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Fig. 2 Heat transfer distribution in the cowl-strut corner (no
boundary-layer trips).
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Fig. 3 Two-dimensional shock location and oil-flow lines shown
with heating contours (no boundary-layer trips).

peak heating is approximately 50 times the undisturbed lami-
nar reference heating level and on the order of 1.5 times that
of the surrounding area downstream of the shock impinge-
ment. The h/hTef value of the surrounding area is from 31 to
49. The heating in the vicinity of the corner, upstream of the
shock impingement region, is much lower than the peak heat-
ing but higher than the heating in the undisturbed regions. The
contours on the strut show a lower heat transfer coefficient in
the triangular region formed by the strut leading edge and the
crossing pattern of the forebody and cowl shock waves.
Downstream of the shock interference region, the heating pat-
tern on the strut is extremely complex due to highly three-
dimensional flow interactions.

Figure 3 shows the opened-out cowl and strut surface of the
model with the same heating contours of Fig. 2. The promi-
nent oil accumulation lines are superimposed on both surfaces
for direct comparison with heating contours. On the cowl sur-
face, oil accumulation lines indicating flow separation and
reattachment correspond to the region of high heating gradi-
ents indicated by the closely spaced heating contour lines. This
region is created by the forebody shock impingement on the
cowl. The arbitrarily chosen y/x = 0.36 line bounds the cor-
ner heating contours upstream of the forebody-cowl shock im-
pingement location and the two peak heating regions down-
stream of the forebody-cowl shock impingement location. On
the strut surface, the feather-shaped oil accumulation lines
coincide with the two-dimensional inviscid shock lines from
the forebody and cowl that are projected on the strut surface.
Separated flow in the triangular region, upstream of this
forebody-cowl shock crossing pattern, is indicated by the oil-
flow pattern. Also, the highest heating rates (h/href = 23) on
the strut surface occurred in the region between the refracted
and reflected shock waves.

Similar results (not presented) were obtained with flow trips
that produced turbulent level heating ahead of the shock im-

pingement region. Generally, the features of the tripped case
were similar to the untripped case, except that the flow separa-
tion did not occur on the strut surface upstream of the shock
interaction region for the tripped boundary-layer case. Also,
the same two peak heating regions occurred on the cowl, and
the heating level was about the same as that for the untripped
case, indicating that the shock interference heating was inde-
pendent of the upstream boundary-layer conditions for the
present investigation.

Conclusions
The aerodynamic heating in an axial compression corner

with an external oblique shock impingement is characterized
qualitatively. The local peak heating occurred on the cowl
near the corner downstream of the forebody-cowl shock imp-
ingement location and was about 50 times the reference un-
disturbed laminar heating. The peak heating was on the order
of 1.5 times that of the surrounding value downstream of the
shock impingement. There was no significant difference in the
magnitude and location of the peak heating between the un-
tripped and tripped cases.
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Introduction

H IGH-TEMPERATURE superconducting materials are
expected to offer significant improvements in the per-

formance of spacecraft components. Specifically, low surface
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resistance at high frequencies is expected to result in reduced rf
losses in superconducting waveguides, bandpass filters, and
antennas.1'5 From a practical viewpoint, it is important to
understand the radiation response of high-temperature super-
conductors before they can be utilized on any spacecraft com-
ponents. The primary objective of this Note is to report on
space radiation studies performed on thin films of high-
temperature superconducting materials.

It is attractive to provide passive cooling to superconductors
by locating them on the shaded side of a space vehicle,
radiating directly into space. Unfortunately, this technique
may result in exposure to high radiation dose levels due to
trapped electrons and protons in the space environment. The
effects of space radiation on superconducting properties of yt-
trium barium copper oxide (YBCO) materials are therefore
critically important in incorporating these materials into
spacecraft systems.

Typically, the space environment consists of ionizing radia-
tion, atomic oxygen, solar (uv) radiation, and solid particles
(micrometeoroids). Ionizing radiation includes trapped par-
ticles, solar flare particles, and their secondary emissions when
they interact with materials. For a given mission, the ionizing
radiation intensity varies as a function of solar activity and
with the occurrence of geomagnetic storms. The nature of the
ionizing environment depends on the trajectory of a given
spacecraft. The most comprehensive description of the space
radiation environment as a function of altitude in geosyn-
chronous orbit and low Earth orbit is given in Refs. 6 and 7.
Earth-orbiting spacecraft encounter trapped electrons and
protons in the Earth's geomagnetic belts, where doses to the
outer surfaces (within a micron of the surface) often exceed
107 rad (Al)/yr for a communications satellite at geosyn-
chronous orbit.6 For spacecraft orbiting at lower altitudes,
such as the Space Station in a 500-km 28-deg inclination, the
radiation dosage is 104rad(Al)/yr.7 The total absorbed dose
for a given depth of material (aluminum is a common stand-
ard) can be predicted for any orbit scenario using the
SHIELDOSE computer software program.8

