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ABSTRACT

This report describes the radiation-induced behavior of tantalum-oxide,
mica, ceramic, Mylar, glass, and polystyrene capacitors using results ob-.
tained at several sources. Also included are discussions of the following:

* Experimental techniques at each radiation source, including mea-
suremnent of circuits, components, dosimetry, and variation of
circuit and radiation parameters,,

* Results from SPRF, LINAC, and AFXR tests describing the de-
pendences of the induced current for the irradiated dielectric -

* Interpretation of these results in terms of appropriate models and

radiation and circuit parameters

• Comparison of the effects observed at each irradiation source

a Description of the tests on magnetics and the test results.
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Section I

INTRODUCTION

The primary objective of transient radiation effects studies in electronic
parts and materials is to determine radiation hardness design information
over a wide range of radiation levels. Circuit design demands intensive rad-
iation effects studies on dielectric and magnetic devices utilizing sources
emitting gamma rays, electrons, neutrons, and X-rays at various energies
and with various pulse durat~ions.

Under contract to ECOM, IBM has investigated the effects of nuclear
radiation pulses on dielectric and magnetic devices. Numerous experiments
have been performed at a variety of pulsed radiation sources, including pulsed
reactors, linear accelerators, and advanced flash X-ray machines. These
tests on dielectric devices have resulted in the formulation of a theoretical
model to explain the radiation-induced conductivity in dielectrics, and have
yielded sufficient experimental data to supply many of the parameters to be
used in this model.

The purpose of the magnetics tests was to collect data on the operation
of several selected magnetic devices at high gamma dose rates, such as
those genvrated in the prompt portion of a weapon burst. This data will be
used to determine if more extensive testing of a variety of magnetic materials
should be performed. Testing has shown no effects which will cause mal-
function of these magnetic devices when used for data storage at dose rates
in excess Df 1011 rad/s.

During the past 2 years, extensive tests were perforined to compare
the currents induced in several commercial capacitors by nuclear radiation
"from a pulsed reactor (SPRF), with those induced by the electron beam of a
linear accelerator (LINAC). Analysis of the LINAC data has given further
information for the characteristic amplitude parameters, K. and Kdn, and the
delay time constants, 'rdn. These results indicate that the'radiation- induced
conductivity effects are consistent with data obtained in the pulsed-reactor
environment. This consistency was obtained only after consideration of the
relative effectiveness of neutron and gamma radiation in producing currents
in the capacitive elements at the reactor environment (Reference 1).

To confirm the capability of the electron band model to predict behavior
for the combination of high dose rates and short pulse widths, experiments
were also performed at an Advanced Flash X-fDay (AFXR) source. This
source provides dose rates on the order of 10 rad/s, with pulse widths

I
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ranging from about 30 to 100 ns. Presently, only the behavior of tantalum
oxide has been analyzed at this source. Results indicate the band model is
applicable to a combination of high dose rates and short pulse widths, and that
radiation- induced currents vary linearly with dose rate, capacitance, and
applied voltage at high dose rates. No effects resulting in a loss of information
in magnetic elements were produced by AFXR irradiation at dose rates as high
as 2 X 1011 rad/s.

Temperature effects on carrier mobility and lifctime were also studied
in tantalum-oxide and ceramic dielectrics. With a simple band model having
a single electron trapping level a few kT below the conduction band (EnT),
tantalum-oxide yields a trapping level of about 0. 2 eV at both LINAC and
AFXR (Reference 2).
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Section 11

DIELEC TRIC PROGRAM

A. SUMMARY OF THE DIELECTRIC PROGRAM

Table 1 lists the capacitor types that have been studied wider the pre-
sent contract and the present understanding of their behavior at various types
of sources. The "theory" colunm indicates dielectrics for which experinien-
tal results to date are understood in ternis of physical mechanisms, and which
have a model and relationships to describe the required dependences.

Table 1

DIELECTRIC PROGRAM

Capacitor SPRF
Type Gamma Neutron' LINAC AFXR Theory

Mica 0 Q 0 X 0

Tantalum Oxide 0 Q 0 0 0

Glass Q X 0 X Q

Ceramic Q X 0 0 Q

Mylar 0 Q 0 X 0

Polystyrene 0 Q 0 X 0

Legend:

* Considered complete in capacitor characterization
O PartiUally completed

Results to date are questionable
X No work done as yet

3
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B. ETICAL CONSIDERATIONS

The general relationship for the conductivity of a capacitor under iria-
diation (Reference 3) has been shown to be

K-)cr. t -(t- t/ d
cD(t) +- K e D(t')dt', (1)

-CD

which is related to the radiation-induced current by the equation

(co-o}-
i 0 CV.
r EEO

This gives

At - (t-tV) /rdn

ir = CV[KpDI(t) + Kdj J e D(t?) dt',] (2)
n n 0

where

o" = the dark conductivity in the absence of radiation

E the dielectric constant

C 0 permittivity of free space0

Kp and Kd = empirically determined parameters for the radiation-

induced conductivity effect

rd time constants

D(t) the radiation exposure rate

i the radiation induced current.
r

When the radiation field contains several mixed components of radiation,
D(t) must contain a contribution from each environment. The total field can

4
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be written as a linear combination of the components. The total effect, D(t),
at a pulse reactor can be written as the linear sum of a neutron and gamma
field:

D(t) = FN(t) + ' (t), (3)

where

F proportionality constant relating the absorbed dose rate from the
neutron spectrum to an equivalent absorbed gamma dose rate

N(t) = equivalent absorbed gamma dose rate.

If one defines a ratio R = N(t) / ý(t):, then

D (t) " [FR+I] 1 (t). (4)

The radiation-induced current is then given by

S(tt')/ d

S(t) = Cv[ Kp (t)(FR + 1) + ,KdJ n 'FR +1) ydt,

(5)

Several analytical techniques have been developed for solving Equation (5)
and are documented in Reference 1, which also describes empirical conditions
to determine the characteristic parameter F relating the two fields.

At a pulsed electron.source, such as LINAC, having a square radia-
tion pulse with amplitude D(t) and duration tp, the radiation-induced current
can be expressed as a kernel in time over the two domains of interest,
t~t and t >t . Equation (2) then reduces tot~p tp -t-

Cv[ K,(x) + *Kd LI D(1 -e ,for t:5t

ir(t) = t/ (6)

CVD•(t) 7- Kd "d (e n -1)e , for t ?t
dnd11 P.n

Applying Equation (6) to the dielectric responses observed at a LINAC,
Kp and the first delay components, Kd "rd, can usually be determined.

5
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However, later components (Kd Tdn,) are difficult to determine accurately
from this measurement. To obMain further information on these later comn-
ponents, the total charge replenished to the capacitor is measured and an ex-
pression relating the replenished charge to these parameters is derived. This
expression is given by

QT= CVDtp [ Kl)+ Kd (rd1  t] (7)
n l1 J_'

2

When the pulse width, tp, is much smaller than Tdn, Equation (7) can be

approximated by

QT CVDtp [K XKd rd] . (8)

Equations (6) and (7) can be used to determine the parameters neces-
sary to charactercize a given dielectric material in a transient radiation en-
vironment, except for the parameter F, which is obtained from the neutron
environment.

C. CIRCUITS USED TO MEASURE DIELECTIUC RESPONSES

The transient conductivity of a capacitor is determined from the ineas-
urement of the radiation-induced current. A supplementary measurement is
the replenished charge, which is the integral of the radiation-induced current
in either lead, and is obtained manually (from the picture of the current dis-
play) or electronically (by integrating the current signal).

Two methods were used to monitor the radiation-induced current trans-
ients:

* Measuring the voltage drop across a sampling resistor in series
with the capacitive element

* Measuring the output of a current transformer (current probe)
in series with the exposed capacitor.

6



1. RESISTOR SAMPLING

Figure 1 is the circuit used for measuring radiation-induced current
by the resistor method. This circuit was used when maximum sensitivity
was required or when the time duration of the transient current exceeded the
pulse width capability of current probes. The circuit components are defined
by the following:

0 Z0 is equal to the cable characteristic impedance.

0 C is the power supply cable bypass capacitance. It is large enough
to provide a stiff voltage source during the radiatlon transient.

* Ri is selected to satisfy one of the conditionb:

a. For best pulse response, set R1 equal to Z0

b. For maximum sensitivity, R1 may be omitted

c. When sensitivity is not critical, and operating point deviations
are held to a minimum, keep RI very small.

* R2 must isolate the power supply from the measurement circuit
during the transient and is much larger than R1 and Z0 in parallel.

, R2

CCr
I]Zo •R LC,.

Test
1 0R C apac i tor

1.66 - 18U

Figure 1. Circuit for Measuring Induced Current (Resistor Method)

7
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2. CURRENT PROBE SAMPLING

Figure 2 is the measuring circuit for radiation-induced currents, using
the current probe method. The circuit components are defined as follows:

* Z0 is equal to the cable characteristic impedance

a C is the power supply cable bypass capacitance. It is sufficiently
large to provide a stiff voltage source during the radiation transient.

* CT-2 is a current transformer with suitable response. When the
integrating circuit is used to measure the total replenished charge
(Z1Zf), the time constant of the integrator must be very long when
compared with the period of integration to have a negligible loss of
charge.

z 0 " -2

SC 
T

Bias - Test
Ct apaci tor

l.4i - _ z

Figure 2. Circuit for Measuring Induced Current (Current Probe Method)

D. DIELECTRIC CHARACTERIZATION

1. PULSED REACTOR (SPRF) TEST

a. Reactor Description

The Sandia Pulsed Reactor (SPRF) is a bare critical assembly having
a pulse width of 50 pts at half- maximum, The average neutron energy is 1.4
MeV and the average gamma energy is 0. 8 MeV. Nominally, at 9-1/4 inches,
the gamma dose rate Is 4. 5 x 106 rad/s and the neutron flux is 6 x 1016 n/cm2

-s (E >10 keV). The flux has a 1/r 2 fall-off (Reference 4 and 5). Polyethy-
lene and lead shields were used to vary the neutron-to-gamma ratio over a
factor of eight.

