
We have found that two sections cut
from a vinyl long-playing record can
form a spherical aberration-free

refractive lens for hard X-rays. Our manu-
factured saw-tooth refractive lens has a
focal length of 22 cm for 23-keV X-rays.
The low cost and short focal length of this
lens make it feasible for use in small-scale
experiments with conventional X-ray tubes.

Refractive X-ray focusing, although not
a new idea1, has generally been considered
inefficient and impracticable2,3. A break-
through was the compound refractive lens,
in which the refractive effect was substan-
tially increased by the combination of many
individual cylindrical lenses4,5. From a man-
ufacturing point of view, however, a design
with only straight cuts would be preferable. 

We have designed such a lens, compris-
ing two identical halves that have a number
(N) of regular saw-teeth of height ys

arranged along the optical axis (Fig. 1). At
one end the halves touch, and at the oppo-
site end there is a gap (2yg) between them
that determines the focal length. Because an
X-ray travelling farther away from the axis
experiences more surfaces, the total deflec-
tion increases with increasing distance from
the axis. The lens is tunable and the focal
length for a given energy can be varied by a
simple mechanical procedure.

In the small-angle approximation, a ray
traverses the saw-tooth refractive lens in a
straight line parallel to the optical axis. A
ray separated by y from the optical axis tra-
verses a thickness of material given by

x(y)4y2N/(yg tanu)
This is a parabola, with radius of curvature

R4yg tanu/2N
The total length of the lens is L42Nys/tanu,
and so R4(yg/2N)(2ysN/L)4ygys/L .

Thus we can treat the saw-tooth refrac-
tive lens as a single parabolic lens with a
focal length of f4R/d, where d is the decre-
ment of the real part of the index of refrac-
tion from unity (typically 1016 for hard
X-rays). The focusing properties are inde-
pendent of the fixed free parameter u.

We can apply conventional geometrical
optics to calculate the gain of flux. Suppose
we wish to focus a beam to a slit with width
ds. The distance between source and lens is
so, whereas that between lens and slit is si.
The (de)magnification factor is then given
by My4si/so. A ray that has lateral displace-
ment y is attenuated by a factor

exp[1x(y)/l]4exp(1y2/2fdl)
where l is the X-ray attenuation length. This
is a gaussian beam with r.m.s. width

s4£ááfdl
which is a key lens parameter. It can easily

be shown that, to a good approximation,
the gain of flux is G 4£áá2p(1&My)s/ds .

Because absorption is a limiting factor of
the performance of the saw-tooth refractive
lens, a material with low atomic number
should mitigate it — beryllium and poly-
methylmethacrylate would be good candi-
dates. We used polyvinyl chloride for
focusing as it contains a large fraction of
chlorine and provides less gain.

A normal X-ray tube with tungsten
anode and focal spot size of 50 mm was
used for experimental verification, with a
source-to-lens distance of 640 mm and a
lens-to-slit distance of 330 mm. The mea-
sured gain at 23 keV was 1.7, 15% lower
than expected. This was probably due to
misalignment and bad surface quality of the
cuts. For polymethylmethacrylate, the gain
would be three times this (321.7).

Because of its simplicity, low cost and
easy alignment, the saw-tooth refractive
X-ray lens could be valuable as a tool in lab-

oratory-scale arrangements for X-ray appli-
cations such as imaging, microscopy, fluo-
rescence and diffraction. As the lens is
chromatic, the desired energy can be select-
ed from a broad X-ray spectrum by chang-
ing the gap between the lens halves. Two
saw-tooth refractive lenses can be put in
series to obtain focusing in two directions
and squared gain.
Björn Cederström*, Robert N. Cahn†, 
Mats Danielsson*, Mats Lundqvist*, 
David R. Nygren†
*Department of Physics, Royal Institute of
Technology, SE-104 05 Stockholm, Sweden
e-mail: ceder@particle.kth.se
†Physics Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, USA

1. Suehiro, S., Miyaji, H. & Hayashi, H. Nature 352, 385–386 

(1991).

2. Michette, A. G. Nature 353, 510 (1991).

3. Yang, B. X. Nucl. Instrum. Meth. A 328, 578–587 (1993).

4. Snigirev, A., Kohn, V., Snigireva, I. & Lengeler, B. Nature 384,

49–51 (1996).

5. Lengeler, B. et al. J. Appl. Phys. 84, 5855–5861 (1998).

brief communications

NATURE | VOL 404 | 27 APRIL 2000 | www.nature.com 951

Focusing hard X-rays with old LPs
A vinyl long-playing record can be used to form a cheap, aberration-free refractive lens.

