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California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



... 

" I 
'-~ 

"\ 

I(J 

~ications o_f Holography to X-ray Imaging 
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Abstract 

In this paper we consider various applications of holographic techniques to the problem of soft 
x-ray imaging. We give special attention to imaging biological material using x-rays in the 
wavelength range 24-45!. We describe some experiments on formation and reconstruction of x-ray 
holograms and propose some ways in which holographic techniques might contribute to the difficult 
problem of fabricating optical elements for use in the soft x-ray region. 

Introduction 

In the spirit of this meeting we offer a collection of applications of holographic techniques to 
the problem of soft x-ray imaging of biological material.1 • 2 Some are things we have done; others 
are plans for the future. Some utilize x-rays only; others also involve the use of lower energy 
photons. We make no attempt to give a complete coverage. Indeed, we will not describe the most 
important present day example of our title subject which is direct x-ray imaging with holographically 
generated zone plate lenses.3 

The reason we are interested in imaging biological material with soft x-rays is that there exists a 
wavelength region (24-45!) · where there is a contrast mechanism for natural biological material whilst 
water is effectively transparent. The contrast comes from photoelectric absorption. This wavelength 
""window" arises because of the positions of the oxygen K absorption edge (23.6!) and the carbon K. 
absorption edge (44.8!). Taken together with the 1/e absorption length for soft x-rays in biological 
material which is about 0.5-l.Opm,2 these circumstances lead us to believe that we can make soft 
x-ray images of biological cells in something near to their natural state, i.e. without dehydration, 
sectioning, fixing or staining. 

We consider holography applications under the following headings: 

Direct hologram formation with soft x-rays4 
Reconstruction technique for holograms recorded with soft x-rays 
High resolution zone plates by spatial frequency multiplicationS, 12 
Soft x-ray beam splitters · 
Grazing incidence linear zone plates. 

Direct hologram formation with soft x-rays 

The concept of making holograms with x-rays is a very old one and various reviewers have described 
it.4, 6, 1 The present authors have been active in the field since 1982 and have recorded a variety 
of holograms using synchrotron radiation soft x-rays from the Ul5 beamline8 at the 750 MeV storage 
ring at Brookhaven. Initially these were mainly of de~onstration objects such as spheres and 
cylinders for which calculated results are obtainable. We have just begun to attempt biological 
samples. Our first choice for these (like workers in elect~on microscopy and x-ray microscopy before 
us) is diatoms. These are easily obtained, possess sharp features to show spatial resolution and give 
no problems of motion or radiation damage. We show two holograms of these and one of asbestos fibres 
(figs 1-3). All three were made using Gabor geometry9 as shown in figure 4 which describes the 
notation. We see a rich array of image information similar to a highly magnified visible light 
hologram. However, we have found considerable difficulties in reconstructing these holograms, and to 
these questions we now turn. 

Reconstruction technigue for holograms recorded with soft x-rays 

Since we are engaged in developing a form of microscopy we naturally feel that we should achieve a 
useful degree of magnification. For reconstruction by a point source distant Zc from the hologram, 
and of wavelength >..2 the magnification of the real image is9 

(1) 



2 

Figure 1. Gabor Hologram of a diatom recorded on Agfa 8E56HD film with 32A x-rays. Magnification of 
the 5x4 in2 print = 350, working distance = 14 mm, sample was illuminated by a 12.5 pm pinhole at 
600 mm. 

figure 2. Same as figure 1 except that magnification of the 5x4 in2 print 570. 
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Figure 3. Gabor Hologram of 0. 5-2. Opm diameter asbestos fibers recorded on Agfa 8E56HD film with 
31A x-rays. Magnification of lhe Sx4 in2 print = 250, working distance = 29 mm, sample was 
illuminated by a 1pm pinhole at 115 mm. 

