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ABSTRACT

In this paper data are presented that show the validity of the reciprocity theorem for
diffraction by a blazed grating in the soft x-ray region. With this theorem, a simple
formula for the calculation of the diffraction efficiency in blaze maximum can
intuitively be derived. Caleulations with this formula will be compared 1o experimental
data for first and second order diffraction. Isoelliciency curves for these orders can
also be drawn from the experimental data. These will be used to discuss the working
parameters of some monochromator designs. By combining the advantages of two
well-known monochromator concepts, a new design will be proposed that will allow
high resolution while it can be optimized for high transmission and good suppression

ol higher harmonics.

presented at the Sth National Conference on Syachrotron Radiation Instrumentation,

Madison WI, lune 21-25, 1987 10 be published in Nucl. Inste and Meth. A
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L INTRODUCTION

The most critical point i the design of monochromators for the soft x-ray region,
where gratings will be used at grazing incidence, is the prediction of the instrumental
transmission function. Recent developments in high resolution monochromators for
this range lead to constant deflection designs (c.g. toroidal grating monochromators
FGMs [1,2] and spherical grating monochromators SGMs [3,4]) that use only the
grating between the entrance and exit slit. The efficiency for these gratings can, in
principle, be calculated with sophisticated computer programs [ 5,6] but, unfortunately,
the results cannot be parametenized.  Therefore the calculations have 1o be repeated
lor every new parameter set. By choosing inappropriate grating parameters for an
anticipated wavelength range without calculation, one can casily loose significantly in
photon flux output from the instrument. In this paper | will present experimental
data for grating cfliciencies that can help in choosing working curves for
monochromators in the wavelength range 1-20 nm (=60-1200 eV).  The goal of this
discussion is always an optimization of the transmission charactenstics of the
nstrument. Here the designs will not be optimized for high resolution, however the

influence of some parameters on the resolution will be bricfly examined.

2. THEORY

For the calculation of grating cfliciencies in the soll xray region, the differential
method [ 5] of the exact clectromagnetic theory [ 7] has been shown to be successful,
A comparison of the experimental data for the grating under investigation with this
theory has already been described elsewhere [6]. Here | only want to deal with some
special situations and present some simple formulas that allow one 10 calculate the
efficiency without the need for really sophisticated software. Thus, only the ideas
necessary o understand the derivation of these formulas will be presented. Fig 1
shows the parameters that will be used here. ¢ is the angle of grazing mcidence and
¢ the dilliaction angle. The conliguration (a) will be called the standard or

nonvignetting configuration, while (b) is the reversed onentation.  In the case where



¥ is larger than o, the orders will he counted as positive. The seeond arder of hall’

the wavelength is ditlrscred in the same direction as the nominal wavelengih and tlus
this light is very olten relerred 1o as sccond order. In order fo distinguish it more
clearly from the seeond ditfraction order of the pominal wavetength it wilk here be

culled second harmonic.

The fiest aspect deals with the veviprocity  theoresn, (hat has not been  widely
recagnized for diflracnon geting apphcations in the soft x-ray region. 1t means that
detector and sowce van he exchanged in a measuring device and the detected
cfficicacy will reminin the same. Maysire and McPhedran [8] have shown theoretically
that, independent of provve profile and coating of the grating, this theorem s
generally valid. g | illustrates this sitwation.  Recently the vilidity of this theorem
for the scaticred light [rom plane owrrors was ander discussion [9). The most
successful efficiency calculalion procedures ot presemt, the intcgral method and the
differential method of the exact cectrnmagnetic theory [7], both (ulfill this thenrem
up to several digats after the decinad point {53 The first atternpis [10,i 1] 10 caleulate
the efliciency in the soft x-rav repune for grazing incidence with a sealar theory lead
to formulas that obviously de not gencrally inclode this theorem. Lukirskii and
Savinov [11] have already observed and mentioned comparable elliciencies in blaze
maxima for situations where the reciprocity theorem would be applicable, but they

could not satislactority explain this observation with the derived formulas,

Based on the reciprocity theorem, Maystre and Petit {12] derived intuitively, with
geometrical argunents, the {ollowing formula for the calculation of the cfliciency in
the blaze maximuny case. I ihis condiguration the first orde is retlecied at the groove,
consequently one would expect the clliciency in the nonvigneuing configuration {Vig
1a) 10 be equal 1o (he rellection coellicient for the groove R{¢"), where ¢ is the angle
of grazing wcidence onle the groove lucel (see Fig 6). 1o the reversed oricntation (g

