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SECTION I
INTRODUCTION AND SUMMARY

During the last few years Systems , Science and
Sof tware (S 3 ), under contract to the Defense Nuclear Agency
(DNA) , has participated in a continuing review and develop-

ment of the techniques for measuring transient motion, stress
and air blast in underground nuclear tests. This report is

on a continuation of that effor t. The objectives of the
work reported here were to develop instrumentation suitable
for measurements in underground nuclear tests in cavities ,

with the highest priority assigned to instrumentation for
measuring gas flow associated with air blast and second H
priority to instrumentation for measuring thermal radiation .

In Section 2, the ini tial development of an instru-
mented sphere to measure dynamic pressure in the supersonic

flow behind.a blast front is described . Excitation of

oscillations in the sphere was a major problem in this devel-

opment; by the use of a composite sphere , the ampli tude of
these vibrations was greatly reduced . However , more work
is needed to further reduce the oscillations so that the

internal accelerometer , which measures the motion of the
sphere , is not overranged .

In Section 3 we report on the fielding of pressure
gauges in the DABS S—2 Tests, as requested by DNA . Pressure

in the HE driver chamber was measured with two air blast

gauges and two long bar gauges.

Section 4 is a discussion of the development and

testing of piston and fluid couplings for use with bar gauges

to measure pressure on surfaces that are not perpendicular

to the axis of th~ gauge. This arrangement makes bar gauges

useful for measuring static overpressure and the pressure on

7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the surfaces of wedges in an air blast.

Fina lly , in Section 5 we discuss work on the main

problem associa ted with the development of a thermal radia-

tion gauge. This problem is the deposition of a 
thin

2 micron) insulating layer of sapphire 
on the surface of

a thin copper disc.
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SECTION II

INITIAL DEVELOPMENT OF A DYNPJIIC PRESSURE SENSOR

2.1 INTRODUCTION

A direct measureme nt of dynamic pressure , ½~ u
2 , is

impor tan t i f the par ameters , such as dens ity o and f low
velocity u , of a strong airbiast are to be determined.

:lost pressure probes respond to some combination of

static and dynamic pressure . The drag force on
a sphere of radius r5 is an exception . Th is force is

Drag Force = FD = CD (½ u
~
)
~~
r
~ 

(i~

where the drag coef f icient , CD, is a function of the f l ow
veloci ty.  In par ticu lar ,

CD = CD(ReM) (2)

2 u1 rwhere Re = Reynol d’s number 
~ 

S

1

= kinematic viscosity of the gas ,

U1N = Mach number = —
‘Cl

and c1 is the soun d speed of the gas behind the blast front.

If viscous forces are relatively small , i.e., the Reynold ’s

number is larger than l0~~, then the drag coeff icien t is only
a weak fun ction of the Mach n umbe r (see Fi gures 1 and 2) .

At standard temperature (20°C) and pressure (l0~ Pa ,

1 bar), the viscosity of air is 0.15 cm 2/sec. A ve ry
limited amount of evidence (AlP Handbook , pp. 2-244) suggests

tha t at temperatures of order l0 4°C and pressures of 1 kB
(108 Pa ) the viscosity is not very di f f eren t from the STP
value . For the strong shocks of interest here ,

-
t
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Figure 1. Sphere drag coefficient vs. flow Mach Number , M
(from Bailey , et al., 1971) .
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(3)

where T is temperature ,, P is static pressure and the sub-

scr ipts 1 and 0 deno te quan tit ies behind and ahead of the
blast , respectively. The ratio of specific heats , ~~~, is a

weak function of temperature (Figure 3). With the addi-

tional strong shock relation ,

u1 f 2 P 1 (4)

~7 ~V~ ( y ÷ 1) P 0
we see that the flow is strongly supersonic ,

M 
1.11 

~~~~~~ — 2.9 @ 1 kB (5)

and the Reynold ’s n umber ( for  1 cm or larger spheres) is high ,

Re 3.8 x iO~JI~~ iO 7 
~ 1 kB. ( t s )

Thus to within ±10% , the drag coefficient is 0.~)S and is

independen t of flow veloci ty .

If an accelerometer is mounted within a sphere which

in turn is suspended in the flow , the acce lerome ter ’s siqnal

wi l l  be a nearly direc t func tion of the dynamic pres sure :

CD~
½p l

u)
~~ 2a

~ 
= m ( 7 )

S

where a
~ 

is the sphere ’s accelera tion and m5 its mass ,

In a strong shock ,

1: 
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~—. -5.8 •~~
— (bars). (8)

Using a drag coefficient of 0.95 , the acceleration is

as -- 3.5(~!)x lo~ se:2 
— 350(~!)g’s (9)

for a steel sphere of 1 cm radius . As long as the sphere
velocity is small compared with the flow velocity , the
acceleration will be a good measure of the dynamic pressure .
Thus useful measuring times are roughly

u1 l0.7(~ 5r ) 4
____ - ~ xlO sec (10)

~s Jp /p

For a steel sphere of 1 cm radius , this time is

8.6/P0/P 1 milliseconds .

To develop the instrumented sphere as a dynamic pres-
sure probe , two oroblems , e of immediate concern . The

passage of the shock front past the sphere is likely to
excite oscillations in the sphere which might damaqe the

accelerometer or obscure its signal . Also , a suitable test
bed is needed to confirm the gauge ’s calibration (Equation 7).

2.2 OSCILLATIONS OF A SPHERE

Because of the low cross-axis sensitivity of acceler-

ometers, oscillations in the radial direction of the sphere
are likely to be of most importance . For a purely radial
mode , the natural frequencies , f0 , of a solid sphere are
given by Love (1927) as

- - ~wc~~ - - “~~ 
-
~~~~~

‘ ‘ - -
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\ 2c5 (11)

2~ f r
where x ~~ S

c~ longitudinal wave speed in the sphere material ,

and c~ = shear wave speed in the sphere material.
For the brass used in our spheres ,

c~ - 4.3 x l0~ rn/s

and c~ - 2.1 x IO~ rn/s.

Thus, Equation 11 implies that

f0r
= 0.440, 0.975 , 1.484, 1.988, . .. (Radial mode) (12)

p

Spheres of radius 2.06 cm were readily available, for which
resonances of 92 , 204, 310, 415, ... KHz would be expected.

In the “spheroidal” modes, the motion is both radial

and tangential . The lowest order gives the sphere an alter-

nately prolate and oblate ellipsoidal shape. One might

predict that the incidence of a plane wave on a sphere would

also induce such a mode of oscillation .

