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1. Introduction

The highspectralbrightnessof undulatorradiationfromthe AdvancedLight Source (ALS)
offersa great scientificopportunityfor biologicalx-ray microscopy.X-ray microscopyextends
visible lightmicroscopyto higherresolutionand makesuse of unique contrastmechanisms,lt
does not compete withtechniquessuch as electronmicroscopyinterms of resolution,but rather
offersuniqueadvantages, includingthe opportunityto take imagesof samples in an aqueous
environment.For a considerablerangeof resolutionand samplethicknessthe radiationdose in
x-ray microscopyis lowerthanin etectronmicroscopyunderthesame imagingconditions[1,2].

To exploit thisopportunitya BiologicalX-ray MicroscopyResourceCenterwill be builtat the
ALS. Two typesof x-ray microscopesare to be built:an x-ray microscope(XM) and a scanning
x-ray microscope(SXM). Thesetwo microscopesserve complementaryneeds.The XM gives
highquality images at comparablyshortexposuretimes,whilethe SXM is optimizedfor low
radiationdose. High resolutionis accomplishedin bothmicroscopeswith Fresnel zone plate
lenses.The SXM producesa diffraction-limitedfocuspoint,whichis scanned acrossthe sample;
thereforethe SXM can use onlythe spatiallycoherentportionof the radiation.Accordinglythe
SXM is best operat.edon an undulatorsourcewith its small phasespace. On the other hand,an
XM can use the full brightness,includingthe incoherentfractionof the source.This means it can
be operatedwitheither a bendingmagnet oran undulatorsource.Althoughexposuretimes are
shorterwith an undulator,the XM canbe installedinitiallyat a bendingmagnet,which can be
available at an earliertime, and thuspermitsthe developmentof diverse biologicalcommunityat
aneadier time. Later thisXM can be moved to the undulator,or left at the bendingmagnet for
developmentaland lessdemandingexperiments.

The schematiclayoutof the x-ray microscopesis shownin figure1. The microscopesmake use
of undulatorradiationfrom a 3.65 cm periodundulatorand a bendingmagnet. The microscopy
area will be enclosedin a noiseand dustisolatedroom.Followinginitialdesignworkwhich
began early 1992, it is plannedthat constructionwork willbeginearly in 1993. lt is expectedto
take aboutone year to buildthe firstmicroscope,the ×M at a bendingmagnet, lt will be
operationalat the endof 1993. Designandsome longlead time constructionwork for the SXM
will also begin in 1993. The main effort for the SXM willoccurin 1994. The undulatoris expected
to be operationalearly in 1995, so that the SXM will be readyforoperation early in 1995.

The x-ray microscopesat theALS willl_e highqualityinstrumentsfor biologicalresearch.They
providehigh resolutionand great flexibilityin a reliableand easy accessiblesystem. A high
qualityvisible lightmicroscopeis includedfor sample selection,adjustment, and check.
Laboratoriesforsample preparationand characterizationare plannedon site. Thusthe X-ray
MicroscopyResourceCenterat the ALS allowsa broadrangeof biologicalresearch.A diverse
communityof biologistswill evolve as soonas the firstx-ray microscopebecomes available.

' Because the XM at the bendingmagnetcan be availableearlier,we plan to buildit first,with
constructionof the SXM to follow.To continuouslymaintainat least one operationalmicroscope,
movingthe XM to the undulatorwill bedelayed untilthe SXM isfully operational, lt may be

• possibleto keep the XM at the bending magnet for less demanding experiments.
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Fig. 1: Schematic layout of the Biological X.ray Microscopy Resource Center at the ALS.

