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A slit grating spectrograph for quantitative soft x-ray spectroscopy
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In this article we describe a new slit grating spectrograph which is based on an e-beam written
10000 linepairs/mm freestanding transmission diffraction grating. In combination with a thinned,
back-illuminated charge coupled deviggCD), the spectrograph allows for real-time spectroscopy

of laser-produced plasma x-ray sources within the wavelength regidi-20 nm. Calibration of
grating and CCD allow for the possibility to measure absolute photon fluxes, currently within the
wavelength regioln=1-6 nm. The compact spectrograph is easy to align and flexible in its use.
Absolutely calibrated spectra were obtained from a liquid-jet laser-plasma source in the water
window, with a spectral resolutioR/AA=330 atA=3.37 nm. A simple change in experimental
geometry allowed single-shot spectra to be recorded Witkh=60 at the same wavelength. In
addition, spectra from this laser-plasma source were measured within the xa@e20 nm.

© 1999 American Institute of Physidss0034-67489)02203-0

I. INTRODUCTION II. SPECTROGRAPH PROPERTIES AND SETUP

Laser-produced plasmas promise to become bright soft. Plinhole _an:j slit grating spfectrographs are perhaps the
x-ray sources for applications such as x-ray microscopySmPlest optical arrangements for spectroscopic experiments

. . of which one can think. Figure 1 shows the basic scheme.
photoelectron spectroscopy, and lithograptfyTo estimate The x-ray source projects a shadow of the grating-carrying

exposure t'r_ne_s for a particular experiment, the absc_)m%inhole onto the detector. This is then reproduced by grating
spectral emission of the x-ray source must be determinedjitraction for each wavelength at position=\ - b/d in the
Additionally, in order to guarantee stable source operationgetector plane, wheré denotes the grating—detector dis-
real-time control of the plasma parameters is needed. Sofhnce,d the grating period, and the wavelength. The ab-
x-ray spectroscopy is a powerful tool in the diagnostics ofsence of a focusing element limits the spectral resolution
laser-produced plasmas and can provide the requested infak 4 with respect to the size of the corresponding geometric
mation. Various different spectrographs, such as grazingshadow to(based on the notation in Fig. 1, compare, e.g.,
incidence reflection-grating systems or pinhole grating specRef. 7)
trographg(with line densities up to 5000 linepairs/mnmave

been developed to investigate the emission of laser-produced AN =d[
plasmas within the soft x-ray range*! However, to conduct 9
real-time quantitative spectroscopy in a routine manner is

still a challenging task. The compact slit spectrograph deﬂowevgr, th_e diffraction. Iimit.ed spectral resolution in the
scribed in the present article relies on the developments iHrSt d|ﬁractlop or'der IS given aSA)‘d:)‘/.nZ. where .
the field of diffractive x-ray optics. It is based on afreestand-n:number of illuminated linepairs. One possibility to opti-

ing t . i ith 10000 I s/ ¢ dmize the setup is to sek\g=AMN4. In Eq. (1), D is the
Ing transmission grating wi INEpaIrsimm MOUNeAy;, meter when a circular pinhole is used or it is the extension

on a holder. This allows for an exchange of the slit or pin-yehengicular to the grating lines when a rectangular aperture
hole in order to choose between high collection efficiency akslit) is applied. The advantage of a slit of lengtitompared
moderate spectral resolution for single-shot experimentg a circular pinhole is that a higher collected solid an@le
(wide slit) and applications in which high spectral resolving is achievable for a specific spectral resolution. The size of
power is needednarrow sli). The grating is produced by the 10000 linepairs/mm gratings in use is 12@x300um.
electron beam lithography and successive nanofabricatioln the near future, the length will be extended Lo
processing. Quantitative real-time recording is provided by &1000um for an enhanced collection efficiency. Typical

calibrated thinned, back-illuminated charge coupled devic¥alues for the slit width vary fronD~25-100um. In the
(CCD) detector. present article a slit withb =52 um was used. Thin metal

filters (e.g., 200 nm Al may be placed in front of the grating
spectrograph to suppress scattered visible light. A thinned,
dElectronic mail: twilhei@gwdg.de back-illuminated CCD detects the spectrum nearly in real-
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> FIG. 3. Electron micrograph of a part of a freestanding diffraction grating
7 with 100 nmd spacing and 1000 nm period support stripe structure.