Using the relations given by Love (1927), we find

f0r9 0.422 , 0.816 , 1.377, 1.964, ...  (Spheroidal mode) (13)
S

For our particular spheres , these resonant frequencies are

predicted to occur at 43, 83, 140, 200, - . .  KHz. 
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2.3 THE TEST BED

An explosively driven shock tube offers a fairly sim-

ple way to achieve moderately strong blast waves (-100 bars)

of long duration (‘-200 l.~s). The one-dimensional geometry
makes efficient use of small amounts of high explosive . In

our tests , we used 15.2 cm diameter “Burke tubing ’ (a heavy
cardboard cylinde r used for concrete construction forms) as

the shock tubes. These were buried under ½ to 1 meter of

soil.

Each air-filled tube was driven from one end by sheet

HE with a surface density of about 0.5 gm/cm2 (1 lb/ft ) of

PETN . With the charge backed up by a thick steel plate ,

this was equivalent to an energy source of 3 x iO~ Joules/rns2.
Quartz pressure gauges (PCB Model 101A02) mounted in the wall

of the tube were used to monitor the static overpressure ,

at various ranges from the charge.

Self-similar “blast ” theory predicts (Cavaliere and

Mess ina , 1976)

/E
X(t) = K(g,s,y)(—2-j t (14)

“
-d

o ,

where X denotes the position of the shock front at time t ,

K is a numerical constan t, and g is 1, 2, or 3 depending

on whether the geometry of the explos ion is plane , cylin-

drical or spherical. The energy deposited in the gas is

assumed to be of the form

E = E 0t
5 

, (15)

where s is zero for instantaneous deposition and one for a

step function .

16
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The shock front velocity is given by

([
~

] K~~~~) 
(16)

