
Contract NAS8-31349 Code 361 (Princeton Uni- 
versity, Princeton, NJ, 1978), pp. 60-67; D. A. 
Saville, Physicochem. Hydrodvn. 1, 297 (1980); in 
Physicochemical H,vdrodynamics, V. G. Levich Fest- 
schnfi, B. D. Spaulding, Ed. (Advance Publications, 
London, 1977), pp. 907-910. 

3. P. H. Rhodes and R. S. Sn der, inMat&Process- 
iy in the Reduced ~ r a v i y  ,&avimnment o f spm,  vol. 
9 of Mat& Research Society Sy"2posia Srrics, G.  E .  
Rindone, Ed. (Elsevier, Amsterdam, 1982), pp. 
225-233. 

4. N. T. Dunwoody, J. FluidMcch. 20,103 (1964); R. 
C. Lock, Proc. R. Soc. London Ser. A 233, 105 

(1955). 
5. A. Kolin, D. Leenov, W. Lichten, Bwchim. Biqhys. 

Acta 32, 538 (1959); A. Kolin, in Elecfv~kinetu 
Sqaration Method, P. G .  Righetti ct  al., Eds. (Else- 
vier1North-Holland, Amsterdam, 1979), pp. 169- 
172. 

6. R. A. Wooding, J. FluidMech. 7,501 (1960); G .  I. 
Taylor, 2. Awew. Math. Mech. 13, 147 (1933). 

7. The material presented in this report is based on 
work supported in part under NSF grant CBT- 
8414218. 

Energy Conversion Devices Corporation. 
By means of a sputtering technique, 30 
tungsten-carbon layer pairs (nominally 7.65 
A of tungsten and 14.5 A of carbon) were " 
deposited on a 4-cm-diameter spherical mir- 
ror having a 2-m concave radius of curva- 
ture. The mirror was designed for imaging 
the strong Si-XI1 line pair at 44.16 and 
44.02 A, slightly to the long wavelength 
side of the carbon K absorption edge (43.68 
A); this considerably simplified the filtering 
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out of shorter wavelength x-ray lines. The 
multilayer diffraction plane-spacihg was 
measured to be 21.93 A on the basis of the 

X-ray Photographs of a Solar Active Region with a 
Multilayer Telescope at Normal Incidence 

An astronomical photograph was obtained with a multilayer x-ray telescope. A 
4-centimeter tungsten-carbon multilayer mirror was flown as part of an experimental 
solar rocket payload, and successful images were taken of the sun at  normal incidence 
at  a wavelength of 44 angstroms. Coronal Si-XI1 emission from an active region was 
recorded on film; as expected, the structure is very similar to  that observed at  0-VIII 
wavelengths by the Solar Maximum Mission flat crystal spectrometer at the same time. 
The small, simple optical system used in this experiment appears to  have achieved a 
resolution of 5 to  10 arc seconds. 

S IGNIFICANT RECENT ADVANCES IN X- an image of a solar active region taken with a 
ray optics, spurred in part by new multilayer telescope. 
astronomical applications, include the The x-ray mirror was prepared by the 

development of thin-film, layered synthetic 
microstructures (multilayers) to achieve x- 
ray and extreme ultraviolet reflection at nor- N 

ma1 incidence (1). This can in principle be 
achieved down to a wavelength of A = 20 
A, limited by the atomic dimensions of 
individual diilectric-spacer pair monolay- 
ers, and with reflectivity R = 0.5, over a 
passband, AAIA = 0.01. This technology is 
of considerable interest to x-ray astronomers 
(2,3). For a given mirror aperture a normal 
incidence imaging system with multilayer 
mirrors has an enormous advantage over 
grazing incidence systems in effective area 
and field-of-view. In addition, the surfaces 
are much simpler than the steep conic sec- 
tions of grazing incidence optics and are 
therefore much easier to figure to a high 
degree of accuracy. Moreover, the narrowness 
of the passband can be used to isolate individ- 
ual spectral lines and thereby make images of 
specific temperature regimes. Although labo- 
ratory imaging experiments have been suc- 
cessful in the past (4), to the best of our 
knowledge no astronomical object had been 
imaged with a multilayer reflector. Figure 1 is 

J. H. Underwood, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720. 
M. E. Bruner, B. M. Haisch, W. A. Brown, L. W. Acton, 
Lockheed Palo Alto Research Laboratory, Palo Alto, CA 
94304. 