8



b. Test Description

Six different dielectric types were studied at the pulsed reactor with the
measuring circuit shown in Figure 1. Wide variations in the insulating layer
thickness capacitance, surface area, and insulator volume were chosen for
each dielectric type. Voltages were applied in the direction of high resistivity
and covered the range from zero to the rated voltage (WVdc). To reduce cur-
rents through air ionization paths, the capacitors and exposed ends of the trans-
mi3sion cables were potted with a Silastic* compound.

Experiments were conduc'ted to obtain data on the radiation-induced cur-
rent as a function of:

0 Alteration of the neutron-to-gamma- ray ratio (N/D'), with variations
of dose and dose rate

* Variations of capacitance, applied voltage, and d-c working voltage
(WVdc).

c. Reactor Test )Tcesults

The reactor-induced dielectric characterization (Reference 1) is suni-
niarized in Table 2.

2. ELECTRON LINEAR ACCELERATOR

a. Source Description

Two sources were used for this work. The General Atomic Electron
Linear Accelerator (LINAC) was used to deliver single pulses of electrons
having al energy of about 18 MeV. The pulse widths were varied from 0. 3 to
4. 5 jis with a peak current near 200 mA. The nmaximum dose rates achieved
for ± 5-percent uniformity on sample irradiation were about 1 x 1010 rad/s.

The White Sands LINAC was also used at an electron energy between
10 to 12 MeV. Pulse widths were varied from 0.1 to 2. 0 i•s with a peak
beam current near 450 nimA. The maximum dose rates achieved for ± 5-per-
cent uniformity of sample irradiation were approximately 109 rad/s.

b. Test Description

The primary purpose of the LINAC test series was to further character-
ize the dielectric response of capacitors and to compare the differences be-
tween reactor- and electron-accelerator- induced conductivities. Six different

* Registered trademark of Dow Corning Corporation.

9



Table 2

PULSED-REACTOR TABULATION OF PARAMETERS

K Kd2 2 ]rd2 F*Dielectric (10 rad- ) (10- (rad-s)- 1) (10-3 s) (rad-cm2 /n) ii/iT**

Tantalum 7
Oxide 9 4.5 1 6.5 x 10- 1  0.24

Ceramic ±1 --.- --- --- --

-11
Mica 4 none none 1.4 x 10 0.06

Mylar 12 --- 3.2 x 10-1 0  0.60

Polystyrene 14 4.7 1 1.3 x 10-9 0.80

Glass 10 ......

* F is a proportionality constant relating the absorbed dose rate due to
fission neutrons to an equivalent absorbed gamnia dose rate. All
gamma energy loss is considered due to ionization.

** i/iT, the relative neutron effectiveness due to a mixed field, pertains
o',y to the prompt portion of the radiation. Induced current is derived
from the fission spectrum for exposures at SPRF. This ratio ;S given
for a normal burst with a specific N/D value of 3. 3 x 109 n/cA2 /rad.

dielectric materials,.covering a complete range in capacitor geometry, were
exposed to varying LINAC parameters of beam current, electron energy, dose,
dose rate, and pulse width.

Mylar, polystyrene, mica, glass, tantalum-oxide, and ceramic capaci-
tors were tested at several different voltages, capacitances, and working vol-
tages (WVdc). In addition, tantalum-oxide and ceramic capacitors were ex-
posed in a controlled temperature environment in a commercially converted
oven over a range of 00 C to 85"C. Temperature was controlled by cycling be-
tween electronic heaters and a liquid carbon dioxide coolant. A blower main-
tained the oven chamber at any set temperature ±1 "C (Reference 6).

Current probes were used to monitor the induced current through both
leads of the capacitor. An integrating circuit measured the total replenish-

rient charge through each capacitor lead. The second probe was used as an

10
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aid for separating radiation-induced emission in the wiring and sample con-
figuration from a true dielectric response,

The actual testing was performed inside an aluminum box to shield the
experiment from radio-frequency (R-F) interference. No special encapsula-
tions or pottings were used on the capacitor elements tested, since the mag-
nitude of charge scattering effects could be inferred from the measurements.
Coaxial transmission lines were covered with shielded zipper tubing to reduce
R-F interference. Radiation effects were eliminated on the components re-
quired in the measuring circuit and on cable ends, by housing the circuit in-
side an aluminum and lead shield containing feed-through connections to the
test sample.

c. LINAC Results

Data tables including pulse widths, dose rates, applied voltages, and
currents observed for each dielectric tested at LINAC are presented in detail
in References 1 and 2. Reference 2 also lists the estimates of the long delay
time constant ( Td2 ) for Mylar anld polystyrene as obtained from measuring

the total replenishment charge. Table 3 presents a summary of this LINAC
work, and Table 4 compares the parameters observed at LINAC and at SPRF.
Where the delay constants (rd) are short, the observation (Kp + Kd Td) at
LINAC is compared to the neutron-corrected Kp value observed at SPRF.
The small rd values resolved in the LINAC work are not seen at SPRF but
are included in its prompt response due to the longer time domain of the ex-
citation pulse. Table 4 shows very good agreement between the SPRF an(
LINAC results with the largest discrepancy about a factor of three observed
for ceramic. Of the six dielectrics tested, tantalum oxide has been the most
extensivel Astudied and characterized. At LINAC dose rates ranging between,
108 and 10"-I rad/s, tantalum oxide has the smallest Kp value axnd shortest
delay constant of the tested dielectrics. Several physical parameters inherent
in the tantalum-oxide material have also been estimated at these dose rates.
These include an electron mol~ility of approxii lrately 10- cm 2 (volt-s) I and
a generation rate of 4.6 x 101 pairs (rad-cm)) 1, corresponding to about
136 eV to create ail electron hold pair (Iefcrciie 1).

3. ADVANCED FLASH X-RAY

a. Source Description

Advanced Flash X-Ray testing was performed at the Physics Interna-
tional energy facility whicl, has a 5-million volt peak energy source. Figure 3
shows the location of the instrument room, irradiation room, and pulser controls.

11
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Table 3

LINAC* TEST RESTTLTS

K~d .... *r K

DieKect ic2K1(rda1 -1 Td 2
Dielectric Kp (rad) (10- (rad-s)-) (us) (10- (rad-s)I) (p•s)

Tantalum Oxide 5 x 10-7 4.2 0.85 3.6 200

Ceramic ±3.2 x 10"7  _,,

Mica 4. 2 x 10" 6 none none none none

Mylar 2.5 x 10- 6  0.24 8 1 500

Polystyrene 3. 0 x 10"6 0.07 10 4 300

Glass 1. 5 x 10 5 ---........

* General Atomic and White Sands as sources

Table 4

DIELECTRIC PARAMETERS COMPARED

Dielectric LINAC (tad/s) SPRF (10-6 rad/s)

Tantl-um Oxide 3. 6 x I0"6 (K p K ( rdl) *6.8

Ceramic +3.2 x 10-7 (K il. 0

Mica 4.2 x 10-6 (Kp *3. 7

Mylar 4.48 x 10-6 (K 4 K *rd '4.8

Polystyrene 3. 0 x 10-6 (Kp) *2.7

Glass 1.5 x 10-5 (K 10

* K values are nutron corrected.

12
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-X-Ray TubeControl -,

Room irradiatiorn

Room

Pulser

L66-182

Figure 3. Physics International Energy Facility (Diagram-)

b. Test Descrip~tion

The instrumentation and irradiation rooms are both double shielded
rooms. Because the noise level in the irradiation room is too high to allow
sensitive measurements, an aluminum shield box was used to reduce the noise
to an acceptable level. Signal transmission lines were triaxial RG58A cables
enclosed in aluminum zipper tubing. Figure 4 shows the sample location in-
side the shield box and the lead shield used to protect the current probes and
cable connectors from the X-ray beani.

A lead shield, approximately 6 inches thick, was used to obtain a dose
reduction at the current-probe box~x to less than 1 percent. Oscilloscopes were
triggered by one photodiode and the output of a second was recorded to provide
burst shape information. Two capacitor samples were irradiated siniulta-
neously and the currents in each lead were monitored. The integral of the cur-
rent in one lead of each component was measured with a Type-0 Tektronix
operational amplifier and recorded on oscilloscopes. Data were recorded by
photographing the displays of seven Type -647 Tektronix oscilloscopes with
solenoid- operated shutters.

Both ceramic and tantalum-oxide dielectrics have been irradiated at
AFXR. Radiation-induced effects were determined for both dielectrics as a

13
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Aluminum Box Trigger Dosimetry
with RFI Gasketing Photo Diode Photo Diode TestS~Sample

I\ Lead Bricks

Current
Cables Probe Box L66-183

Figure 4. Aluminum Shield Box

function of voltage, temperature, alnd capacitance value. A dose rate depen-

dence test was performed for tantalum-oxide.

c. AFXR Test Results

The data for the dielectrics tested at the AFXR are pres,'-nted in Tables
5 through 9. Those entries marked with an asterisk represent oscillograph
pictures that could not be used due to improper scale factor settiags, noise
distortion, or careera failure.

(1) Tantalum-Oxide Capacitors

Table 5 shows the results of the maximuni current observed for dose
rate variation in a tLntalunm-oxide capacitor, with temperature, applied volt-
age, and capacitance reimiaining constant. The dose rate was varied from2. 51 x 109to 1. 81 x 101 radis.

Figure 5 shows the plot of the data ih Table 5. The results show that
the maximum induced-current varies linearly with dose rate at these high
levels; i. e., the power of delta to which the dose rate is raised is one,
showing that saturation effects do not occur.

14
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Table 5

DOSE RATE VARIATIONS FOR A 1- 4F TANTALUM-OXIDE CAPACITOR

Pulse Burst

Number VA (V.Its) 1.1 (mA) 12 (mA) t ( s) D (rad/s)

336 90 800 800 0.1 1.81 x 1011

331 90 440 440 0.1 1.00 x 1011

332 90 390 390 0.1 8.16 x 1010

333 90 82 82 0.1 1. 91 x 10 0

334 90 16 16 0.1 3.32 x 10 9

335 90 13.5 13.5 0.1 2.51 x 10 9

Measurements taken with temperature, capacitance, and
applied voltage constant

10100

///I/

10-/

08 9 0112

Radiation, Expose Rate
(rad'/s) 1,66{ - 18•4

.Figure 5. Induced Current Versus Dose Rate Variations
for a I- juF Tantalum-Oxide Capacitor

15
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The temperature data in Table 6 is shown in Figure 6 as the maximum
current per CVD versus temperature. The increase of current with tempera-
ture is exponential over the range from 0°C to 85°C. These results give a
trapping level of 0. 15 eV and are comparable to the LINAC work shown later
in this report. The temperature variations are discussed later in detail.