For a classical shock tube w ith a cons tan t uressure dr iver ,

s is one and the shock ve loci ty , dX -d t , and the static

pressure , P1, are constant. These quantities are related by

~~~o /dX \2P1 ~~~~~~ k,ffE/ • (17)

For a true “blast ” wave in plane geometry ,  g is one and
: / 1  1/ 3

X “ t E (18)

2.4 SHOCK TUBE EXPERIMENTS

Table 1 summarizes the peak pressure and arriva l time

data for the three shock tube tests conducted for this pro-

ject. The variation of shock pos ition wi th time is f ai r ly
consistent for these tests ; the exponent ct is midway between

the values for an instantaneous energy deposition (s 0)

and a cons tan t power inpu t (s = 1) - The absolu te values
of position and peak pressure versus time vary from test

to test and may reflect the quality of the containment ; for

the first two tests , the tube is buried in soil; for the

last test, the first meter of the tube is encased in approxi-

mately 10 cm of concrete .

Fi gures 4 , 5, and 6 show the pressure records . The
structure behind the shock fron t suggests tha t the de tona tion
of the explosive required at least tens of microseconds .

The use of Equa tion 17 impl ies tha t the peak pressures should
decrease with distance much less rapidly than they do.

I-

17
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Ta1~1e 1. Summary of shock tube results .

Test Source Gauge Range Arrival Peak a~
2
~Type (l) Time Pressure

(m) (~is) (bars)

A2374 45 grams P 1.0 4.6x102 — 45 0.797 —1.11
Primacord P 2.0 l.08x103 ‘-23

P 3.0 1.83x103 —13 - 
-

A2380 89 grams P 1.0 3.2x102 -70 0.812 —0.81
Detasheet S 1.2 3.9x102 ——

P 2.0 7.3x102 45

S 2.2 8.2x102 ——
P 3.0 l.24x103 —28

A24l2 89 grams P 0.505 l.4x102 -l30~ 0.839 —0.71
Detasheet P 1.0 2.9xl02 -85

P 2.0 6.9x102 -55

5 2.2 7.9x102 ——
P 3.0 1.15x103 —35

1. p Pressure gauge in tube wall
S Sphere suspended on tube axis

2. X~~~ t~
3. Pcz X8

4. First peak .

1 

_ _ _  _ _ _  
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U’i~iure 4. Static pressure records , first shock tube shot .
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Figure 5. Static oressure records , second shoch tube shot .
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Clearly we do not have an ideal shock tube . The pressure

gauges may be faul ty in the design of their blast package

or the use of Burke tubing may be inappropriate . We also

note that within the three meter length of tube , the 70

grams of air swept up by the shock is not large compared to
the mass of the explosive driver. In spite of these limita-

tions , this simple and economical test bed provided useful
initial tests for the instrumented spheres .

On the second shot, two brass spheres of 2.06 cm
radius were suspended in the tube at ranges of 1.2 and 2.2

meters. Each sphere contained a quartz accelerometer

(PCB Model 305A) with a specified 60 KHz resonant frequency .

The initial acceleration of each sphere should have been

410 • (max observed P1 in bars)

(max a in m/s 2) or

10 - ~21.1 x 10 in meters 1
( i— i )  (-y+l) 

~ 
t in ~ts / (20)

where we have used the actual mass of the spheres (0.29 kg).

Using the observed pressures implies peak accelerations of

8 x lO~ ms 2 at 1.2 in and 4.6 x l0~ ms~~ at 2.2 m ; using

the observed arrival times implies 9.2 x lO 4ms 2 at 1.2 m

and 6.6 x iO~ ms 2 at 2.2 m . These levels were well below

the 5 to 10 x 105ms 2 ratings of the accelerometers .

However , the actual signals from the accelerometers

(Figures 7 and 8) showed significan t ringing to peak ampli-
tudes of over 5 x 10~ rns 2. The Fourier spectra of these

waveforms (Figures 9 and 10) reveal dominant oscillations

at 38 , -90, 168 , and 201 KHZ. Two of these frequencies
(90 and 201) are in good agreement wi th tha t expected for
the fundamental and first harmonic of a uniform radial

pulsation of a sphere (see Equation 12). The origin of

22
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Figure 7 . Raw acceleration signal ~ 1.2 rrteters ,second shock tube test.
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Figure 8. Raw acceleration signal @ 2.2 meters ,
second shock tube test.
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168 KHZ is not clear. The lowest oscillation is roughly

co inciden t wi th the f u n damen tal spheroidal  osci l l at ion given

by Equation 13. Since the spheres contain 1.27 cm diameter

by 2.78 cm deep holes for the accelerometers and the sound

speeds for brass are not precisely known , we migh t expect
some changes from the idealized frequencies (Equations 12

and 13). Note that the nominal accelerometer resonance at

60 KHZ is not strongly excited .

If we unfold f rom the Fourier spectra a harmonic
oscillator response (resonant frequency of 38 KHz and Q of

6.3), derived from the observed spectra, and app ly a third
order low pass Butterworth filter (down 3 db at 50 KHZ and

rolling off 36 db per octave) , the resul ting acceleration
signals appear more plausible in shape and amplitude

(compare Figure s 11 and 12 wi th the predictions of Equa tion 20) .

The data are also qualitatively consistent with the

prediction of blast theory Cs is zero in Equation 15) that

the dynamic pressure decays more rapidly (wi th time ) than
does the therma l pressure .

U n f o r tuna tely , the signal from the sphere at 1.2 m

is suspect; the initial signal is positive , as it should be ,

but the overall waveform is negative. We have no adequate

explanation for this problem .

The second shot demonstra ted the magni tude of the
sphere ringing problem . As a result , we began a series of
lab tests on various composite configurations for a sphere ,

seeking a reduction in the magnitude of the oscillations.

A hammer striking a freely suspended sphere gave it an

acceleration pulse of magnitude (5-10) x 1O4 ms 2 and FWH M
duration of about 100 ~5 .  Fourier spectra of the pulses

- 
— allowed us to see how structural changes in the sphere led

to changes in the relative strengths of the oscillations.

27
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Figure 11. Filtered acceleration signal for sohere
at 1.2 meters , second shock tube shot.
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Table 2 summar izes the resul ts o f the lab experimen ts.
For our first attempt to reduce the ringing (sphere # 2 ) ,  we
spli t the sphere in ha l f , used a higher resonant frequency

accelerometer (-‘150 KHZ , Endevco Model 2264A-50K-R) mounted

on an epoxy plug in the forward hemisphere , and thin  wood
shims be tween the halves which were reconnected in terna l l y
with four No. 8-32 screws . Perhaps because of the better

high frequency response of the new accelerometer , the first
composite was not better than the solid spheres . The use

of nylon screws instead of brass (sphere #3) , 0.4 mm thick

elastromeric foam tape (Scotch Y492l) instead of wood shims

and the use of a sound absorbing sheet (DYAD .050 , Soundcoat

Co., Brooklyn , N.Y.) under the accelerometer (sphere *4)

did not help appreciably. The removal of the back brass

hemisphere and the use of only adhesive foam tape to hold

the accelerometer (sphere #6 ) were of most util ity.  In the
supersonic regime for which the sphere is in tended , the back
half is probably unnecessary for the proper aerodynamic

flow. However, the back may be important for the environ-

mental protection of the accelerometer. Thus we tried

trailing hemispheres of aluminum (sphere #7) and lucite

(sphere #8) , the latter proving the best. Figure 13 compares

the Fourier spectra of the original solid sphere and the

composi te sphere used in our f ina l  shock tube test . The
-40 KHz resonance is still present but greatly reduced in

magn itude and Q . Fi gure 14 shows the f i na l  design of the
composite spheres.

Figure 15 gives the raw acceleration record observed
in our third shot. Significant sphere ringing was still

present as the Fourier spectrum (Figure 16) indicates. With

corrections for a harmonic oscillator response and low pass

filtering , the net acceleration signal is a plausible dynamic

pressure record (Figure 17). Allowing for the rt~duced mass

hi
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Table 2. Relative magnitudes of Fourier components *
for tests of various sphere structures.

Ra tios : Ampli tude @ Reson ance
Sphere Structure Low Frequency Ampli tude

LAB TESTS

1. Solid brass 0.4@38 KHz 0.02@200 KHz

2. First Composite 0.2@38 KHz 0.2 @200 KHz

3. #2 except Nylon 0.l@38 KHZ 0.4 @200 KHZ
screws

4. #3 except soun d 0 . l @ 3 8  KHz 0.1 @200 KHz
absorber

5. Fron t half  only , 0.3 , broad 0.3 @200 KHz
foam tape under peak@60 KHz
