566 13.3375 178.046
10.00 4641.35 03165  3.1668 7.86563 26.9426 87.582
Photon energy=2000.0 eV
1.60 5391.27 1.7843 2.8556  24.79903 3.7677 1974.619
225 4985.65 1.1059 24889 23.19689 5.6858 1223.945
5.00 4693.52 04554 22777 2241020 13.3375 504.071
10.00 464135 02238 22387  22.24743 26.9426 247.720

Noda et al.,*® and the case of a spherical focusing mirror has
been selected.

Table III gives numerical values of the grazing angles at
the grating, the reciprocal dispersion and the demagnification
of the system as a function of both photon energy and fix-
focus constant. The case of BESSY HE-PGM-3 is selected,
which is described in more detail in the following section.

The HE-PGM-3

As mentioned above, at BESSY we decided in 1990 to
build another PGM using the plane grating focusing condi-
tion and a spherical focusing mirror in that instrument for the
same reasons as the SRC Daresbury and Hasylab had done
earlier.*>*®* We employed a sagittally focusing premirror ac-
cepting 4 mrad horizontally from its dipole source (see Fig.
12). The exit slit is movable over a range of 4.7 m<r;<<5.1
m, and allows for cgr values between 10.0 and 2.25.

The beamline was completed in November 1992 and
first spectra were taken. Figure 16 shows flux data for the
1221 lines/mm grating obtained with a GaAs photodiode us-
ing the 200 um exit slit and c;=4.77, the highest ¢ value
we were able to reach during commissioning. With this grat-
ing the spectral range extends from 130 to ~2000 eV for
c;r=2.25 and from 108 to ~2000 eV for cg=4.77. The

Rev. Sci. Instrum., Vol. 66, No. 1, January 1995

second grating has 366 lines/mm, the range extends from 40
to 850 eV with c;=2.25 and from 34 to 700 eV with
cy=4.77.

The first flux data taken at the HE-PGM-3 showed deep
minima at the carbon K edge and at the oxygen K edge,

M T T T T 1 T

0° :_'\AJ/-\ HE-PGM3

ng E : cy=4.77 3

t 200um

K
g

& 10° | E
£
2
£
x
=3
=
o

g e E
=
o

P E P TR

500 1000 1500 2000

photon energy (sV)

FIG. 16. Photon flux at the HE-PGM-3 using the 1221 lines/mm grating,
cg=4.77, 2 mrad horizontally and the 200 um exit slit. A GaAs photodi-
ode was used. The GaL, ; edge at 1116 ¢V is not completely normalized
out. '
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FIG. 17. Photons in first, second, and third order for Av=500 eV at the
$X700/3. Data are shown for both the high resolution (FIXFOCUS) using
¢gp=2.25 and the higher order suppression operational mode of the instru-

ment. The intrinsic resolution of the Si(Li) detector is about 120 eV. Note
the logarithmic scale (from Ref. 51).

indicating strong contamination of the optical elements. We
therefore decided to perform an in situ HF-plasma cleaning
of the optics.*” The curve in Fig. 16 shows the flux after
cleaning. The O, K minimum is still deep, and there is also a
minimum at the AlK edge. We suspect that both minima
come from Al,O;, aluminum has been used as a binding
layer below the Au coating of the spherical mirrors.

At low photon energies and, in particular, when the 366
lines/mm grating is used, there is a considerable amount of
higher order light in the spectra. A large part of the GaAs
photodiode current then originates from photons in higher
spectral orders, the quantum yield of the GaAs photodiode
increases strongly with the photon energy.’® At photon ener-
gies above ~400 eV, where energy dispersive Si(Li) detec-
tors can be used, it is possible to separate these orders and an
example of such measurements is shown in Fig. 17.5! At low
photon energies like 40 eV, the higher order content with

e

T N T M T T T T T

Cu Lg,s
1 order

L 1%

06%Y S g=17

photoyieid [a.u.], linear scale
N )i \ —
®
I

intensity \ 8 |
of Culyg Cy=1.6"__
1t order :
L i i 1 I 3 L
400 500 600 700 800 900 1000
photon energy [eV]

FIG. 18. Photoyield spectra of clean Cu for three different values of

cpr=1.8, 1.7, 1.6, showing the increasing spectral purity with decreasing
¢4y, monochromator SX700/1 (Ref. 54).
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FIG. 19. Argon L, 3 photo-ion-yield spectrum taken at the HE-PGM-3, first
spectral order, small source size.

