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Conversion factors for U.S. customary
to metric (SI) units of measurement.

To Convert From

To Multiply By
angstrom meters (m) 1. 000 000 X E -10
atmosphere (normal) kilo pascal (kPa) 1.01325 XE +2
bar kilo pascal (kPa) 1.000 000 X E +2
bamn meter? (m?) 1.000 000 X E 28
British thermal unit (thermochemi.al) Jouls (J) 1.054 350 X E +3
calorie (thermochemical) Joule (J) 4. 184 000

cal (thermochemical)/cm?
curie

degree (angle)
degroe Fahrenheit
electron volt

erg

erg/second

foot

foot-pound -force
gallon (U. 8. tiquid)
inch

jerk

joule, kilogram (J/kg) (radiation dose
absorbed)

kilotons

kip (1000 1bf)
kip/tnch® (kal)
ktap

micron

mil

mile (international)

ounce

pound -force (Ibs avoirdupois)
pound -force inch

pound -foroe/inch
W-‘omﬂootz
po\ml-(orc./hch' {pet)
pound-mass (b avoirdupois)
polnd-muu-(oo(’ ({moment of inertia)

pund-nul/foota

rad (radiation dose absorbed)
rosnigen

shake

slug
torr (mm Hg, 0° C)

mega joule/m2 (MJ/mz)
*giga becquere! (GBq)
radian (rad)

degree kelvin (K)
Joule (J)

Joule (J)

watt (W)

meter (m)

Joule (J)

m-tora (ma)

meter (m)

Joule (J)

Groy (Gy)
terajoules
newton (N)
kilo pascal (kPa)

newton -sqcand / 2
(N-/r:?;‘ N

meter (m)

meter (m)

meter (m)

kilogram (ig)

newton (N)

newton-meter (N.m)

newton/meter (N/m)

kilo pascal (kPa)

kilo pascal (kPa)

kilogram (kg)

kllognm-mohrz
(ng-m3)

Kilogrsm /meter’
(g /m3)

**Gray (Gy)

coulomb /kllogram
(C/ng)

second (s)

kilogram (kg)

kilo pascai (kPa)

4.184 000 X E -2
3.700 000 X E 41
1.745329 X E -2
= (t°f+ 459.87)/1. 8
1.60219 XE -19
1.000 000 X E -7
1.000 000 X E -7
3.048 000 X E -1
1. 355 818

3.785 412 XE -3
2.540 000 X E -2
1.000 000 X E +9

1. 000 000

4.183

4.443 222 XE +3
6.894 757 XE +3

1.000 000 X E +2
1 000600 XE -8
2.540 000 XE -5
1.609 344 X E +3
2.834 952X = -2
4. 448 222

1.129848 X E -1
1.751 268 XE +2
4.788 026 XE -2
8. 894 757

4.535 924 ' E -1

4.214011 X E -2

1.601 848 X E +1
1.000000 XE -2

2.579 760 XE 4
1.000000 XE -8
1,459 3% X E +1
1.33222 XE -1

*The becquerel (Bq) is the B unit of radicactivity; 1 Bq = 1 event/a.
**The Gray (G:') ts the S1 umit of absorbed radiation.
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A more complete listixg of conversions may be found in "Matric Practice Guide £ 380-74,
American Soctety lo:"ll{ﬂq amd Materials.
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SECTION 1

INTRODUCT 10N

This report describes thermostructural response testing
performed for the Defense Nuclear Agency (DNA) using pulsed
electron beams to induce thermal loads in aluminum annuli. The
pulsed electron beams were generated by the DNA OWL II facility
at Physics International Company. The aluminum annuli had an
inner diameter of 22.9 cm (9 in.), an outer diameter of 27.9 cm
(11 in.), and a thickness of 2.54 mm (0.100 in.) or 3.81 mm
(0.150 in.). The annuli were irradiated uniformly on one side.