accelerometer

6. #5 except no 0.01 , no 0.04@200 KHZ
accelerometer real peak
mounting screws @— 40 KHz

7. #6 plus aluminum 0.1, broad 0.1 @200 KHz
back half peak @40 KHz

8. #6 plus lucite 0.01, broad 0.Ol@200 ‘(Hz
back half peak @40 KHz

SHOCK TUBE SHOTS

1. Solid brass (#1) -2 @ 40 KHz -3 @ 200 KHz

2. Final composite (#8) -0.3 @ 40 KHz -0.2 @ 200 KHz

* 2In tn/s /Hz. Power goes as the square of these numbers.

- 
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(0.165 kg) of the composite sphere , Equations 20 predict

1.1 x l0~ m/s (Pressure data)

max a = or
S 5 21.4 x 10 m, s (Arrival time data)

This latter va lue is not fa r  from our “observe& peak of

1.6 x l0~ rn/ s2.

2 .5 CONCLUSIONS
We have completed the initial development of an instru-

merited sphere to measure dynamic pressure in the supersonic

flow behind a blast front. The spheres have operated at 
- 

-

static pressure levels of 1O 7 Pa (100 bars) and dynamic pres-

sures of —2 x l0~ Pa (200 bars). The shock front excites

s ign i f icant oscillations in the spheres~ by the use of a

composite structure in the sphere , the magnitude of these

vibrations has been greatly reduced . However , more work is
needed to fur ther  control thi s problem so tha t the in ternal
accelerometer is no t overranged . If the sphere ringing can

be damped , commercially ava ilab le accelerome ters may oerrnit
the use of the probe up to dynamic pressures of at least

108 Pa (1 kilobar) . Additional work is also required to

improve the test bed; this would allow a true calibration ot

the sphere system .
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SECTION III

BLAST GAUGES AN D MEASUREMENTS

3.1 AIRBLAST GAUGE

A gauge has been designed to measure airblast pressure
up to 0.5 GPa (75,000 psi) in underground nuclear tests.

The gauge consists of a PCB Model 109A pressure transducer

mounted iit a massive , hardened steel case and attached to
an armored coaxial cable.

The transducer uses a quartz element coupled to a

built-in , high gain amplifier to provide a nominal sensitivity

of 15 mv/MP a (0.1 mv/psi) and a rise time of 1 ~is. The gauge

and case are shown in Figure 18 inside a supporting steel

sleeve. The sleeve can be fitted over rigid wall electri-

cal conduit and cast into grout at a test site , well in
advance of fielding the gauge itself. This is a useful

arrangement because the cable connection to the gauge itself

cannot be readily fabricated in the field and use of the
sleeve permits the gauge and cable assembly to be installed

after site construction has been completed. The special

connection technique developed for the armored cable has

been tested and found to be stronger than the cable itself.

The gauge case was hardened to a yield strength of 0.7—0.8 GPa.

3.2 PRELIMINARY TESTS OF AIRBLAST GAUGE

An effort was made to conduct a test of the blast gauge
which would provide a reasonable simulation of the relatively

long duration air blast it was designed to measure . Two
experiments were performed with the intention of exposing

the gauge to a 350 MPa pulse lasting tens of microseconds .

In the first test, the gauge was mounted in a small

explosive lined cavity in the center of a four foot
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SECTION III

BLAST GAUGES AND MEASURE MENTS

3.1 AIRBLAST GAUGE

A gauge has been designed to measure airbiast pressure

up to 0.5 GPa (75 ,000 psi) in underground nuclear tests.

The gauge Consists of a PCB Model 109A pressure transducer

mounted in a massive , hardened steel case and attached to

an armored coaxial cable.

The transducer uses a quartz element coupled to a - 
-

built-in , high gain amplifier to provide a nominal sensitivity

of 15 mv/MPa (0.1 mv/psi) and a rise time of 1 jis. The gauge

and case are shown in Figure 18 inside a supporting steel

sleeve. The sleeve can be fitted over rigid wall electri—

cal conduit and cast into grout at a test site, well in
advance of fielding the gauge itself. This is a useful

arrangement because the cable connection to the gauge itself

cannot be readily f abricated in the field and use of the
sleeve permits the gauge and cable assembly to be installed

after site construction has been completed. The special

connection technique developed for the armored cable has

been tested and found to be stronger than the cable itself.

The gauge case was hardened to a yield strength of 0.7-0.8 GPa.

3.2 PRELIMINARY TESTS OF AIRBLAST GAUGE

effort was made to conduct a test of the blast gauge
which would provide a reasonable simulation of the relatively

long duration air blast it was designed to measure . Two

experiments were performed with the intention of exposing

- 

— 

the gauge to a 350 MPa pulse lasting tens of microseconds .

In the first test, the gauge was mounted in a small
explosive lined cavity in the center of a four foot
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diameter concrete cylinder. The explosive charge was chosen

to provide an equili brium pressure of 500 MPa , assuming
comp lete confinement. A fiberboard filler material was
p laced between the gauge and the explosive in an attempt
to decre ase the rise time of the pressure pulse.

The gauge signal in th is test reached a peak of
400 MPa in 2 iisec and then became erratic; failure occurred

at about 20 itsec . This early time of failure indicates it

occurred in the gauge or at the electrical connections to
the gauge. It is believed that the fiberboard material
compressed into an effective flyer plate which produced a

pressure pulse exceeding the maximum range of the trans-
ducer.

For the second test, the cavity was modified so that

the gauge was offse t from the explosive . Five separate
layers of sheet explosive spaced about 1 cm apart in air
were detonated simultaneously . In this configuration , the

explosive products had to pressurize the gauge cavity through

a port of 2 cm by 12 cm cross sec tion. Two ytterbium
gauges were placed adjacent to the blast gauges to provide

a reliable indication of a high pressure transient pulse

such as is believed to have destroyed the blast qauge in
the first test. H,

The peak pressure re4~orded in this second test was
only 30 t4Pa. Although the gauge functioned properly , the

pressure was too low to be a significant test. It is

possible that the port between the driver and the gauge

became obstructed at an early time , preventing full pres-

surization of the gauge cavity before venting occurred.

The difficulties experienced in these tests were

with the pressure source , not the transducer , and it ap-
peared that the required pulse amplitude and duration were

not likely to be obtained with the level of effort and

40 
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time available for this purpose . Therefor e , further small
scale testing was suspended in favor of participating in

a large scale test to be conducted by the AFWL (see

Sections 3.4 and 3.5)

3.3 BAR GAUGES

S 3 was requested to field pressure gauges on the DABS
S-2 event in the Have Host test series . To measure pressure

in the HE driver chamber , two airbiast gauges of the design

described above and two long bar gauges were used . The
bar gauges were 15.2 m long and consisted of a quartz

crystal mounted between equal lengths of 0.635 cm diameter

tungsten and aluminum bars ; this arranoement provided a

recording time of 3.0 ms. In Figure 19 are shown the gauges

in the tubular steel housing as fielded , and a detailed

drawin g of the crystal region .

These gauges were calibrated by using the impact of

a steel ball to deliver a measured impulse to the tungsten

input bar. A typical gauge signal for such a test is shown

in Figure 20. The slight negative undershoot at the tail

of the main pulse is believed to be due to the epoxy encap-

sulation of the sensing crystal , shown in Figure 19. The

volume of epoxy used was greater than that used on prev ious
gauges which did not show this effect , and may have resulted
in a constraint on the radial expansion of the bar in the

region of the crystal. This would effectively increase the

impedance of this region and cause a slightly higher signal
during the time required for a double transit of a sound
wave through this section of the bar (approximati~ly 10 usec)

The crys tal would then go into slight tension if the input
pulse decayed significantly be fore the reflection from the
end of this high impedance zone reached the crystal. For a

long duration pulse this is of no consequence , but for the

S 41 ,. ~.
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Fiqure 20. Bar gauge response to short
