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ABSTRACT 

A technique for measuring quasi-de photoconductance in amorphous 

polymers during steady-state irradiation has been developed. This 

technique, which involves control of the sample's voltage history 

for a period of time prior to making measurements, has been applied 

successfully to 21 polyethylene and 14 polystyrene samples, during 

exposure to Co  gamma fields with intensities up to some 2 x 105 

r/hr. In both cases the conductances observed using this technique 

were found inversely proportional to sample thickness, thus permit- 

ting calculation of the bulk, quasl-dc photoconductivities. 

Preliminary observations were made of polyethylene, polystyrene 

and Polyvinylchloride under pulsed irradiation. These observations 

verified the existence of three components of radiation-induced 

conductance: momentum transfer, prompt and delayed. Further, 

these observations suggest: 

1« That the prompt components in all three materials exhibit 

so-called polarization effects; 

2. that the technique developed for the steady-state irradi- 

ation case appears promising for study of the pulsed- 

irradiation case; 

3. that the three components may well Involve three distinct 

acts of charge carriers; and 

4. that the prompt component in the steady-state case was 

negligible, so that the observations there reflected 

primarily the behavior of the delayed component. 

To date, analyses of the data from these observations indicate the 

following: 

1. that both these materials are essentially ohmic, at least 

up to applied electric fields on the order of 10^ of 

breakdown; 

2. that trace Impurities do not play important roles in the 

conduction mechanisms involved in either material; 

ii 



3. that structural defects may play such a role, but If they 

do, they are present In very large concentrations - In 

polyethylene at least, so large that they must be con- 

sidered as essential features of the structure, rather 

than as occasional structural mistakes; and 

4. that In both materials, the dependence on radiation 

Intensity Is substantially weaker than has been reported 

by previous observers. 
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POREWORD 

At the outset of this Investigation of transient conductivity In 
organic Insulators,  the plan* envisioned pursuit of four studies: 
the first,  of conductivity Induced through Co     gamma Irradiation; 
the second,  of electron-Induced conductivity;  the third,  of the 
temperature dependence of trapping; and the fourth,  a comparison 
of electron and gamma-ray effects.    As the Investigation proceeded, 
this plan was altered somewhat, with the result that the work 
accomplished falls Into three categories.    Consequently,  this 
report Is divided into four principal sections,  one presenting 
the work of each category,  the fourth discussing their results 
and conclusions as a whole. 
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SECTION I 

TRANSIENT CONDUCTION DURING STEAEY-STATE OAMMA IRRADIATION 

A.  INTRODUCTION 

1. Background;  The Two-Component Description.   Previous 

Investigations ,c have shown that. In several organic Insulating 

materials, the electric current generated In response to short. 

Intense bursts of Ionizing radiation can be considered as the 

sum of two distinct components, the PROMPT CURRENT, and the 

DELAYED CURRENT.  These components can be defined operationally 

In terms of the experimentally available pulsed radiation field, 

the prompt component being that which follows the radiation pulse 

shape with no dlscernable time lag, and the delayed component 

being that which remains after the pulse has passed, dying away 

slowly after the radiation field Intensity has been reduced to 

zero. 

In general, the prompt component has been found dependent pri- 

marily upon pulse Intensity, while the delayed component depends 

upon the total dose delivered by the pulse. Thus the delayed 

component builds up during the pulse, and the total current 

observed during the pulse includes an Increasing contribution 

from this source, as well as the prompt component.  In most cases 

the prompt component is much larger than the delayed component 

Increment generated by the pulse, so that the latter is negli- 

gible.  The decay rate of the delayed component can be quite 

slow, however, so that for a series of pulses, the accumulated 

delayed component may be appreciable for the last pulses in the 

series. 

Such behavior can be accounted for by several models, of various 

levels of complexity.  The simplest, and consequently the most 

favored. Is the single-carrier model, which assumes that both 

components reflect the transport of electrons which have been 

liberated from valence states by the Incident radiation. 
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This model views the essential sequence of events which deter- 

mine the observed currents as a multlstep process. First, the 

Incident radiation Ionizes the material, producing mobile electrons 

and stationary positive Ions at a constant rate. The Ions are 

fixed, and thus do not contribute to the observed current. The 

electrons, however, are free to move, and thus are responsible 

for 'ihe prompt current. 

The Insulator Is viewed as containing a practically infinite 

concentration of traps for electrons. Thus the lifetime of the 

mobile electrons Is both constant throughout the pulse, and short, 

and the prompt current establishes Its steady-state value with a 

response time small compared to the rise time of the radiation 

pulse. I.e., on the order of nanoseconds or faster. 