2. Specifications of the X-ray Microscopes

The spatial resolutionof the x-ray microscopesis determinedbythe resolutionof microscope
objectivelensesused. Highestresolutionis currentlyachievedby zone plate lenses.As for
visiblelightmicroscopy,thediffraction limitedresolution6 is expressedas a functionof the
wavelength ;Landthe numerical aperture NA of the lens: ,
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8 =0.61 X--_-.
NA

Forzone plate lenses,wherethe numericalaperture is a functionof wavelength,this formulacan
, bewrittenas:

8 =1.224

o withA beingthe width ofthe outermostzone. Zone plateswithan outermostzone widthof 300A
are presentlyavailable [3]. In early experimentswe expect to use zone plateswith an outermost
zonewidth of 250A [4], which couldachievea diffractionlimitedresolutionof 300A. An example
of anx-ray micrographisshownin figure2. The sample,a dried humansperm, was chosento
illustratethe imaging capabilitiesof x-ray microscopy.The image was taken in a collaboration
withthe G6ttingenx-ray microscopygroupwith their XM at BESSY [5] at a wavelength of 24A.
The microzone plate withan outermostzonewidth A=350Awas fabricatedby Edk Andersonin a
collaborationof the LawrenceBerkeleyLaboratory/Centerfor X-ray Opticswith IBM. The image
showsdetailedstructures,especiallyin the head andtail of the sperm.Artifacts from the drying
process,probablysalt crystals,are concentratedinthe aft region of the specimen.

Figure 2: XM image of a dried human sperm [6] taken with the G6ttingen XM at BESSY
using a micro zone plate with A=350A,x-ray magnification of 300x. The image shows
detailed structures, especially in the head and the tail of the sperm. Artifacts from the
drying process, probably salt crystals, are concentrated in the aft region of the
specimen.

The diffraction limited resolution is independent of the type of microscope (XM or SXM) used.
Both microscopes can achieve a resolution approaching the diffraction limit. Fortunately the
zone plates available are of a very high quality, so that they do not significantly reduce the
resolution of the system. Limiting factors are photon noise, imperfect illumination in the XM, non-
spatial coherence in the SXM, and scanning errors. In ali present x-ray microscopes, the
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resolutionof the systemis betterthan twicethe diffractionlimit, lt is our goal to have a system
resolutionat the ALS, which is closerto the diffractionlimitthan existingdesigns.

The field of view will be 301Jmwiththe SXM andat least 15pmwiththe XM. The exposuretimes
depend onthe image quality. Higher qualityimages requiremore photons,causinglonger ,
exposuretimes, and increasingthe radiationdose appliedto the sample. Accordingto Rose [7] a
signalto noise ratio(S/N) of 5 is neededto detect a feature.Assuminga Poissondistributionof
the countsin the detector,it needs25 countsto reachSIN=5. Formore gray levels inthe image, o
more countsare needed. For purposesof compadsonwe consideran imagewith 1000 counts
per pixel (thisgives a S/N=32), a 1000x1000 pixelarray each of 300 _. size. Exposuretimes for
this type of images at the ALS will be.0.02 secwith the×M atthe undulator,5 secwiththe SXM
on the undulator,and 3 sec withthe XM at a bendingmagnet(see table 1).

The wavelengthsusedfor x-ray microscopyare designedto take advantage of the natural
contrast inthe socalled water-wind0w,between24A and45A, the K-absorptionedges of oxygen
andcarbon.Bothx-ray microscopes,the XM andSXM, are compatiblewith phasecontrast [8,9]
methods.The XM designallowsdifferentilluminationschemesto insureoptimizedperformance
for phasecontrastand amplitudecontrast. The SXM can be equippedwithan area sensitive
detectorto allow phasesensitiveexperiments[10]. Thetuningrange of the undulatorsource(see
table 2 and figure4) is muchwider than the water-window.For samplesinwater the penetration
of x-rays throughwater must be high enoughto allowwholecell imaging.Outside the water
window this is near a wavelength of 10 A (see figure 3). These wavelengths a!so allowlow
dosages for phase contrast x-ray microscopy [2,9]. As these wavelengths are within the tuning

range of our undulator, we might operate
even over 2keV photon energy (6A) in the
future.

Water thicknesswith63% x-raytransmission
The x-ray microscopesat the ALS allow

25 several operatingmodes.A versatile

I designwill even enable us to use operating2o modes that will become important in the
m I future.Any flexibilitythat does not limit
i high quality and high resolution imaging will
c 15 . be preserved. These include phase
r contrast, 3D imaging, and fluorescence.

o10 + _ __,._ The microscopes can also operate at

n multiple wavelengths. This allows contrast
s sensitive to elemental compositions and to

5 - some extent to chemical bonding [11].