Adjustable yg
ys

2ys /tan θ

Imaginary projection
(compressed in x)

θ

X-rays Converging rays

Figure 1 The saw-tooth refractive lens for hard X-rays. Only ten of 300 teeth are shown. The lens bears a striking resemblance to phono-

graph records, the groove pitch of which is about 180 mm. Measurements of the profile indicate that the depth of the groove is insuffi-

cient (about 25mm) and that there is a large amount of material between the grooves, however, resulting in unnecessary X-ray

attenuation. We therefore had a dedicated master cut with a groove depth of 90 mm, from which a vinyl record was pressed. Two 60-mm

long sections were cut out to form the lens. With 180 mm separation at the end, the focal length is 218 mm for 23-keV X-rays.

Evolution

Symbiotic solution to
arsenic contamination

Higher plants that are adapted to living
on polluted soils are generally symbi-
otic with mycorrhizal fungi growing

on contaminated sites1,2. It is not known
whether these fungi benefit their host plants
simply by fulfilling their normal ecological
functions3, or by enhancing the plant’s
resistance to pollutants. Arsenate contami-
nation poses a particular challenge, as this
toxin can enter plants through their phos-
phate transporters4, causing mycorrhizal
fungi to enhance both phosphate and
arsenate uptake in plants5. We have found a
plant host and its mycorrhizal symbiont
that have evolved in parallel to obtain phos-
phate but exclude arsenate.

We took populations of the ericoid myco-
rrhizal fungus Hymenoscyphus ericae from
the roots of Calluna vulgaris growing on an
arsenic and copper mine spoil and on an
uncontaminated heathland site. Arsenate
(the arsenic species in soil solution) dose–
response curves indicated that plants and
fungal populations from the mine were
much less sensitive to arsenate than the
heathland populations (Fig. 1a). Both part-
ners on the mine spoil have thus evolved
resistance to arsenate: the comparatively
low sensitivity of the fungus suggests that it
may confer added arsenate resistance to the
association.

Short-term arsenate- and phosphate-
uptake kinetics of the fungus were identical
for the mine and heathland populations.
Efflux kinetics of arsenic species from
mycelia preloaded for 1 h with 0.1 mol m13

arsenate showed that resistant H. ericae
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It is easiest to understand the experi-
mental design by considering a matrix of 37
rows for the note pitches by 128 columns
for their timing. For a given starting time,
the melody notes marked 18 elements of the
matrix. The masking or noise notes were
then scattered randomly within the matrix.
The subject’s task was to decide whether the
stimulus contained part or all of the
melody, or alternatively whether it belonged
to the set of noise-only notes. For each
number of melody notes, Fig. 1 shows the
number of masking noise notes that could
be tolerated while still allowing 75 per cent
correct responses in the single-interval
forced-choice trials.

The simplest theory assumes that the
starting time of the melody is known. The
template acts as a sieve and performance
depends on the total number of notes that
passed through the holes corresponding to
the expected positions of the melody notes.
For the ‘melody’ trials, these numbers
exceed those on the ‘noise-only’ trials by
Dm, which is the average number of melody
notes in those trials, namely 1, 2, 4, 9 or 18.
If s is the standard deviation of the number
that occur in the noise-only trials, then
d84Dm/s (ref. 2). The statistics of the
number of melody-matching notes from
the masking noise is binomial; hence s is
equal to £(npq). In our case, p and q are
constant, so s is proportional to £n, the
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Figure 1 The subjects’ task was to distinguish between a ‘noise’

sequence of notes and a ‘melody’ sequence. The melody

sequence differed from the noise sequence by containing 1, 2, 4,

9 or 18 notes drawn from a melody in addition to noise. The num-

ber of noise notes that could be tolerated for 75% correct

answers was estimated from 200 trials. The four sets of data

points on the left show these results plotted on logarithmic scales;

the results for each subject are separated by horizontal shifts.

Straight lines were fitted, and these lines with their appropriate

symbols are replotted at the right with a single horizontal scale,

together with the theoretically predicted line of slope 2 (broken

line). Three of the subjects (open symbols) were musically

untrained or amateur musicians, and for them the fitted values of

the slopes lie reasonably close to the predicted value of 2 (circle,

2.02 ± 0.054; triangle, 2.04 ± 0.067; square, 1.94 ± 0.12). The

fourth subject (filled circles) is a professional musician and was

the only subject with absolute pitch. She tolerated more noise

notes, her results have less variability and lie on a shallower slope

(1.63 ± 0.067) than the others.

from the mine has enhanced efflux of arsen-
ite (efflux from mine isolates, 14.453.0%
h11; heathland isolates, 6.653.0% h11

(P*0.001)). H. ericae has independently
evolved the same strategy as one used by
bacteria that reduce arsenate intracellularly
to arsenite6 for efflux.