duration impact. (Peak width
at baseline is 3 US~
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short pulse delivered by the ball impact (approx imate ly
40 ~tsec) it caused a significant perturbation . Even in

this case , however , the area of the negative peak wa s only
8% that of the main peak . The air blast from the S-2 test

was expected to last on the order of a millisecond , so no
modification to the existing gauges was deemed necessary .

3.4 DABS S-2 TEST

The DABS S-2 event in the Have Host series was

designed to produce an air blast with a duration of approxi-

mately a millisecond . The driver section of the test struc-

ture contained blocks of a cast explosive slurry mounted on
a vertical wall and a steel plate-covered , re inforced con-
crete floor. S3 provided two types of instrumentation on this
test: two long bar gauges whose input ends extended through

the driver chamber wall to the explosive mounting surface ,

and two air blast cauges cast into the concrete floor.

The bar gauge location relative to the driver chamber
wall is shown in Figure 21. The peak pressure at the wall

surface was expected to be slightly in excess of the 1.8
CPa maximum range of the bar gauges. Therefore , a cavity
was provided in the explosive around the front ends of the
gauges (Figures 22 and 23). The cavity was designed to

reduce the peak pressure at the gauge end to approximately
1 GPa. The gauge signal leads exited the bar housing at

the rear and were connected directly to battery operated
line drivers located near the gauges. This permitted the

long cable run to the recording van to be operated at low

impedance , greatly reducing the prob lem of noise p ickup.

The air blast gauges were located 1 and 3 meters from

the driver chamber wall. Continuous lengths of armored

cable connected the transducers to power supplies and line

drivers located outside the test structure . Again the

I.,-
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Fiqure 21. Bar gauge location relative to test
chamber (Too View) .
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Figure 23. Location of input end of bar qauges relative to
the explosive on the driver chamber wall on the
DABS S—2 test (Dimensions , in centimeters , are
not in the olane of the drawing - see Fiaure 22).
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signal conditioning electronics were battery operated tc

elimin ate any problems associated with line voltage stability

at f iring time .

3.5 RESULTS FROM DABS S-2 TEST

The bar gauges provided good records which indicate

a peak pressure of 330 MPa, one third the expected value .

The data are plotted in Figures 24 and 25. The zero of the

time scale is the firing relay closure time ; detonation was

initiated approximately 0.8 ms later. The gau~e siona ls

start at 2.6 ms , which includes the 1.51 ms propagation t-me

in tungsten input bars . The tri ple peak structure recorded

by gauge 9025 is assumed to be due to the nonsyminetrical

arrangement of the explosive blocks relative to the gauae .

Gauge 9026 provided a more prominent sin~ le peak followed by

a series of secondary peaks of approximately 1)0 MPa , which

are believed to be due to the same ef fec t .

A signal reflects off the rear surface of the aluminum

dump bar in these gauges and returns to the crys tal as a
tension wave af ter a delay of 2.98 ms , the round trip propa-

gation time in the aluminum bar. This tension wave t requently

breaks the bond at the crystal , thus terminating the useful
recording time of the gauge. The reflection of the initial

pressure pulses was clearly recorded by both gauges at

5.75 ms. The large excursion at 6.3 ms recorded by oa~o~
9026 is believed to be a failure response ; however , gauge

9025 indicated a peak at 4.9 ms which is both high in ampli-

tude and considerably longer in duration than the initial
peak . This appears to be an actual pressure pulse s ince the
subsequent reflection of the initial signal indicates the

gauge was still intact at this time . However , no reflection

of this broad signal is seen so it may have been purely

electrical in origin. Alternately, it is possible the signal

ii ! isi s— -i s i s -
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is real and tha t  the gauge had f a i l ed  be fo re  the r e f l e c t i on
arr ived at the c rys t a l .

t4o signals whatsoever from the two air blast gauges

could be located on the data tapes. However , the gauge sys-

tems are believed to have been operational at shot time
since , within several hours before the tes t , the entire trans-

ducer , power supply and cable systems were checked by manu-
ally applying an impulse to the gauges. Furthermore , both

gauges were recovered af ter the tes t and found to still be
in good condition . The possibi l i ty that  the gauges could
both have been damaged , even temporarily, by the blast, is
remote in view of the lower than expected pressure and the

• fact that at least a brief excursion should have been recorded

by the gauges before they could be destroyed by a pulse

beyond their pressure range .

A calibration of the recording system for these
gauges was made just prior to firing by manually discon-

necting the gauge leads from the tape recorder. It is possi-

ble that the gauges were not reconnected to the recorder

before the shot. However , this could not be determined since
the recording system had been changed somewhat (for recali-

bration) after the test before S3 personnel could inspec t it .

The survival of the gauges , howeve r , indicates that
this transducer and housing combination represents a viable
technique for  obtaining air blast measurements in this  type
of environment .
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SECTION IV

PIS TON AND FLUID COUPLING OF BAR GAUGES

4.1  INTRODUCTION

The measurement of s tat ic ove rpressure , s taanat ion
pressure , and the pressure on the surfaces  of a double
wedge allow many of the flow variables of a strong blas t
wave to be determined . For example , measuremen ts of static
overpressure and stagnation pressure allow the flow—field

Mach number to be determined from the followinq relation

(Liepmann and Roshko, 1957):

u+ (21)

where
p0 stagnation pressure

p static pressure
M flow—field Mach number

y — ratio of specified heats .

This relation is valid for both subsonic and suoersonic

flow. However , if the stagnation pressure is measured by

a stagnation probe , there is a detached shock wave ahead

of the probe and the pressure measured by the probe is not
the f ree—st ream stagnation pressure . In this  case , the
following relation ( the Rayleiqh supersonic pi tot  fo rmula)
must be used to determine the Mach number:

I
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where
— pressure measured by the stagnation probe in

supersonic flow.

Equations (21) and (22) also relate to p0, the free—stream

stagnation pressure .

Having determined the Mach number of the flow from

either Equation (21) or Equation (22) , its value and the
measured static pressure can be used tc determine the dynam-
ic pressure of the flow from the tel1o~-:inq e~1uat ion :

— dynamic pressure = ~~
. pM2 (23)

Measurements of the pressure on the two surfaces of

a double wedge (see Figure 26) give information about the

flow direction , the ratio of the pressures on the two sur-
faces being a measure of the flow direction. A p lot of the
ratio pa/pb versus a (the anqle of the incident flow) for

various values of the Mach number , show s that the oressure
ratio is a sensitive function of a but that it is rather
insensitive to the Mach number in the range of interest in

underground nuclear tests. The pressure ratio , without
additional measurements , would determine a to about ~2°
during the initial phase of an airbiast.

In supersonic flow there is a shock wave near the

front of the wedge which may be either attached to the wedqe

or detached , depending on the wedqe angle and the Mach number.

It is important for data interpretation that the shock be

attached to the wedge. For a Mach 2 flow , this means that
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Figure 26. Airflow inciden t on a double wedqe.
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for a wedge half angle (8) of about 10°, the wedge must be

aimed to within ±12° of the real flow direction

(i.e., a < 120). This is a wide enough limit so that one

could be fairly confident of being able to properly aim

the wedge. If a > 12°, the shock will be detached and the

observed pressures are not as simply related to the flow