Ib) there is abviously intensity lost in the valleys of the sawtooth profile. ‘Thus the

. ) . ) sing . .
nonvignelting wrca is proportional Lo ——¢ , so that with geasnetrical argiments the
i

ciliciency egy would he expected to be

Cqar - R('ﬁ'] sing

simfr
I the reciprocity theorem is valid, the cfliciencies in the two oricatations ol g 1
are identical. Then for blaze maximuin they can be catevlated with the furmula {12}
a . Sind  simy
eape = R{@ ynmf — - ]
e (¢ ) iy g sind ) {1,
sing

. -} is always smaller than 1. Flas fonuala 15 in very good
simfe ' s

i

where min{
agrecment with the exact calculations {12]. So obviously, even tor the nonvignetting
conliguration, the efficiency in blaze maximuin can be significantly smaller than the

retlection coellicient.

3 EXPERIMENTAL

The duta presented bere deal with only one paramcter sct {or a plane gratg whose
groove profile was holagraphically recorded and ion-ciched into a quitrtz substrate
(manulacturer ASTRON), ‘Fhese pacumeters, Le. 1200 lines‘mm, bhaze angle 1.5° and
gold coating, arc frequently chosen and in the soft x-ray region (hey are usually used
at graving incidence 1o monochromatize the shortest wavelengths, No data will thus
be presented for normal incidence where the expected efficiency can siill be desived
from universal ciliciency carves §13]. Reported here will be elficiencies that have been
measured at grazing incidence lor wavelengths between § and 20 nae. Fhe data were
collected i the classical orientation, ie. with the giooves perpendicular to the plane
of incidence, and with the nearly hinearly polanzed clectric veator £ perpendicular to
this plane. This situalion is usually referred 1o as s-polanization or 112 mode and it
is the orientation always wsed {or grating monochromaturs at synchrotron radiation

SOurees.

‘This investigation was carnied am at heamline G oat HASYLAB which s supplied
with synchroton rudiatiun by the suwage ving DORIS | 1. The insuuments, i.e. the

UV rellectometer [35] and the monochromator BUMBLE BLEE [16,17], arc



deseribed in great detail elsewhere. The experimental details are given in ref, [6]. For
the present data it shall only Dhe mentioned thut most of the experiments were
performed by rotating a delector arcund the grating set to a fixed angle of graving
incidence. The detcctor can also Tollow a specific diffitaction order in a scan versus
the angle ol graving incidence. The size of the delector aperture was chosen so that
neither beam hroadenmg adier the ditliaction nor overtapping of difletent orders have
o be deconvohned from the measured data, Second order content and stray lght in
the inonachromatized light make up at most 2% of the signal {173, Usually the data
could be corrected for the stray light content, so systematic csrmis are smaller than
2%. Hence error bars would wsually have to be smaller than the plotied points and

thus, for a clearer representation, they arc always omitted.

30 THE RECIPROCITY THEOREM

The validity of this theorem for a specific situation, the blaze maximum condition at
A=H nm, is demonstrated o Fig 2, wiere the intensity distithution after dilfraction
at the grating in the wwo orientations of Pig | is shown. The data are ploued versus

the deficction angle {(f + o) at the grating, so we find the two corresponding

diffraction orders - 1.e. thie first positive in the standard configuration and the lirst

negative in the reversed one - at the same angulas position.  An clliciency of

approximately 31.2% was measured in both oricntlations.