FIG. 1. Working principle of the SGS. The projection shadow of the slit is .
reproduced by grating diffraction for each wavelength. Aside from the reguthography progress consists of the subst(@@0-130 nm

lar diffraction pattern(the spectrury mixed orders of grating and support thick Si), on which 130 nm photoresisAZ 1350, 10 nm Ge
stripe diffraction are observed. and 40 nm electron resist pdigethylmethacrylate
(PMMA) are deposited. Following the e-beam exposure and
time mode(read-out speed 40 kHz, 1024024 pixel of 24  development of the PMMA, the pattern is transferred into the
um size, and displays it on a computer screen with a delayGe layer by reactive ion etchif@®IE) with CBrF; and in the
of several seconds. next step in the AZ 1350 with QRIE. The resulting AZ
Due to the normal-incidence character of the slit grating1350 structure serves as an etching mask for RIE of the Si
spectrograph, this system is much easier to align than spesubstrate with CBr After the removal of the etching mask
trographs which use grazing-incidence x-ray optics. In addiwith O,, ~40 nm Au is deposited by e-beam evaporation on
tion, the values forg and b can be chosen within a wide the grating as the final step of the nanoprocessing. The Au
range. Thus, the system allows for optimization of setup getayer supplies the absorption necessary to achieve reasonable
ometry for a particular application without the necessity ofdiffraction efficiency within the lower wavelength region. In

running complex alignment procedures. order to suppress even diffraction orders, the duty cycle is
adjusted to(50+5%). Figure 3 displays an electron micro-
IIl. GRATING MANUFACTURING graph of a part of a 10000 linepairs/mm grating.

The pattern of the freestanding grating is created by
e-beam lithographyLION LV1 e-beam lithography system, V. MECHANICAL ASSEMBLY

Leica Microsystems Lithography GmbH, Jené Figure 2 To keep the spectrograph flexible and compact, a special

shows a schematic of the process. To stabilize the Strucwr%ﬁating/slit holder was developed, allowing for exchange of

and maintain the grating_ bars in place after nanostructurinq,ne slit without risking damaging of the grating. The com-
the grating pattern contains a support stripe structure perpeljjate holder consists of three parts: a main body made of Al,

dicular to the grating lines. The period of this support gratingOne holder for the grating, one for the slitainless stegl
is dg=1000 nm with a duty cycle of 70% with respect to the The main body contains two ball bearings mounted with
transmissive fraction. The layer system prepared for the liy qir rotational axes parallel, yet separated by 1 (ae® Fig.

4). The grating and slit are glued to their holders so that they
40 nm PMMA are located approximately 0.6—0.8 mm from the center. By
10 nm Ge mounting these holders in the ball bearings, the slit and grat-

layer syste 130 nm AZ 1350 ing are positioned with a distance 6f0.5 mm from each
100-130 nm Si substrate other. This configuration allows for the desired two-
dimensional adjustmertslit-grating parallelism and lateral
- M slit position perpendicular to grating lineby rotating both

the slit and grating holder in the ball bearings under micro-
scope observation until one of the two matching positions is
found and fixedFig. 4). With this compact arrangement, an
alignment accuracy of less tharyén is easily achieved. The
slit holder is equipped with a ring magnet which can hold a

1) exposure / development  2) RIE with CBrF5

3 RIE with Oz 4) RIE with CBrF steel plate with a thin metal filter to block stray light from
the laser. The assembly is completed by fixing the main body
m m with the grating and slit onto a standard KF40 flange center
5) RIE with O 6) deposition of 40nm Au ring. In the spectroscopy experiment, the holder is simply put
between two 40 mn) tubes instead of an ordinary o ring at
FIG. 2. Nanoprocessing of the freestanding diffraction grating. the desired distance to the source.

Downloaded 27 Dec 2004 to 130.237.35.30. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



1696 Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Wilhein et al.

Rotation Axis
Grating St

——

4 - - 40
grating

Grating diffraction efficiency [%)]
CCD quantum efficiency [%]

Grating Slit

Arbitrary starting positions ot—r—r——r—

1 2 3 4 5 6
Wavelength [nm]

o

FIG. 5. Calibration curves obtained at BESSY. Symbols/left scale: mea-
X-Ray Source t Rotation Axis sured data for the grating diffraction efficiency. Solid line/left scale: calcu-
Slit lated values for 110 nm Si and 40 nm Au. Dashed line/right scale: measured
| M CCD quantum efficiency. Dotted: extrapolation to shorter wavelength.
agnet
Ball Bearings _
BESSY within the range\=1.5—-20 nm* Figure 5 shows
the measured datdashegland extrapolations to 1 nm wave-
1 length (dotteg.
From the calibration procedures, the total uncertainty for
measurements of photon numbers with the slit grating spec-
trograph(SGS is estimated to be less than 30%.
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: VI. EXPERIMENTAL RESULTS
|

|

Bypass

For the first experiments within the short wavelength
CCD,l Rotation Axis region, \=1-6nm, a liquid jet-laser plasma source was
Grating used, running with ethanol as target liquid. The laser-plasma
FIG. 4. Mechanical assembly. X-ray source is described in detail in Ref. 15.' The driving
laser was a frequency doubled Nd:YAG laser with 100 ps, 70
mJ, 10 Hz outpufContinuum PYC61-Cfocused to a 124m
V. CALIBRATION diam spot full width at Qalf maximur_fFWHM), r_esulting in
an intensity of~5x 10"W/cn? applied to the jet. In order