Fig. 1. A 
telescope 

angular reflection peak of a monochromatic 
beam. The mirror was designed to have a 
relatively broad band, hence a moderate 
peak reflectivity, R = 0.025. The peak 
wavelength of 43.86 A met the design re- 
quirement; the absolute value of R has not 
yet been verified experimentally. 

Figure 2 shows the Si-XI1 lines in relation 
to other solar emission features in this spec- 
tral region; the comparison spectrum was 
taken during a solar flare by a Lockheed 
rocket-borne spectrograph on 13 July 1982 
(5). Si-XI1 radiation is emitted by coronal 
plasma at T = 1.5 x lo6 to 4 x lo6 K, 
typical of active region loops, although the 
tail of the emissivity curve can extend to 
flare-like temperatures above lo7 K (6). 
Second-order lines of 0 VII (A,,,, = 22 A) 
and third-order lines of Fe XVII (A,,,, = 15 
A) are also present (dotted in the figure), 

soft x-ray image of solar active region 4698199 as imaged by a 4-cm diameter,j720, 
at a wavelength o f  44 A. 

multil 
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but. because the interfaces are im~erfectlv 
sharp, the multilayer reflectivity in higher 
orders is smaller than the first-order reflec- 
tivity shown (-100 times reduced) so that 
high-order contamination is minimal. Fur- 
thermore, 0-VII  emissivity as a function of 
T is similar to that of Si XI1 in any event, so 
the plasma temperature region &at is sam- 
pled remains the same. 

This mirror was mounted alongside an x- 
ray spectrograph built in our laboratory, an 
ultraviolet camera from a French group, and 
an H a  camera, as part of an experimental 
solar rocket ~avload. The mirror was at- 

L J 

tached to the central payload spar and tilted 
by 1.7" to the line of sight, which allowed 
direct, off-axis imaging at the Herschelian 
focus 100 cm away, &d this gave a solar 
image approximately 1 cm in diameter in the 
focal plane. The image was recorded on 
Kodak SO-212 film in a camera developed 
for an earlier rocket flight ( 7 ) .  Eight pieces 
of film, each with its own individual light- 
excludinn filter. were mounted on a turret 

U 

inside the camera, which was equipped with 
an electrically operated dark slide and shut- 
ter. The turret was rotated by a clockwork 
mechanism during the flight to make the 
exposures. The film, leftover from the Sky- 
lab mission, is sensitive to -40- to 60-A x- 
rays; it has no supercoat, and as a result the 
surface has become scratched over the years, 
somewhat degrading the quality of the im- 
age. Two polypropylene filters each of 1-ym 
thickness and overcoated with 1000 A of 
aluminum were placed directly in front of 
each of the eight film pieces to exclude 
visible and ultraviolet light. 

The Black Brant rocket that carried the 
payload from the White Sands Missile 
Range to a height of 290 km was launched 
on 25 October 1985 at 1720 UT. Because 
of a payload command link problem, only 
two exposures were obtained, the better of 
the two being the longer one (-70 seconds 
shown in Fig. 1) obtained on the downleg 
of the rocket trajectory. The only solar fea- 

Fig. 2. The passband at -44 
P\ is defined partly by the 
typical multilaper reflectivity 
profile and partly by the car- 
bon K-absorption edge in 
the spacer layers and in the 
visible-ultraviolet polppro- 
pylene filters. The Gaussian 
shape of the mirror reflectiv- 
ity profile is approximated 
by a triangle of the same 
half-width for convenience. 
In this uassband the 13 Tul\r 

ture clearlv visible on the film was an image 
u 

of the active region complex (National Oce- 
anic and Atmospheric Administration refer- 
ence number 4698199) at NO5 W40. near 
the solar equator and approximately two- 
thirds of the way toward the west limb. This 
region was the only one on the visible 
hemisphere at the time; it had produced a 
class B flare at 1545 UT that, in whole sun 1 
to 8 A flux as measured bv the GOES-5 
satellite, exhibited a smooth decay in soft x- 
rays through the time of our flight. Howev- 
er, x-ray images from the X-ray Polychroma- 
tor ( X U )  on the Solar Maximum Mission 
(SMM) satellite demonstrated that the 
brightening directly associated with the flare 
site had largely faded by the time of our 
photograph. 