The primary response data consisted of measurements of
dynamic strain in the circumferential direction at the outer
edge of the annuli. A special strain gauge which better with-
stands the shock waves produced by rapid heating was developed
for this progwam. Measurements were successfully obtained over
a range of dose levels that spanned the threshold for permanent
deformation of the annuli. Some problems with strain gauge
survivability remain, however.

The 3tructural response data collected in this program will
be used by Lockheed Missiles and Space Company (LMSC) for
modeling studies and comparison witli computer code predictions
under Contract DNA001-76-C-0246. Lockheed persornel (Dr. A. O.
Burford, E. Olson, R. Walz, et al.) pacticipated in the design

of the experiment and selection of test conditions. Test specimens

were provided by LMSC.
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Descriptions of the experimental apparatus, techniques and

E procedures are presented in Section 2. The experimental results
i are described in Section 3, and the conclusions and recommendations )
‘ are given in Section 4.
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SECTION 2
EXFCRIMENTAL APPARATUS AND TECHNIQUFS

2.1 EXPERIMENTAIL CONFIGURATION

The OWL II electron beam generator was used to produce rapid
thermal loading of the aluminum annuli. The accelerator is a
pulse charged system, consisting of an oil-immersed 1/3 MJ Marx
generator and a water-insulated coaxial transmission line pulse
transformer, which provides the pulse-forming network (Refer-
ence 1). The accelerator configuration employed for the testing
reported here utilized a 120-ns pulse forming line, a l.8-ohm
output impedance transformer, and a 22.9-cm (9 in..) diameter
circular cathode (Reference 2).

The electron beam test geometry is shown schematically in
Figure 1. The apparatus is a modification of hardware used in
previous structural response experiments on rings and cantilevered
beams (Refer :nces 3, 1, and 5). The electron beam is generated
by a field emission cathode and passes through a transmission
arode (0.0l13-mm~thick titaninm) into the experimental chamber.

A graphite aperture with a 20.3 cm (8-in.) inside diameter and a
second 0.0l13-mm-thick titanium foil are located just behind the
anode. The graphite absorbed the intense portion of the beam
that originates at the perimeter of the cathode and effectively
prevented anocde material from reaching the test specimen. A
magnetic lens was used to control and transport the electron
beam from the cathode emission surface to the target. This
produces an electron beam that retains the cross-sectional shape
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of the cathode, but the area of the beam varies inversely with
the magnetic lens ratio; hence the beam fluence is directly pro-
portional to the magnetic lens ratio. Fluence uniformity is coa-
trolled to first order by dishing the cathode to compensate foi
the bow of the anode produced by the l-torr gas pressure in the
test chamber.

The target holder apparatus is .shown in Figures 2 and 3.
Details of the instrumentation are shown in Figures 4 and 5.
The annulus was suspended at three points from small clips
attached to elastic bands. The clips contacted the annuli on
its inner edge. Tensiun of the bands was adjusted by pegs
located behind the outer ring of calorimeter blocks. The entire
target apparatus was mounted on an inertial stand bolted to
the concrete floor. This arrangement is necessary to prevent
shock waves generated in the machine from affecting the ex-
periment.

The pulsed magnetic field used for beam control exerts a
considerable force on the annulus. The direction of the force
is such that the aanulus is pushed into the target holder. To
restrain the annulus, rubber bumpers were placed between it and
the holder apparatus. When the electron beam fires, the mag-
netic field intensity will have reached a maximum; hence the
force on the annulus is at a minimum. The strain records show
that the strain caused by thc magnetic field just prior to the
beam fire, in the worst case, was less than 10 percent of the
measured peak strain. Most records show much less strain. Thus
the effect of the magnetic field on the dynamic strain measure-
ments ‘s not significant.