The main goals of this work was to develop a compactm demonstrate the high spectral resolving power which is

spectrograph which would provide absolutely caIibrateaaCh'evabIe with the SGS, a "long distance” geometry was

spectral measurements. Thus, the diffraction efficiency of thé:hosen:g: b=1550 mm,D=52um, d=100nm. Figure 6

grating and the quantum efficiency of the CCD detectorShOWS a schematic of the setup. The absolutely calibrated

. . . - ~“ethanol spectrum recorded with this setup, given in numbers
(Photometrics  AT200L, equipped with  Tektronix P b: 9

, ) ! , of photons per pulse, unit solid angle and 1 pm absolute
TK1024AB, thinned, back-illuminated CCD chipad to be wavelength interval, is displayed in Fig. 7. Emission lines of

determined. The calibration procedures for the grating agighiy jonized oxygen and carbon are easily identified. Inte-

well as for metal filters were carried out using the x-ray testyration over 1000 shots results in a very good signal-to-
chamber of the FE Rugenphysik at the Berlin electron stor-

age ring BESSY. Due to the existing monochromator setup

of the x-ray test chamber, the spectral range for the calibra- NavAG cchD /“\
tion is currently limited tox=1—6 nm. Figure 5 displays the Laser Bellows N--
measured valuessymbol3. The combination of Si and Au WA
as absorbers leads to a nearly constant diffraction efficiency Al-Fiiter .
within the range 2—6 nm. A theoretical curve for the grating X-ray diode > Grating
diffraction efficiency(solid line) was obtained by employing '" Q b

an algorithm based on Ref. 13. Assuming a thickness of 110 N L7 Shutter

nm for the Si substrate and 40 nm for the Au layer, the Nozzle/ “Jet \ _:/ -

calculated diffraction efficiency fits the measured data very g

well. Deviations between measured and calculated first order Plasma

diffraction efficiencies can be explained by the fact that the I Ethanol LNt

duty cycle will not be exactly 50%. Measurement of the ' 10" mbar

CCD quantum eff|C|en.cy yvas performed at the radmm(:"tryFlG. 6. Experimental arrangement used for the spectral measurements with
beamline of the Physikalisch Technische Bundesanstalt ate SGS.
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FIG. 7. Absolutely calibrated spectrum of the ethanol jet laser plasma

source in the\=1.2—4.4 nm range. FIG. 8. Absolutely calibrated single shot spectromith prepulse.

noise-ratio(SNR). The measured widtiFWHM) of the C  sion in the C VI Bk-2p line is now 1.2<10%

VI 1s—-2p line at A=3.37nm is used to determine the photons(pulsexsr) (1.27%, hence, the prepulse enhances
achieved spectral resolving power. From the experimentahe conversion efficiency by a factor ef5, which confirms
data, AN=0.0100 nm and henci/AN=337 was found. If previous measurement.

both the geometrical and diffraction limit are taken into ac-  For extensive single-shot investigations, one can take ad-
count, a theoretical valuA\y, can be calculated for com- vantage of the slow scan readout properties of the two-
parison: Following Eq(1) for A=3.37 nm and the setup ge- dimensional CCD in the following way: Exposing the CCD
ometry (assuming an x-ray source size of Ln, Ref. 16  during readout instead of the regular exposure time produces
results inANy=0.00748 nm, whereas the diffraction limit spectra shifted with respect to each other by a certain amount
gives AN 4=0.00649 nm. Applying the least square methodof rows on a single image due to the charge transfer in the
yields A)\th=8qrt(A)\§+ Ak§)=0.0099 nm and N/A\y,  CCD structure. With this method, we were able to record
=341. This value fits the measured resolving power almostomplete spectrgh=1-5nn) from up to 20 consecutive
perfectly. The width of the line itself is expected to be domi-shots at 10 Hz, allowing to observe shot-to-shot fluctuations
nated by Doppler broadening, which can be calculated to ba the x-ray plasma emission with the SGS.

