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Abstract

The BUMBLE BEE is a bakeable UHU rompatible plane grating monochromator

with a fixed exit beam, and the copability to suppress higher order rad ation

in a wide energy ränge. The Instrument was bullt tn he useri in cnnnecti

with a UHU reflectometer and has a differenlial pumping sectinn between

the optical components and the sample alluwing a pressure of 10 Lorr in

tlie experimental chamber without influencing the UHV in the monuchromatur.

The monochromator is not optimized for resolution. Due to its locatinn at

a beamline vuith a shorL yource distance we achieve only medium resolving

power in the order of E/AE E 200. The primary goal is the yuppres*ion of

higher arders, fortunately the thus selccted operating parameleru for the

coupled rotations of the optical componenlu also give nearly the highest

available output. The Instrument is characterized in grcat detail. The per-

formance of the Instrument is discussed and compared with extensive

theoretical calculations.

- presented at SRI 65 in Stanford, CA, USA, July Z9th - Aug. 2nd, 1985

to be published in Mucl. Instr. i Heth.
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1. Intrcductiür^

Three years agn we presented the design principles /!/ of a new monochromator

BUM6LE BEE capable of suppressing higher Orders in a uuide energy ranqe.

It goes back to the original GLEISPIHO design /2/ iwliich was modified several

times in the meantime. The monochromatization is achieved by a plane gratinq

in nombination with a paraboloid focussing into the exit slit äs shown in

Fig. ]. The heamline fil äs shown in Fig. l (the dimensiuns are given in

det.ail in Table 1) consists of a 4° plane deflection mirror (PM1) in front

nf the monnchromator, a plane premirror (PM) and a plane grating (PG) , a

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

The BUMBLE BFF design /!/ is quite close to that of the SX700 at the RES5Y

laboratory /3,A/. In our concept the angle of incidence on a rotating pre-

mirror and on the independently rntatable gratinq is varied in such a way

that the desired wavelength is enhanced wi th respect to the hiqher Orders

by making use of the cut-of'f for total reflection. The eiJHBLE BEE is in

use yince July 1984 and provides VUV- and soft X-ray lighL in the ränge

U.8 nm < >> < 80.G nm (15 eU < E < 1500 e^ r) for a UHU reflectometer /5/ having

all the neressary installations to make prccision measurements on reflected,

scaLLered, and transmitted radiation. X is the wavelength and E the photon

energy.

Parallel tn first systematic investigations af optical properties üf plane

mirroru and plane gratings a diagnosis of the monochromator Output was made.

Wo dis;cu£;s; here the performance of the instrument and compare the data with

thuse originally predicted /!/ and with the results from recently improved

Computer simulations. The data preaented are not primarily optimi2ed for



Output, huL primnrily for qDoci suppression of higher Orders, so that onc

can operate hhe reflectometer with alrnost pure monochromatized light.

2. Optimization of operat-ing parameters

The first iru/estiqation with the reflectometer in combination with Ihe new

monochromator 'aas measuring the efficiency of a plane bla^ed yrating with

a bla^e angle y - 1.5° and groouc dcnaity IZfiO/mm. Tt. is quite simiiar tu

Lhe yrating m the B1IMBLE BEL itself with o hlaze anqle >• _ l.Uu and gronue

density 1200/min. This qrating had been installed in the FLIMPLI? munnchrnmntnr

/(,/ from April I960 to November 19R1 /!/. The original qold coating and

the nontamination layer were removed from the ion etched glass block nud

a new qold coating (3U nm thick) mas evaporated. After thiu reyeneration

the original efficiency uf 10 % nt. the carbon K-edge (\ it.38 nm) was resturcd.