The XRP instrument images the Sun in 
several x-ray lines simultaneously by raster- 
ing across a two-dimensional grid point by 
point, which creates a spectroheliogram 
with a resolution of - 15 arc seconds (8, 9). 
In Fig. 3, the overall outline of the active 
region obtained by the XRP in the reso- 
nance line of O VIII (Fig. 3A) (18.97 A; 
T = 3 x lo6 Ki is com~ared to the overall 
structure outlined in thk multila!1er photo- 
graph (Fig. 3B). We note the following: (i) 
The main area to the west (W region) of the 
x-ray emission is very similar in both; (ii) 
there is a definite protrusion of emission in 
the south of the W region in the Si-XI1 
image, which is not seen to be detached in 
the 0-VIII image; and (iii) the smaller area 
to the east (E region) is broken up in the 0 -  
VIII image, but not in the Si-XI1 image. By 
and large, the morphologies, as expected, 
are very similar. Optically thin, collisionally 
excited line emission is proportional to n: in 
the corona, where n, is the electron density. 
At this low activity phase of the sunspot 
alcle the coronal ~Iasmas elsewhere on the 
sun were too cool and had too low a density 
compared to plasma confined in active re- 
gion magnetic loops to emit above our 
sensitivity threshold in this Si-XII-dominat- 

I I I 1982 ;eference spect-I 
43 44 45 46 shows primarily Si-XI1 lines. 

The second- and third-order Wavelength (A) 

0-VII  and Fe-XVII lines at the "equ~valent wavelengths" shown (in parentheses) contribute little to the 
multilaper image because of the reduced reflectivity of the multilaper mirror in higher orders. 

ed passband. An x-ray spectrum covering 
the region from 20 to 100 A was obtained 
during this flight at the far eastern side of 
the E region by the same spectrograph that 
had pre\~iously (1982) obtained the spec- 
trum shown in Fig. 2. 

A high-contrast copy of the flight film 
was digitized with a charge-coupled device 
(CCD) microdensitometer to facilitate fur- 
ther analysis. Digital filtering algorithms 
were applied, and this enhanced version of 
the Si-XI1 image is compared to the photo- 
spheric magnetic structure of the active re- 
gion in Fig. 4. This magnetogram was taken 
at Kitt Peak O b s e n ~ a t o ~  earlier that day 
(- 1425 UT). The optical alignment images 
from the XRP provide an accurate reference 
for aligning the x-ray and magnetographic 
images. Because the plasma producing the x- 
ray emission is contained by coronal mag- 
netic fields that generally dominate the pres- 
sure balance in the corona, any features seen 

Fig. 3. A) Map of 0-VIII resonance radiation 
(18.97 i ) in the bright solar active region taken 
by the SMM x-ray polychromator. Error bars 
show the approximate location where an x-ray 
spectrum was taken at the edge of the E region. 
(B) Same region in Si-XI1 light, from image taken 
by the x-ray multilayer telescope. (C) Location of 
loops and neutral lines. 
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Fig. 4. (Top) A di itally 
enhanced version of fig. 1. 
The photograph was digi- 
tized with a CCD system. 
The area outside of the ac- 
tive region that was solely 
noise was masked, obvious 
dust particles within the ac- 
tive region were removed by 
applying numerical interpo- 
lation, and a box filter was 
run over the matrix to re- 
duce grain noise. (Bottom) 
A magnetogram of the ac- 
tive region to the same scale. 
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in the image should reflect the field struc- 
ture. Preliminary analysis of the strength 
and shape of the differential emission mea- 
sure derived from our spectrum suggests 
that cooling coronal loops dominate the E 
region; temperatures as high as T .= 107 K 
are suggested, at which Si-XI1 emission still 
occurs, though with a much reduced emis- 
sivity per unit emission measure. O n  the 
basis of the magnetic topology of the W 
region and the fact that loops must be 
rooted in regions of opposite polarity, we 
interpret the s-ray emission therein as a 
combination of large-scale loops tracing out 
the relatively darker, predominantly E-W 
features, and smaller, lower-lying loops 
spanning the neutral line in the central part 
of the region where the brightness appears 
to peak. This qualitative interpretation is 
shown in Fig. 3C. hlthough the finest fea- 
tures in the image indicate an angular reso- 
lution of - 5  to  1 0  arc seconds, there is a 
diffuse quality to  most of the image. Inter- 
estingly, the long sausage-like feature 
stretching from northeast to southwest and 
then cuning back around to the north looks 
like a hollow tube. One possibility is that the 
core plasma is either too hot or too cool to  
emit Si-XI1 radiation strongly. 