A systematic investigation of this theorem has not been prescnted untit now, hence
in IFig 3 the validity of this theorem is shown mete generally for the difraction
efficiencies inta the sccomd orders ut A= 10 nm.  The decisive parameter is the
deflection angle (¢ 1 o) i the grating, so all values measured {or bath orientations
are plotted versus this parameter. We must always compare a positive order with a
negative one. The fuact that carrespanding data can he represented very well by a

single curve supports the validity of Lhe reciprocity theorem. Comparably poad

6-

agreement was found for all investigated wavelengths, without any exeeption, for up

to the third orders.

It is also interesting to test this theorem with the zerath order. These data measured
in both orientations as a lunction of the angle of grawing incidence ¢ arc presented
in Fig 4 for 2 wavelengths.  Duspite the Tact that the blazed grating prufile is not
symunettical with respect to the normal onto Lthe surface, the elliviencics apree very
well with cach other. Obviously the recipracity theorem is valid for the solt x-ray
region for the parameter investigated here. Hence, starting at this paint, all thie other
data will only be given for the nonvignetting configuration that is usually chosen in
blazed prating maounts. Simple geometrical calculations allow conversion of the angles

ta the other orientation.

3.2 BLAZE MAXIMUM

An amportant configuration {or blazed gratings is the blaze maxirmemm oricntation
where the first diffraction order, and consequentdy all higher harmonics, are reflected
at the grooves. The monachromators described by Dictrich and Kune | 18], Hunier
ct al [14] and Jark et al [16] arc cspecially designed to maintain this btaze maximum

condition while scannmg the wavclength.

The first order cfliciency data for this candition in the standard orientation are

presented in Iig 5. In order to test the applicability of formula {1}, these data were

divided by the rellectivity R(¢") caleulated for the angle of grazing incidence ¢” anto

the grooves. lresned cyuations were used in combination with the iemiv scattering

fuctors tabubsted by Tlenke et al [20]. After a further division by the peometsical
.wm{)r simf

factor min{ ==, =% ), ahe results are ploted in Fig 6. I fonoula {1} is valid,
sin sing

all data should not significantly deviate (rom unity. This is obviously true for the
theorctical results that were otained from calculations with the dillerential method

(6211 The cxperimental data lead to smabler ratios. For 3 nm = A < 10 nm,



approximately 2/3 ol the estimation is reached. Starung a1 wavelength 2.5 min, where
just hall of cach groove is iluminated, the ratio drops. Departire from the ideal shape
for the top cdge of the grooves may be responsible for this.  This contributes
inereasingly 1o the illununated aren and will thus reduce the efliciency compared to
the caleulativns.  So formula {1) pives a satisfactory estimate lor the 1 ). order
efficiency of the investigated prating ondy for A > 3 nm. IFor the secoml harmonic
(or the secomd onder) the caleulations once more support the applicability of the
simplificd formula {1). On the other b, the experimental data can wo fonger

consistently be caleulated hy shightly modifying this lormula.

For most of the experiments in the solt x-ray region, a signilicant suppression of the
higher harmonics s the monochromatized light is anticipated. [t is thus interesting
to note here that the elficieney ol 1he second order is much worse than expecied,
leading to much herter suppression of the second harmonic than  theorctically
expected.  In mider (o picdict the photon flux behind their monochramators, Hunter
ct al [I9] and Jark e al (16] have used a formula for blaze maximum
egar= CR@), with € = (1 {16] and C = 0.4 [19] that does not take into accoumt
the geometrical factor of lormuta {1}, The results here show that calewlations with
this formula will not lead to refiable data for the expeeted transpission of these

mstruments and especially not for the suppression of the higher harmonics.

13 ISOEFFICIENCY CURVIES

In order 1o prepare the measwed data so that they are more usclul for
monochromator design, they will not be presented in the usual form of angniar
dependent cefliciencies at constant wavelength, but they will be drawn into ¢ = {4)
diagrams. In Fig 7 the curves for the efficiency maximum and o1 the hall maximum
positions of the angle dependent cllicieney profiles aic shown following the “grating

cificiency map” intraduced by Petersen [22). Curve b indicates 1he blaze maximurn

condition for the investigated grating, making it obvions 1hat the maximum cllicicncy

is not necessandy found close to blaze maximum.