1L 
T 

Pinhole 
source L 

Coherent X-ray beam 
wavelength }..1 

----------------ZR 

Hologram 

Figure 4. Geometry and notation for formation of a Gabor Hologram. 

where m is the factor by which the recorded hologram is enlarged. When Zc ~ "'• and m = 1 we see 
that KR -> (1 - Z1/ZR)-1 "' 1 which is not desirable. However, even for m = 1, we can get a 
large magnification by choosing Zc near to the value for which the denominator of (1) vanishes; i.e. 
when 

1 (2) 
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F'igure 5. Calculated behavior of the magnification (continuous curves) of the reconstructed image of 
the Gabor Holograms shown in figs 1 and 2 for reconstruction with He:Cd laser light (~2 = 4416.11., 
m=l). The real image position is also shown (dashed curve, right hand scale). These figures illus-· 
trated the practical difficulty of achieving a high magnification with visible light reconstruction. 

Figure 6. Successful reconstruction of the hologram shown in fig 3 using ~2 ~ 4416.11., Zc = 0.9 =· holographic· ·magnification = 1.7, magnification of 5x4 in2 print = 360. Note that the narrowest 
needle is about l/2 tnm on the print or 1.4 \lm in object space. On this basis we estimate the 
resolution as 1-2 )Jm. 
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This occul:"s when the l:"cconstruction soul:"cc i~ at the focus of the zone plate pollol:"ns in the hotor.nm• 
and the image distance appl:"oaches infinity. The l:"esult of choosing Zc in this l:"egion is shown in 
fig 5 which l:"efel:"s to the hologl:"ams in figs 1 and 2. We see that Zc needs to be extl:"emely small -
0.1 mm in this case. If the l:"econstl:"uction soul:"ce is pl:"ovided by a diffl:"action limited pinhole and 
>..2 is in the visible we find that fol:" obtainable pinholes we can illuminate only a vel:"y small 
al:"ea, fol:" OUt" case less than the full hologl:"am. Wol:"se still, as one might expect the hologt"aphic 
abet"t"ations show singulal:" behaviol:" similat" to the magnification neal:" the singulat" point define? by 
(2). In othel:" wol:"ds we at"e obliged to use a lat"get" value fot" Zc and thet"efot"e to achieve vel:"y 
little hologl:"aphic magnification. At the pl:"esent essentially all the magnification in out" t"econstt"uc
tions is pl:"ovided by the light micl:"oscope. This is not a gt"eat limitation to the t"esolution while we 
at"e using photogt"aphic film, but if we include abet"l:"ation at"guments as well, then we can see that the 
only way to achieve l:"esolutions much less than a mict"on is to magnify the hologt"am. Fot" the pl:"esent 
we seem to be achieving t"esolutions neal:" the limit of out" appt"oach of visible light t"econstruction of 
an ot"iginal Gabot" hologt"am l:"ecot"ded on photogt"aphic film. A good demonstt"ation of this is the 
t"econstruction of the hologl:"am of fig 3 which is sho.wn in fig 6. This shows a l:"esolution of 1-2 pm. 

High t"esolution zone plates by spatial ft"eguency multiplication 

One of the chief pt"oblems of X-t"ay optics has always been the pt"ovision of x-t"ay lenses of adequate 
t"esolution. The not"mal solution is to make tt"ansmission Fl:"esnel Zone Plates eithel:" by hologl:"aphy10 
or electl:"on beam Wl:"iting.11 The l:"esolution of such a lens in.fil:"st Ol:"del:" is limited to the width of 
the smallest (outel:") zone Ot", .in othet" wot"ds, to the l:"esolution of the available micl:"ofabt"ication 
technology. At the pt"esent' time, the vel:"y best fabt"icatol:"s of zone plates achieve zone widths of 
500-100011.. , These cet"tainly allow many in'tet"esting expel:"iments but it is agt"eed that the goal is zone 
widths of 100-20011.. The only way to achieve t"esolution bettet" than the zone width is to utilise a 

