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HOLOGRAPHY WITH SPATIALLY NONCOHERENT LIGHT

(x-ray diffraction microscopy; image synthesis;
“3-dimensional photography”; T/E)

Fourier-transform holography'~® with coherent
light has recently permitted very considerable math-
ematical and experimental simplicity to be intro-
duced into the field of “wavefront-reconstruction
imaging,” originated by D. Gabor in 1948. Spatial
coherence in the objects (i.e. the capability of the
various object points to interfere with each other,
or with a “reference” field) has generally appeared
to be essential to the recording of holograms. One
possibility of an exception to this assumption was
indicated by Stroke and Funkhouser,® and is related
to their method in which a spectroscopic Fourier-
transform hologram is recorded with spectrally
noncoherent light, in a two-beam Michelson Twy-
man-Green interferometer, and used to produce
spectra directly (without computing) by a second
Fourier transformation, in the focal plane of a lens.
(Many schemes for noncoherent light holography,
other than that which we describe here are con-
ceivable. Several suggestions have been made in the
literature and elsewhere,”® and the general desira-
bility of achieving holography in noncoherent light
has again been recently stressed by E. N. Leith,"
but no results appear to have been reported).

In this Letter we show theoretically, and demon-
strate experimentally, that image-forming Fourier-
transform holograms can indeed be recorded with
extended, spatially noncoherent monochromatic ob-
jects, and that high-quality images can be recon-
structed from them, by a second Fourier trans-
formation (e.g. in the focal plane of a lens).

The essence of our method consists in producing,
in the hologram, one sinusoidalinterference-grating
per object point, with the correct spatial frequency
and orientation, in such a way that the various grat-
ings are made to add in intensity, thus recording the
spatial Fourier-transform of the intensity distri-
bution in the object. The desired intensity sum-
mation in the hologram is made possible precisely
because of the noncoherence of the various object
points with each other. Paradoxically, therefore,
noncoherence between the various object points is a
requirement for holography in noncoherent light.

As a model, we discuss a beam-splitting arrange-
ment, in which the projection of the object onto a
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plane (vector-coordinate g)_produces two equally
intense images I(¢£) and I(—¢), related to each other
by a two-fold rotation® about a z axis normal to the
plane E (see f.ex. Fig. 1). Because of the spatial
noncoherence of the various object points I(¢;),
1(22), - I(gn), each object point interferes only

Fig. 1. Beam-splitting arrangement used for the recording of
“lensless” Fourier-transform hologram in noncoherent light
(see text), as seen from the hologram plane region. The object
O (equal to the letter “R”) is illuminated from above (indicated
by vertical black line) and is made to produce two images by
the mirrors M, M, upon “beam-splitting” diffraction by the
grating G. Note the two-fold rotation with respect to each other
of the two images, seen on the mirrors M, M. (The image “R”
appearing on the grating surface, directly below the object, is
due to surface scattering, and is not seen by the hologram.) The
grating-dimensions (55 X 55 mm) give the scale of the arrange-
ment. The Fourier-transform hologram was recorded on aKodak
649F plate, at a distance f = 1 m from M, M, without the inter-
vention of any additional optical elements.
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with its respective “mirror” image I (—-.f,) I( §2)

A€, to produce on a hologram plane z,
normal to the z axis at a distance z = f from the ¢
plane, a fringe system of a frequency and ori-
entation characteristic of that object point only.
The resultant intensity / (x) recorded on the holo-
gram is given by the equation

I(x) = f 1(¢) [ 1+ cos 27 = °~§ ]dg
A

(where e indicates a vector dot product, and A is the
wavelength). The hologram intensity I(x) given by
Eq. (1) is recognized as formed of a constant (“dc”)
term, plus the cosine Fourier transform of the in-
tensity distribution I(¢) in the object.® Conse-
quently, llumination of the hologram with a spatially
coherent, monochromatic plane wave will produce,
by Fourier transformation in the focal plane of a
lens, two images I(£), symmetrically displayed on
the two sides of the optical axis (together with a “dc”
image, centered on the axis).

The beam-splitting arrangement used in our ex-
periments is shown in Fig. 1., together with the ob-
ject (letter “R”) illuminated with spatially nonco-
herent light. A reconstruction of the image of the
letter “R” is shown in Fig. 2. The actual beam splitter
used in this case was an optical diffraction grating,"
with a spacing of 1180 grooves/mm, and having a
groove form shaped to produce two equally intense
first orders, without polarization.!* The spatial
noncoherence with the monochromatic 6328 A
laser light used was achieved by imaging a rapidly
moving diffuser onto the object plane. (The success
in having indeed achieved the desired noncoherence
with the moving diffuser and the laser used, was
verified by also recording a hologram with the dif-
fuser maintained stationary, so as to maintain spa-
tially coherent light:™® the reconstruction, in this
case, can be readily shown® to consist of a convo-
lution of [ (§) with itself, rather than of images of
I (§). A reconstruction of the “images” from the

Fig. 2. Fourier-transform reconstruction of the images of
the letter “R,” from the hologram recorded in spatially non-
coherent light in the arrangement of Fig. 1.
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hologram recorded with spatially coherent light,
under these conditions, is shown in Fig. 3.)