"_ _ lt will be possible to rotate the sample0- f , I. _- i I I I I f
around an axis to record multiple view0 5 10 15 20 25 30 35 40 45
images and gather 3D information.

X-raywavelength in A Uncomplicated means of doing so provide
stereo images and focal series, but more

Figure 3: Thickness of water layer to transmit sophisticated methods like micro-
63% of x-rays as a function of the x-ray tomography are also feasible, within the
wavelength, constraints of the total acceptable radiation

dose.

Table 1. Exposure times preliminary estimate:
....

300 A Resolution X-ray microscope (XM) Scanning x-ray microscope (SXM)
....

1000 Counts 3 sec (B)

1000x1000 pixels 20 msec (U) 5 sec •
30 pm field

Times for the XM are for a bending magnet (B) or for an undulator (U).
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A very interestingoperationof the SXM will be fluorescencemicroscopywithx-ray excitationand
x-ray orvisible lightdetection.Especiallyfluorescencemicroscopywith x-ray excitationand
visiblelightdetection will be very useful,when appropriatefluorescencedyes become
available[12].

' Operationmodes,that might be usedin more distantfutureinclude:Dark field imaging,
Schlierenmethod,x-ray interferometry,and confocalmicroscopy.

li

3. Undulator for X-ray Microscopy

High spectral brightness,as needed for x-ray microscopy,will be providedby an undulator,lt is
anticipatedthat the majorityof experimentswillbe performedat x-raywavelengths inthe water-
window,especiallynear24 A. Therefore the designof the undulatorwas establishedbythe
followingcriterion:

• First,the spectralbrightnessinsidethe water-window,especiallynear 24 A, shouldbeas
highas possible.

• Second,there shouldbe no gap inthe tuningcurvebetweenthe 1st and 3rd harmonic,and a
certainstep in brightnesscan be tolerated.

45 A 24A

1019

___ " _i¢>----..-. n_ ]

_1 //V'--"% i "'., ", --n= 1
_ , ---_ =_

- -i"1-:5

t'N _

t'N I
* 101sN I

i

m

_ i

0 i

0 i

_ t

1017 , , , , , , ,,I ,
I

I I ! I ! i ! s
_ v

102 103 10

Photon Energy [eV]

, Figure 4: Spectral brightness of the 3.65 cm period undulator for x-ray microscopy at the
ALS. The water-window from 24 A to 45 A is indicated by vertical marks.
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This will be accomplished with a period length of 3.65 cm. The anticipatedworking conditions of
the undulator at the ALS are summarized in table 2. The spectral brightness as a function of
photon energy is shown in figure 4. The information has been compiled based on electron beam
data from the ALS handbook [13], with new estimates of the maximum magnetic field, which are
slightly higher than reported in the ALS handbook.

Table 2

Electron beam energy 1.5 GeV
Beam current 400 mA

Undulatorperiod 3.65 cm
Magnet periods,lengthof undulator 123 periods,4.5 m
Spectral brightnessat 24A 3 • 1018 photons/(sec.mm2.mrad2.0.1%BW)
Tuning range DeflectionparameterK: 0.2 < K < 2.05

1st harmonic 21.3-65.5 ._, (189-583 eV)
3td harmonic 7.1-21.8 A (567-1750 eV)
5th harmonic 4.26-13.1 A (945-2920 eV)

Beam size _ rms 63 pm (V), 330 pm (H)
Beam divergence_' rms 16 prad (V), 30 prad(H)

4. Beam Lines for X-ray Microscopy

The x-ray microscopesat the ALS will be operatedontwo beam lines, an undulatorbeam line
and a bendingmagnet beam line.The beam lineswill be adjacentand reside in a noiseand dust
isolated room, as shown in figure 5. Besidesthe microscopes there is space reserved for
additional branch lines: A White Light Station and a Coherent Optics Station. The XM at the
bending magnet uses its own beam line and can be used full time. At the undulator different
branch lines must time-share radiation from the undulator. As exposure times are on the order of
seconds, and setup times to install and adjust the samples are much longer, the branch lines are
served on a time sharing basis by use of a so-called pop-up mirror. This pop-up mirror directs the
full undulator radiation to one branch line at a time. Thus if a branch gets service, it also gets
uncompromised performance.