Regarding the cfliciency, the present data allow us 10 go into more detail, so Fig 8
shows the isociliciency curves for the first order amuld the second harmonic.  In order
to locate arcas where this grating will aot ceflicientdly suppiess the sccond bunnunic,
hoth plots can be directly compared with cach other. b is iminctiately obvious that
the curves (or the (irst erder maxammm and for the second harmonic maximum are
not far apart. The data are loo incomplete to denve curves with constant suppression
power for the secand harmonic, however the curves [or the second harmonic can be
norautlized with the maximum cflicicncy for the first onder. Those data are given in
Vig 9. Comparing this diagram with Fig 7 shows thay the 10, lines lie mostly well
within the FWIIN ol the angulas dependent lirst order efficieney corves, ve. in worst
case they are actually the 20% lines Tor second harmuonic suppression.  In addition
Lo these curves, bars of different thickness indicate regions whee the efficieney of the
seccond harmonic can reach values of 30% and 50" of the lirst order maximum
cfficicncy. Consequently the eoctosed arcas should be aveided in monochramator
designs that use a similar grating and no other compunent to suppress the second
bhanmonic. While this may lead to significant {lux rednctions in some inmervals, this
grating performs particulady well around A= 10 o, where additionally the elticiency
maximmn is found in Fig 8. The small absorption coeflicient of gold near 10 nm is
responsible lor this, it leads to comparably high sellcctivities in the case of mirrors

and consequenily here ta high ciliciencies.

What conclusions can we draw Irom Fig 7 w Fig 97 Lot us assume that the “grating
eMicieney map” i Fig 7 is alsa a good description [or groove densities other than 1200
lines/tm. Fig R and Fig 9 are 100 speciltic, so they ate reliable only for 1200 lines/inm
but they may at least show the tendencies [or other gratngs wo.  [deally, a

monuchrunator design shiould allow every point i the angle-wavelength diagram of



Lig 7 to bhe reached, then, dependent on the expenment, either lux or second
harmonic suppression can be optimized (or every wavetengih. This is fulbiled in the
plane prating manochromators described by Dietrich and Kunz [18], Petersen and
Baumgiirtel {23], Huntee et ab [19], and Jark et al fl6]. In order 10 keep the
directtons of the ncident and the exit bearn fixed, these inonochromalors always need
at least 2 optical components that have to be scanned together. The blaze maximuin
curve b in Fig 7, lor example, is alse & working curve for one of these
monochrmmators {16,171 tor stmultaneous rotations nf” Hie giating and @ premirror.

It leads 10 high Qux whtle the second harmonics are well suppressed {or 1 = 6 nin.

Alb those desipgns that use a lixed deflection angle @ at the grating and scan the
wavelength by rotatung just ths grating, result in working curves that intersect the
angle axis at % and the wavelengihe axis at the hosizon wavelength A, = 2d s (—; ),
where d is the grating constant. The curves a in Fig 7 represent this kind of working

curve for a TGM (teroidal grating monochromator) [ 2] with @ = 8°. It is intercesting
to nate that the photon flux curves, especially for 1200 fines/tmm and [8OO Lines/mmn
gratings [2), agree welt with Iig 7. This design will thus be bricfly discussed here.

For this monochionmtor concept the shit width  limited  resolution (or a given

wavelength worsens with decicasing groove density. On the other hand, a large tuning
range requires a small groove density, so that, in onler to extend the tuning range
ta langer wavelengths, resolution has to be sacrificed. As a compromise, usaally
several pratings will be used with the same dellection angle. Discussing the working

curves a from lig 7 with I'ig Y makes the biggest problem with this design obvious:

all 3 curves cross the arca with small sccond harmonic suppression power.