The strain gauge packages were located on the top (0 degree)
and left (90 degree) sectors of the anrulus. The gauge packages

P
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Figure 2 Front view of annulus holder. Strain gauge packages
at top and left behind shiells. Quartz pressure
transducer at left of center. Shield for mirrors at
center with viewing slots extending to right and

bottom.
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Annulus holder with annulus removed, showing rubber
bumpers and tliree retaining clips.
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Figure 4 Strain gauge package with shield removed.
leads enter pipe at left center.
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Rear side of annulus holder. Quartz pressure
transducer at center with mirrors irmediately to
the left. Lamp assembly in left foreground.
Thermocouple leads visible at bottom and left.
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were protected by a graphite shield that extended approximately i
2.5 mm over the annulus. Or some tests the shield was extended
to 5.0 mm or 7.5 mm in an effort to improve gauge survivability. ;

Calorimeter blocks wexre arranged in rings inside and outside |
the annulus. The blocks enable :he simultaneous measurement of é
fluence and structural response data. A coupon of the test i
material with a quartz pressure transducer bonded to the rear
suriace was mounted inside the inner ring of calcrimeter blocks. !
The quartz pressure transducer provides simultaneous measurement » i
of the stress-time history of the annulus. Finally, a pair of i

mirrors were mounted in a protective graphite housing in the
‘ center of the apparatus. The mirrors provided views of the '
5 right and bottom cross sections of the annulus for a high-speed 2
motion picture camera. 3

i 2.2 ELECTRON BEAM DIAGNOSTICS i

Diagnostics used in characterization of the electron beam \
i were employed both in the diode and at the target location. The 3 ;
diode diagnostics consisted of a voltage monitor, a set of B
probes, and a set of current monitors. The voltage monitor is a

capacitive voltage divider embeddzd in the diode insulator. The

B probes are magnetic field sensors and have an output propor-
tional to the time rate of change of the magnetic field asso-
ciated with the diode current. The diode current monitoré-consist
of Rogowski coil segments that are B probes with built-in inte-
grators so that the output is directly proportional to diode

current. Four B probes and two Rogowski coil segments were on
the ancde plate located on a diameter just inboard of the inside
diameter of the diode insulator. Two full Rogowski coils sur-
rounded the cathode: one was in the anode plate and the other

was in the anode extension near the cathode tip.
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The diode diagnostics were recorded with fast oscillcsccpes

{typically 150-MHz bandwidth). The oscilloscope data were

digitized and analyzed on the Physics International Interactive

Data Reduction Fecility. The facility includes a digitizing

tablet, a keyboard and graphics display unit, a hard copy unit,

a 64K word mini-computer, and a code which interactively receives,

analyzes, and plots the data. The data analysis includes cor-

rection of the input data for any RC and L/R slumps inherent
in the monitors, calculation of the accelerator voltage, and

calculation of quantities such as the total beam energy and mean

electron energy. The accelerator voltage, V , was determined
acc

from the equation:

_ _ . a1
Vace = Vmonitor L 3t
or
v = V - L x [constant X a3
acc monitor dt
where

vmonitor is the voltage measured by the voltage

monitor after correction for RC slump

L is the diode inductance
I is the diode current

and the constant is the ratio I/B at the location of the B probe.

The product L x constant was determined by comparing

x Vmonitor to
the B probe when the cathode was shorted to the anode (i.e.,

vacc = 0).
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The acceleration voltage and diode current waveforms were
used directly in the PIE1D Monte Carlo Code (Reference 6) to
calculate electron beam ernergy deposition profiles for correlati n
with measurements.

The beam diagnostics used at the target location consisted
of fluence and deposition prcfile calorimeters. On data shots
the primary diagnostic used at target location was the peripheral
calorimeter array (Figure 2). A separate calorimetei array,
shown in Figures 6 and 7, in which a third ring of calorimeter
blocks replaced the annulus was used for initial fluence mapping
and determining fluence uniformity. The calorimeters are con-
structed of ATJ graphite blocks mounted on fiberglass boards
with aluminum screws. =ach block was instrumented with an iron-
constantan thermocouple. The thermocouple signals were recorded
by a scanning digital voltmeter. Fluences were calculated with
a PI mini-computer program, using polynomial fits to handbook
enthalpy curves for ATJ graphite and aluminum (Reference 7).