Table 6

TEMPERATURE VARIATIONS FOR A I-/ F 100-WVdc
TANTALUM-OXIDE CAPACITOR (SAMPLE 42)**

Voltage

Variations Ground Voltage Side BurstVaiaios ,Side Side I(10-6 L) (I0I10ra/s

i2 il coulombs) rad/s)
Pulse remperatureC VA(vults) mA mA QT Minimum Maximum

(C ') I___ I_ _ ____ 1I_ _ _

1 20 79.7 259.7 * * 5.87 7.33

2 20 79.7 425.9 427 3.81 7.07 7.07

3 40 79.7 561 545 4.64 0.68 7.84

4 50 709.7 768 763.6 6.0 8.26 9.51

5 60 79.7 779 790 5.64 6.27 7.99

6 85 79.7 1221 1227 7.64 7.44 8.05

S Missing data 1Xlnt
* At constantt capacitwice, applied voltage, wid a ear-constant dose rate

10"6.

*00
7.

b 2b ilb 4() 5b " 0 / U1o 9" b 6 i(

Temperature (0C) Ioo - 185

Figure 6. Current per CVID Versus Temperature for
a 1- M.F 100-WVdc Tantalum-Oxide Capacitor
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Table 7 presents the data, and Figure 7 shows the plot of radiation-in-
duced current versus time for several different applied voltages. After
reaching their maximum value, the curves fall in a straight line, indicating
that the decay is exponential and can be considered due to one time delay
constant over this time domain. Analytical techniques have been developed
to fit these responses to the curve. The results will appear in the next
quarterly report.

Table 7

VOLTAGE VARIATIONS FOR TANTALUM-OXIDE
CAPACITORS (SAMPLES 42 AND 45)**

Variations Ground Voltage Voltage Burst Variations
Side Side Side b (1011 rad/s)Puise VA (volts) i2 (mA) i! (mA) (coulombs) Minimum Maximum

A 2 1QT1

SAMPLE 42 -1 M4 F, 100 WVdc

1 0 14.54 9.63 , 1.28 1.38

2 20 145 140 * 1.06 1.2

3 40 * 343 2.68 x 10"6  1.25 1.41

4 70.7 623 626 5.3 x 10"6  1.24 1.25

5 94.2 909 915.7 1.26 1.28

SAMPLE 45 - 47 u F, 100 WVdc

1 5 259.7 254 1.07 1.44

2 10 540 527 1.15 1.62

3 15 701 704 * 1.31 1.51

4 20 1039 1000 3.6 x 1 0  1.0 1.29

5 30 2590 2727 9.1 x 10- 5  1.26 1.68

• Missing data point
S* At constant temperature, and near-constant dose rate

17
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1000"

10 040 Volts

~~0

10-

20 Volts

2 '• 6 8 10 12 14 16 18 "20

Timo (/ps) I,,)," t18

Figure 7. Voltage Varlunios fuor a 1- Fu 141 100-WVdc
Trwitalum-Oxldc Capacitor (Sample 42)
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(2) Ceramic Capacitors

Tables 8 and 9 present the data obtained for ceramic capacitors irradi-
ated at AFXR. Table 8 lists the voltage dependences data and Table 9 indicates
the effects of temperature variation at constant applied voltage. Figure 8 shows
the temperature effects on capacitance.

Table 8

VOLTAGE VARIATIONS FOR CERAMIC
CAPACITORS (SAMPLES 54 AND 55)

Variations Growd Voltage Burst
Side Side D1)(1011 riad/ s)

Pulse VA(VWlts) '2 (niA) i 1 (nmA) Minimuml Maximum

SAMPLE 54- 0. 1 /.F

1 0 3.1 4.3 1.4 1.47

2 10 9.35 9.64 1.14 1.29

3 20 3.31 8.67 1, 169 1.25

4 30 22.34 22. 10 2.0 2.13

5 40 18.7 19.3 1.37 1.4

(3 45 1(.02 19.3 1.728 1.728

SAMPLE 55 - 1 /4'

1 0 0.75 7.73 1.079 1.15

2 5 18.7 20.0 1.4 1.44

3 10 21.8 21.81 1.1 1.18

4 15 39.48 40 1.64 1.72

5 20 32.2 31,8 1.217 1.32

6 24 47.79 49.2 1.75 1.83

19



Table 9

TEMPERATURE VARIATIONS FOR A 0. 1- L F
50-WVDC CERAMIC CAPACITOR (SAMPLE 53)

• Burst

Variations Gronid Voltage Capacitance * ( urst
-ISide Side D (10 1 0 rad/s)

Pulse Temperature VA(volts) i2 (nA) i (mA) (HF) m
(0C) 1 Minimum' Maximum

1

2 20 10 0.-56 0. 56 0.0933 8.59 9.98

3 40 10 0.26 0.24 0.0937 8.82 8.94

4 50 10 ---- 0.28 0.0870 10.14 10.7

5 60 10 0.15 0.0780 8.97 9.83

6 85 10 0.07 0.08 0.0495 9.37 9.49

4. METHODS OF CURVE- FITTING DIELECTRIC PARAMETERS

Since the radiation-induced currents in dielectrics have the dose rate
as their driving function, the burst shape must be processed to achieve a
current source usable in a circuit analysis program. Transient Radiation
Effect Automated Tabulation (TREAT) was the processing method used for
this data (Reference 7). Figure 9 illustrates the flow of the data processing
steps.

'rTh disadvanta4e of the teclhique is that changes in the weapon profile
or radiation model parameters require recomputation of radiation current
sources by TREAT, and of radiation transient response by the transient
circuit analysis program. The recomputation of radiation tralsient respunse
is unavoidable. However, a method of feeding the burst shape and radiation
model parameters directly into the transient circuit analysis program could
save considerable time.

20
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0 . 7 10-- 0OVolts

i 10 Volts

25Vo I ts

0.08 3 o

U-

~,0.06-

U
0

U 0.04- Shows the shift of the Curie
point with applied voltage

0 ,02

20 40 60 do 1do

Temperature (0C)
L666-187

Figure 8. Effect of Temperature on a 0. 1- jiF
50-WVdc Ceramic Capacitor (Sample 53)

Radiation

Burst Transient Current
Shape Radiation Source

Effect Data
Radiation Automated CTircunt Radiation
Model C Tabulation Analysis -- Transient

model Tab Circuit Analysis Response
Parameters Program ... .... .. Description Program

L66- 188

Figure 9. Curve- Fitting Dielectric
Parameters to Experimental Results
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Two direct methods for determining radiation- induced transient currents

by a transient circuit analysis program are discussed below:

a. Convolution

The response of a network can be expressed as

t

Sou(t) f e in (X) h(t-X) dX, (9)

where

e out (t) = output voltage

e in (t) = the input voltage

h (t) = the network response to an impulse function.

The R-C network shown in Figure 10 has an impulse response h(t) =

1/RC et . Therefore,

eOut (t) = I t ein ( X ) e -(t-X)/RC dX. (10)

"o

The radiation-induced current, i r, for a capacitor, CT, is

t - (t- X)/T" dn

r Vp6(t) + I CVd 6(X) e d X,. (11)
SCT p n nTd d

11 0

The first term of Equation (11) is linearly related to D(t) and can be handled
by most transient circuit analysis programs. The terms appearing in the
summation cannot be directly handled in a transient circuit analysis program.

R

o T oW

Figure 10. R-C Network for Determining 166 189

Radiation-Induced Transient Currents
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However, the similiarity between Equation (10) and the delayed term of Equa-
tion (11), shows that if a voltage proportional to h(t) is applied to the network
in Figure 10, the output voltage is proportional to the delayed current having
a rdn equal to RC. In general, the delayed portion of the radiation-induced
current would be

id -- CTVd eout(t) td , (12)
1n I n

where ein(t) equals D(t) and T"dn equals RC. Note that the units of Kdn1 and
tdn miust be consistent with the units used in the transient circuit analysis

program.

b. Integration

If the delayed term of Equation (11) is rewritten as

"i"' =CV d D (X)o, dndX, (13)

the problcm becomes one of evaluating an integral and multiplybig it by CTV-t/,r dT
Kdne 1. Since the voltage across the capacitor is proportional to the

integral of tih current through it, for the circuit in Figure 11, where

i )D (t) e O and C = I unit of capacitance.

•t X/Td

C C =0 D (X) t d(X. (14)

And in general

-t/-r d 1)
CTVd C d 

( 
C1

The two nlethod8 described offer a way to analyze amd, theoretically, to verify
radiation effects on capacitors by using transient circuit amaly,;is programs.

23
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Figure 11. Capacitor Integration of a Current Source

Furthermore, these methods may be built into existing and future programs
as a subroutine without sacrificing flexibility.

5. TEMPERATURE VARIATIONS UNDER LINAC AND AF`XR IRRADIATION

In these experiments, the radiation-induced conductivity, as a function
of temperature in tantalum-oxide and ceramic capacitors, was investigated
at a LINAC and an AFXR. The temperature range selected was from 0°C to
85°C at dose rate. -etween 1. 3 x 109 to 9. 5 x 10-10 rad/s. The induced cur-
rents were measiired in the two leads of the capacitor to establish the magni-
tude of charge sL...tering effects. Charge measurements made for tantalum-
oxide were taken in the voltage lead. Char, measurements for ceramic
capacitors were not taken because of the ubual damped oscillations associated
with the current response.

a. Tantalum-Oxide Capacitor Irradiated

The data obtained at LINAC from the exposure of a 1- ý4F 100-WVdc
tantalum-oxide capacitor is shown in Table .O. Pulse widths were varied
from 0. 3 to 1. 5 p s while the voltage applied to the capacitor was held con-
stant at approximately 80 volts. Four temperature settings were chosen be-
tween 0"C and 85°C. To compare the effects of LINAC irradiation to AFXR
pulses, the same component was exposed to AFXR over the same temperature
ibterval. The voltage applied to the capacitor was again constant and about
the same value as at LINAC.. However, the pulse width was shortened to ap-
proximately 100 ns. The results of the AFXR irradiation are shown in Table
11.