direction. If a cone is used instead of a wedge , the accept-

able range of a is almost twice as great; the analysis is

more difficult than in the case of the wedge , but is still

quite feasible.

In a strong blast wave , during the initial few tenths

of a millisecond after blast arrival , the flow is strongly

supersonic and measurements of wedge or cone pressures
can be combined with stagnation or static pressure data to

uniquely determine both the Mach number and the dynamic

pressure.

In underground nuclear tests , the measurement of

static overpressure , stagnation pressure , and pressure on
the surfaces of wedges all require instruments to measure

pressure versus time in the radiation environment inside the
underground cavity . Bar gauges have been used successfully

to measure pressure in many underground tests and are well

suited for making the measurements considered here. These
gauges consist of two long metal rods mounted end—to-end

with a quartz or ytterbium stress sensor mounted at the

junction of the two rods. One of the rods and the sensor
element are imbedded in the cavity wall, primarily to 

‘ 1
provide protection to the element and the associated elec-
tronic circuit from nuclear radiation. The other rod

extends into the cavity and transmits the pressure pulse of

interest from its exposed end to the sensor.

To measure static overpressure , a slender probe of
the type shown in Figure 27 can be used in combination with

54 -. -I
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a bar gauge. This probe consists of a narrow wedge (half

angle < 10°) followed by a straight section; the static

pressure is measured on the faces of the straight section.

Pressure on the surfaces of the probe is transmitted tc the
bar gauges with p istons and fluid reservoirs as ind icated
in Figure 27. A slender probe such as this disturbs the

air flow very little if the flow is in the plane of the

probe. If the flow is not in the plane of the probe, the

pressure will be different on the two sides of the wedge ;

measuring the pressure on both sides wil l  thus allow this
to be determined and corrections made for its effect. In

supersonic flow a shock wave forms at or near the front
of the wedge . Air is compressed at the shock wave , then
reexpands as it flows over the corner at the end of the

wedge section and returns to its original direction.
The pressure downstream from the wedge differs from the

static pressure of the free stream by less than 1% at M = 2
(Miles , 1950).

The pressure on the surface of wedges (which generally

have larger ang les than in the static pressure probe) can
also be measured with bar gauges combined with piston and

fluid couplings as illustrated in Figure 28.

A bar gauge with its free end exposed directly to
the air blast will measure stagnation pressure in subsonic

flow and a pressure that is related to the stagnation pres-

sure (Equations (21) and (22)) in supersonic flow ; this

configuration is analogous to the familiar pitot tube.
The accuracy remains better than 1% for angles of up to
200 between the bar gauge and the direction of flow .

The piston and fluid reservoir arrangement have not

been used previously to couple bar gauges to the pressure

source. The remainder of this section describes the inves-

tigation that we carried out to determine the risetime and

56
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Figure 28. Instrumented wedge for measuring airflow.
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response of such piston and fluid coupling systems. The

results of these investigations show that such an arrange-

ment would be useful for making measurements in underground

nuclear tests.

4.2 ANALYSIS

In this section we calculate approximately the re-
sponse of a bar gauge that is coupled to the pressure source

by a piston and fluid system. We consider the simple system

shown in the following diagram:

T
.._Fluid

p0 
~ 

Bar Gauge

Lcylinder

Let p 0 = applied pressure

p 2 fluid pressure
V = volume of fluid
B — compressibility of the fluid

— A = cross—section area of piston and bar

— density of piston
= density of bar

L = length of piston
Q. = length of fluid reservoir —

= wave velocity in bar

x1 = displacement of piston
x2 = displacement of fluid—bar interface
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We will not include in the analysis effects of the inertia

of the fluid , the friction of the piston nor the viscosity

of the fluid. The velocity of the fluid—bar interface is

the particle velocity in the bar and is given by

p 2
u2 = particle velocity in bar = c (24)

2

and x2 u2dr = 
~~c2 £ 

p,dt (25)

The displacement of the piston is

But ~V BVp

and so x 1 = p
2c2 [

t 

p2dT + ~!. ~2 (2~~)

Differentiating gives

dx1 
_ _ _~ 
2c2 ~~2 +

d 2x1 1 dp 2 BV d2p 2 (p 0 —o 2 ) A
and 

dt 2 — p2c2 ~E~
— + 

dt 2 L~ 1A

— Rearranging and substituting V = At gives

d2p2 ~ 
dp 2 1 1

dt2 
+ Bt o 2c2 a€ 

+ ~~2 = BtLo 1 
p0 (27)

____ 4~
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A solution of Equation (27) for p0 a step function is

p2 — t/-r1 2
= 1 — e (cos t/r 2 + -

~~
. sin t/12

) (28)

where 11 = 2Bt~,2c2 (29)

1
i2P2c2and 12 = 11 p 1L 11 

— ( 30 )

There are other solutions to Equation (27), but Equation (28) H1
is the correct solution for the conditions with piston and
fluid coupled bar gauges of interest.

Equation (28) indicates that the pressure p 2 trans-

mitted to the bar gauge is a damped oscillation that approaches
the applied pressure p0 , with the time constant Il? which t
depends upon the properties of the fluid and the bar. Since

it is desirable to have as short as possible , a f luid  of
low compressibility (e.g., mercury) and a bar of low density
(e.g., aluminum) should be used . The length of the fluid

reservoir should also be made as small as feasible. The
time constant Ti also depends upon the wave velocity (c2) in
the bar , but this velocity is not very different for the H
various materials from which bar gauges might be made. It
is interesting to note that does not depend upon the
density of the piston. However , the oscillation frequency

does depend upon both the density and the length of
2

the piston.
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4.3 DROP BAR TESTS

In order to measure the response of a piston coupled
bar gauge , a small f i x ture incorpora ting a p iston and f l u id

reservoir was moun ted on the end of a bar gauge as shown in
Figure 29. The response of the piston and f lu id  coupling
was determined by impacting the piston wi th a cyl indrical
drop bar and measuring the output of the bar gauge by re-

cording its signal on an oscilloscope . The drop bar appa-

ratus that was used in these tests was one that had been

previously developed for calibrating stress gauges. A drop

bar impinging on the end of a bar gauge (without piston and
f l u id coupling) produces a step function stress pulse in the
gauge , the duration of the pulse being twice the acoustic

length of the drop bar and the amplitude of the pulse being

determined by the velocity of the drop bar . The effect of

the piston and f lu id  coupling on the response of the bar
gauge was determined by comparing the output of the bar gauge

with the output that would be expected if the drop bar im-

pacted directly on the bar gauge .

The risetime of the stress pulse transmitted to the

bar gauge by the piston and fluid is largely determined by

the time constant in Equation (28) , which according to

Equation (29) is proportional to the compressibility of the

fluid . Since dissolved air or air bubbles in the fluid

would increase its effective compressibility (and thereby

increase the risetime of the transmitted stress pulse) , air
was removed from the f luid by trea ting it in a vacuum . This
was accomplished by removing the bar gauge from the fix ture ,

filling the fluid reservoir with fluid , immersing the entire
f i x tu re  in a beaker of f l u id  and placing the f lu id  in a
vacuum system. After the fluid had been deaerated (usually

af ter about 15 minu tes in the vacuum chamber ), the bar gauge
was positioned in the fixture and the bleed screw inserted
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while the fixture was still immersed in the fluid . Fluids

that were tested included hydraulic fluid , ethylene glycol
and mercury , hydraulic f l u id having the highest compress-
ibility and mercury the lowest. Ethylene glyco l has about

the lowest compressibility of any fluid except mercur ’.

Equation (29) also shows that the time constant is

minim ized by having the density 
~~~ 