Arsenate resistance in C. vulgaris is not
achieved by exclusion, as we found no alter-
ation to influx or efflux for either arsenate
or phosphate. Higher plants normally resist
arsenate through downregulation of arsen-
ate/phosphate transporters7, but C. vulgaris
has adopted an alternative mechanism. We
suggest that the fungus dominates arsen-
ate/phosphate accumulation, acting as a fil-
ter to maintain low plant arsenic levels
through arsenite efflux while enhancing
plant phosphorus status. When exposed to
arsenate for 24 h, heathland C. vulgaris
inoculated with heathland H. ericae accu-
mulated 100% more (P40.01) arsenate
than uninoculated heathland plants or
mine plants (with and without mine H. eri-
cae), which all had comparable arsenate
accumulation (Fig. 1b). Infection of mine
C. vulgaris with mine H. ericae did not place
the host under additional arsenate stress. 

We found that mine and heathland H.
ericae were constitutively copper resistant,
which confers resistance upon non-resistant
C. vulgaris8. In contrast, H. ericae and its
host must have adapted to arsenate contam-
ination in parallel, by the fungus selectively

accumulating phosphate over arsenate. Our
data show that evolution of host and sym-
biont is fundamental to the colonization of
polluted soils by key plant taxa.
J. M. Sharples*†, A. A. Meharg†‡, 
S. M. Chambers*, J. W. G. Cairney*
*Mycorrhiza Research Group, School of Science,
University of Western Sydney, PO Box 10,
Kingswood, New South Wales 2747, Australia
e-mail: j.cairney@nepean.uws.edu.au
†Institute of Terrestrial Ecology, Monks Wood,
Abbots Ripton, Huntingdon PE17 2LS, UK
‡Present address: Department of Plant and Soil
Science, University of Aberdeen, Cruickshank
Building, Aberdeen AB24 3UU, UK
1. Macnair, M. R. New Phytol. 124, 541–559 (1993).

2. Cairney, J. W. G. & Meharg, A. A. Environ. Pollut. 106, 169–182

(1999).

3. Smith, S. E. & Read, D. J. Mycorrhizal Symbiosis (Academic, San

Diego, 1996).

4. Lee, R. B. Ann. Bot. 50, 429–449 (1982).

5. Straker, C. J. & Mitchell, D. T. New Phytol. 106, 129–137 (1987).

6. Silver, S. & Phung, L. T. Annu. Rev. Microbiol. 50, 753–789

(1996).

7. Meharg, A. A. & Macnair, M. R. J. Exp. Bot. 43, 519–524 (1992).

8. Bradley, R., Burt, A. J. & Read, D. J. Nature 292, 335–337

(1981).

Figure 1 Growth of plant and fungus in the the presence of

arsenate and the influence of fungal colonization on arsenate

accumulation by the host plant. a, Biomass of H. ericae mycelia

after 17 d in medium containing arsenate (n424) and root-

lengths of C. vulgaris seedlings grown on agar plates containing

arsenate for 3 months (n49). Filled symbols, fungus; open sym-

bols, plants. Triangles, mine populations; circles, heathland popu-

lations; dotted lines, fungus; solid lines, plants. b, Arsenate

uptake (24 h) from a 0.1 mmol m13 arsenate solution by 4-

month-old sterile C. vulgaris seedlings with or without H. ericae

from site of origin (n43). Graphs show means5s.e.

Pattern recognition

Tunes and templates

A tune is a succession of musical tones
that is easily recognizable when
repeated. Here we describe an experi-

mental technique and preliminary results
that test a simple theoretical idea about
tune recognition.

The theory is that the initial experiences
of the melody form a template in the plane
defined by pitch and time1. When the tune
is repeated, it is compared with this tem-
plate, and for the appropriate starting time
there will be matches between what is
received and what is predicted from the
template: the number of these matches is a
decision variable determining the detecta-
bility of the tune. Detectability can be
impaired either by randomly removing
some of the notes from the tune, or by
adding interfering ‘noise’ notes to it. The
theory predicts how these two types of
interference should combine with each
other, and we have experimentally tested
whether this prediction is correct.

We took a well known melody (the first
four bars of Eine Kleine Nachtmusik by W.
A. Mozart) and mixed random notes with it
to find out how many such ‘noise’ notes
could be tolerated while still recognizing the
tune. We did the experiment with the whole
melody, and also with 1, 2, 4 or 9 notes
selected randomly and independently on
each trial from the full set of 18, preserving
their order and timing. In any one experi-
ment, the number of melody notes was
fixed and the task was to identify whether
they were present.
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