MAN=~2000 and can therefore be neglected for this estima- In a third experiment, the emission of the laser plasma
tion. The smallest absolute linewidth value was found to besource in thex=10-20 nm region was investigated. Mea-
AXN=0.0082 nm in the O VIII 3-2p line atA\=1.90 nm. surements within this spectral range benefit most from the

The calibration of the spectrograph allows for the evalu-freestanding character of the diffraction grating, since any
ation of absolute photon numbers and efficiencies of lasesupport foil would introduce strong absorption. The geom-
into x-ray energy conversion emitted in the different spectraktry was in this case set tg=690 mm, b=675mm, D
lines. For the strongest lines in the spectrum of Fig. 7 the=52um, d=100 nm. The spectral range fitting to the CCD
values are 1.% 10" photons{pulsexsr) (0.15% conversion size(~24 mm is then~3.5 nm. For the recording of spectra
efficiency), 2.4x 10" photonsfpulsexsr) (0.26%9, 1.0  within this wavelength range, the CCD camera, which is
X 10! photons(pulsexsp  (0.18%, 7.2x10'°photons/  connected to the spectrograph with a bellows, was succes-
(pulsexsn (0.139% for the C V 1s>—1s2p (A\=4.03nm, C  sively shifted in the dispersion direction in order to catch
VI 1s—2p (3.37 nm, O VIl 1s>~1s2p (2.16 nm, O VI adjacent parts of the spectruiifig. 6). Figure 9 displays an
1s—2p (1.90 nm lines, respectively. The values for the con- ethanol spectrum recorded with this arrangement\fe®—
version efficiencies are well in agreement with measure21 nm. The relative linewidth of the C VIs23p line was
ments on other laser plasma sourtés. determined to\/JAN~370.

By changing the distances and b to g=b=330 mm, Identification of emission from Li- and Be-like ions is
the photon flux density in the detector plane increases by euch more difficult due to their large number of lines with
factor of (3100/660)= 22, so that single-shot spectra can besmall wavelength separatidf.Especially when the spec-
recorded at a reduced SNR. For this measurement, a smatbgraph’s zeroth order, marking thhe=0 position, cannot be
intrinsic laser prepulse was added, resulting in an increaseecorded simultaneously with the spectrum, absolute wave-
x-ray emissiort’ Figure 8 shows a typical single-shot spec-length determination is often a problem. Fortunately, the de-
trum. The spectrum is now sampled witfA=0.050 nm,(\/  sign of the support stripe grating allows for measuring wave-
AN=67 at 3.37 nny which is still sufficient to discriminate lengths independently from zero order observation. Figure
the principal lines in the spectrum, such as C ¥-Pp and 10 shows a CCD image corresponding to the12.5—

C V 1s?-1s3p at 3.37 and 3.50 nm, respectively. The emis-17.9 nm region of an ethanol spectrum as displayed in Fig. 9.

Downloaded 27 Dec 2004 to 130.237.35.30. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



1698 Rev. Sci. Instrum., Vol. 70, No. 3, March 1999
6 -
owvl
1522p-1s23d
51
] owvi
— 4 - 1522p-1s24d
S
S, ovil 2OVI2
23] 1s2p-153d 1842s-18<3p 2%\:?;;
2 2p-3d
S 1 cwv ov
€ 1 2s-4p 2s2p-2s3d
= 2] 2p-4d
cwvl /
2s-5p ov
OVHl 2p-5d 5
1 2s-3p 2p<-2p3d
pad |
O'I"'I"l"'l"'l"'l"
10 12 14 16 18 20

Wavelength [nm]

FIG. 9. Spectrum from the ethanol jet laser plasma source in\th@—
21 nm range.
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found at a different anglg. For example, a signal arising
from the third order of the diffraction grating results in
tan(y)=d/3-dg, giving y=1.91°.

VIl. DISCUSSION

The SGS operating with a freestanding 10000
linepairs/mm transmission grating, created by e-beam lithog-
raphy and nanofabrication processing, has proven to be a
versatile instrument for spectral investigations of laser gen-
erated plasma x-ray sources. It is easy to set up and align,
and allows for measurements of absolute photon numbers
and conversion efficiencies. The achieved spectral resolution
of AJAN=330 in the water window in the time integrating
mode andA/AN>60 in single-shot experiments allow for
real-time control and optimization of the x-ray emission
from laser plasma sources. Further applications of the new
SGS may include measurements and control of total expo-
sure doses for, e.g., extreme ultraviolet and x-ray lithography
as well as spectrally resolved measurements of, e.g., x-ray

Above and below the spectrum created by the first order ofilter transmittances and detector efficiencies.

the diffraction grating, mixed orders of diffraction grating
(first ordep and support stripe gratingt/— first orde) can

be seen. For better visibility, in order to enhance the weal CKNOWLEDGMENTS

mixed-order signal, the intensity scaling in Fig. 10 is ex-

tremely nonlinear. The angle between adjacent orders
given by tanf)=(ms-d)/(m-d (m, mg=diffraction orders
for grating and support, respectivglywhich results in
x=5.71° for the described grating ame,=m=1. Knowing
the grating—CCD distance, and measuring the distande
from the image filg(cf. Fig. 10, the wavelength can be cal-
culated withx =dg- Ax/b. With this method, an accuracy of
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