of the bar gauge as low

as possible. For this reason , bar gauges constructed from
both aluminum and steel rod s were tested . During the course
of these tests it was found that one of the factors that
determine the response of the piston and fluid coupling is

f r iction between the piston and the body of the fixture . It

was found tha t lubricating the piston wi th silicone grease
relieved this problem and improved the response. Both neo-

prene and Teflon 0-rings for sealing the piston were tested ;
the response was about the same with both types , but Teflon
0—rings tended to leak more at high pressures than neoprene .
Leakage past the 0—rings is the problem that limits the
maximum pressure at which bar gauges with this coupling ar-
rangement can be used.

Bar gauge signals from tests with hydraulic fluid ,

ethylene glycol and mercury coupling fluids are given in
Figure 30, 31 and 32 respectively . All of these tests
were conducted with aluminum bar gauges. These results

show that risetime of the stress pulse transmitted to the

bar gauge is much shorter with mercury as the coupling f l u id
than with either hydraulic fluid or ethylene glycol. The
compressibility of mercury is only about 10% tha t of ethy-
lene glycol and the risetime of the signal is seen to be

correspondingly reduced .
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Figure 30. Signal from aluminum bar gauge wi th hydraulic -
f lu id  as the coupling f luid . Vertical scale - -

0. 25 kbar/cm ; sweep speed - 100 ~sec/cm .

us.

Figure 31. Signal from aluminum bar gauge with ehtylene -

glycol as the coup’ ing fluid . Vertical scale -

0.25 kbar/cm ; sweep speed - 100 psec/cxn.
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The signals in Figures 30 , 31 , and 32 were all from
aluminum bar gauges. Figure 33 is the signal from a s t a i n -
less steel bar gauge with ethylene glycol coupling fluid.

Comparing Figures 31 and 33 shows that the risetime increases

in about the ratio of the density of the bar gauge material
(i.e., 2.7 g/cm 3 for aluminum and 7.8 g/cm 3 for  s tainless
steel ), in agreement with Equation (29). The wave velocity

c2 is nearly the same in aluminum and stainless steel
(0.51 cm/sec in aluminum and 0.50 cm/sec in stainless steel).
In Figure 32 , the first drop in the signal at about 230 us —

a f t e r  the onset of the signal was produced by the reflection
of the stress pulse from the top end of the 61 cm long drop
bar;  the second drop in the signal at about 350 us from the
onset of the signal was produced by the ref lect ion from the
downstream end of the dump bar in the bar gauge.

The signals in Figures 30 , 31 , 32 and 33 all show evi-
dence of a damped oscillation starting with the onset of the
signal , the frequencies of the oscillations being approxi-
mately the frequencies predicted by Equations (28) and (30).
However , the amplitude of the oscillations are much lower
than predicted by the equations . In developing Equation (28) ,

the friction of the piston, the viscosity of the coupling

fluid and the inertia of the fluid were all ignored. It is
likely that these all contribute to the observed decrease in

amplitude of the oscillations . Including these effects would

lead to a very complicated calculation that is not necessary
in understanding the important aspects of the piston and H
fluid couplings.

In Table 3 calculated values of the time constant
are qiven for various combinations of coupling fluids and

bar gauges. Hydraulic fluid is not included in this table

because its compressibility is not known but is thought to

be greater than that of ehtylene glycol. The calculated
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Figure 32. Signal from aluminum bar gauge with mercury
as the coupling fluid. Vertical scale - 0 . 2 5
kbar/cm ; sweep speed — 100 usec/cm.

Figure 33. Signal from stainless steel bar gauge with
ethylene glycol as the coupling fluid . Vertical
scale — 0 .25  kbar/cm ; sweep speed — 100 ~sec/cut .
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Table 3. Calculated values of time constant

Coupling Bar
Fluid Gauge B P2

(cm2/dyne) (cm) (gm/cm3) (u s)

Ethylene Aluminum 4xl0~~~ 0.64 2.7 70
Glycol

Ethylene Steel 4x10 11 0.64 7.8 200
Glycol

Mercury Aluminum 4x1Q~~
2 0.64 2.7 7

1_

- - 
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values of 11 in Table 3 are seen to be in close agreement
with the observed risetime of the signals in Figures 31 , 32

and 33. Of particular importance is the calculated and

observed fast rise of the signal with the combination of
mercury coupling fluid and aluminum bar gauge.

4 . 4  CONCLUSIONS

The calculations and experiments reported here show
that it is feasible to use a bar gauge to measure pressure
on a surface parallel to the axis of the gauge by using a
piston and fluid coupling combination. This same arrange—

ment can also be used to measure the pressure on a surface
positioned at any angle relative to a bar gauge. The best

response was achieved with the combination of mercury as the
coupling fluid and an aluminum bar gauge. It is important

that all air be removed from the f luid  by treating it in
a vacuum when the fluid coupling and bar gauge are assembled.

Although the coupling arrangement was not tested in

a blast wave , it should be useful for measuring the pressure
on the surfaces of wedges exposed to blast waves in under-
ground nuclear tests. However , before being used in nuclear
tests it is recommended that such wedge measurements be
tested in an explosively driven shock tube. One of the main
prob lems encountered was friction between the piston and
the wall of the hole in which the piston was located . This

problem could probably be relieved by lining the hole with

a Teflon sleeve in which the piston would be located . Such

an arrangement should be tested in a shock tube to make sure
that the blast pressure does not compress the Teflon sleeve

and cause binding of the piston. It is likely , however , that
piston friction will be less of a problem when the pressure

is applied by a blast wave instead of by a drop bar because
the pressure will be applied more uniformly over the area

of the piston.
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SECTION V

THERMAL RADIATION DETECTOR

5.1 INTRODUCTION

The thermal radiation due to air blast and the f i r e
ball of a nuclear explosion is an important effect . The

magnitude and spectral distribution of this energy flux are

sensitive monitors of the accuracy of calculations that try
to describe the explosion. In an air blast, the total energy

in thermal radiation is about 40% of the total de~’ice yield ,

while the visible light energy is about 25% of the yield .
These values are functions of the depth of burial , probably

being considerably reduced by even shallow burial. For
these reasons, it is desirable to measure the time variation
of the total thermal radiation in certain underground nuclear

tests.

