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Abstract a -
fostract a &g
s
The BUMBLE BEE is a bakeable UHV compatible plane grating monochromator
with a fixed exit beam, and the capability to suppress higher order radfation
in a wide energy range. The instrument was built te be used in copnectidm

with a UHV reflectometer and has a differential pumping section between

the optical components and the sample allowing a pressure of 10'5 torr in
the experimental chamber without influencing the UHV in the monochromator.
The monochromator is not pptimized for resolution. Due to its location at

a beamling with a short source distance we achieve only medium resolving
power in the order of E/AE = 200. The primary goal is the suppredion of
higher arders, fortunately the thus selected operating paramelers for Lhe
coupled rotations of the optical componenls also give nearly the highest
available output. The instrument is characterized in great detail. The per-
formance of the instrument is discussed and compared with extensive

theoretical calculations.

- presented at 5RI B85 in Stanford, CA, USA, July 29th - Aug. 2nd, 1985

to be published in Nucl. Instr. & Meth,

1. Introduction

Three yeors agn we presented the design principles /1/ of a new monochromator
BUMBLE BEE capable of suppressing higher orders in a wide enerqgy range.

It goes back to the original GLEISPIMO design /2/ which was modified several
times in the meantime. The monochromatization is achieved by a plane grating
in combination with a paraboloid focussing into the exit slit as shown in
Fig. 1. The beamline Gl as shown in Fig. 1 (the dimensiuns are given in
detail in Table 1) consists ol a 4¢ plane deflection mirror (PM1) in front

of the manochromator, a plane premirror (PM) and a plape grating (PG), a

fncussing paraboloid (P) and the exi t slit (ES).

The BUMBLE BFF design /1/ is quite close to that uf the SX700 at the BESSY
laboratory /3,4/. In our concept the angle of incidence on a rotating pre-
mirror and on the independently rotatable grating is varied in such a way
that the desired wavelength is enhanced with respect to the higher orders

by making use of the cut-off for total reflection. The BUMBLE BEE is in

use since July 1984 and provides VUV- and soft X-ray light in the range

0.8 nm < A < 80.0 nm (15 eV < E < 1500 eV) for a UHV reflectometer /5/ having
all the necessary insfallatinns to make precision measurements on reflected,
scaltered, and transmitted radiation. A is the wavelength and E the photon

energy.

Parallel to first systematic investigations of optical properties of plane
mirrors and plane gratings a diagnosis of the monochromatar output was made.
We discuss here the performance of the instrument and compare the data with
those originally predicted /1/ and with the results from recently improved

computer simulations. The data presented are not primarily optimized for
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output, but primarily for good suppression of higher orders, so that one

can operate the reflectometer with almost pure monochromatized light.

2. Optimization of operating parameters

The first investigation with the reflectometer in combination with Lhe new
monachromator was measuring the efficiency of a plare blaced grating with

a blase angle v = 1.5° and groove density 1200/mm. Tt is quite similar to

the grating in the BIIMBLE BEL itself with a blaze angle y = 1.0V and gronve
density 1200/mm. This grating had been installed in the FLIPPLR munochromator
/6/ from April 1980 to November 1981 /7/. The original gold coating and

the contamination layer were removed from the ion etched glass block and

a new qold coating {50 nm thick) was evaporated. After thiu regeneration

the original efficiency of 10 % at the carbon K-edge (% = 4.38 nm) was restorcd.

Fig. 2 was derived from the dnta measured between 1 nm < % < 20 nm. The

curves e for first order maximum efficicney and e ., for the 50 %
x Imax/2

1ma
level support the grating efficiency map introduced by Petersen /4/. We

could have derived also similar diagrams for the second orders, bul here

we want to give a different presentation. We indicate those regions where

the efficiency of the second order of A/2 exceeds 10 % of the observed maximum

efficiency fur the first order of A(eZ(A/Z)/e > 0.1). Hence Fig. 2 in-

Imax
dicates those regions where the grating will insufficiently suppress the

first higher harmonic. (The ratio 92(1/2)/leax reaches 50 % at most.)