The electron beam energy deposition profile was investigated
with a graphite foil stack calorimeter, visible from the rear
in Figure 7. Two foil stack calorimeters were used simultaneous-
ly. One was located at a radius corresponding to the average
radius of the annulus. The second was located at a radius
corresponding to the positicn of the gquartz pressure transducer.
The two calorimeters provided a measurement of the variation of
deposition profile with radius. The foils were 0.5-mm-thick ATJ
graphite foils held in position by polyethylene blocks. The
foils were instrumented with iron-constantan thermocouples, which
were clamped against a copper tab attached to an edge of each
foi.. The thermocouple signals were read out with the same
scanning digital voltmeter system described previously. The
deposition profiles were calculated with a PI mini-computer
program using polynomial fits to the enthalpy curves for ATJ
graphite and ccpper. ‘
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Figure 6
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Front view of calorimeter. Fluence calorimeter blocks
are in three concentric rings. Apertures for foil
stack calorimeter at 10 o'clock position.
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2,3 STRUCTURAL RESPONSE DIAGNOSTICS

Structural response induced by pulsed electron beam irradia-

tion of the aluminum rings was measured using strain gauges and
high-speed motion pictures. The strain gauge data acquisition

system was essentially the same as used during previous experiments
on aluminum rings (Reference 5). The system is capable of handling

six channels. A block diagram of cone channel of this system is
shown in Figure 8. A schematic of the basic bridge circuit is
shown in Figure 9. A common dc po' :r supply was used to set up

and balance each bridge circuit; individual pulsed power supplies

were used during data collection. Considerable attention was
paid to noise reduction. Double shielding was used wherever
possible, with the inner shield of each channel single-point
grounded to the amplifier . .assis. The outer shield, which
enclosed all six channels, extended from the annulus itself to
the electronics rack.

A set of small magnetic field compensation loops located
close to the annulus were used to tune out signals induced by
the pulse magnetic beanm guide. These tuning lcops were enclosed
in a Faraday cage that was designed to shield the electrical
noise from the electron beam but remain transmarent to the mag-
ntic beam guide. This ir feasible because: the relevant fre-
quencies differ by at leas* five orders of magnitude (hence the
skin depths differ by more than two orders of magnitude).

The recording instrumentation consisted of Preston Model
8300XWB-B differential amplifiers, a Bell & Howell Model 5-134
oscillograph, and an Ampex Model FR~2000 FM tape recorder. The
strain gauge signals were recorded on magnetic tape at a speed
of 305 cm/s (120 ips). The signals were simultaneousiy recorded

19
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on the oscillograph at a paper speed of 254 cm/s (100 ips). The
osciliograph records provided an on-line check of system performance
and a preliminary comparison of strain data with predictions. At

a later date, the magnetic tape was played back at a tape speed i
of 9.5 cm/s (3-3/4 ips) and the reproduced signals recorded on
the oscillograph at a paper speed of 254 cm/s (100 ips). The
time scale on these oscillograph records was thus expanded by

; a factor of 32. These records will be used by XMSC for detailed
analysis of the strain data. The bandwidth of the system was
limited to 100 kHz by the Preston amplifiers.

; ' Strain gauge packages were located at two positions 90 de-
grees apart along the outer circumference of the annulus. Three
different gauge configurations were employed in the course of

the experiment. They will be denoted Configuration I, TI, and
III, respectively. At the 0 degree, or top, position, Configura-
tion I had three Micromeasurements Type EA13-031DE-120 (31 mil
wide) guage, one Micromeasurement Type EAl13-062-DF-1"0 (62 mil

: wide) gauges, and one Micromeasurement Type EA13-125AV-120

] {option B64) (125-mil~wide "long lead") gauges. At the 90 degree
i (or left) position, two 31-mil gauges were employed. The gauge