Variations of the radiation-induced current with temperature during
testing were explained by a model with the following characteristics:

0 A single electron trapping level (E ) a few KT below the conduction
band

24
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Table 10

TANTALUM-OXIDE CAPACITOR* TEMPERATURE VARIATIONS AT LINAC

tp (s), (109 rad/s ) iml, (mA) ira2 (mA)

Temperature = 0°C

0.32 2.29 6.0 5.25
0.51 2,29 10.0 10.0
1.04 1.94 15.25 ---
1.04 1.94 15.25 15.50
1.50 1.75 21.0 21.0

Temperature = 20.5"'C

0.31 2,24 9.5 8.8
0.64 1.75 15.5 15.75
1.04 1.75 24,5 ---
1.04 1.75 25.0 25.0
1.50 1.81 36.0 36.0

Temperature = 39.4 0 C

0.32 1.57 11.5 11.3
0.60 1.45 20.25 20.25
0.65 1.51 20.5 20.5
0.66 1.33 21.0 21.0
1.05 1.39 38.0 38.0
1.57 1.33 --- 4V 0
1.57 1.33 --- 53.0
1,57 1.33 53.0 53.0

Temperature = 83.8"C

0.32 1.81 26.0 25.0
0.65 1.45 46.0 4t,.0
1.08 1.39 66.0 66.0
1. 57 1.33 94.0 94.0

*1- uF, 100.-WVdc capacitor at constant applied voltage of 80. 46 volts

--- Represents camera failure or oscillogramn response with improper
scale settings
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Table 11

TANTALUM- OXIDE CAPACITOR*
TEMPERATURE VARIATIONS AT4 AFXR

Temperature (C) ID(1010 ravd/s) i 1 (mA) Ii (mA) QT (10 6 coulombs)

20 7.07 427.0 425.9 3.81

40 6.68 545.0 561.0 4.64

50 8.26 763, 6 768.0 6.0

60 6.27 790,0 779.0 5.64

85 7.44 1227.0 1221.0 7.64

Note: Pulse width constant at v proximately 100 ns.

* 1-kLF 100-WVdc capacitor at constant applied voltage of 79. 7 volts:
( Same component that was irradiated at LINAC)

"* Hole kinetic8 neglected (holes are assumed to be trapped Ininiedi-

ately or to be immobile)

"* Recombination at deep lying centers.

In this model al effective inobility is defined (Reference 2) as:

1, * _'r - $(16)

where r is the free time an electron spends in the conduction band and rT
is the tinic it spends in traps, r is given by

-E /KT,
- 1 nTi~

T v S
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where

S -= the capture cross section of an unoccupied trapping center
1~1

v = thermal velocity of carriers
N = effective density of states in the conduction band

E = trapping energy level

T = temperature ('K)

K = Boltzman's constant (8.63 x 10-5 eV/°K).

The conductivity that will be observed is then given by

o- = i1ekk * (17)

or
ae/1 Ta-. = -• (18)
( -" .1 'rT)

Assuinilg r < T , and knowing the current density, J = a* E, one can express

the observed radiltion-induced current by

-E /KTP
i •-N e (19)

where N is a lumped constant "xsSessing a slow temperature dependence com-
pared to the expotential term

-E /KT
'aT

The shallow electron trapping level is obtained by plotting log i /CVD versus
I/T, the slope being -En T/K. The data shown in Tables 10 'lnd 11 are

used to compare the LINAC and AFXR results (Figure 12). The straight lines
are least squares fit to the data. The slopes determined for the LINAC data
are essentially constaAit, (2. 17 x 103 OK ± 3%). The slope for the AFXR ir-
radiation is 1. 70 x 10 'K. These results imply an average trapping energy
level of 0. 2 eV for the LINAC and 0. 15 eV for the AFXR. The results agree
within experimental accuracy.
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b. Ceramic Capacitors Irradiated

In these experiments, ceramic capacitors of high K-formulation barium-
titanate were exposed to radiation at several different sources. The usual
response of the ceramic capacitors to the radiation pulse was a prompt por-
tion of radiation-induced current characterized by the usual dielectric model
and following the radiation pulse. After the pulse, the ceramic capacitor gen-
erated an oscillatory damped mode of constant frequency. This ringing or
oscillation is thought to be due to the use of a piezoelectric invterial as a di-
electric. If the component is heated by the pulse in a short time (compared
to its thermal-relaxation time), a pressure pulse is developed. The pressure
pulse shock excites the unit, causing it to vibrate at its ni.ýýchanical resonant
frequency. This vibration generates the ringing output signal seen in the
measuring circuit.

To ensure that these oscillations were not caused by the circuit, dif-
ferent measuring systems were employed with variable circuit parameters.
Temperature, applied voltage, and pulse widths were also varied. In each
case the period of vibration was constant, whether current probes or samp-
ling resistors were used. This indicates that the oscillations are of dielec-
tric origin and not due to circuit ringing. The results of these experiments
are shown in Table 12.

E. CAPACITOR EXCHANGE PROGRAM

1. INTRODUCTION

The present methods for measuring and analyzing transient radiation
effects in capacitors consist of applying a senmi--empirical equation relating
the radiation-induced current to the capacitor dielectric, capacitance, dose-
rate, and applied voltage. This equation and its parameters allow a design
engineer to predict the magnitude, duration, and circuit history of the radia-
tion effect from capacitors for which data have been tabulated. To ensure
that this data. tabulation is consistent and accurate, ECOM has established a
program of comparative measurements between data taken by General Atomic
and IBM on the same components.

The largest source of scatter in the data obtained from irradiation of
comnmercially available capacitors is due to variations in the dielectric ma-
terial or in the construction of the capacitors. Identically rated capacitors,
whose electrical responses are nearly equal, often respond very differently to
a radiation burst. This program of comparative testing slows that these vari-
ations can be accounted for and brings the data of independent investigators
into closer agreement.
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Table 12

CHARACTERISTIC OSCILLATIONS IN CERAMICO CAPACITORS

LINAC Data from General Atomic (December 1964, Test)

Variations Observed Oscillations
Pulse tp ( s) T (" C)I VA (volts) Period (G s) Froquency (106 Hz)

Sample 12 - 0.47 4F, 50 WVdc

3 2 25 15 4.2 0.238
4 2 25 to 4.5 0.222
5 2 25 50 5.0 0.200

Sample 16 1- jF, 25 WVdc

3 2 25 7.5 4.4 0.227
4 2 25 15 4.6 0.217
5 2 25 25 4.5 0.222
6 2 25 0 4.0 0.25

Sample 13 - 2. 2 juF, 25 WVdc

1 2 25 0 4.2 0.238
2 2 25 2.5 4.2 0.238
3 2 25 7.5 4.4 0.227
4 2 25 15 4.4 0,227
5 2 25 25 4.4 0.227
6 2 25 25 4.5 0.222
7 2 25 0 4.5 0.222

LINAC Data from White Sands (December 1965, Test)*

Sample 56 - 1 kFX, 28 WVdc

2 2 25 23 4.7 0.213
3 1.5 25 23 4.7 0.213
4 1 25 23 4.7 0.213
5 0.5 25 23 4.7 0.213
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Table 12. Characteristic Oscillations in Ceramic 'apacitors (coit)

AFXR Data from Physics Irternational (March 1.966, Test)**

Variations Obseirved Oscillations

Pulse t (i) 1T (C) VA (volts) Period ( /s) Frequency (106 Hz)

Sa ilnlc 55 - 1 4F, 25 WVdc

2 0.1 25 20 4.4 0.227
3 0.1 25 24 4.6 0. 217
4 0.1 25 15 4.6 0.217
5 0.1 25 10 4.6 0.217
6 0.1 25 5 4.6 0.217
7 0.1 25 0 4.6 0.217

Sample 53 - 0.1 ,jF, 50 WVdc

1 0,1 20 45 4.6 0.217
2 0.1 20 40 4.6 0.217
3 0.1 20 30 4.6 0.217
4 0.1 20 20 4.6 0.217
5 0.1 20 10 4,6 0.217

2 0.1 20 10 4.5 0.222
3 0.1 40 10 4.6 0.217
4 0.1 50 10 4.6 0.217
5 0,1 00 10 4.6 0.217
6 0.1 85 10 4.0 0.217

Si,(tlals were monitored using current probes.
** 8i[.nlals wer'e 1nioitorUd usin.;g terminators,

2, DATA COMPARISON

Four capacitor samples from General Atomic are listed in Table 13
uadcr General Aturilc characterization (l1eference 8), To compare the data
1genurated by Gencral Atomic, 1BM irradiated the same conilxments at the
White Sands LINAC. The results of thuse tests are discussed below.

a, Mica Capacitors

The radiation-induced current rcsponis) of mica alelectric capacitors
to the LINAC pulse rises to a flat maximum, then drops sharply at the end
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Table 13

CAPACITOR DATA FROM GENERAL ATOMIC

Capacitor Type Rated Capacitance K (106rad - 1) A SampleNumber/_F p
Foil mica CK5 0.01 16 0.90 61

Silvored mica CRK5 0. 01 25 0.94 62

Solid tantalum 150D 1.0 3.6 1.0 24
Solid tantalum 150) 1.0 3.2 1.0 25

1

of the pulse. This is indicative of a prompt responder characterized by the
relation that

I K)CVD' (20)

whore

K the parameter characterizing the dielectric

C tihe capacitance ( 1F)

V the applied voltage

D - the dose rate (rad/s)

A a number close to 1 (delemdent on the trapping distribution)

i -- the maxialum observed current.

With the assumption that mica is a prompt responder, K,) can also be
estimated from Equation (8). The prompt portion of the charge replenished to
the caapacitor is given by

Q = K CVD6 tp. (21)

vFrom equations (20) and (21), K, values were computed (Table 14). The Kvalues ubtainac-d from current ang charge measurements show an averageP
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Table 14

CURRENT AND CHARGE MEASUREME NTS FOR MICA CAPACITORS

Voltag~e Side Burst Derived Parameters

Pulse VA i QT (10-6 L I) (109 K (10 6 Q K (10-6 Differenceni T ) p -1K •06 Dfeec

(volts) (iiiA) Coulo)mbs) (4±.)l i,ad/s) rad -) CVD P (%)

Saimple 61 - 0.0099 uF, 500 WVdc

1 0 0.7 * 2.03 3.14 ---

2 199.9 25.8 * 2.05 2.86 6.10 ......