4.1. XM Branch Lines

The x-ray microscope (XM) will first be installed at an ALS bending magnet. The location of this
beam line is next to the undulator as shown in figure 5. lt is an uncomplicated beam line. There
is no monochromator preceding the end station. The necessary monochromticity will be provided
by the condenser system of the XM in the end station. To reduce the amount of unwanted higher
energy photons, the radiation from the bending magnet will be low-pass filtered by use of a plane
mirror.

After completion of the SXM the XM may be upgraded based on the experience then and
installed at the undulator too. The XM branch line at the undulator will be similar to the bending
magnet beam line, except that the first mirrorwill be the pop-up mirror discussed in the SXM
beam line section. Therefore the XM "_tthe undulator will be operated in time sharing with the
other branch lines.

= Meyer.llse, Attwood, Koike: X.ray Microscopy R_source Center at the Advance Light Source; page 6



IXMonUndulatorJJPop-upMirrorI
Ib

Noiseand

_oP _ _ Dustisolated
Room

XMonBendingJ
Magnet I

Fig. 5: Beam line layoutof the Biological X-ray MicroscopyResource Center at the ALS.

4.2. XM End Station

The x-ray microscopeendstation is designedto make the advantagesof x-ray microscopy
available to the user.By providinginterchangeablevisibleandx-ray microscopythe concept is:
switchfrom the visible lightmicroscopeto the higher _olvingx-ray microscope.Therefore a
state of the art visiblelightmicroscopeis an integralpart ofthe XM. This concepthas been
provenvaluable withthe G0ttingenx-ray microscope[5]andtheir laboratorymicroscope[14].Our
dominantdesigngoal isto maximize the capabilitiesfor state of the artvisible lightmicroscopy,
so that the biologistcan choosefrom a largevarietyof contrastmechanismsavailable in visible
lightmicroscopyto examine his sample,switchto theXM, take the XM image, andthen check
the sample again withvisiblelight.

The versatileuse of visiblelightmicroscopywill be possible,because the sample holderwithin
itsenvironmental cr_amberwill be preciselytransportedbetweentwo positions-- the XM andthe
visiblelight microscope.The precisionof thismovementwill be sufficientto previewand
completelyalignthe sample withthe visible lightmicroscope,thusavoidingunnecessaryx-ray

• sample damage, and unnecessaryuse of time-sharedundulatorradiation.

The optical elementsof theXM are a condenserzone plate and a microzone plate as shownin
figure 6. The condenserzone plate (KZP) willbe fromthe Universityof G0ttingen,whichis to be

" provided as part of a collaboration. Together with a pinhole of 15 pm diameter, this KZP will
operate as a linear monochromator with X/AX=300.The sample specimen resides in proximity to
this pinhole. As the image of the source, that is produced by the KZP to illuminate the sample, is
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smallerthan the monochromatorpinhole,the KZP will be scannedto provide a homogeneous
illumination.

¢
Condenser Micro

Pinhole zone

plate t "

Source

Central
Stop Specimen

Figure 6: Optical layoutof XM at the ALS bending magnet. The condenser zone plate
illuminates the sample. In combination with the pinhole this setup also forms a linear
monochromator. A homogeneous illumination of the sample will be provided by
scanning the condenser zone plate.

The micro zone plate forms an enlarged image of the sample on a detector. Micro zone plates
with varying focal length from below 500pm up to several millimeters can be used in the XM. As
described in a previous paragraph, we expect to use 250A outer zone width lenses in early
experiments, which permit a diffraction limited resolution of 300A.

Several detectors are available with the XM. High resolution images will be recorded on a soft x-
ray CCD camera, where the bestdetecti/e quantum efficiency is expected. For adjustment
purposes a detector system with an x-ray sensitive micro channel plate (MCP) will be used. This
allows on-line control of×-ray positioning and alignment as needed. An optional camera using
high resolution photographic emulsions is also planned.