Working curves with opposite slope published by Howells [24] far a special plane
grating design scom (o lead 1o bester working data. But this design monochromatizes
in the jeversed arientation aml can thus not be discussed with Fig 7. However, the

reciproaity thensem allows smrce and detector {i.c. exit slit} 10 be exchanged in this
¥ 3

<

design, and the converted working curves are very similar o the TGM curves a in
Fig 7. On the other band, this design, as well as the FLIPPER monochromator
[25}, overcame the limited tuning capability by nsing wdditional components in the
mstrumem that allow the use of dillerenmt deflection angles at the grating. While in
the FLIPPER several exchanpeable premirrors with diflcremt deflection angles are
installed in fiont of the grating, both instruments use focussing oif-axis paraboloids
behind the grating, TFigure errors in tus last asphienicat component do not vet allow
the theoretical resolution w be achieved when the complete mirror is iHluminaed.
Small arcas on the parabolowd uf the FLIPPER are ideally shuped, so by reducing the
acceptance of this monochromator the theoretical resolution himit can be reached with

signtficant losses in photon (lux {26].

FFurther examples of instruments using Jiflerent dellectian angles are the TGM design
[2) alrcady discussed, that is a combination of two TGM monochromators, and the
LOCUST [27], where the grasshopper design {28] is madilicd so that 4 separate

gratings can be used with dilferent deflection angles.

In order o achieve the very small igure errors necessary for lugh resolution, recent
developments lead to designs very similar 1o the FGMs but using spherical gratings
[3,4], because this sell-generating surface can be polished very close to the ideal shape,
with ligure errors of less than I arc second, prior to groove ctching. Based on these
gratings, I want 1o propnse a design that allows high resoletion while it is optimized
also for high flux over a Jarger tuning range and van be optimized for good
suppression ol higher harmonics. The design idea is presented in Fig 1), it combines
the order sortmg premirror configuration of the FLIPPER |25 with the $GM
{spherical grating monochromatoer) concept (it can as welt be used in TGMs). in this
design dillerent deflection angles at the grating can be realized in o configuration with
fixed entrance and exit direction. The additionat plane marrors that will determine the

deflection angle at the grating bave to be placed between the two slits. These stits




have limited travel along the heam direction and in order to use a numbcer of mirrors
in conjunction with thom we have 10 use the appropriate radii of curvatuee Tor the
gratings. These radii change with the deflection angle, su this design Tequires as many
ratings with dillerent radii as mirrors, While the groove density usually is varied, here
groove density and blaze angle - or groove depth - can be the same for all pratings
(e.g. 1200 dincsnun). Lo addition 1o the figwe crrors ol the grating, now the figure
crrors of the planc mirrors will also increase the size af the monochromatic image in
the slit and hence reduce the resolving power.  In order to keep the contribwion of
these additional mirroes small, they have to be very close to the exil slit. They can
be instalted cither in front al the grating or behind it. for high resolution, the last
configuration has to be cliosen, while, to protect the sensitive grating surface from
heat foad ind contumination, ane would rather put them in front of the grating. The
everal) lenpth of these mirrors would be comparable with the grating dimensions ar
even shorict. Su this concept could he realized in a coiepact instrument, that will

be easy to aperite.

lFurthermore, this design offers another nice feature. In case that one of the gratings
is used with the “wrong” mirror leading 10 a deflection angle that is Jarger than shat
with the “right” mirror, the focus will stili lic on the Rowknd circle [29]. But now
the optimal distance entrance shic - cxit shit is increased compared to the “right”
cambination, so with the entrance slit position kept, the new monochromatic focus
is farther away from the grating. If the ongial shit is now opened or removed, a
second slit can be installed at the new focus pasition, and thus another cxperimental
chamber belind the first could alternatively be supplicd with monochsomatic fight.
This would allow 1wo dilferenm experimental stations 1o be permanenity instatled after

this instrument.