3 298.6 49.0 1.2 2.05 2.35 6.98 7.4 17

4 466.3 75.0 1.8 2.05 2.28 7.06 8.J6 16

5 466.0 72.5 1.7 2,05 2.28 6.82 7.89 14

St? tiplc 62 - 0. 010 4 F, 500 WVdc

1 0 1.35 --- 2.05 1.36 ---. ...

2 148.5 13.75 --- 2.05 1.27 7.28 ---

3 304.1 23.80 0. 54 2.05 1.14 6.89 7.59 9

4 468.4 40.00 0.95 2.05 0.98 8.71 10.2 15

* Camera failure

difference of about 15 percent. This difference points out that there may be
some small delay components that cannot be found in the current measurement
because of the resolution of the system. An estimate of the sumn of the delayed
components is given by the difference in the current and charge measurements:

QT K K 'd (22)
CVD P d d1Dv-1

The data in Table 9 showanaveragedifference of 1. 19 x 10"6 (rad)- , indicat-
ing that mica can be assumed to have a delay component so small that it is
not indicated in the current response.
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The data in Table 14 show that the maximum induced-current increases
linearly with voltage at exposure rates of about 109 rad/s. The current mag-
nitudes in Sample 61 are about twice those of Sample 62 because the dose rates
differ by a factor of approximately two.

If the dose rate is raised to the power delta obtained by General Atomic,
then the Kp values for Samples 61 and 62 are comparable. This comparison
is shown in Table 15 and indicates that the differeace in characterizations of
the same dielectric by two independent investigators may :je within the experi-
mental uncertainty associated with the determination of d&.lta.

b. Tantalum-Oxide Capacitors

In addition to the mica capacitors listed in Table 13, two solid tantalum-
oxide capacitors were irradiated at the White Sands LINAC and compared to
the characterization obtained by General Atomic. The IBM data for this test
were presented in Table 10 where pulse widths and temperature were varied
at dose rates of around 109 ,ad/s. Temperature is important because an
increase in temperature will increase the radiation-induced current.

The data used to compare the General Atomic work are taken at a tem-
perature of 20. 50C. The analytical teclniques used to derive the defining
parameters of the radiation-induced current are presented in Reference 1.
These are the following:

For times greater than the pulse widths (t > t p), the maximum induced
current is given by

F.t // 1C L /r
i (tn) CV LDKd T(tp Td _] in/ rd (23)

This expression is used to obtain Kd when the pulse duration t is small com-

pared to Trd . For the narrow LINAC pulses,

ýi (t/) III d fur tP < rd (24)Kd CV~tp and t a tp (24

An expression for ýhe time of the miaximum current is

t .d 1 rd I __ 1)(ti -"rd *r---. L ( -'Kd .I (25)

d- d/d
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Table 15

CHARACTERIZATION OF MICA CAPACITORS

General Atomic Numbers IBM Values .10 .rad 1)
Ca1pacitor Sample Number K

(1 . i'd "1) _ _ _ p K

61 16 0.90 7.12 17.3

62 25 0.94 8.49 32.4

* K) value obtained when the dose rate was raised to the power of delta
oZserved by General Atomic

Since K) is extremely nmtu co)mpared to Kd T• Equation (25) becomes
"TTd d7 d

~ d log 1'd-" ' (26)

The only unimeasurable parameters appearing in Equations (24) and (26) are
Kdand rd. Theoretical values of Kd and rd are selected in the time domaias
of interest and the computed responses arc compared to experimental work by
means of an automated circuit analysis program (PiE DICT). K), Kd, and
rd are adjusted to fit the experimental data (Table 10). Tabe 16 is still in-

coIpleteO, however, some agreement can be inferred in the two independent
results observed. The power of delta to which the dose rate is raised alg"rees
with General A.tomic, characterization. Tei first delay cunstwlt "rdtCl be
considered to be part of prompt response but cati be resolved from thei data.
Thus, the quLuitity K) Kd1 Trdj obtained from the IBM data should be conm-
lparable to the Kp value found by General Atuumic, With this assumption, the
data are in agrooment.

'Table 16

CIIA.RAC TEItlZATION OF TANTALU M-OXILE CAPACI'ORS**

Kl) (rads1 ) Kd2 (1L" V 2 d ) Kd2 (102 T (10 4s)P !(a~)1 di 2td~) t) 2 Investigattor

,r (a - I ) (r-ad-) S ) I ______ _____

3.GxO * * General Atonmic

5 x 10"7 I 4.2 0.85 3.6 2 IBM

Data in the process of being uialyzed
** Solid twitalum 150Dt 1 /i F;: 100 WVde (Sample 24).
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Section III

MAGNETIC TESTS

A. INTRODUCTION_

Thie purpose of the magnetic tests was to collect data on the operation
of several magnetic devices at high gamma dose rates such as those generated
in the p~rompt portion of a weapon burst. These data will be used to deter.-
miine if more extensive testing of a variety of magnetic materials shiould be
pe rformn ed.

To accomplish this task, two types of mem-ory planes with some cores
sct in eachi flux state and one type of highi-temnperature ferrite core were
tested in a LINAC electron beami. Also, one type of memory plane with cores
set ill ceah flux State, a magnietic recording rotor, two types of magnetic
plating test strips, and three types of high-temiperature ferrite-coves were
tested iII the X-ray beam of an AFXR.

B3. LINAC TESTS

A Gemini memiory plane and a Saturn nienlnory plane were statically
exposecd to a LINAC electron beam. Each core plane hiad stored information
whichi was r'ead out after exposure to the beam. In addition to the statiL tests,
one type of RCA high-teniperature ferrite core was exposed to the clectron
beami whille being either fully selected, hall-selected, or disturb hialf-selected.

1. STATIC IT STS

Theli Guminii plane, part no. 0144139, consists of 4, 090 type T-45 multi-
itp)urtiure (MARlS) friC'1te memory coi'LX.'I, The type T -45 ('ore is cumlposed of
it fur ritc, material Itnuwn as 103, type 11. Thec Saturn planec consists of 8, 102
type T-02 turoidal ferrite miemory corecs. Thei T-62 core is conipomvd o1f
11UiN11,1 cojpper nanganese.

Each plane wus divided into nine sections, and eachi section contained
100 curcc Fitgure 13). Th'le ineniury planes were chiecked out onl the Digital
1.;quiptime. '.2orpuratiuii 1520 plane/array tutier. Theli output responses of the
cruro Ill oachi section Were j)1lUt~jjUjPa11ed. Then01, the Cores WcrU Het to the
flux ihtetH listed In Table 17. Th'le planes were wrapped withi a magnectic

s bidingmaterial Wi IW' dccl Owe s;t n'd iniforiat iuai from11 hiray mlagnvtic,
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A -

a. Gemini Memory Plane A B1 dC

b. Saturn Memory Plane

1.6 6-192
Figure 13. Memory Planes

Table 17

FLUX STATES FOR MEMORY ARRAY TESTS

Section A B C D E F G H I

Flux State 1 0 1 0 1 0 1 0 1

Sections G, H, and I of both planes were exposed to a 0. (3- k.s pulsc of
electrons. The Saturn plane received total doses of 2900 rad at Section G,
3300 rad at Section I, and 2100 rad at Section I. The peak dose rate was
2. 8 x 109 rad/s. The Gemini plane received total doses of 1300tad at Sec-
tion G, 900 rad at Section 1H, and 900 rad at Section 1. The peak dose rate was
1. (3 x 109 rad/s. Sections A through F in both planes were shielded from
thle electron beam.

After the memory planes were returned fruom the test sJ.te, the individual
sections were read out using the same procedure as for the pre-Irradiation
cu.hckout. Sections A, B, and C were used as reference sections and were
subjected to the same envirmninents as Sections G, 11, and I, except for radiation.
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Comparison of the oscillogramns of the core responses taken before and after
irradiation revealed no apparent degradation of the core responses due to the
effects of radiation or any other phenomenon.

2. DYNAMIC TESTS

RCA type 264M1 wide-temperature- range ferrite memory cores were
exposed to a 10-ps pulse of electrons at an exposure rate in excess of 109
rad/s, while operating in each of four switching conditions. Technical data
on this core type are shown in Table 18.

Table 18

MEMORY CORE DATA

Parameter Typical Value

Outside/inside 50/30 mils
diameter

Full select current 630 mA

Pulse width 1. 5 us

Output U V 1  80 niV

Output d Vz 12 nlV

Switching time 0. 90 ýs

Five cores were connected in scries,- to increase the signal-to-noise
ratlo of the output voltage. This gave an output voltage of approximately
400 inV. The axes of the cores and windings were oriented perpendicular to
the electron beam.

The Cores were operateo( ill the following modes while being exposed to

the electron beani:

* Full write, followed by a full read

* Full write, followed by a half-select read

* Full write, followed by two half-select read pulses, then a full read

* Full read, followed by two half -select write pulses, then a full read.
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Photos were taken of the core output responses and drive currents in
each of the four switching modes before, during, and after irradiation. The
output responses and drive currents in the first switching mode were also moni-
tored while the machine was being pulsed, but the electron beam was stopped
by an aluminum block in front of the core sample. The purpose of this test
was to check for non-radiation problems, such as the r-f field associated
with the LINAC. All tests were performed in the test circuit shown in
Figure 14.

Comparison of the photos taken before and after irradiation with the
photos taken during irradiation showed no apparent degradation of the core
responses. TLD dosimetry was not employed for this test. However, by
determining the dose rate at the same location for an equivalent c,ýrrent
pulse, the dose rate was estimated at 2. 7 x 109 rad/s. The oscillograms
of the "one" output before, during, and after irradiation are compared in
Figure 15.