Fiq. 2 was deriued from the rinta measured betwccn l nm _<_ X _< 20 nm. The

curves e, for first order maximum efficicncy and e, ,,, for the SU %
Imax ' Imax/Z

Icvel üupport the grating efficiency map introriuced by Peterscn /4/. WR

could haue rierived also simiiar diagramo fnr the second Orders, but here

we want to give a different presentation. We indicatc those rRgions iwhere

the efficiency of the ^econd order nf \/2 exceeds 10 % of the observed maximum

efficiency Tür Lhe first ordpr of \ (e „ (X /2 ) /e 1 i 0.1). Hence Fig. 2 in-
L l max

dicateü those rngions where the qrating will insufficiently suppreüj; Llie

first higher harmonic. (The rat io e„(l/2)/p, retiches 50 % at most . )
3 2 linax

The performance uf Lhe monochromator BUMBLE BEL can be diRnussed succcasfnlly

using Fig, 2 but udriitionally a number of monochromators that use quite

simiiar grating parameters could also be examined and optimized with the

help of this fiyure tGl.EISPIHO /2/, FLIPPER /6,B/, BESSY 5X700 /3/, UMO /9/,

ERG /10/). In the müde mhere the selected \s alwayü :n the hlaze maximum

L-e a n d*grat are l"he q rs7lnO

of incidcriue un the premirror and qrating, rcüpcctively. The deviat.ion from

paralielity fi , ig a parameter impnrtant also in further discussinns. The

BUMBLE BEL reaches its iimit at E - 1220 eV in this mode with $ -2°
pre

and t - 1°. Fixed i - 1.0" Operation is shown in Fiq. 2 demonstratinq

that seccnd order will be cffect ively supprsssed at short wavielenqths. For

X > 3 nm the first ordtr cfficiency is denrsasinq rapidly. 6 - 1.5° is found

to be optimal for the region 6 nm _< A < ZU nm Tor both aupertr;: out.put and

second urder suppresRion. Problems occur for 3 nm <; Ä <_ & nm, where still

other vylues fnr £ haue to be selected. Unly Lhe analysis for the two anyles

f. - 1,0'' and 6 - 1.5° i s qiven in detail, the npt imal reqions are indicat ed

in all Llie fnllomjinq figures by barti.

Foiially important are the parameters of the premirror, whJch will be discusaed

for a qold coating. ihc reflectivity data measured bctweeri 1.6 nm and 10

nm are in good agreement w i th t.heoretical calculations tnkinq the Freünel

equations for s;-poltiri7ed ] iqht and using optimal constants derivated frum

"atomic scattcring factors" published by Henke et al. /ll/. The bcat f i t

is ootained by introducing a RMS-ruughness o nf l nm in the forrmila R -

o
R exp(-(^TTosiii^A) ) /12/ ( \- is the glaneiny angle af incidence). The mirror

was evaporoted in HU and afteriwards cxposed to air for a long penod. So

the measured dnta are of practical imporLance hecause monochrnmator mirrors

are often hanclled similarily. Iheoretical isoreflectancc curves for R -

0.3 and für R(>./2)/R'^) = 0.3 , o = 0 are shown in a $(\) diayram in Fiq. 3.

In the ränge 30 nm <^ i £ lü nm, the behaviuur deviates considerably from

the free elentrnn gas behaviour. The curvea un which the BUMBLE BEE is operated

(Fiy. 3) shoifj, that the qold coatcd nürrnr introduces problems in the region

where also the qrating has luw performance. Other coatingü aR Ni /ll/ should

he used for wavelengths around 5 um.



3. _Hpnochromatqr_ output

We calculate the normalized monochramatür Output l (E) in photons/Cs 100 mA

current in DORIS l % bandwidth). For actual conditions I (E) has t.n he scaled
o

tu the real current in DORIS and to the bandwidth accepted. The latter is

achieved by multiplying I (E) hy s/s where s is a nominal slit width

corresponding to a l S bandwidth äs determined by the dispersion of the

gratinq and s is the actual slit. widLh. Tor a cuntinuous üpeclrum the intensity

measured behind the exit slit is not sffecteri hy ony riegradation of the

achieved resolution due to source sivc, imaging errors of l he parabnlnid

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

through the slit.

Eor calculating I (E) we need to calculate the spectral intensity of Synchrotron

radiation accepted by the monochromator, the reflectivity äs a function

of wavelength of all mirrors and the efficiency of the gratinq. Deflection

mirror and toroid are Kaniqen ccated while the paraboloiri and the grating

are gold coated. Three premirrors can he chanyed in-situ, they are coated

with Au, Kanigen and a 5-period Au/C multilaycr. On a small blank a successful

cnating with a 3-period multilayer was achieved which gave enhancement of

the reflectivity in the 5 = 1.0" mode. Unfortunately due to errors in the

evaporation process the larqe blank neederi tn cover the füll spectral ränge

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

same good performanne.