4. CONCLUSION

It is shown, that for a dilfraction grating in the classical orientation, the reciprocity
thearem is valid in the soft x-ray region up 1o at least the third diffraction order.
Consequently, detector and source can be exchanged and the clliciency remains
unchanged. Based on the validity of this theorem a simple formula for the calealation
of the eflicicney in blaze maximum can intuitively be derived. This formula s 0 good
agreement with the exact esleulations, but it overestnunes 1he clliciency of the
investigated grating for A = 3 nm consistently by about 35%..  l‘or shorter
wavelenpths, the quality of the upper edge of the sawionth profite starts w adlect the
efficiency. The more a non-ideal edge contributes 1o the total Wlwmmated length ol
the grooves, the more the cfliciency is reduced compared to that estimated with the
simple formula (1}, By using the isocfficiency curves denived (or this prating [or the
fiest amd  sccond  cliffraction  orders, problematic  working  regions  of  some
monochromator designs are pointed out, Thus, a new concept i3 prescuted that
cotmbines the SGM  design with the wvrder sorting mitrors ol the FLIPPER
monochrumator. This instrument will allow high resakarton, while it can additionally
he optimized over a larger wavelength range (or high llux and good higher harmonie

SUPpression.
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FIGURL CAPTIONS

Fig. 1) Angle canvention tor the prescit stedy:
(1} standard conlipuration
{b) reversed onentation.

The situatinn where the reciprocity theorem should be valid s shown.

Fig. 2} Jntensity distribution ol monochromatic light with wivelength 2= 10 nm afler
dillraction at the grating in blaze maxitnum for the two configurations shown
in Fig 1. Arrows paint to the orders that shantd fullill the reciprocity theorem,

while mirmbers indicate the order numbers.

Fig. 3) Grating elliciencies ¢, measured for the sccond orders versus the deflection

angle (¢ + @) a1 the prating lor the twao confignrations of ¥ig 1.

Fig. 4) Grating cliiviencies measurcd for the zeroth orders versus the angle of grazing
incidence ¢ for 2 wavclengths. Small letters refer to the conligurations shown
in lig 1:

() standard confignration and (b) reversed orientation.

Fig. $) Grating cfficiencies measured for 1he first positive arders in blaze maximum
in the standard contiguration versus wavelength: comparison ol the measured
values with 1he calculations using the differential method {5] ol the exact

theory.

Fig. ) Grating clficiencies from Fig 5 divided by formula [L}: comparison between
the meastirements and the cateulations for
() the {first diffraction order

{b) the second diliactinn order.

Fig. 7) “Grating efliciency map” according to Petersen [22] for the grating
investigated: plot of the position ol maximum cllicicncy ¢ and ol the two
<1 anax
. . . ma . -
hall maxiowm positions '~é~x~ against wavclength. Small letters indicate
() working curve for a TGM monochromatos | 2] with 8 deflection angle and
gratings with 1800 lines/mm, 1200 lincsimm and 800 lines:tm (felt 10 right).

(b} blaze maximwmn curve for 1200 lines:mm amd blaze angle 1.5

Fig. 8) Isoelliciency curves for a blazed grating in the standard conliguration;
left: for the first diflraction order
right: lor the sccond harmonic i.e. the sccond order of hall the wavelength.
Question marks indicate arcas where experimental data for supportng the lines

are nol avaitable.

Fig. 9) Diagram with lines of constant suppiession power for the second harmonic
against wavelength. The lincs enclose those arcas where the cfficiency for the
second hanmnonic is at least 10% of the maxinum clliciency of the first order.
Bars of different thickness indicate inlervals where the ratio is 30% and 50%,

respectively.

IFig. 10) Schematic view of a proposed modificd spherical gratimg monochromator:
(B”: exchangeable spherical gratings with dillerent radii of curvature and e.g.
identical graove density.

M“: mirror conliguration, that focuses the beam vertcally onto Lhe entrance
shit and horizontally approximately vnta the exit slit.

M' . additionad mimrors, cnabling different angles of Jellection to be realized
al the gratings (M7 and M‘ are removabie sideways from the bein (arrows)).
SI: entrance shit {(movable along the beam).

52: exit sht {movable along the beam).

The componcnts and distances are not drawn o scale.
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