1W 50•

IR

Input

I > I5 =264 M I

CoresIR 0Or w " •I

502• Current Probe

Figure 14. Core Test Circuit
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a. Pre-lrradiation

"Vertical - 200 mV/Division

Horizontal -- 1 . .s/Div.sion

b. During Irradiation

Vertical - 200 mV/Division
Horizontal - 1 ,s/Division

c Post -Irradiation

Vertical - 200 mV/Division
Horizontal - 1 ý4s/Dlvision

116 -314

Figure 15. Core OuLput liesl)poies for it Dose RIate of 2. 7 x 10 9 rud/s
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C. AFXR TESTS

A Gemini multi-aperture memory plane, a drum memory recording
rotor, and magnetic plating test strips were statically exposed to the AFXR
beam. The memory plane and the recording rotor had stored information
which was read out after exposure to the X-ray beam. The magnetic plating
test strips were tested before and after irradiation to detect any changes of
magnetic properties. In addition to the static tests, three types of high-
temperature ferrite memory cores were monitored in the AFXR environment
while operating in various electrical modes.

1. STATIC TESTS

a. Multi-Aperture Memory Plane

The same Gemini multi-aperture memory plane tested at the LINAC
was selected for testing at the AFXR. A second Gemini memory plane was
prepared as a reference plane and was packaged with the test plane to detect
if the test plane was subjected to any disturbing influence due to shipping,
handling, temperature, etc. The two planes received the same environmental
conditions except for the radiation exposure.

Each plane was divided into nine sections with information stored in
each section. The reference plane had 16 cores per section with "ones"
written into every core. The test plane had 100 cores per section with in-
formation stored in the pattern shown in Figrure 16. The terminations of two
x-lines and one y-line were shorted to provide two closed current paths in
the x-direction and one closed current path in the y-direction. The shorted
windings were used to determine whether the charge scattering effects on
current could be enhanced by lowering the external circuit impedance.

The 1/0 section in the center of the plane was the radiation target,
with the other sections receiving fringe effects. The divisions of the center
section into half "ones," and half "zeros" with both open and shorted drive
lines produced eight distinct conditions (Table 19).

The nieniory planes were checked out on the Digital Equipment Cor-
poration 1520 plane/array tester. The output responses of the cores in
each section were photographed. The cores were then set to the indicated
flux states.

The test plane was exposed to one AFXR I)UiSC centered at Section E.
The dosimetry data is presented in Table 20.
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1 HI

I '

DF Shorted/0 AvET- }0 X-ijnes

Shorted
Y-Line

L66 -194

Figure 16. Memory Plane Test Configuration

Table 19

MEMOR~Y PLANE TEST CONDITIONS

X.-line I Yiline HIysteresis Number of CoresS tate

Shorted j Open 1 19

Shorted Opoen 0 9

Open Shorted 1 5

Open Shorted 0 3

Shor~ted Shorted 1 1

Shorted Shorted 0 1

QO0e1 Open 1 45

Opn Open 0 27
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Table 20

GEMINI MEMORY PLANE DOSIMETRY DATA

Section Dose(rad) Dose Rate (1011 radis)

A 2800 0.077

B 3500 0.097

C 3100 0.085

D 3600 1.0

E 4600 1.3

F 4600 1.3

G 4200 1.2

H 5700 1.6

I 4900 1.4

After the memory planes were returned from the test site, the individ-
ual sections were read out using the same procedure as for pre-irradiation
checkout. Comparison of the pre-irradiation data to the post-irradiation
data of the reference plane established that no damage was incurred during
routine handling and shipping. Comparison of the pre-irradiation photos to
the post-irradiation photos of the test plane gave no indication that the flux
state of the cores had been altered due to the effects of radiation.

b. Drum Memory Recording Rotor

A drum memory recording rotor having a nickel-cobalt plating with a
coercivity of 225 oersteds was selected for evaluation. Patterns of continuous
"ones" were written on 10 tracks across this rotor and on two tracks of a
reference rotor. The read-back amplitudes from both rotors were recorded
for comparison to the read-backs aLfter irradlation.
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The rotor was exposed to an AFXR pulse of 4700 rad at a dose rate of
1. 4 x 1011 rad/s at the point on the drum nearest the AFXR tube. The
read-.oa(a!, amplituces of the test drum after irradiation were compared to
the read-back amplitudes prior to irradiation in Table 21. Also given are the
read-back amplitudes of the reference rotor. Comparison of the pre- and
post-irradiation read-backs shows no apparent degradation due to X-ray
irradiation at rates as high as 1.4 x 1011 rad/s. The minor discrepancies
are within experimental accuracy.

Table 21

RECORDING ROTOR READ-BACK AMPLITUDES

Peak-to -peak
Track Number amplitude (volts)

-I Before After

Test Rotor - Number 33

11 10.0 10.0

14 11.0 11.0

20 11.0 10.5

25 11.0 11.0

31 11.0 11.0

35 11.5 11.0

40 11.5 11.0

45 11.5 11.0

55 11.5 11.0

60 11.5 11.0

Reference -Rotor - Number 243

20 11.0 11.0

60 11.0 10.5
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C. Magnetic Plating Test Strips

A plating test strip of the sam-e magnetic mnaterial as the recording
rotor (225 oersteds) and a plating test strip of an experimental mnaterial
having a coercivity of 690 oersteds were exposed to an AFXR p~ulse. The
225 -oersted materia!, received a 4700-rad pulse at a peak dlose rate of 1. 4
x 1011 rad/s. The 690-oersted material received a 650--rad pulse at a rate
of 1. 8 x 1010 rad/s. Since a minimium ratc of 1011 rad/s was desired,
this mi-aterial was exposed to a second AFXR pulse. This timec the test strip
received 4500 rad at a rate of 1. 2 x .1011I rad/s.

Pre- and post -irradiation hysteresigramns of the test strip~s were conli-
pared to detect any changes in the( iiagnetic prope(rtieS of either IateI .al,
Neither sample showed any change of coercivity, renianent mnag-netization,
or loop squareness.

2. DYNAMIC TESTS

The behavior of threce types of ferrite cores capable of operating over a
100"~C temperature range in coincident current inemories was investigated
in anl AFXR environment in various electrical and physical configurations.
The tests were designied to show if the hihdose rates obtainable Ironil the(
AFXR can cause a failure and if sonmc configurations arce more susceptible
than others.

Thue test apparatus was designped with lead shieldinjgO in front of theI cur-
rent. probes and in front of the cable ends conn1cteCd to the tOSt Hainipl, Th1e
dose rate at the face of the AFXR tube was less thanIl anlticipaIted So the lead
shlieldingý in front of the cable ends was removed to position the test samiple
at the face of the AFXR tube, Doue rates in excess of 1011 i'ad/s weore ob-
taineud with this configuration. Opecrating Pwithl th0 Cable en~dS anld teSt sample)1
socket unshielded increased the amlount of materiLWal directly inl tielt, ni
causing large currents due to chargeO scatterfing" fii the test circuit durfing tho
pl)U15C. This test was not designed to determinle failure niecchialisnis or to
extrapolate results; however, sevoral infurenlcss Canl be madWe froml the datat
obtainod.

UaI. Test 1Pe1rformanwce wid lHesultu

The devices testedo were HCA high-temperature ferrite cores, typea
264M1, 270M1, and 107Mb. A fourth core type, findialnn GeU~ral MC22'/, wa8
preparod for testing but waL4 dropped froml thu test planl because of luckt of
time at the test, facility. Technical data onl the four Core typesj ia tl"'.Ivo ill
Table 229.
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T[able 22

ME MORY CORE DATrA FOR FE RRITE CORE S

T~ )ical ValuelCs For the C~ores
Parmeer264M I 270M1 16 7M5 M22

Outside/inside Diameter (mills) 50/30 30/18 30/18 50/30

Full Select Current (miA) 6330 800 (3125 700

Pulse width ( Us ) 1. 5 0. b 0. 8 2.5

Output d V1  (mi) -- 6 5 50 -

Output u V1  (niv) 80 --- b2

Output d V z (111V) 12 U4 8

switching TIme (li /1 ,4) 0.9 ,4 0.68i 1. 3'b

Cures ill it oliiciduilt current illonlry are full -siodeeted by 8imlulta -

necou'sly half -ScloctlnRg fil both lthe x aid Y. directionls, To du)1licate thli1 voim-
dition, each test sawple was wirod with anm x-winding and at y -windint fin
series tu full-Ueloct anld opJertat(A) findepnden lt ly tO hakl -select, The OUtp)ut
voltatge was wonituord ae runs a tneiwe winldling,. Th'lete Wfildilngs were Woiund
thrul'uug severual coreli to ilnCAT'eAn tilt 01u(puLt Vol t~i ),k to ap.2~iiatl00 IIyV
Tull totit tm~jlllpevt wvi't j)L'Cjal'd folost'Ui lll iIv vk-ilow Coll[igjut' LtIi ol

0 SuniI)lo 1 - Three, cores of tvp 260 U4 l wound Withi on, x -windingl,'
onolt y *whlndiii, and oIIc 14PiIm wiidiniit', The covoNC wort, j)Omitiollud

cowia.hlly Withi thet lwailii

0 Sanqjile 2 F.loul, v cure oA type MC22'/ ill t he iili smune'ifilurmitlo m11a
ti njlt e~ I

* sainlpt) " I Foul, corell of type 2"10MI lin thet iamevv i coi~i,ýu Il(imt w4a

* Salk ipiC 4 I'l V CCoZr U ol, t yj 107 Y ll (it t ia' na U vo l lg i.tivation a14
Iiamlple I

* 8amnjleip i 6 Three volesol of ty 2josM I ill the saimel'onirtio aa
mianiIplo 1. Thli co1'UH and th Iin'WIdlinl~l wir lulte 'Imo WillIi 1)ow Cori'iillg
XT' 40 -110 nIlt hyl phonly ti lhoxme,)
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0 Sample 6 - Three cores of type 264M1 wound with an x-winding,
one y-winding, one sense winding, and a fourth winding which was
referenced to a d-c voltage. The cores were positioned coaxially
with the beam.

• Sample 7 - Core windings arranged identical to sample 1 but
without any cores

* Sample 8 - Identical to sample 7 but encapsriated with Dow Corning
XT-40-110 methyl phenyl siloxane

* Sample 9 - Three cores of type 234M1 wound with one x-winding,
one y-winding, and one sense winding. The axes of the cores
were positioned perpendicular to the beam.

* Sample 10 - Three cores of type 264M1 wound with one x-winding,
one y-winding, and one sense winding. The x-winding had the
length and physical arrangement of a typical multi-level memory.
The cores were positioned coaxially with the beam.