The delayed component Is viewed by this model as resulting from a 

series of thermal re-excltatlons of the trapped electrons Into 

conducting states. The slow Increase of the delayed component 

with continued Irradiation corresponds to a gradual filling of 

the "thermally excitable" states by the Ionized electrons, while 

the slow decay after termination of Irradiation corresponds to 

the reduction of the thermally excitable electron population as 

conduction state electrons occasionally fall Into deep traps, or 

perhaps Into the empty valence states generated by the primary 

Interactions with the radiation field. 

In this respect this model differs from that generally used to 

explain photoconductlon In semiconductors, according to which 

the "delayed conduction" Is attributable to the untrapped member 

of the original excited pair. The latter model may be applicable 

as well to the Insulator case, since hole conduction has not been 

ruled out.  However, the one-carrier model currently is receiving 

more attention from investigators In the field. 



Previous observations Indicate that If the radiation pulse Is of 

high Intensity and short duration, the prompt current Is large 

and the delayed current Is small.  If Intensity Is low, however, 

and pulse length Is long, the prompt current Is small, and the 

delayed current eventually may build up to predominant proportions. 

Thus, Investigations of the prompt current should be conducted 

using short, Intense bursts such as are available from flash 

x-ray machines and linear accelerators, while Investigations of 

the delayed current should be conducted with radiation fields 

which are relatively low in Intensity, but long-lived.  Since 

the latter is the case with the steady-state gamma study , this 

section of the report is concerned with the delayed current, and 

treatment of the prompt current is not given here. 

2.  Steady-State Irradiation Case Phenomenology. 

a.  Component Classification.  Several schemes might be 

considered appropriate for classifying the currents found in the 

steady-state irradiation case.  This report relies upon one which 

Is a hybrid of the mechanistic and operational approaches, the 

classes being distinguished from each other partially on the basis 

of details of conduction mechanism, and partially on the basis of 

measurable parameters. 

The conduction mechanism factors are two: an excitation step, 

by which valence state charge carriers are raised into conducting 

states; and a transport step, by which the excited carriers are 

driven away from one electrode and toward another.  Each of these 

factors can be related to a controllable, environmental factor. 

In addition, a third observable parameter, which has not yet 

been identified clearly with specific conduction mechanisms, has 

been found necessary. 

*See Section III, p 97. 
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Each factor has two possible cases, which leads to a scheme 

having eight classes.  Two of these, however, are null sets for 

fundamental reasons, leaving only six cases of Interest.  In 

addition, one of the six cases has not yet been observed In 

practice, so that only five classes are of practical concern. 

The first factor Is excitation mechanism. In this work there 

are two cases, viz., that where charge carriers are excited from 

their valence states by thermal processes, and that where this 

excitation is provided by interactions between the exposed mate- 

rial and the incident radiation field. In the situation where 

the radiation field is zero, only the first type of carrier can 

be found. When the radiation field is non-zero, both are present 

simultaneously, since the absolute zero of temperature lies beyond 

the scope of the present discussion. 

The second factor is transport mechanism.  In the normal case, 

charge carrier transport is accomplished by direct electrical 

interaction between the charge carriers and the applied electric 

field.  If high-energy radiation is present, however, other trans- 

port mechanisms are possible. We distinguish between the classes 

where transport is a voltage-driven phenomenon and those where it 

is a radiation-field-driven process. When both electric field 

and radiation field are non-zero, both sets of classes can be 

found simultaneously. 

The third parameter is the time derivative of the observed com- 

ponent. As yet the mechanisms responsible for producing various 

values of this factor are not identified, so the mechanistic 

counterparts remain unspecified. For the moment we lump those 

components having non-zero time derivatives together, and consider 

them as distinct from the case where this parameter is zero. 
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b. Nomenclature.  As yet a standard system of nomen- 

clature has not been established for this rather complicated 

technological field. Consequently, the potential for semantic 

confusion Is quite large, ancl special pains must be taken to 

ensure accurate communication of Ideas. For this reason, the 

nomenclature used In this report Is now given In some detail. 

Components whose charge carriers are excited from their valance 

states by thermal processes are called DARK components, while 

those whose carriers are excited by the radiation field are 

called PHOTO- components.  These designations are. In accord with 

established practice In visible-light photoconductlon studies. 

Those which require a history Involving both types of activation, 

such as those described In the one-carrier model discussed 

earlier, are called DELAYED components. In agreement with exis- 

ting practice in pulsed radiation studies. 