The performance of Lhe monochromator BUMBLE BEE can be discussed successfully
using Fig. 2 but additionally a number of monochromatars that use quite
similar grating parameters could also be examined and optimized with the
help of this fiqure (GLEISPIMO /2/, FLIPPER /6,8/, BESSY SX700 /3/, UMO /9/,

ERG /10/). In the wode where the selected X is always in the blaze maximum

§=¢ -4 = 1Y is constant. Hereg pr are the grazing angles

pre yral and# yr

e at

of incidence on the premirror and grating, respectively. The deviation from
parallelity §, is a parameter important also in further discussions. The
BUMBLE BEE reaches its Limit al £ = 1220 eV in this mode with ¢pre = 20

and ¢qrat = 1°, fixed 3 = 1.0Y operation is shown in Fig. 2 demenstrating
that seccnd order will be effeclively suppressed at short wavelengths. For

» > 3 nm the first order efficiency is derreasing rapidly. & = 1,5° is found
to be optimal for the region 6 nm < A < 20 am for both aupects: output and
second urder suppression. Problems occur for 3 nm < & < 6 nm, where still
other values for ¢ have to be selected. Unly the analysis for the two angles
&z 1.0% and & = 1.5° is qiven in detail, the nptimal regions are indicated

in all Lhe following figures by bars.

Feually important are the parsmeters of the premirror, which will be discussed
for a qold coating. Ihe reflectivity data measured between 1.6 nm and 10

nm are in good agreement with theoretical calculations taking the Fresnel
equations for s-polarized light and using optical vanstants derivated frum
"atomic scattering factors" published by Henke et al. /11/. The best Fit

is obtained by introducing a RMS-roughness o af 1 am in the formula R =

R, exp(—(ﬂncsinf/h)g) 712/ { $is the glancing angle of incidence}. The mirror
was evaporated in HY and afterwards cxposed to air for a long period. So

the measured data are of practical importance because monochrnmator mirrors
are often handled similarily. Theoretical isoreflectance curves for R =

0.3 and for R(2/2)/R{\} = 0.3, ¢ = O are shown in a ¢(X) diayram in Fig. 3.

In the range 30 nm < ) < 10 nm, the behaviour deviates considerably from

the free electron gas behaviour. The curves un which the BUMBLE BEE is operated
{Fig. 3) show, that the gold coated mirror introduces problems in the region
where also the grating has luw performance. Other coatings as M /11/ should

be used for wavelengths around % nm.



3. Monochromator autput

We calculate the normalized monochromator output IG(E) in photons/{s 100 mA
current in DORIS 1 % bandwidth;. For actual conditions IO(E) has to be scaled
to the real current in DORIS and to the handwidth accepted. The latter is
achieved by multiplying In(E) by s/sD where s, is a nominal slit width
corresponding to a 1 % bandwidth as determined by the dispersion of the

grating and s is the actual slit width. for a continuous spectrum the intensity
measured behind the exit slit is not affected hy any degradation of the
achieved resolution due to source size, imaging errors of the parabnloid

or defocussing. This affects only the spectral purity uf the radiation passing

through the slit.

For calculating IO(E) we need to calculate the spectral intensity of synchrotron
radiation accepted by the monochromator, the reflectivity as a function

of wavelength of all mirrors and the efficiency of the grating. Deflection
mirror and toroid are Kanigen coated while the paraboloid and the grating

are gold coated. Three premirrors can be changed in-situ, they are coated

with Au, Kanigen and a 3-period Au/C multilayer. On a small blank a successful
coating with a 3-period multilayer was achieved which gave enhancement of

the reflectivity in the & = 1.0% mode. Unfortunately due to errors in the
evaporation process the large blank needed to cover the full spectral range

was coated with a film with teo thick layers and thus did not achieve the

same good performance.

All calculations are based on the atomic scattering factors given by Henke
et al. /11/ (for Kanigen the Ni-data are chasen). Surface roughness was

taken into consideration with ORMS = 1 pm as found for the test mirror coated

with gold. All mirror reflectivities are calculated with the fresnel-formalism
(s-pnlarized). The multilayer film was calculated using recursiuvn technigues

given by Heavens /13/.

The most demanding calculation is that of the grating efficiency. There

exists in principle the exact electromagnetic theory for a grating with

an ideal profile as given by Petit /14/. Instead, we have used a semiempirical
analytic expression which gave a good fit to the data obtained with the

above mentioned FLIPPER grating. It gave the efficiency maximum at the correct
angle. Near the maximum the deviations in the efficiency are less than 10 &%.

In regions where the efficiency is reduced by one arder of magnitude deviations
of the data con be as large as + 100 % to - 50 %. This parametrized form

of the efficiency is a modification of the expressions given by Sprague

et al. /15/ and Lukirski et al. /16/ and will be described elsewhere /17/.

The calculated intensities at the sample position are shown in Fig. 4. The
measured data for the different configurations are derived from Au-diode
currents that have been converted to photon intensities with the yield curves
given by Lenth /18/ and Henke et al. /19/. Considering the large number

of campanents involved (5 reflections) the agreement between calculation

and measurement can be regarded as good. The measured data also agree quite
well with the published estimate /1/ which was derived from a much simpler

model taking optical constants given by Hagemann et al. /20/.