4.3. SXM Branch Line

The SXM branch line is part of the undulator beam line. lt includes a specialized
monochromator. Several possible beam line optics and monochromator designs have been
analyzed. A possible design is shown in figure 7. A plane pop-up mirror directs the undulator
radiation into different undulator branch lines for the XM and the SXM. A Kirkpatrick-Baez (KB)
system focuses the beam for the SXM vertically to an entrance slit of a grating monochromator
and horizontally onto a pinhole, which also acts as the exit slit of the monochromator. The
monochromator, having a constant deviation of 174°, uses a 38-m, 300-grooves/mm spherical
grating with varied line space. A resolving power of 500 to 1000 is expected in a wavelength
range from 20A to 50A
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Figure 7: SXM beam line optics consisting of a pop-up mirror, a Kirkpatdck-Baez (KB)
prefocusing system, a variable spacing spherical grating monochromator. The SXM
end station is shown in more detail in figure 8.

The radiation delivered to the SXM end station by the monochromator should be stable in
wavelength and intensity. Changes in wavelength cause a modest loss in resolution due to
defocus, while unmonitored changes in intensity result in false contrast. Wavelength changes
can be reduced below acceptable limits, but variations in the source position and direction will
cause intensity variations that are difficult to correct. This cannot be avoided if the beam line
optics include focussing onto intermediate apertures like a slit or pinhole. That is why we
investigated other designs, that have no interme_diateapertures.

In an alternate design the source is directly demagnified to a diffraction limited point by use of a
zone plate. The spatial coherence is chosen by the acceptance angle of the micro zone plate.
The temporal coherence is provided by a varied line space grating. This also is a less complex
system. The difficulty with this design is that one particular varied line space grating only allows
a very limited range of wavelength tuning. Therefore the monochromator for the SXM will be a
trade off between stability, tuning range, and ,'omplexity.

4.4. SXM End Station

The scanning x-ray microscopy end station follows the same concepts as the XM end station
described earlier. The sample stage and environmental chamber are compatible, so that any
sample prepared for x-ray microscopy can either be imaged in the XM or in the SXM. The
incorporation of the visible light microscope into the SXM is similar to that in the XM.

The schematic layout of the SXM end station is shown in figure 8. A high resolution micro zone
plate is used to produce a diffraction limited scanning spot on the sample. In the case of the
monochromator with the Kirkpatrick-Baez prefocusing system as shown in figure 7, the source is
represented by the pinhole at the end of the monochromator. In the alternate design without
intermediate apertures, the source lies in the undulator. The end station can accommodate both
cases by using a micro zone plate with proper focal length for the correct demagnification of the
source.

The SXM end station consists of three important parts: micro zone plate, scanning stage, and
detector system. The micro zone plate has the same resolution as in the XM. Because of the
high photon flux from the ALS undulator, the scanning stage must provide high speed and high
precision scanning. We expect exposure times of 5 IJsecper pixel and 5 msec per line for a

• typical image. These high scanning ';peeds require accelerations not suitable for the sample.
Therefore the high speed scanning will be done by horizontally scanning the micro zone plate,
and the low speed scanning will be done by moving the sample vertically line by line.
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Figure8: SXM End station.The microzone platewill be scannedhorizontallyat high
speed andthe sample will be scannedvertically.

A great advantage of the SXM isthat there are fewer radiationlossesfollowingthe sample. This
is becauseevery photonthat penetratesthe samplereachesthe detector.Consequentlythere is
less radiationdose necessaryto achieve a certainsignalto noisein the imagewithan SXM
comparedto an ×M. If the intensityof the sourceis unstable,the image contrastwill be degraded
and more radiationis necessaryto get the same image quality.This effectdependson counting
statisticsand the desired imagequality. Imagestakenwith a lowphotoncountare limitedby
photonnoise.Highqualityimages witha largenumberof photonsare more sensitiveto intensity
variationsof the source. In thissituationthe radiationdosenecessaryfor a certain image quality
can be lowerwithan XM than witha SXM. These limitationsof the SXM are from technical
imperfectionsand notfrom physicallimits.Therefore they can be reduced.This is done by
choosinga stable beam lineoptics and monochromatordesignand by measuringthe intensityof
the sourcefor every pixel. Therefore we can correct the imagesand maintainthe advantages of
the SXM over a greater range of image qualities.
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