‘ placement for Configuration I is illustrated in Fiqgure 10. For

RS VIV SRS SPUTIICIIITIATIN DUSPRURTINL, WSS

Configuration II, two 125-mil-long lead gauges were employed at
both the 0-degree and 90-degree positions. Configuraticn II is
illustrated in Figure 11. For Configuration iIrl1, two BLH type
FAE-18~12-S13-1 (25-mil-wide "long lead") gauges and one Micro-
measurements 125-mil-long lead gauge were employed at both the
0-degree and 90-degree positions. Configuration IIX is illustrated
in Figure 12. The BLH gauges were designed and fabricated
egspecially for this experiment. The details of the grid pattern
for this gauge are shown in Figure 13.
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Fach strain gauge channel consisted of two gauges, an active

gauge bonded to the annulus and a passive gauge mounted directly
above the active gauge, mechanically decoupled from the annulus
with a foam pad. The passive gauge comprised c~e leg of the
bridge circuit and served to cancel sparious signals induced

in the active gauge by the pulsed magnetic field used to guide
the beam and the pulsed clectron beam itself. * complete gauge
package is shown in Figure 14. The entire pac 1ge was covered
by copger foi{ for additional naise shielding.

Gauges were bonded to the rings with Micromeasurements
Type M-Bond 610 adhesive. The cure cycle employed was approxi-
mately 45 minutes warmup, followed by approximately 60 minutes
at 420°K, followed by approximately 45 minutes cooldown.

Motion of the tront region of the ring was recorded with a
high-speed motion picture system mounted at the rear of the test
chamber. The photographic record was taken with a Red Lakes Lab
Model 1C 2051E "Hycam" operating at a framing rate of about
7000 frames per second. The camera was enclosed by a 2,.5-cm-~
thick lead box in order to minimize X-ray fogging of the high-
speed film.
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Figure 14 Completed gauge package with passive gauges attached
to annulus by a foam pad.
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: SECTION 3

EXPERIMENTAL RESULTS

3.1 ELECTRON BEAM DATA

s T T T e

Data were collected during two sessions at the OWL II
facility. The first session occurred in February 1977, and
the second session occurred in August 1977. The data for
both sessions are summarized in Table 1. The fluences tabulated
are the averages for each of the three rings of calorimeter
blocks. The mean square deviations indicate the degree of ]
fluence uniformity obtained around the circumference of the é
; ' annulus. The uniformity in the radial direction can be assessed i
’ ' by comparing the average fluence for the inner, middle, and {
outer rings of calorimeter blocks for a particular pulse. For :
those experiments in which the apparatus was closer than 34 cm i
from the cathode, the outer ring of blocks was not fully il-
luminated, and therefore these data are not tabulated. Also
tabulated in Table 1 are the normalized peak dose measured by

et i 3R e B s e e b e o ool el

" g om vy 7 e e

g

tLe outer foil stack, the mean energy per electron and the total

i : beam energy, calculated from diode diagnostics, and the c&athode
i to target distance.

e, P

N
§

1

i
A
4
3
H
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The fluence maps obtained for th+s program are presented
in Appendix A-1. Since the blocks used in the fluszsnce calori-
meter arrays for thisz experiment are relatively large, fluence
variations over a smaller scale would not be detected. To in-
vestigate this possibility, data were obtained on two pulses,
3839 and 3840, with an array of blocks of dimensions 0.5 cm
by 0.5 cm. The array was positioned in the center of the elec-
tron beam. Results of these experiments are shown in Appendix A-2.

e T -
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The mean square deviations were 6 and 8 percent, respectively,
for the two pulses, showing good uniformity to the limit of
resolution of this calorimeter. Additional information on
fluence uniformity, obtained from previous experiments with
similar apparatus, may be found in Reference 6.