.highel:" ot"det" focus. This is genet"ally not pt"actical on efficiency gt"ounds, but it pl:"ovides a clue to 
a stt"ategy fot" cit"cumventing the fit"st ot"det" difft"action limit. Considet" the zone plate shown in 
figut"e 7. The fit"st and thit"d ot"del:" difft"acted beams al:"e shown fot" plane wave illumination. This 
leads to difft"action limited focal spots of half width 1.2211 and 0.41A at distances f and f/3 
t"espectively ft"om the zone plate. The notation is explained in fig 7. Now, suppose we place a 
l:"ecot"ding·medium at distance f/2 as shown. The t"ecot"ding would be a hologl:"am of the thit"d ot"det" focus 
with the convet"ging fit"st Ol:"del:" beam as t"efel:"ence wave. This l:"eCOt"ding is appal:"ently a zone plate of 
focal length f/8 and numet"ical apel:"tUI:"e (and outet" zone spacing) fout" times less than the ol:"iginal 
zone plate. We have thus made a fout"fold gain in fil:"st Ot"det" t"esolution. 
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Figul:"e 7. Geomett"y fot" t"ecol:"ding of a high t"esolutioh zone plate by spatial ft"equency 
multiplication. A is the width of the nat"t"owest zone. The ol:"iginal zone plate has altet"nating 
tt"anspat"ent and opaque zpnes only in the t"egion shown dashed. The t"est is all opaque. Illumination 
is assumed to be by an axial plane wave. F1, F2 and F3 at"e the positive fit"st, second and thit'd 
Ot"det" foci of the zone plate. 

We may legitimately as'k what al:"e the conditions fot' the above scheme to wot"'k? The following at'c 
cet"tainly necessat"y: 
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A technology must exist for converting the recording into a zone plate with suitabl1• 
fidelity. This would presumably involve high resolution x-ray resist. 

In view of the desired values of the minimum zone width it will be necessary to use a soft 
x-ray source for the exposure. This source must have vecy high coherent power to make the 
exposure time reasonable. We believe that even a storage ring bending magnet is marginal and 
that a soft x-.ray undulator may be needed.21-

The illuminating beam must be sufficiently monochromatic for the third order focus to be 

diffraction limited; i.e. ~/A~ > 
3n 

0.61 

The original zone plate must be sufficiently well made that the diffraction limited third 
order spot size is achieved. The Rayleigh quarter wave criterion would require placement of 
each ring with an error less than 1/6 (~ numerical aperture). Although this sounds 
challenging it is probably achievable using holographic methods. 

Soft x-ray beam splitters 

Holographic and interferometric experiments in the soft x-ray region, especially the region between 
24 and 45A, have always been hampered by the lack of efficient optical elements. Even the recent 
advances of multilayer optics have not impinged much on this spectral region,_ due to absorption 
problems in available spacer materials. For the same reason, organic ccystals are rather inefficient, 
and normal incidence optical elements at these short wavelengths tend to have prohibitively difficult 
fabrication tolerances .13 One hopeful step is the relatively recent demonstration of the use of 
r-eflection gratings in the so called "conical diffraction"14 mode. For the grazing incidence cases 
of inter·est to us, this means using the grating with the incoming rays almost parallel to the grooves. 
It is a characteristic of conical diffraction that diffraction efficiencies are much higher than for 
normal (nearly in plane) diffraction.15 

A novel possibility achievable using conical diffraction is an efficient soft x-ray beam splitter-. 
This is shown in fig 8. 

Grating spacing d 

Figur-e 8. Geometr-y for high efficiency, soft x-ray beam splitter. 

By using a holographically produced grating with a sinosoidal groove profile, it should be possible 
to diffr-act 80~ of the incident light into the ±1 orders, thus producing an efficient 
beamsplitter for a single soft x-ray wavelength. 

The full angle (6) between the two coher-ent beams is limited by the gr-oove spacing according to 

I• 

the formula / 1 

.: 
e -1{X} 2 sin d (3) 

For- a 3600 line/mm grating, for- example, this would g-ive a separation of 1.2 degr-ees at X ; 30A. 
Of course, one could make a classical interferometer- much more easily if this angle were lar-ger- as it 
is in some existing interferometer schemes using transmission gratings,l6 multilayers17 or perfect 
crystals18. However, none of these schemes is very efficient in the XUV region so we believe the 
grazing incidence grating has a place on gr-ounds of efficiency and that inter-esting interferometer 
schemes do exist which are suited to its geometry. 

The efficiency of the present system would be related to the reflectivity of the mater-ial at the 
angle of incidence used. For- example, with nickel at 2° incidence angle, the r-eflectivity at 30A is 
88~ giving about 35~ each in the ~1 or-ders and 18~ in zero order. 
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The beam splitter-s could be used to build a sof~ x--r-ay inter-fer-ometer- and hence a phase conlr-o!;l 
micr-oscope and one could even envisage soft x-r-ay four-ier tr-ansfor-m spectr-oscopy. 