Each of these test samples could be tested in any of the following switching
conditions:

* Full read, during the AFXR pulse, of cores in the "one" flux state

* Full read, during the AFXR pulse, of cores in the "zero" flux state

* Half-select read, during the AFXR pulse, of cores in the "oel"
flux state and full read after the occurrence of the AFXR pulse

# flal-solect write, during the AFXR pulso, of cores iA the "zero"
flux state and full read after the occurrence of tie AFXR pulse.

The full-select tests were plerforned in the circuit configuratiois shown
ii Figure 17. A half-select pulse was applied through the x- and. y-windings
coumected in series to obtain a full-select drive. Currents were onulitored
during the AFXR pulse at. the points indicated on the diagram. The output
voltage was monatored differentially across the cable termnination resistors.
The test circuit was operated in Lwo physical conditiotis:

* Condition 1 (IR1 50 ohms, H2 = 0 ohms) placed tile drive windinigs
in the grounu side of the drive cable termination, which referenced
the drive windings to zero volts
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* Condition 2 (Ri1 0 ohms, R2 =50 ohms) placed the drive windings
in the voltage side of the drive cable termination, which referenced
the drive windings to the drive potential (e. g., type 264M1 has adrive current of 315 nmA; therefore, the drive potential is equal to315 mA times 5OfR 15. 75 volts).

+ Output Voltage

Output Current (in)

Input Current 0

Ix (in)o

I> Y 0n)

Output Current (out) 5

-Output Voltage

IY (U Ut)0

Figure 17. Full-Select Test Circuit

The haUf-soluet test~s were perforumed iti the circuit configr~ation shuwiiin Figure 18. A half -seloct pultie was appliod to the y -wiiidlzig durinig the
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+ Ou tpu t VolItage 5

Output Current (in) r_

Full Select Input a-.~-----

Ix (in) 1

ly (n) 5

Half Select Input

R2

IX4-y (out) a- 0-.-...-.U

ft-

Output Current (out) 0.7

5012 I

-Output Voltage 0--

Figuro W~. laif-Soloct Torit Circuit
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AFXR pulse. The x-winding was used to set the core in the proper flux state
and to full read after the pulse. Currents were momtored during the AFXR
pulse at the points indicated cin the diagram. The output voltage was monitored
differentially across the cable termination resistors. This circuit was also
operated in the two physical conditions described for the full-select circuit.

The test was performed inside an aluminum R-F shield box positioned
against the wall of the exposure room at the beam entrance. A 6-inch-thick
lead shield protected the current probes from radiation. The cable ends
connected to the cores were shielded by a 2-inch-thick lead shield. Table 23
lists the tests performed in this configuration and the dosimetry data for each.

Table 23

CIRCUIT TEST DESCRIPTION WITH CABLE ENDS SHIELDED

Sample Drive Winding Dose Dose Rate
Number Test Description Reference (rad) (101u rad/s)

1 Full-select read, during Ground 2200 6
9 AFXR pulse, of cores Ground 2500 7
5 in "one" flux state Ground 1200 3.4

7 Full-select read, during Ground 1600 4.2
8 AFXR pulse, of core windings Ground 2300 6

Currents due to charge scattering were observed in all leads; however,
no core switching failures were observed. The currents observed in the
samples without cores were comparable to the currents observed in the
samples with cores. The currents observed in the potted samples were
comparable to the currents observed in the samples which were not pftted.

The lead shield in front of thl cable ends was removed to allow the
samples to be positioned closer to the AFXR tube to obtain higher dose rates.
Table 24 lists the tests per'formzed in this configuration.

In each case, the cores exhibited the proper output during and after
the AFXR pulse. Current due to charge scattering was observed in every
load. The currents observed in the samples without cores were comi-
parable to the currents observed in the samples with cores. Exposure of
the test fixture without a sample plugged in indicated that approxihnate)y half
the current originatcd in the test fixture. When the drive windings were
referenced to ground, the current in the lead connectedi to ground was much
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Table 21

CIRCUIT TEST DESCRIPTION WITH CABLE END SHIELD REMOVED

Sample Drive Winding Dose RateT D pNumber R6fereuoe (rad) (1011 rad/s)

Full-select read, during the 1 Ground 6500 1.8

AFXR pulse, of cores in the 1 Drive potential 5800 1.6

"one" flux state 5 Drive potential 5300 1.6

10 Ground 4800 1.3

Full-select read applied 7 Drive potential 4700 1.3

to core windings during the

AFXR pulse

Full-select read, during the I around 5400 1.7

AFXR pulse, of cores in the i0 (round 5800 1,.r

"z"ero" flux state

lialifseolut read, during the 1 Gruund U300 1,2

AFXlt pulse, of corev in the 9 (]round 4300 1.2

"oi11" flux Xtate a Gruhwid 85O0 2.4

10 Uruund 7300 2.0

d Urowid 4100,

LDrive potentlal 416U0 1,2

Ground 1200 12

LhD'Ive putuiitial 54OU 113

Ilalf-slluut road applie'd 7 Uouwd 4000 1,2

tI uvry wihdsldIng durihig tui 7 Irive potential 10 -,

A AFXt pti Iso,

11UHIal-NIOlUt Write, dU1l119 the 3 0~rouud 3701,0

i AFMX pubsc, of ourkos la the 3 D)rive poteitill .100 1,4

"rztero" flux state 4 t1ruund 4200 1.2

Tl'st Wturo without Drive potential 3000 1,1
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larger than the lead connected to the generator through the termination
resistor. When the drive winding was referenced to the drive potential, the
currents in both leads were comparable. This appeared to be due to the matched
impelance to ground (the 50-ohm termination in-one lead and the 50-ohm
generator impedance in the other lead) rather than the presence of the drive
voltage, because the sense winding always had a matched impedance to ground
and currents comparable to each other.

Since the core switching was not influenced by the AFXR beam at dose
rates available in the exposure room, the IBM shield box and the front wall
of the exposure room were removed to permit a higher dose rate by position-
ing the core samples against the face of the AFXR tube. The extremely high
R-F noise level with this configuration did not permit data recording during
the AFXR pulse. The following is a description of the tests performed and
the effects observed under these conditions. All tests were performed with
Sample 3.

While set to the "one" flux state, the core was half-select read during
the AFXR pulse. Post-irradiation read-out revealed that the "one" stored in
the core was destroyed. The dose was 10, 800 rad at a peak dose rate of 3 X 101.1
rad/s, Figure 19 compares the "one" output recorded before the pulse to the
output recorded after the pulse.

a. Prirradiation b. Post --Irradition

Verticail -100 rtiV/Division Vertical -100 mnV/Division
Horizontal - 100 ns/Division Horizontal .100 ns/Divison

Figure 19, Core Output Responise of a "one'' Output 16.1
refore and After 10, 800 rad

The above test was repeated to verify that the stored information waf4
not luot due to a mistake in the procedure or due to a freak occurreiico. The
taoed "on-" wits destroyed during the AFXR pulse. Th- dose was 8100 rad at

a peak rate of 42. 2 1011 rad/s. Cioure 20 compares the "one" output rec.rded
before the pulsoD (o,,o th output recorded after the pulse.
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a. Pro-Irradiation b. Post-Irradiation

Vertical - 100 mV/Division Vertical - 100 mV/Division
Horizontal - 100 ns/Division Horizontal - 100 ns/Divlsion

Figure 20. Core Output Response of a "one" Output H6-316
Before and After 8100 rad

With the cores in the "zero" flux state a hall-select write was applied
during the occurrence of the AFXR pulse. Post-test read-out revealed that a
"one" was partially written into the core. The dose was 10, 000 rad at a peak
dose rate of 2.7 X 1011 rad/s. Figure 21 is the comparison of the "zero" out-
put recorded before the pulse to the output recorded after the pulse,

a0 Pro-Irradiation . Post- rradiation

Vertical - 100 mV/Division Vertical - 200 mV/Dlvislon
Horizontal - 100 ns/Division Horizontal - 100 ns/Division

Figure 21. Core Output Responses of a "zero" Output
Before and After 10, 000 rad U6¢-3I7

The core was set to the "one" fluxstate, thenoxposed toanAFXR pulse.
Post-irradiation read-out revealed that the "one" was destroyed. The dose
was 8600 rad at a peak dose rate of 2. 4 x 1011 rad/s. Figure 22 compares the "one"
output recorded before the pulso to the output recorded after the pulse.
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ai. Pre -irradiation. b. Post -Irradiation

Vertical - 200 mV/Div'sion Vertical - 200 mV/Division
Horizontal - 100 ns/Divislion Horizontal - 100 ns/Division

Figure 22. Core Output Response of a "one" OutputH6.1
Before aild After 8600 rad

The core was definitely failing at dose rates only slightly higher than
the rates received inside the shield, where no failures were observed. The
core was set to the "one" flux sts hz and exposed to an AFXR pulse at a dose
rate equal to the rate received inside the shield. Post -irradiation read-out
revealed that the "one" was destroyed. The dose was 6000 rad at a peak dose
rate of 1. 7 X 1011 rad/s, Figure 23 is the comparison of the "one" output
recorded before the pulse to the output recorded alter the pulse.

a. Pre-Irradiation b. Post..lrradiation,
Vertical - 200 mV//Divislon Vertlacl - 200 mV/Division
Horizontal - 100 ns/Divislon Horizontail -100 ns/Division

Figuro 23, Core output Respumses of a "one" Output Ii.I
13efore and After 6000 rad
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The core was set to the "zero" flux state and exposed to one AFXR
pulse. Post-irradiation read-out showed the "zero" output after irradiation
to be identical to the "zero" output before irradiation. The dose was 10, 600
rad at a peak dose rate of 3 x 1011 rad/s.

Stored information was destroyed at dose rates between 1. 7 X 1011 and
3 X 1011 rad/s in the combined X-ray and r-f environment. When the r-f
noise was shielded, the cores switched properly at dose rates as high as
2. 4 x 1011 rad/s. To establish r-f noise, and not the AFXR pulse, as the
cause of core failures, several full-select and half-select tests were repeated

M inside the aluminum shield box. The cores switched properly at dose rates
between 1. 7 x 1011 and 2. 1 X 1011 rad/s. Results show that the observed
failures were not caused by the X-ray pulse.

b. Failure Mechanisms
:' The most obvious miechanisms which might induce a core failure are

those associated with air ionization and charge scattering. Because of the
small dimensions of typical cores ( < 0. 01 cm 2 section), failures due to
charge scattering from the cores alone would be expected at dose rates far
in excess of those in the actual test. However, if the dimensions of a core
plane and its connectors are considered, the above statement may no longer
be valid.