A heat transfer gauge that was successfully fielded
by S3 on HYBLA FAIR (Kratz , 1975) can be adapted to measure

the total radiative flux in a nuclear tests. This gauge

consists of a thermally isolated thin copper disc , the front
face of which is exposed to the radiation; a platinum resis-

tance element measures the temperature rise of the back face

of the disc. To determine the radiative flux incident on

the front surface of the disc , the temperature history
measured at the back surface is compared with results of
numerical heat flow calculations (using an S3 heat conc uc-
tion code) for given flux histories on the front surfaces.

The incident flux used as input to the calculation is ad—

justed until the calculated temperature history at the back

surface of the disc agrees with the measured temperature

history . For a properly blackened front surface , the gauge

will respond to all wavelengths over all angles of m ci-

dence; i.e., it is a bolometric detector sensitive over 2~r

steradians .

69 4



r~~

is

~

;.-

~

.-is--isis--is--- --
— — is - - ~~~~~ 

is 
- -‘--is-is-is -- - — - - -  is— is -is—is-is—-—~~~~~ —is-is--is---—--~~~~ -

’_ is
~
-.---;- -

~~~

The platinum resistance element is electrically insu-

lated from the back surface of the disc by a vapor deposi ted ,

2 micron thick layer of sapphire. This thickness of sap-
phire , if the layer is free of pinholes , is suf f ic ien t  to
provide the necessary electrical insulation between the

platinum resistance element and the copper disc, but also it
is thin enough that the thermal time lag between the back

surface of the disc and the resistance element is only a

few microseconds. The platinum resistance e ’ement is evapo-
rated on top of the sapphire layer and electrical leads are
attached to it with conducting epoxy . The circuitry for this

gauge is similar to that used in manganin and ytterbium

stress gauges . The platinum resistance element is made one
arm of a pulsed bridge circuit which is located in an instru-

ment alcove or in the recording trailer. The resistance of

the element increases as its temperature increases, thus
producing an unbalanced bridge voltage whose magnitude is

related to the temperature rise.

Although this gauge was successfully fielded on HYBLA

FAIR, there were difficulties in producing pinhole free

sapphire insulating layers on the back surfaces of the copper

discs. The sapphire was vacuum deposited by evaporation ,

but many of the samples that were made by this technique
contained pinholes. Such pinholes caused the platinum resis-

tance element, which was subsequently evaporated on top of
the sapphire layer, to be shorted to the copper disc , thereby
rendering the sample useless. A large number of samples were
fabricated in order to obtain six pinhole free layers for use
in the HYBLP. FAIR gauges . The pinhole problem was considered
to be the most important problem to be solved in developing

a radiation detector. To help solve this problem , S3

retained a consultant, Dr. Lee Donaghey , Berkeley , California ,
who is an expert in thin f i lm technology. It was his opinion

—is- is- 
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that it would be easier to produce pinhole free sapphire

layers by sputtering than by evaporation. His attempts to

produce pinhole free sapphire layers using the sputtering

technique are described in the remainder of this section.

5.2 SPUTTERING EXPERIMENTS

In the sputtering process , sapphire (A1203) is
produced by oxidizing aluminum atoms that are removed from

an aluminum target. This is done by generating a plasma

between an aluminum target and a conducting ground plane to

which the object to be coated is attached . A low pressure

gas containing oxygen fills the space between the target

and the ground plane. The plasma is generated by applying

a high voltage between the target and the ground plane .

In the experiments conducted in support of this

program, the sputtering apparatus consisted of a vacuum

system with an aluminum bell jar , a 6—inch diameter pure
aluminum target, a steel ground plane, and a gas consis ting
of a mixture of filtered argon and oxygen , the percentage
of oxygen in the mixture being variable. Various substrates
on which sapphire was deposited included 2-inch diameter
polished copper discs , glass slides , quartz cover slides ,

titanium discs and optically polished silicone. Experiments

were conducted in which the amount of oxygen in the gas

mixture was varied from zero to 2%, the gas pressure was
varied from 10 to 20 mTorr, and the voltage was varied between
720 and 1000 volts.

The results of this series of experiments are sum—
marized as follows:

1. The deposition rate depends on the oxygen partial

pressure in the plasma. With less than 1% oxygen the
deposition rate is high and the deposited layer is
optically colored , usually deep blue . With greater
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than 1% oxygen the deposition rate is low and the

sapphire layer is white or slightly orange in color .

2. The conductivity of the deposited layer also

depends on the partial pressure of oxygen. With less

than 1% oxygen a semiconducting layer of sub—oxide

is deposited ; with more than 1% oxygen a strict—oxide

insulating layer is deposited. The sub-oxide to

strict—oxide transition is at the same partial pressure
of oxygen as the color transition .

3. If the sputtering power is greater than 250 watts

with a 6—inch diameter target , the temperature rise
is sufficient to oxidize the surface of a copper sub-

strate. Such an oxide layer weakens the adhesion of

the sapphire film.

4.  Di f fus ion  of copper into the sapphire fi lm reduces
the resistivity of the sapphire film and also tends to

produce a mottled film.

5. Contamination of the plasma by extraneous materials

must be kept to an absolute minimum . Sputtering up,

i.e., with the ground plane and substrate above the

target, prevents particulate matter from adhering to

the substrate surface.

6. The preparation of the surface of the copper is one

of the most important considerations, but also one of

the most difficult, in producing pinhole free , strongly
adherent sapphire films. This surface must be as

smooth and free of contaminants as possible. A true

optical finish cannot be obtained on copper, but

residual scratches must be less than 1 micron .
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The experimental sputtering program did not advance

to the point where pinhole free , strongly adhering sapDhire

films on copper could be produced on a routine basis .

However , sufficient work was done to indicate that the pro-
duction of such films is feasible. The one problem area that
requires additional work is the preparation of the copper

surface on which the sapphire film is deposited . An extremely

clean sputtering system is a necessity and it will probably

be necessary to devote a system entirely to this process.
Once the sapphire film problem is adequately solved , corn—
pleting the development of the thermal radiation gauge should

be straightforward.
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