All calculations are hased on the atomic scatterinq factors qiuen by Henke

et al. /ll/ (for Kanigen the Ni-data are chosen). Surface roughness wias

taken into ronsideration with °nMc = l nm äs found for the test mirror cooted

- 6 -

with gold- All mirror reflcctivities are calculated with the Fresncl-furmolism

(s-polanzed) . The multilayor film was calculated using recursiun techniques

given by Heavens /13/.

The most demanding calculation is that uf the grating efficiency. Ihere

exists in principle the exact electromagnetic theory for a grating with

an ideal profile äs given by Petit /14/. Instead, we have used a semiempirical

analytic expression which gave a qood fit to the data obtained with the

above mentioned FtIPPER qrating. 1t gave the efficiency tnaximum at the corrcct

angle. Near the maximum the deviations in the efficiency are less than 10 %.

In reginns where the eff iciency is reduced by one order of maqnitude deviations

of the data can be äs l arge äs + 100 % to - 50 %. This parametrized form

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

et al. /15/ and Lukirski et al. /16/ and will be describeri elsewhere

The calculated intensities at the sample position are shnwn in Fig. 4. The

measured data for the different configurations are derived frorn Au-diode

currents that have been converted to photon intensities with the yield curves

given by Lenth /18/ and Henke et al. /19/. Considerinq the large number

of cumponents itivolved ( ü ref lect.ions J the agreement between calculation

and measurement can be regarried äs good. The measured data also agree quite

well with the published estimate /!/ which was derived from a much simpler

model taking optical coriKtants given hy Hagemann et al. /20/.

The largest values of the Output were found with the multilayer coated pre-

mirror for Ä = 1.5" and £ = 2,0" at E = 124 eV. There the transmission of

the whale set-up (monochromator and beam line) is 9 % and 8 % respectively.



4. l alse light

Not nnly the photunu wn th the nnminal wavelenqth will pass the <=x i t slit.

Stray liqht that will rint rorrespond to the desired wavelcngth und hiqher

nrders that will fulfill the gratinq equalion are admixed. Ihe lwo rontribu-

tions will be discuLiserl separutely.

A. Second order radiatinn

Gnly spectrally non-rüspersivic detectnrs are availahle in our reflertometer.

Nontheless not only the amount üf uecnnd Order radiation present in the

uuLpiit but also the relative dctect ion ef ficicriL'y nf the dctccLor for firut

and sfinond ordcr liyht is of importnncR for the reflectometer meosurements.

The above discussed FLIPPE.R gralinq was uacd for a secondary analysis of

the radiatiun- The procedure is qtiite similar to the mcthnd describud by

Källne et al. /2l/, who uaerl transmission gratings für an analysis uf Ihe

Output of Ihe rirasshopper monochrümatur. The higher harmonics can be detected

unambiguonp.ly betwoen the zeroth ordcr und the t'irsL Orders. Thü qunl ity

of the grating with respcct to s;cattered light iri this ränge will det.ertninc

the detücLinn limit. The high photon flux at tlie Rample did nol nllow to

operate the multiplier detector (20 staqe Johnson MM1 with AI 0, noated

(15 nmipre-üullinde1;' in tho photun cnunting mode, SG we had io measure the

current frorn the last dyriude, whirh is proportional to the second order

photon intenuily I ,A\/2], the gratinq ef'f'icienry e(>./2) and the detector

sensitivity V. If the grating is used in blaze maximum for the second urder

Lhe signal is gi^en by Z(>./2; ; I „U/2) en(X/2) Y(>./2). ü„(X/2) tnust be
O, L D H

determined independently for blaze maximum conditions. Wi th the signal ? ( X )

incident onlo the qrating the fraction of uec-ond order in L he total aicjnal

i s giuen by

- 8 -

z 0.) V A / 2 '

This ratio hos to be very amall for succcüuful reflectivity measurements.