We wish to note the possible applicability of our
method of “lensless” Fourier-transform holography
with noncoherent light to image-forming x-ray mi-
croscopy, especially because of the possible use of
grating-like and beam-splitting propertes of crys-
tals. We have previously stressed®™® the high-res-
olution advantages of Fourier-transform holograms
compared to Fresnel-transforms holograms. The
“plane-wave” summation property (or its spherical-
wave equivalent)® inherent in Fourier-transform
holography, and its related absence of abberations,
is clear, also in analogy with similar advantages of
plane vs concave gratings."

We wish to acknowledge the generous support of
a part of this work by the National Science Foun-
dation and the kindness of the Jarrell-Ash Company
in providing the beam-splitting grating.

Fig. 3. Fourier-transform reconstruction of
(central “dc¢” term and two side-band images) from hologram
recorded in spatially coherent light (obtained by maintaining
stationary the diffuser focused onte the object in Fig. 1) to
verify that spatial noncoherence was indeed obtained in the
recording of the hologram for Fig. 2, by moving the diffuser
during the exposure (see text).

“images”
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FLUX CREEP AS A DOMINANT SOURCE OF DEGRADATION IN

SUPERCONDUCTING SOLENOIDS

{(Nb—25% Zr; thermal instability; E)

In this Letter we report experimental evidence
that the mechanism of unstable flux creep arising
from thermal instabilities as suggested by Anderson?
and by Anderson and Kim? is responsible for the
current degradation commonly observed in super-
conducting solenoids.

Transient flux creep was induced in a sample by
means of suitable magnetic field pulses. With the
sample carrying a transport current, the resistivity
arising during flux creep produced transient joule
heating, and when the current was large enough,
the heating was sufficient to exceed the local critical
temperature, thereby resulting in a quench.

Field pulses of varying amplitudes and rise times
were applied to a noninductively wound specimen
consisting of about 50 ft of 0.010-in. diam insulated
Nb-25% Zr commercial wire. The wire had no
copper cladding. Our apparatus was designed to
allow sample transport currents up to 60 A, to pro-
vide an ambient background field up to 40 kG, and
to monitor continuously the magnetization of the
sample. To ensure that the entire sample was in the
critical state as defined by Kim et al.,* the transport
current was introduced first and then the ambient
field was swept until the sample followed the critical-
state curve. When the desired field was reached the
sweep was stopped and a field pulse was applied in
a direction which enhanced the ambient field. If
the sample did not quench, the cycle was repeated
with increasing values of transport current until a
quench was obtained.

Typical data are shown in Fig. 1 for 125-usec and
20-usec rise time pulses. The data exhibit four dis-
tinct features: (1) there is a threshold in the ampli-
tude of a pulse below which no degradation occurs;
(2) the threshold pulse amplitude for degradation
decreases as the pulse rise time, dHp/dt, is increased;
(3) for a given rise time, there is no further decrease
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in the degraded current for pulses greater than a
certain amplitude; and (4) there is an area of maxi-
mum sensitivity to pulses centered about 15 kG.

The data in Fig. 1, together with data taken at 50-
usec and 270-usec rise times are presented in a
different manner in Fig. 2. The abscissa is the pro-
duct of the peak value of the pulse H,,, and the maxi-
mum rising rate of pulse field with respect to time,
dHp/dt. The ordinate is the ratio of threshold
quenching current to the published short sample
data. Since the term H,,(dHp/dt) is proportional
to dHp?/dt, it is proportional to the real power input
during the pulse rise. We interpret the very sharp
vertical transition in Fig. 2 as specifying the local
power dissipation necessary to produce a thermal
instability and unstable creep. The lowest transition
in Fig. 2 approaches H,,(dHp/dt) = 10 G-G/usec just
below 13.5 kG. This means, for example, that a
pulse with about 1-usec rise time would need an
amplitude less than V10 G to precipitate unstable
flux creep. These very small required values of
trigger pulses reflect the extreme sensitivity of flux
creep to become unstable under minute thermal
perturbations (1073 < AT/T < 107?) as predicted by
Anderson and Kim.?

The threshold value of transport current to which
the short sample current degrades is interpreted as
that current which causes sufficient joule heating at
the value of creep resistivity to quench the sample.
The magnetic field pulse serves only to initiate un-
stable creep. Once established, the resultant resis-
tivity is independent of Hp,,(dHp/dt) and consider-
able increases in pulse power beyond the threshold
value result in no further degradation. The thresh-
old current should not be confused with the so-
called “minimum propagating current” which is the
current that will cause a normal front to propagate
once a local region has been driven normal. The
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