Gr-azi~ncidence linear- zone plates 

We tut'n now to another stt'ategy fot' achieving spatial t'esolution values which at'e smallet' than 
those of available mict'ofabr-ication techniques. Considet' the at't'angement of fig 9. A collimated.sofl 
x-t'ay beam is incident fr-om the left on a plane, gt'azing incidence, r-eflection gt'ating of vat'iablc 
spacing. At each location the gr-oove spacing is chosen so that an incident t'ay is focussed to the 
line focus shown in U1e figur-e. The gt'oove fr-equency n(x) needed t.o achieve this is given by 

).. n(x) ~ Cosc - X 
(4) 

j h2+ x2 

Wher-e the notation is given in figur-e 9. 
at't'angement is given by 

The difft'action limited t'esolution Ao of this 

(5) 

The appt'oximation of the numet'ical apertut'e by (e2 el)-1 is justified by the small 
values of ~1 and e2. For- ).. JOA the lat'gest deflection angle that can be achieved wilh 
specular- t'eflection is about 1P (incidence angle 5 1/2°). If we set c ~ 1°, e1 ~ 2° and e 2 
~ 10° equation (4) gives Ao ~ 214A : an extt'emely intet'esting value; and this is achieved with a 
maximum line density (cot'responding to e2> of about 5000 lines pet' mm. 

(a) 

Collimated soft 
X-ray beam 

Grating grooves 
frequency n (x) 

Figut'e 9. (a) Pt'inciple of a difft'active "cylindt'ical lens" using a plane grating with var-iable gr-oove 
spacing, (b) notation for- discussion of (a). xis the coot'dinate of a genet'al point on the gt'ating. 

The conditions fot' achieving this in pt'aclice ar-e as follows: 

The incoming beam must have a spectt'al put'ity ()../A)..) gt'eatet' than the 
of the gt'ating. The lattet' can be found by integt'ation of equation (4). 
to f which acts as a scale factot' of the ar-t'angement. For- example, fat' 
angles given above the numbet' of gt'ooves is about 6000: a difficult but not 

numbet' of gr-ooves 
It is pr-opot'tional 
f ~ 5 mm, and the 
impossible value. 

The gt'ooves must be positioned al theit' ideal positions with a maximum et't'Ot" of 1/4 of a 
per-iod (Rayleigh Ct'itet'ion). 
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At 1° g~azing incidence, ~o~ 30A x-~ays, the flatness tole~ance of the subst~ate (Rayleigh 
c~ite~ion) is about 1/30 of a wavelength of visible light. This is st~aightforwa~d fo~ the 
small a~eas involved. 

We note the following advantages of making an optic in this way: 

The ze~o o~de~ beam is not mingled with the focussed beam 

With a ~igici subst~ate. mo~e f~eedom in choosing the g~oove shape is possible than fo~ ·Self 
suppo~ting st~ctu~es. This includes the possibility of phase g~atings. Fo~ exampl~ one 
might manufactu~e the device by holog~aphy19 (sine wave p~ofile), mic~oci~cuit methodsll 
(squa~e wave p~ofile) o~ ~ling engine20 (blazed p~ofile). 

A ~igid subst~ate is mo~e ~obust in hostile envi~onments and allows f~eedom to make optimum' 
mate~ials choices. Fo~ example one .could use wate~ cooling to deal with high power 
applications. 

So fa~ all of this is applicable only to one dimensional focussing. We naturallY. enqui~e whether 
two such devices can be e~ossed to give two dimensional focussing in the style of the Ki~kpat~ick-Baez 
~eflection mic~oscope. This is ce~tainly possible in p~inciple, but fo~ the second device we a~e no 
longer dealing with a collimated beam. The conve~gence angle leads to an additional abe~~ation which 
tu~ns out to be a fo~ of coma. This would have the effect of limiting (62-61) to values less 
than about five degrees. Neve~theless we see f~om equation (5) that the values o·f AD are sli ll 
att~active. 
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