The electron beam energy deposition profile measurements
are shown in Appendix B. These data for the outer foil stack
are compared to electron beam energy deposition profiles cal-
culated from the acceleration voltage and current waveforms
(Appendix B-1). The calculations assume a normal angle of
incidence. Albedo suppression was not considered for these
calculations since only 3 to 4 percent of the incident energy
is reflected for this beam condition. Measurements by the i ner
foil stack are shown in Appendix B-2. The profiles measured by
the inner and outer foil stacks are very similar. Deposition
profile calculations for the annulus experiments are presented
in Appendix C. These were calculated in the same manner as for
Appendix B. '

3.2 STRUCTURAL RESPCONSE DATA

The structural response data pulses are summarized in
Table 2. The fluence levels indicated were estimated from data
of the surrounding calorimeter blocks. The table also indicates
the success of failure of data recovery for the strain gauges,
the quartz pressure transducer, and the film records. It was
found that the 31- and 62-mil strain gauges of Configuration I
failed at all but the lowest fluence levels. The failure mode
was a debonding of the gauge solder tab and consequent loss of
electrical contact. The debonding was evidently caused by the
initial shock wave induced in the annulus by the electron beam.
The long lead gauges in widths of 125 and 25 mils had a
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significantly higher survival rate, although some failures
occurred with these gauge types also. The failure mode was
usually a tearing of the long lead at its point of departure
from the annulus surface.

The oscillograph records of dynamic strain obtained on-line
are reprodnced in Appendix D. The data are in general of excel-
lent gquality. Some of the records show an apparent baseline
shift at the time of beam fire. This might be caused by a
stretching or partial tearing of the long lead by the initial
shock wave. Tic expanded time scale oscillograph records ob-
tained from play back of the magnetic tape have been forwarded
to LMSC under separate cover for detailed analysis.

Quartz pressure transducer records of excellent quality
were obtained for all but two of the annulus experiments. The
two failures were due to oscilloscope prxoblems. The transducer
records are reproduced in Appendix E. The fiim records obtained
from Session I turned out to be severe iy underexposed and are of
little use. An improved lighting systew was employed for
Session I1. These films turned out well and should provide
guantitative structural response data. A portion of the film
record for pulse 3849 is reprnduced in Figure 15. The trans-
ducer records and films have heen fcorwarded to LMSC.

Measurements of the permanent distortion induced in the
annuli are presented in Table 3. The method of measuremernt is
iliustrated in Figure 1l6. Two modes of distortion were ohserved.

The first is bending of the annulus into a cone shape (Figure 17).

The second is bending of the entire annulus into a sadile shape
(Figure 18). The degree of coning as a function of fluence is
plotted in Figure 19. The threshold for permanent deformation
appears to be 5 to 6 cal/cm2 for the electron energy used in

this experiment.
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Figure 15 Movie frames from pulse 3849. Electron beam fires
in second frame. 2.54-rm reference pin appears in
right (270 degrees) view of annulus. Film speed
6800 frames/sec.
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Figure 16 Locations of distortion measurements.
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Figure 18

Saddle

deformation in 2,54-mm annulus, pulse 3836.
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Figure 19 Coning deformation versus fluence for 2.54-mm annuli.
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

Dynamic strain gauge data and high-speed motion pictures

were successfully obtained on aluminum annuli irradicted by an

electron beam. Substantial permanent deformations were induced

at the higher fluence levels. Measurements of the stress pulse
were obtained concurrently with a quartz pressure transducer

bonded to a coupon of the test material. The electron beam was

diagnosed with diode monitors, peripheral graphite block calori
meters, and graghite foil stack calorimeters.

The advantages of electron beams for structural response

exper iments have been demonstrated by this program. Unantici-

pated problems with strain gauge survivability were uncovered
and appropriate solutions were found. This information will be
useful in designing underground test experiments, as well as

future electron beam experiments. This program has provided a

substantial data base in a geometry which has not previously

been investigated. These data, combined with existing data for
rings and cantilevered beams, will enable continued progress in
theoretical modeling of structural resprnse. To further this

end, we recommend future experiments with more complex geometries
znd advanced materials.
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APPENDIX A-1

FLUENCE MAPS
(NORMAL RESOLUTION)
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Figure D~1 Strain gauge records for pulse 3481l.
Gauges in Configuration I.
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