Bectuse of their hybrid nature, the delayed components are 

ambiguous with respect to the basic classification scheme used 

here.  We arbitrarily include them in the PHOTO- components, 

for purposes of classification. 

Radiation-driven components require the transfer of momentum, as 

well as energy, from the radiation field to the charge carriers. 

Consequently these are called MOMENTUM currents in this report. 

Those driven by the applied electric field are the usual sort of 

currents and hence are called NORMAL. In cases where neither 

of the two words, NORMAL and MOMENTUM, is used, NORMAL Is 

understood. 

Components whose time derivatives are non-zero are called 

TRANSIENT components, while those whose derivatives are zero 

are called STEADY STATE components. This is in accord with 

existing engineering practice and should occasion no difficulty. 



The list of classes provided by this scheme, then. Is as follows; 

1. (normal) transient current, 

2. (normal) steady-state dark currents, 

3«  (normal) transient photocurrents, 

4. (normal) steady-state photocurrents, and 

5. (steady-state) momentum (photo)currents, 

where the parts In parentheses are optional, and may be omitted 

upon occasion.  Of the three remaining descriptor combinations, 

two are Impossible, since the definitions of momentum and dark 

are mutually exclusive. Hence, by definition, transient and 

steady-state momentum dark currents cannot exist.  The third 

unlisted combination, transient momentum photocurrent, has yet 

to be observed, and so is omitted from the list. 

3. Experimental Identification of Components. When an observa- 

tion is made during steady-state irradiation, it is possible in 

general that components of all five classes may be present. 

Since the discussions of lifetime which outlined the motivation 

for this study8 refer specifically to the normal steady-state 

photocurrent. It is highly desirable to be able to separate this 

component from the total current observed. This is not a partic- 

ularly easy task when dealing with Insulators, and so a certain 

amount of discussion of this area now becomes appropriate. 

First, we consider the dark components.  These can be measured 

directly by making observations under the condition that radia- 

tion field intensity is zero.  Correcting the total current 

observed during irradiation for the dark component, however, is 

not always accomplished by a simple subtraction of the previously 

observed dark components.  Others have shown that the dark and 

photocurrents do not necessarily add linearly to produce the total 

observed current, but that details of the conducting mechanism(s) 

must be taken into consideration.  Where these details are not 

known, it is especially Important to operate with total currents 

that are much larger than the dark currents, so that the latter 

can be ignored with negligible Introduction of error. 
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The momentum current can be measured directly by making observa- 
tions during Irradiation with zero volts applied to the sample, 
or by making measurements at both positive and negative voltages 
and Interpolating the current-voltage characteristic to the zero 
volts Intercept.    Fortunately the conduction mechanisms Involved 
In momentum currents are essentially Independent of those corres- 
ponding to the normal components,  so the momentum component can 
be removed analytically from the total observed current by a. 
simple  subtraction.     Alternatively,  one can measure the  slope of 
the current-voltage characteristic and determine the conductance 
corresponding to the voltage-driven portion of the total current 
(I.e.,  the normal components).  In this fashion. 

Given that the dark components and the momentum current are small 
enough that they can be Ignored and removed respectively, without 
destroying the structure of the remaining data,  the next step 
would be separation of the transient and steady-state photocurrents 
At first glance this seems merely to be a matter of outwaltlng the 
transient components and making observations after they all decay 
to values negligible with respect to the steady-state photocurrent. 
This,  unfortunately.  Is much more easily said than done. 

The chief practical  difficulty with this approach Is that the 
popular organic Insulators display some transient photocurrents 
having very long response times.    Polyethylene,   for example,   has 
been observed after abrupt changes In applied voltage,  during 
steady-state Irradiation,  and found to exhibit transient compo- 
nents having relaxation times In the neighborhood of 30 seconds, 
2 minutes,   and 30 minutes6.     (Whether others of longer relaxation 
times exist Is unknown.)    Observations made on a  set of samples 
of polyethylene,  which Included waiting some 20 minutes after any 

f 
change In electric or radiation fields ,   yielded conductances 
that were random with respect  to sample  thickness.     These  suggest 
that  substantially longer times than this must be  used,   if the 
outwaltlng technique is  to be applied successfully. 



With components that change so slowly, very long observation 

periods are required to establish that the steady-state condition 

has indeed been achieved. With such long times, problems associ- 

ated with maintaining constant applied voltages, with instrument 

drift, and possibly even with thermal or radiation aging, become 

appreciable, and the effort can become prohibitive. 