Generally nu oenond order conlrihution could be identifieri, third order

was never deterted for the two opttmized conflyurntions. The light scattered

from the l LIPPFR gratinq leadu to tbe detectiun limit shown in Fig. 5. Alau

indicated are the ratios V for a gold prenurror. Cnlibrating thc multiplier

detectur ayninst the signal from the Au-diode nie can f'inally deduce the

second order contributions aü given in lable 2. These mcasjurement s demormtrate

l he proper choire of the parameters 6 äs diucussed abovc.

B. Stray light

The stray ligtit Kontribution cannot be derived äs an absolute photon intensity.

The measurements on thc f'LIPPER qratiny shoi-js that this stray light cnnsists

of light w i t h longer wavelenqths than Lhe selected one. This unwantfid siqnal

tvan only be rietermined experimentally for each type of detectur- Behause

of the lonq wavelcnylhs inuoluud utray light leads to too lorge values of

angle dependent reflectivitiea at large steep nnqles of incidence. This

"remaining reflerti\.'ity" gives an estimate nf the false light. The errors

are larqe (+ 10(1 % ... - 50 K j . The detcctinn limit lies in the order of

a fewi ?i, so thut nnly a few points could be measurcd. The resulta nre shown

in Fig. 6 in comporison wit,h l.he detected total signal and vjith the second

order r-ontribution. It is obuious that in soine intervals the stray liqht

will dnminate the false light signal. With fi = 0.8" the ctray ligliL level

at T - 1500 eV ( Ä = O.B nm) attains 50 ffi. The stray light lewels will some-

timep; make impossible reliablc reflectivity meaKurements, howiever, gratinq

uffieiency data can still be derived after a stray light correction. The

interuals indicated äs optimal in the figures will shouv false light con-
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tributions of Icss than l % in the multiplier detector. Thus only the region

3 nm < A £ 6 nm is dif'f'icult to use.

5. Resolution

The short distance oF the monochrnmator f'rom the source point will causc

abcrrations on the extreme off-axis paraboloid /22/. Additionally the di-

vergent radiation incident onto the qrating will lead to astiqmatism accordinq

tc Murty /23/ caused by different virt.ual dist.ances of the source point.

for vertical and für horizontal focussing dtie to the chanqe of the vertical

diuergence at the grating. The resolutinn is among others determined by

the size of the vertical focus. In order to follnw the varyinq focal lenqth

the exi t slit is mounted between two bellows and mouable cn a 60 mm t.rack

along the beam. For Standard reflectivity measurementG it is not advisable,

however, to fullow the forius continuously whilc scannirig the spectrum sinoe

the subsequent toroid (see Fig. 1) which re-focusscs the beam on the detector

requires a fixed source point.

Simple geometrical optics is insufficienl to determine the best compromise

positiun for our spectral ränge, For this optimizoticn a ray tracinq proqram

acccirding to the scheme given by Spencer and Hurty /24/ was written. An

extenaiüd of the proqram allows to calculatc the energy resolution /ll/.

In urder to determine the resolution experimentally the absorption fine

structures of qases were measured in an iurüsation chamber desrribed by

Eberhardt et al. /25/ in order to makc an at-curaLe uiavelength calibration.

Some of these structures which are qiven in Table 3 allniv to determine the

resolution because of their amall inherent width. The measured resolution

äs given in Fig. 7 is cnmpared tn r^y tracing calculations. These calculations

- 10 -

were made for ideally shaped components. Shape errors mainly of the paraboloid

in the order of 2.5" will additionally broaden the imaqe of the source at

the exit slit leariing to reduced resolution so that the observed mean

deviatinn cf only 3S % between theory and exporiment is reasonable. It

indicates a good aligriment of the whole equipment.

It is, however, possible to achieve a better resolution. This is shown in

Fig. 0. Caused by the wrang exit slit position neither an increased 6 (5

- 2.5°) nor a smaller horizontal acceptance (6 mm) for the reduction of

ostigmatism can enhance the resolving power. Only the correct slit position

in connection with the other measures will lead to the considerably improved

resolutiun ÄE/E = 1/500 at 250 eV phutun energy.