It is a standard practice in the aerospace industry to employ
1.25-MeV Co-60 gamma ray source to simulate the radiative
effects from the electrons and protons on conventional semi-
conductor devices. It has been determined that this method is

valid for simulation of the ionization damage to the
materials.9'10 This method may not accurately simulate the
displacement damage due to heavy ions or damage induced by
chemical interactions. However, the effect of these interac-
tions on the superconducting thin films has been published
elsewhere.11'18

Most of the previously published work presents the effects
of heavy ions and high-energy (>2 MeV) electrons and pro-
tons. The effects of lower-energy electrons (<1 MeV) on
superconducting thin films has not been published.

Our investigation had two objectives: 1) to determine the ef-
fects of space radiation on superconducting materials, and 2)
to determine whether this effect can be simulated with Co-60
gamma rays, the standard test method for space materials.
The effects of atomic oxygen, solar radiation, and solid par-
ticles were not part of this investigation.

Experiment
Thin films of YBCO were formed by coevaporation of Y,

BaF2, and Cu and postannealing in wet oxygen at 850°C for
3.5 h. The substrate used was (100) silicon with an evaporated
zirconia buffer layer. Processing and microstructure studies of
these types of films have been published.19'22 The zero-
resistance transition temperatures of the samples used in this
study were 84-86 K. The samples were characterized by four-
point probe electrical measurements as a function of tempera-
ture. The parameters measured were the zero-resistance transi-
tion temperature Tc and the room-temperature resistance. The
samples were then exposed to Co-60 gamma rays, in air and in
pure nitrogen, and to 780-keV electrons in air, and the param-
eters were remeasured.

Results
The results, summarized in Tables 1 and 2, indicate little or

no degradation in the measured parameters for samples ex-
posed to up to 50 Mrad of gamma rays in nitrogen. However,
complete degradation of samples exposed to 10 Mrad in air
was observed. This degradation is preliminarily attributed to
the high level of ozone generated in the chamber by the
gamma-ray interaction with air. Furthermore, no degradation
in superconducting properties of samples exposed to 101? elec-
trons at 780 keV in air was observed.

Table 1 Summary of gamma-ray exposures on superconducting materials

Sample
description
YBCO on Si
YBCO on Si

YBCO on Si
YBCO on Si
YBCO on Si

with silver pads
YBCO on Si

(control sample)3

Ambient
environment

Air
Air

Nitrogen
Nitrogen
Nitrogen
Nitrogen

Air

Gamma-ray
dose,
Mrad

10
100

10
50
10
50

Transition
temperature, K

Before
exposure

86
85

85
85
86
86
85

After
exposure

84
84
82
81
85

Comments
Catastrophic failure
Complete erosion of

superconducting film
No degradation in Tc
No degradation in Tc
Slight degradation

in Tc
No degradation in Tc

(after 21 days.)
3The control sample was placed outside of the Co-60 source, and its superconducting properties were compared to the
exposed samples.

Table 2 Summary of electron exposures on superconducting materials

Sample
description
YBCO on Si
YBCO on Si

(control sample)3

Ambient
environment

Air
Air

Electron
dose,

e ~ /cm2

1015

Transition
temperature, K

Before
exposure

84
85

After
exposure

84
85

Comments
No degradation in Tc
No degradation in Tc

aThe control sample was placed outside of the electron generator, and its superconducting properties were compared to
the exposed samples.
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Discussion
The radiation tests show that polycrystalline YBGO films on

Si are only slightly affected by gamma and electron radiation.
Significant changes in the electrical properties of bulk YBCO
exposed to 1-MeV electrons have been reported.23 For these
YBCO bulk materials, degradation occurred at a fluence of
6.5 xlO11 e~/cm2. We believe that the relatively good per-
formance of our thin films is related to the use of BaF2 as an
evaporation source.

Even though the annealing of thin film is performed in wet
oxygen to remove the fluorine from the films, we have found
by x-ray photoelectron spectroscopy that about 1 at.%
fluorine abundance remains in the surface region. We specu-
late that the fluorine improves the degradation performance
of these films.24 As suggestive evidence, we cite Tressaud et
al.,25 who found that a thin surface layer containing fluorine
provides protection against hydrolysis and gas exchange. It
has also been suggested by Mogro-Campero et al.26 that a thin
surface layer containing fluorine improves the resistance of
YBCO to degradation caused by thermal cycling.

Conclusions
The following conclusions can be made.
1) The electron component of space radiation does not

degrade the critical temperature of the YBCO films described
herein, at least for energies around 800 keV and doses similar
to those received by surface materials on spacecraft.