As the first astronomical image obtained 
by a normal incidence x-ray telescope, the 
image is of some interest for its own sake. 
The simple optical system introduced pri- 
marily nvo aberrations, coma and astigma- 
tism (spherical aberration is minimal in an 
,720 system). For a perfectly figured spheri- 
cal surface optimally focused, the geometry 
of the optical system would have allowed for 
-3 arc seconds resolution within -12 arc 
minutes of the center of the field of view. 
The actual solar image shows linear and 
cunilinear features whose widths are -23 
arc seconds; the broad, linear features also 
show transverse brightness gradients over 
regions as narrow as 5 arc seconds. Despite 
the aberrations of this simple telescope, and 
the possible effect of defocusing, our post- 
flight analysis indicates that these details of 
the obsenred structures are unlikely t o  be 
optical artifacts. Even with all the shortcom- 
ings resulting from the low-budget nature of 
the esperiment, the ability to  make this kind 
of photograph from a normal incidence 
multilayer telescope is an encouraging devel- 
opment for x-ray astronomy. 
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Bat Predation and Its Influence on Calling Behavior 
in Neotropical Katydids 

Insectivorous bats have influenced the development of antipredator behavior in moths, 
green lacewings, crickets, and mantids; until recently, such adaptations were unknown 
in katydids. Foliage-gleaning bats in Panama can use the female-attracting, airborne 
calling songs of nocturnal katydids to locate prey. They also feed heavily on these 
insects. Katydid species sympatric with these bats exhibit markedly reduced calling 
song duty cycles. Males supplement shortened songs with complex, species-specific 
tremulations that generate vibrations that are inaudible to bats but reach conspecific 
females through a shared plant substrate. Female katydids do not call audibly but are 
also preyed on in large numbers, perhaps as a result of moving toward calling males. 

I N iMANIrANIMAL SPECIES, MEMBERS OF 

one sex use acoustic signals to  attract 
mates ( I ) .  Mate-attracting calling songs 

are species-specific, unambiguous, and high- 
ly localizable, which helps them function 
successfully in sexual pair formation. These 
same characteristics, however, reveal the lo- 
cation of calling animals to  predators and 
parasites (2, 3), including bats. In a study in 
Panama, bats responded to tape recordings 
of male katydids (Orthoptera: Tettigoni- 
idae) (4). This report describes field and 
flight cage experiments with live insects to  
show that at least four species of tropical 
New World foliage-gleaning bats (FGB) 
(Phylloston~idae: Phyllostominae) esploit 
katydid songs as prey-finding cues. We 
show that the song duty cycle in katydids 
(proportion of time spent singing) is mark- 
edly reduced in species occurring in the 
understory of a mature forest with FGB, but 
not in species in secondary growth areas 
without these bats (5). We also report the 
occurrence of tremulation (vibration) sig- 
nals in forest katydids that offset the infor- 
mation loss of a lowered duty cycle. These 
male katydids supplement their acoustic 
cues with con~plex species-specific body vi- 
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brations that are inaudible to  bats, but travel 
through plants to  conspecific females. Insec- 
tivorous bats and their prey have long coe- 
volutionary histories, and bats have itflu- 
enced the development of behavioral and 
morphological antipredator adaptations in 
moths, green lace-wings, crickets, and man- 
tids (6). We present findings of widespread 
behavioral antibat defenses in katydids, an- 
other large group of insects. 

We baited mist nets with singing male 
katydids to  demonstrate that bats respond to 
song cues (7).  members of four FGB species 
(six Micronycteris mgalotis, eight i2licroyc- 
tens hirsuta, nine Tonatia silvicola, and one 
Trachops ciwhosus) responded to the calls and 
were caught in nets.-These FGB were not 

u 

attracted to  control nets baited with silent 
females ( X 2  = 24; P < 0.001). 

Analysis of prey remains (culled, sesually 
dimorphic whole insect wings) that accumu- 
late in natural FGB roosts (8)  showed that at 
least one species fed heavily on  katydids; 
40.1% of 10,944 insects found in 12 Mi- 
croycteris hirsuta feeding roosts were katy- 
dids. Although they d o  not call, at least 50% 
of the katydids consumed were female. H o w  
these were located by the bats is not lulo\vn. 

T o  explore the influence of FGB preda- 
tion on katydid call design, we recorded and 
analyzed calling songs (9 )  from 4 3  forest- 
dwelling katydid species and compared 
them to calls from the four dominant species 
\vho dwell in clearings. Clearing katydids 
signal with conspicuous calls; they have 
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