Conclusion

We haue riemonstrated that by a detailed knowledge of gratinq efficiencies

anri reflectivit ies nf opt.inal components it is possible to plan a special

purpose grazing incidence monüchromator not only with respect to its resolving

power but also with respect to its Output characteristics and rejection

uf higher Orders. The measurernents on the Instrument show that it achieves

its predicted performance in considerable detail. Accurate reflectivity

measuremento are now possible between 1.5 nm and 26 nm. The ränge above

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

The ränge from 0.8 - 1.5 nm is still us;uable but care has to be taken with

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

the two optimized operating configurationslof the

B'JMBLE BEE.

Total intensity Ifc fc = 100% (error: +100% .. -50%J

x in nm

1.6

2.2

3.2

4.5 Au

multil

kanigen

6.5 Au

multil

kanigen

9.0 Au

multil

Jcanigen

13.0

1B.O

26.0

I2<X/2>/Itot

5 = 1.0«

< 1.0% n

< 1.0* n

< 0.2% n

0.2%

0.*%

< 0.1%

< 0.1% n

0.2%

< 0.1%

< 0.1% n

< 0.1% n

< 0.1%

< 0.1% n

< 0.1% n

5 = 1.5°

< 1.0% n

3.0%

B.0%

5.0%

9.0%

1.7%

1.1%

6.7%

1.1*

< 0.1% n

0.2%

0.2%

< 0.1% n

< 0.1% n

0.7%

n = no second order identified .

Table 3: Structures measured to determine the resolution and to

check the calibration

Gas

°2

N2
Ar

Kr

Xe

structure

a„l.-<VP'3

°uls~f Trg2p

2p -» 4s

3d -* 5p

4d -» 6p

\n nm

2.33

3.093

5.071

13.58B

19.041

ref .

/ 2 6 X

X 2 7 X

/ 2 B /

X 2 9 /

/ 29 /

remarks

A

A

* at E = 1.5° and S = 2.0° also detected In 2. order
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Fiyure Captions

Fig. 1: Schernatic diagram of the beamline Gl w i t h the monochromator

HUMQLE BEE (components not drawn tu scale):

PM1: deflection mirror E.A; entrance aperture

PH: plane premirror PG: plane yrat ing

P: paraboloid ' ES: exit slit

T: toroid D: diaphragm

S: sample Det: detector

Fig. 2: Extcnded gratinq efficiency map For a blazed Au-grating (1.5

bla^e ongle, 120Ü grüoyeR/rnm) with:

e, : f i r s t order eTFicienny maximum
Imox

e-, /2: 5Q % level of e,Imax Imax

e„: e f F i c J e n c y oF the second oröer af \!1

& - l .D and £ - 1.5°: working curwe of the manochromator

opt. : regions wherc the second order is efficiently suppressed

Fig . 3: Premirror ref lect ivi ty map for Au-mirror ,

a) isüreflectivity curve for 30 ?J reflect ivi ty

b) second order suppression curve für R ( Ä / 2 } = 30

Below both curves the values will increase.

Fig. 4: Intensity on the sample for Standard configurations of the BUMBLE

BF.E for all possible cornbinations compared to the calculated

Performance (points),
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Fig. 5: Ratio of siqnal cauüed hy serond order to total signnl

using a Au-coated premirrnr and a photomultiplier detector with

Al.O cathode for the two Standard configurations.

Fig. 6: Comparison between total siqnal, contribution af stray liqht

and second order for the 6 = 1.0" mode. For comparat.ive purposes

the total signal is also shown for the S = 1.5n mode where the

stray light signal will be practically the some äs indicated

whilc the second ordcr Kontribution differs curiLdderably (see

Fig. 5).

fD

Fig. 7: Calculated and experimental resolvinq power uf Lhe monochromatur

for 3 different simultanceuü rotation modes. Exit slit fixed

at b = 1025 mm with 30 (im width.

Absorption fine structure mea^ureri at the argon-L-edge in

different configurations cumpared with the data nf ref. /28/.

y»*

i/i
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