2) For qualifying this and other superconducting materials
against the space-radiation threat, the standard test method
used in the aerospace industry, namely, exposure to Co-60
gamma rays in air, may require some further investigation.
The tests that we performed most likely represent a worst-case
scenario compared to the tests in a standard space vacuum en-
vironment. As a minimum, the sample must be either in
vacuum or in positive nitrogen pressure.

The results of this study and that reported by Mogro-
Campero et al.26 are encouraging for the use of YBCO films
on satellites because these films resist degradation from radia-
tion and temperature cycling. Thus, even with a lack of pro-
tective layers, passive cooling can be provided to the thin
YBCO films by exposing them to space without concern about
radiation damage.
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= projected area of source, m2

= log-amplitude variance of radiation
(dimensionless)

= second radiation constant, K jum
= atmospheric index-of-refraction structure

constant, cm~2/3

= altitude, km
- altitude of tropopause, km
= intensity of radiation at wavelengths, \\ and X2,

respectively, W/sr ^m
- wavevector of radiation, cm"1

= color temperature of soiirce, K
= integration variable, km
= length of viewing path, km
= color temperature fluctuation amplitude, K
= emissivity area fluctuation amplitude, m2

e = emissivity of source (dimensionless)
a = integration variable, cm"1

or/2, a/2 = variances of intensity of radiation at wavelengths,
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Introduction

O PTICAL radiation is one source of information on re-en-
try phenomena. When a re-entering object is observed

through the atmosphere, turbulence in the atmosphere be-
tween the observer and the re-entering object will induce fluc-
tuations in the observed optical intensity. If data from multiple
wavelengths are used to calculate the apparent color tempera-
ture of the re-entry object, these intensity fluctuations will
result in fluctuations in the calculated color temperature. Con-
clusions based on optical measurements can be significantly
degraded or distorted if these atmosphere-induced effects are
not properly interpreted.

The mechanism by which atmospheric turbulence affects the
propagation of an optical signal has been well covered in the
literature.1"3 Unfortunately, this theory is usually applied to
the case of a ground-based observer looking to space. When
the observer is in an aircraft looking at an object that is also
in the atmosphere, these effects can be much different. This
Note describes the affects of atmospheric turbulence on the
observation of a re-entering object when viewed by aircraft-
mounted optical instruments. For simplicity, this discussion
will be confined to measurements in the visible and near-in-
frared portion of the spectrum.
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Influence of Atmospheric Turbulence
The normalized variance of the intensity of emissions from

a point source, when viewed by an instrument with an in-
finitesimally small point aperture and an infinitesimally short
exposure time,

(I)2

is given by

where2

C{(0) = 65,200 ,

(1)

(2)

Path of
propagation

x l-( (3)

These intensity fluctuations are caused by turbulence-induced
atmospheric temperature fluctuations that cause density and
hence index-of-refraction fluctuations in the viewing path.
When a beam propagates along a path that includes regions of
strong turbulence, multiple scattering effects cause the magni-
tude of turbulence-induced fluctuations to saturate.3 This satu-
ration occurs when the value of a///predicted by Eqs. (2) and
(3) exceeds roughly 3.16.

Consider the effects these intensity fluctuations have on the
calculation of the color temperature of the object radiation
from measurements in two spectral bands. For simplicity as-
sume that these bands are in the visible spectrum and are
sufficiently narrow that their width may be disregarded. This
wavelength region is appropriate for optical measurements of
re-entry objects because it lies near the peak of the spectral
distribution of the surface emissions of common heatshield
materials (such as carbon or silica phenolic) during the peak-
heating portion of suborbital re-entry trajectories. Under these
conditions, the Wein law is a good approximation to Planck's
law. Since the mechanism responsible for these fluctuations
should affect the entire optical region of the spectrum, a high
degree of correlation should be present in the fluctuations
observed at different wavelengths when the fluctuations are
below the saturation level/Accounting for these correlations,
the normalized amplitude of the calculated color-temperature
fluctuations is given by

bT
T

-T
C2(l/X,-l/X2)\/xi /X2

(4)

Notice that the amplitude of the fluctuations in the calculated
color temperature is itself temperature-dependent. The corre-
sponding amplitude of the fluctuations in the calculated nor-
malized emissivity area product of the source is given by

deA
eA

1
(Xi-X2) (5)

To illustrate these effects, consider the case of an optical
package mounted in an aircraft observing a re-entry object at
a slant range of 277.5 km. The altitude profile of C^ is
weather-dependent. For the purposes of these calculations,
assume that CN is equal to the constant value 3.55xlO~10

cm~1/3 in the troposphere. Further assume that the strato-
spheric values are given by

CN = 3.55 x 10- 10(/i//z,)-0-873 cm- (6)