The largest values of the output were found with the multilayer coated pre-
mirror for 6 = 1.5% and € = 2.0 at £ = 124 eV. There the transmission of

the whale set-up (monochromator and beam line) is 3 % and 8 % respectively.



4, lalse light

\ot anly the photons with the nominal wavelength will pass the exit slit.
Stray light that will nat rorrespond to the desired wavelength und higher
orders that will fulfill the grating equation are admixed. Ihe two contribu-

tions will be discuused separstely.

A.__ Second order radiation

Only spectrally non-dispersive detectors are available in our reflectameter.
Nontheless not only the amount of second order radiation present in the
uutput but also the relative detection efficiency of the detector for first
and second order light is of importance for the reflectometer measurements.
The above discuused FLIPPER grating was uscd for a secondary analysis of

the radiatiun. The procedure 1s quite similar to the method described by
Killne et al. 721/, who used transmission gratings for an analysis uf the
output of Lhe Grasshopper monochromator. The higher harmonics can be detected
unambiguously between the zerath order and the firsl orders., The guality

of the grating with respect to scattered light in this range will determine
the detectinn 1imit. The high photon flux at the sample did not allow to
operate the multiplier detector (20 stage Johnson MML with Alzﬂj coated

(15 nmypre-cathode} in the photon counting mode, so we had to measure the
current from the last dynode, which is proportional to the second order
photon intensity IU,Q(X/2), the grating efficiency e{3/2) and the detector
sensitivity Y. If the grating is used in blaze maximum for the second order
the signal is given by (A2 = ID’Z(X/Z) eB(l/2) Y{3/25. cB(X/Z) nust be
determined independently for blaze maximum cunditions. With the signal YO(X)
inciaent onlo Lhe grating Lhe fraction ol second order in Lhe total signal

is given by

i 10,2”/2) Y{¥2) 200/2) 1
- R e,(A/2)
£, zum B

This ratio has ta be very small for successful reflectivity measurements.
Generally nu second order contribution could be identified, third order

was never detected for the two optimized configurations. The light scattered
from the I'LIPPFR grating leads to the detectivn limit shown in Fig. 5. Also
indicated are the ratios \ for @ gold premirror. Calibrating the multiplier
detectur agninst the signal from the Au-diode we can finally deduce the

asecond order contributions as yiven in lable 2. These measurements demonslrate

Lhe proper choice of the parameters § as discussed above.

B.___Stray light

The stray light rontribution cannot be derived as an absalute photon intensity.
The measurements on the FLIPPER gratiny shows that this stray light congists
of light with longer wavelengths than Lhe selected one. This unwanted signal
can only be determined cxperimentally for each type of detectour. Because

of the long wavelenglhs involved stray light leads to too large values of
angle dependent reflectivities at large steep ongles of incidence. This
"remaining reflectivity™ gives an estimate nf the false light. The errors
are large (+ 100 % ... - 50 %). The detection limit lies in the order of

a few %, so that only a few points could be measurcd. The results are shown
in Fig. 6 in comparison with the detected total signal and with the second
order contribution. It is obvious that in sume intervals the stray light
will dominate the false light signal. With & = 0.8° the stray lighl level

at £ = 1500 eV (% = 0.8 nm) attains 50 %. The stray light levels will some-
times make impossible reliable reflectivity measurements, however, grating
¢fficiency data ean still be derived after a stray light correction. The

intervals indicated as optimal in the figures will show false light con-



tributions of less than 1 % in the multiplier detector. Thus only the region

3nm < A <6 nmis difficult to use.

5. Resolution

The shart distance ol the monochromator from the source point will causc
aberrations on the extreme off-axis paraboloid /22/. Additionally the di-
vergent radiation incident onto the grating will lead to astigmatism according
to Murty /23/ caused by different virtual distances of the source point

for vertical and for horizontal focussing due to the change of the vertical
divergence at the grating. The resolution is among others determined by

the size of the vertical focus. In order to follow the varying focal length
the exit slit is mounted between two bellows and movable on a 60 mm track
along the beam. For standard reflectivity measurements it is nat advisable,
however, to follow the focus continuously whilc searmning Lhe spectrum since
the subsequent toroid (see Fig. 1) which re-focusses the beam on the detector

requires a fixed source point.

Simple geometrical optics is insufficienl to determine the best compromise
position for our spectral range. For this optimization a ray tracing program
according to the scheme given by Spencer and Murty /24/ was written. An

extension of the program allows ta calculate the energy resolution /17/.