cpp==2.235 is clearly more than 10%. A special higher or-
der supression mode was employed, which works at quite
large grazing angles for any given wavelength in order to
efficiently cutoff half that wavelength; then there is, of
course, some loss in flux and spectral reso‘lution.52 About the
same effect can be obtained with low cyr values like
cff=1.653 and in that case there is exact focusing onto a
fixed exit slif at the same time. As an example Fig. 18 shows
three photoyield spectra of clean Cu using c;=1.8, 1.7, 1.6.
The intensity,of the Cul, 3 edge in second order reaches
values as low as 6%o of the first order intensity.>*

For a first estimate of spectral resolution we used a
LaAl—sample which has a sharp 3ds,—4f resonance at
836 eV with a lifetime width of 730 meV.*> With c;;=2.25
and 20% of the vertical aperture 1.3 eV FWHM was
achieved and the use of c;=4.77, second order light and a
10 um exit slit reduced the measured FWHM to 0.78 eV.
Simple quadratic subtraction of the lifetime width gives

Ahv~0.27 eV spectral resolution at 836 eV photon energy
or E/AE>3000.

T T M 1 ] 1 ¥
X 02
L L N, K edge E
L 1. order

- Ch 1.min/3.peak = 0.91 -
sy r ¥ Ahv~80 meV
3 ;" N
L A oA ¥l E/AE~5000
BT Fliin vy .
> P 5 % 4
c | R AT
c Y
*g L s ¥ 2. order .
¥ F; W 1.min/3.peak = 0.75
e L K i Ahy~68 meV J

-
L o’ Th .. E/AE~5000
. psrhst M’W |
1 1 i 1 1 X ; L ) A J
399.5  400.0 4005  401.0  401.5 4020 4025  403.0
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FIG. 20. N, K-photo ion yield spectrum taken at the HE-PGM-3, first spec-
tral order, normal source size (a) and second order, small source size (b).
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FIG. 21. Neon K-photon ion yield spectrum taken at the HE-PGM-3, first
and second order, normal source size.

In order to obtain more detailed information on the spec-
tral resolution capability, gas ion yield data were taken on
argon, nitrogen, and neon. Figures 19—21 show the data. In
Ar we find one more member of the infinite number of Ryd-
berg states than hitherto reported. In N, we see the seventh
vibrational level. The good statistics necessary for these ob-
servations are made possible through the availability of the
full horizontal acceptance of 4 mrad during high resolution
scans. The FWHM of the peaks and lifetime widths (I") from
the literature are included.’>* In the case of Ne various val-
ues were deduced from previous experimental data: 310
meV,”7 230 meV,® 215 meV.!® In the presence of spectra
with 290 meV FWHM, the first value can now clearly be
excluded; our smallest value was 338 meV FWHM measured
with second spectral order and small source size. We used
I'=250 meV and simple quadratic subtraction to find an es-
timate of 370 meV (first order) and 290 meV (second order)
for spectral resolution Akv at 867 eV photon energy and
with the normal BESSY source size.

Fitting the data, especially in the case of N,, proved to
be not very satisfactory in the past and no consistent picture
concerning the deduction of monochromator resolution from
different sets of N, data arose. Although the 40 meV ex-
tracted by Chen and Sette® from their first high resolution

TABLE IV. Ratio of first minimum to third peak in the nitrogen
1s—»171; spectra taken at various high resolution soft x-ray monochroma-
tors.

Monochromator References 1. minimum/3. peak
(a) at dipole magnet beamlines:
Dragon-SGM at NSLS 73 0.85
FU-SX700/2-PGM at BESSY 11 1.01 and 0.85 (2nd order)
UC/NL-SGM at SSRL 8 0.74
10 m GIM at photon factory 9 0.99

HE-PGM-3 at BESSY (This work) 0.91 and 0.75.(2nd order)

(b) at insertion device beamlines:

LBL-SGM at SSRL 6 0.93
X1B-SGM at NSLS 7 0.73
SX700-PGM at Hasylab 13 0.73 and 0.70 (2nd order)
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FIG. 22. Spectral resolution Ak v as a function of ~v at the HE-PGM-3.

soft x-ray nitrogen data cannot necessarily be accepted as a
definitive value, these authors propose useful criteria for de-
termining the comparative resolution of soft x-ray mono-
chromators as pointed out by Randall et al.” They take the
first valley to third peak ratio in the N ls—sl'I;‘ absorption
spectrum of N,. As far as their resolution capability is con-
cerned, various types of soft x-ray monochromators are quite
close together, as the list of those ratios in Table IV illus-
trates. :

Another helpful criterion to determine consistent resolu-
tion data for the HE-PGM-3 is the analytical functional de-
pendence of the spectral resolution on photon energy:
dhv~hv*?, which is valid for monochromators using the

| ¥

o Ref. 61 =
oo §

< J
ke

> .
=

2

<}
< Ref. 60

" " I " 1 PR | i -
510 515 520 525 530 535 540

photon energy [eV]