In the test, signals of the order of 100 mA at 2 X 1011 rad/s resulted.
Since the currents measured in both leads to the sense winding were of the
same polarity, these currents were attributed to charge scattering effects.
The polarity of these currents indicates that electrons were being scattered
out of the core, the core winding, and the test fixture. Assuming a charge
scattering coefficient of approximately 1 picocouloinb per rad-cin 2 , and con-
sidering the cross-sectional areas of the test fixture, core windings, and
cores ( -1 cm ), the size of currents measured are consistent with currents
expecLed from charge scattering.

The 264M1 test core is normally switched by a 0. G-A pulse approximately
1. 5;4s wide. Since the radiation-inducud currents only lasted approximately
0. lk*s, a direct estimate of a failure level was not possible. To determine the
effect of a narrower, more intense pulse, bench measurements were made of
the input current versus the pulse width necessary to switch the core. During
the test, the pulse width was held constant and the Input current was varied
until the output voltage waveforni was similar to that for the 1. 5-1.s case.
Approximately 1. 4 A was required to switch the core, with a 0. 1- jus pulse.
This would indicate that core failures due to charge scattering off the core
winding, the teq fixture, and the core are likely to rosult at dose rates
ap)proaching 101 rad/s.
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Although no core failures attributable to the radiation pulse were
observed, losses of core-stored information could possibly result at dose
rates higher than 10 1 1 rad/s. Cores requiring less current for switching
at these pulse widths would be even more sensitive. In an operational con-
figuration, the dose rates which might cause loss of core-stored information
would be determined by the current necessary to switch the cores and by the
packaging of the core.

D. CONCULSIONS

These tests showed that the radiation from either a LINAC or AFXR
machine does not affect information stored in cores and other magnetic
devices. No significant additional data will be obtained until dose rates at
least 1012 rad/s are available at a distance from the source sufficient to
allow adequate shielding of the test instrumentation.
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Section IV

DOSMMETRY

A. INTRODUCTION

Trho dosinetry associated with the SPRF, the LINAC, auid the AFXR
radiation tests is discussed in this section. The dosimotry techniques em-
ployed have boon detailed (Rleferences 1 and 2), Only the dosienotry pertinent
to the tests conducted under this contract will be summarized here.

Standard dosinietry techniques were used, except for the SPRf' xperi-
nients, in which the neutron-to-gamina-ray flux was altered, and the LINAC
tests, in which special precautions wore observed regarding samlple geom-
etry. The exceptions will be treated in detail. The standard techniques hi'-
clude the following.

1. GAMMA DOSIMETERS

Silver -activatod glass fluorods or lithium-flourido thorinu-luminescont
dosimeters wore used for gainna dose determinations. These dosiniitors
were calibrated at a Colbalt-00 radioisotope source against socondary stand-
ard Landsverk roentgen chambers. At the SP1F, lithium shields onclosud
the glass rods.

2. NEUTRON DOSIMETERS

The SPRF dosimotry group supplied all the neutron iluencc data. Those
data were derived from a vot of threshold dosinietor: plutonium, neptunium,
uranium, suliur, and gold. The standard neutron energy throsholds for these
duosnietors are >10 koV, > 0. 6 MoV, > 1. 5 MOV, > 0. 3 MoV, and < 0, 4 &V, ro-
spectivoly. Plutonium fluences are reported in this document.

13, DOSE RATE DETE RMINATIONS

1. GAMMA RATE DErTERMLNATION

In all casoe, gamma dose rates were determined from the dose (D) ob-
served by a gamma dosimeter located on a component, and a remote detector
signal (current), I(t). Dose rates wore calculated from the relation

D(t)-- DI(t)/Q, (27)

where Q is the time hitegral of I(t).
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I(t) was obtained from a silicon PIN diode, a phosphor-photodiode, and
an aluminum block, at the SPRF, AFXR, and LINAC, respectively. At the
SPRF, the PIN was placed on a common arc with the components; at the
AFXR, the detector was placed directly behind the test samples; and at the
LINAC, the block stopped that portion of the electron beam which was not to
strike the components under test.

2. NEUTRON FLUX DETERMINATIONS

At the pulsed reactor, neutron fluxes N(t), wore derived from the re-
lation

W(t) NI(t)/Qp, (28)

where N is the neutron fluonce and Q,, is the time integral of I(t) over the
prompt portion of the reactor pulse. vThis assumes that the neutron fluenco
decays very rapidly after the peak of a burst,

This approximation is required because of the lack of a pure neutron-
sensitive (gamma-insensitive) detector, and the lack of lxformation regard-
ing the histories of relative neutron-to-gamnina-ray time during a reactor
burst,

C. ALTERATION OF NE UTRON-TO -GAMMA RATIO

At the SPRF, the neutron-to-gamma-ray ratio of several bursts wab
altered using various polyethylene and lead shield combinations (Reference 9),
The test setup for those touts is illustrated in Figure 24, lolyethylene was
used to degrade the inteonsity of the neutron flux without significantly altering
the gamma ray flux. Load degraded the gamnia ray flux without significantly
degrading the neutron flux. Figure 25 illustrates the neutron fluonce variation
vorsus the gamma dose obtained during the test series. Note that the fast
neutron spectrum was not significantly altered during th•e test.

D. LiNEAR ACCELE.ATOR TESTS

Becuhwse direct electron irradiatioun wore performed, precautions
wore necessary to assure inaxiniur undformity of dose deposition il test
samples. The precautions were necessary for two reasons:

* The short range of the electrons limit the depth of test samples.

a The electron beam spatial distribution limits the dose rate uniform-
ity of samples transverse to the beam direction.
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Variable r Load Center-Lino of Experiments
Thicknesses Polyethylene (9-1/4" to reactor center)

Sandt Pulsed t iIntegral Dosimeter
Reactor Locations

,/

1/4" Polyuthylone
Fixed LO U-197

Figuro 24. Expuriniental Arranheomunt fur Noutrun and
Gamma Sensitivity Test

Tho dusu (D) deliv•red to a thin 8awplo by an electron boam iW givun
by the rulatiun:

1 d) 11i (28)

nid thUl dusu is delivurud at a rato
dE (44 10 11 , o(20)5,, -T .1 .I ~J,(u

WIIUI (,

)- R- tu inL tu'l ;l~Ul)p)i1ii j)Uwor 1i MUV-, /z,

J, th bWain Current duiwity in 2np/unA

Q - thu total WICargu dulivurod i (wuul/cIu2

Thilo t (it ) of thutio luctuulrs it

L, Es/2 8 U/ni 2  (30)
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* 0.76 2.26 348
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to within 20 p)V1cuilt, in tho energy interval, 1 <E(j < 100 MuV, whero e E0 is
the energy of incidont electrons. In actual practice, the dose in a niatorhial
is a function of the depth of the niatteria (Figure 26).

Dose

DupIt

Figuro 2(3. E~locti'oa Irradiation Duse LW ii Fu 1ictiull of 1)upth

To avoid ILui'ge, diffuruncou InI dut4o, the miuxhinun depth1 of tout Saznplus
wati restricted to HO/2 mm /4 gm//uni 2 iII the LINAC tutits, Diffurunous III
duuu rate purpundiculur to 4thc directiun of tho bewn had to be manliiinul. Froml
IkUqutiuit (20), tiputial variations III buaau current dunsity (J) wvill causc dif-
fouremi dose rates acruos a saniple iII the LINAC ulectrun beoun. inI Iuofervil
100 tho~ k(lowlug furniula is dorivod, relating time 1peak dose rate (b~), beam
currun t (IL ), Sumnplo l01n1j611 (1 cma), anid dotie rittv nun- unlurmuity pLU'anetor

(p.fu 1 Na (uliulkl beanII current, diutributionl:

4 x 101  ( 1 tilt' 1a) (1

Botu (13) W the ratiu of the duos rate at thu edivic of tho samnplu tu tho
1)eal duse rate at the center uf Lime Nample. For Alaterials With attonmic nIuan-
burti between 3 aud U0, and for electrun unurgics between 1 and 100 MuV,

I dU oI- m

-1 b :L. U. O6 (32)
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Thus,

2b1
1*1 1x1 log (1/13), 3

Equatimi (33) illustratos the correlation of samnple s1zo and poak doso rato
wheni using diroct eloctron bouan irradiations.

For tho LINAC touts, the maximum length of toot samples wasw 2. 5 cm,
Awas chosen to bu 0.8 to assure a 1 10 porcuxnt dome uniformity across the

l out toot uamplo, vAid at uaxiinum 1I3 of 0. 5 A was achiuvud. Equtution
(33 )prdicta a maximunt doso rato of 1. 5 x 100 rad/s for this easo.

Although the ~abovo uquution was useful for planning thu LINAC tests
and seotting instrumeuntationi ocalo factors, douimnotric bouni mapl wuro s1111
nuousuary at tho tust sites to ostablisli dotio rate profiles for each particula~r
auculurator. This was dono uwdng a lithium-fluorldo thorinio-luinhinumit
dusimotor. 'rho obsorvod. puak dose ratvri, corrospondixig to a A Wit 0. 8,
agrood with thu rosult frum Equatioii (33), IExtuiwivo hmstrumitutatioa scalo
factor changos at thu tout kiito wuro thereby avuidod,

OWo turthor 1)rocaution was obsurvod at thu tout sito. To avoid oruArsr
cutauod by thco muattoriaig of oluctruiiso dusimutors wort, u4autt'.ud Lu thuo kiidoi
rathor than to Cho fruint or t'uou' of thu irradiated cumpuioiiln, 1lout, thio Iu-ryor
cumpounoitu, thu dusu ratubi obtabiod from thu dut1niuturs woro luwux' thaii thu
niid-bouax duwu vatos by a f actur of 0. 8. 'rho orror wum l1uo fur thou mzullor
comiponuaitN, a wam thio uumiu rubo nun-uxiifuratity,
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