In order to determine the resolution experimentally the absorpticn fire
structures of gases were measured in an ionisation chamber described by
Eberhardt et al. /25/ in order to makc an acéurate wavelength calibration.
Some of these structures which are given in Table 3 allow to determine the
resolution because of their small inherent width. The measured resalution

as given in fig. 7 is campared Lo ray tracing calculations. These calculations

- 10 =

were made for ideally shaped components. Shape errors mainly of the paraboloid
in the order of Z.5" will additionally broaden the image of the source at

the exit slit leading to reduced resolulion so that the observed mean
deviation of anly 35 % between theory and experiment is reasonable. It

indicates a good aligmment of the whole eguipment.

It is, however, possible to achieve a better resolution. This is shown in
Fig. 8. Caused by the wrong exit slit position neither an increased & (8

= 2.5°) nor a smaller horizontal acceptance (6 mm) for the reduction of
astigmatism can enhance the resolving power. Only the correct slit position
in connection with ihe other measures will lead to the considerably improved

resolution AE/E = 1/500 at 250 eV phutun energy.

Conclusion

We have demonstrated that by a detailed knowledge of grating efficiencies

and reflectivities af optical components it is possible to plan a special
purpose grazing incidence monochromator not only with respect to its resolving
pawer but also with respect to its output characteristies and rejection

uf higher orders. The measurements on the instrument show that it achieves

its predicted performance in considerable detail. Accurate reflectivity
measurements are now possible between 1.5 nm and 26 nm. The range above

26 nm will be covered by a new grating with 300 lines/mm in the future.

The range from 0.8 - 1.5 nm is still usuable but care bas to be taken with

stray light there.
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Table 2: Second order photon intensities at the sample for

the two optimized operating configurations‘of the

BUMBLE BEE.

Total intensity Itot = 100% (error: +100%

X in nm IZIAIZ)/Itot

§ = 1.0° § = 1.5°

¢ 1.0%n ¢ 1.0% n
{ 1.0% n 3.0%
3.2 ( 0.2% n B.0%
4.5 Au 0.2% 5.0%
rultil 0.4% 9.0%
kanigen| < 0.1% 1.7%
6.5 Au < 0.1%n 1.1%
multil 0.2% 6.7%
kanigen| < 0.1% 1.1%

9.0 Au < 0.1% n ¢ 0.1% n
multil ¢ 0.1% n 0.2%
kanigen| ¢ 0.1% 0.2%

13.0 ¢ 0.1% n < 0.1% n

1B.0 { 0.1% n < 0.1% n
26.0 0.7%

n = no second order ildentified .

Table 3: Structures measured to determine the resolution and to

check the calibration

-50%)

Gas structure A in nm ref, remarks
0 o 1s+(r_2p)° 2.33 1267 A
2 u g :

N2 ouls* ngp 3.093 1277 *

Ar 2p * 4s : 5.071 1287

Kr 3d -+ Sp 13.588 129/

Xe 4d - 6p 19.041 71297

* at § = 1.5° and 8 = 2.0° also detected in 2. order
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Figure Captions

Fig. 1:
Fig., 22
Fig. 3:
Fig. 4:

Schemat ic diagram of the beamline Gl with the monochromator

BUMBLE BEE {components not drawn to scale):

PMl: deflection mirror EA: entrance aperture
PM: plane premirror PG: plane yrating

P: paraboloid ’ ES: exit slit

T: toroid D: diaphragm

S: sample Det: detector

Extended grating efficiency map for a blazed Au-grating (1.5°
blaze angle, 1200 grooves/mm) with:

e : first order efficiency maximum

1max

- o/
elmax/z' 50 % level of ] max

€,: efficiency of the second order of A/2
§=1.2 and & = 1.59: working curve of the monochromator

opt.: regions where the second order is efficiently suppressed

Premirror reflectivity map for Au-mirror,
a) isoreflectivity curve for 30 % reflectivity R(X)
b) second order suppression curve for R(A/2) = 30 % R(A ).

Below hoth curves the values will increase.

Intensity on the sample for standard configurations of the BUMBLE
BEE for all possible combinations compared to the calculated

performance (points).



Fig. 5:

Fig. 6:

Fig. 7s

Fig. 8:
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Ratio of signal caused by second order to total signal
using a Au-coated premirrar and a photomultiplier detector with

Al.O. cathode for the two standard configurations.

273

Comparison between total signal, contribution of stray light

and second order far the &= 1.0° mode. For camparative purposes
the total signal is also shown for the § = 1.5% mode where the
stray light signal will be practically the same as indicated
while the second order contribution differs cunsiderably (see

Fig. 5).

Caleulated and experimental resolving power of the monochromator
for 3 different simultancous ratation modes. Exit slit fixed

at b = 1025 mm with 30 um width.

Absorption fine structure measured at the argon-L-edge in

different configurations compared with the data of ref. /28/.
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Grating: Grazing angle b (°)
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2. order signal / total signal
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Resolving Power
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Argon-L-edge
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