FIG. 23. Photoyield spectra of V,05 taken at the HE-PGM-3 (from Ref. 60).
A spectrum taken at a NSLS-SGM is included (Ref. 61). In both cases V,05
single crystals were used.
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FIG. 24. Energy distribution curves of Si(111) 7X7 surface reconstruction at
different photon energies as indicated (from Ref. 62). The bottom curve
shows the bulk contribution of the spin orbit split Si2p doublet. For the
upper curves, arrows indicate features which are enhanced with increasing
surface sensitivity.

plane grating focusing condition.>® This relation has always
been experimentally confirmed during the last ten years.
Making use of the available experimental data and theoreti-
cal relations and conditions, we find the Ahw(hv)-lines
given in Fig. 22. Note, that these PGMs are in focus at a
fixed exit slit over the whole broad spectral range they cover.
This is achieved with a single grating and is very different
from other types of monochromators.

The HE-PGM-3 has, however, not been built for gas
phase measurements but as a high resolution and high flux
line primarily for photoemission and x-ray absorption experi-
ments on solids and surfaces. First, such data were taken
from February 1993 on. As an example we present the result
of high resolution electron yield spectroscopy measurements
on V,0; single crystals cleaved under vacuum. Figure 23
shows the absorption in the region of the vanadium L, ; and
the oxygen K edge. For the vanadium L, edge five features
are resolved which reflect the projected density-of-states of
the corresponding d orbitals.®’ For comparison, V,0js single-
crystal data taken some years ago at an NSLS-SGM are in-
cluded in Fig. 23.%! Using a high energy resolution hemi-
spherical electron energy analyzer core level photoelectron
spectroscopy experiments were carried out to study the
Si(111)-7X7 reconstruction. At 10 um exit slit width, fix-
focus constant of 4.77 and 1 eV analyzer pass energy an
overall instrumental energy resolution of 40—60 meV was
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FIG. 25. Photon flux from a BESSY-PGM (here SX700/1) using a 1200
lines/mm grating and from the BESSY crystal monochromator KMC using
beryl and Si crystals. Included are Au reflectivities R, for grazing angles 1°
and 2°.

achieved for photon energies between 108 and 190 eV. A
representative set of spectra of the Si 2p line is shown in Fig.
24. Besides the Si2pj;/, 4, doublet from the bulk silicon
(bottom trace in Fig. 24) and the well-known surface-related
features S1 (rest atoms and atoms bound to adatoms) and S2
(adatoms) two new surface-related structures S3 and S4 are
observed, which are attributed to the excitation of Si atoms
in dimer rows and within the layer of Si atoms below the rest
atoms, respectively.5?

lil. FURTHER CONSIDERATIONS

With the optical and technological developments of the
last decade, grating instrumentation also did start to become
attractive for research using photon energies above 1 keV,
where they have, of course, to compete with crystal mono-
chromators (for reviews see, e.g., Refs. 63 and 64). At
BESSY, some work has also been done on crystal monochro-
mator development and one goal was to extend their useful
range to low photon energies. In Fig. 25 we show a compari-
son of flux data for a typical BESSY PGM and the crystal
monochromator KMC using beryl and Si crystals.5> Above 2
keV, where Si crystals can be used, crystal monochromators
are superior. To really efficiently cover the 1-2 keV range
with gratings one would have to go to grazing angles of 1° to
obtain higher intensity. In the HE-PGM-3 case, for example,
an intensity increase of a factor of ~20 at 2000 eV photon
energy would occur when going from 2° to 1° at the sagittal
and the meridional spherical focusing mirror, (compare the
included curves). Another sometimes important point: grat-
ing monochromator flux spectra—with all optical elements
being gold coated—are clearly smoother than those from
crystal monochromators. Also concerning spectral resolution,
gratings are competitive: with crystal monochromators using
beryl crystals the achieveable spectral resolution at 1000 eV
photon energy is about 0.5 ¢V as deduced from rocking
curve measurements and parallel light®® and about 0.8 eV as
deduced from experimental data.®® For grating monochroma-

X-ray monochromators
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tors values between 0.4 eV at 1000 eV and 1.1 eV at 2000
eV photon energy in first spectral order corresponds to the
data presented in this paper.

The development of grating monochromators during the
last 15 years has really been dramatic: In 1978 the first soft
x-ray N, K spectra did not show any vibrational splitting at
all, and were still considered very interesting at that time.*’

At BESSY we are presently taking another step by com-
bining the plane grating focusing condition for focusing and
the technology of variable line spacing for spherical mirror
coma compensation.68 Such gratings should become avail-
able for instrumentation at our BESSY II storage ring pres-
ently under construction.
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