A second approach would be first to observe the time dependence 

of the transient photocomponents and then to attempt to fit the 

resulting curve to an expression of the form of a sum of terms 

exponential in time, plus a constant. If a successful fit could 

be achieved, the value of the constant term required to produce 

the fit then could be taken as the steady-state photocurrent. This 

approach would require a large quantity of observed data. In 

addition, the precision required of the Input data is quite high 

for more than one or two transient components, and success Is 

unsure. 

The  approach used In this study was somewhat different In that 

It did not try to eliminate the long-lived transient photo- 

components.  The philosophy of the approach was based upon the 

assumed applicability of either of two general equivalent circuits. 

The first of these visualizes the sample as being represented by 

a parallel combination of capacitors, each having a resistance 

In series with It, plus a resistance In parallel with the whole 

array.  In this system, the steady-state photocurrent Is Identi- 

fied with the parallel resistor, while each transient component 

Is associated with a capacitor branch of the array.  The total 

current then Is simply the sum of those In the Individual branches. 

According to this picture, the component contributed to the total 

current by the resistive branch, once a voltage V has been 

applied, would be constant In time, and proportional to V.  The 

contribution of a given capacltlve branch, on the other hand, 

would depend not only upon V, but also upon (a) the voltage on 

the sample prior to the application of V, (b) the length of time 

8 
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the previous voltage has been applied, and (c) the time elapsed 

between the application of V and the observation. If a series 

of measurements were taken starting with the system In a fixed 

reference state, say after the steady state corresponding to 

voltage V, had been achieved, the contribution of each capacltlve 

branch would be proportional to AV (AV a: V - Vj^j 

If a measurement technique could be developed such that V were 

proportional to AV, and If the time for which each applied voltage 

was held on the sample were held fixed so that the proportionality 

constant between a given capacltlve branch component and AV were 

fixed, and finally If observations were made at a fixed time 

after each change In applied voltage, the total currents observed 

snould consist of components whose ratios are fixed, and a degree 

of consistency should result. Such a technique would permit 

measurements to be made at reasonable times after applying a new 

voltage. 

Another view holds forth the possibility that the very long-lived 

transients observed may correspond to some type of blocking layers 

at one or both of the sample-electrode Interfaces. In terms of 

an equivalent circuit diagram, this would correspond to the addi- 

tion of a capacitance In series with the parallel-branch model 

described above.  If this capacitance were large enough, the slow 

transient could correspond to the charging of this capacitance, 

and the total current seen at short times would represent the true 

state of the sample.  If the time constants of the Individual 

branches of the portions corresponding to the sample behavior 

were short enough. It might be possible to make observations at 

an optimum time. I.e., after the sample had achieved a steady 

state, but before the limiting effect of the series capacitance 

became effective.  In this case, observations would reflect the 

behavior of the true steady-state photocurrent. 
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In either case, decay of the long-lived transient Is quite slow, 

so that measurements In the period between 3 and 10 minutes 

after application of a new voltage differ from each other only 

slightly, and hence short-time measurements require no great 

precision In timing. In the parallel-branch case, attention to 

control the parameters determining the contributions of the 

capacltlve branches should permit consistent measurements In this 

time period.  In the case of the series blocking layer model, 

such measurements actually would be preferable to those at very 

long times, since the former would be the more representative of 

the behavior of the bulk of the sample, and might even give the 

desired steady-state photocurrent directly. 

B.  EXPERIMENTAL DETAILS 

1. Samples. A total of 4l samples, (26 polyethylene and 15 

polystyrene) was prepared, mounted, and exposed to Co  gamma 

radiation In the Northrop 5 kC cobalt source. Of these, 21 poly- 

ethylene and 14 polystyrene provided useful data.  Details of the 

samples. Including base material, fabricator, and dimensions, are 

given in Table I. 

Since organic insulators often are both elastic and plastic at 

room temperature, measurement of sample thickness requires 

standardization of the measurement technique.  In this work, all 

thickness measurements were made with a commercial, dead-weight 

micrometer equipped with standard anvils . 

Except for the first sample, which was run by Itself as a test 

of the measurement technique, samples were exposed in groups of 

10, each group being referred to as a "can".  Cans 1 and 2 both 

utilized cylindrical exterior shells of sheet aluminum, which 

provided mechanical support for the sample structure, and elec- 

trical shielding, as well.  In these cases the completed structure 

resembled a rather squat tin of preserves.  In Cans 3 through 5> 

10 
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TABLE I.     SAMPLE DETAIL,  STEADY-STATE IRRADIATION STUDY 

Location Nominal t A Mate- In Thickness 
m-5 Sample rial Fabricator Can Can mils em* 

UOOJOl PE unknown 1 only 10 •__ ___ 

L12D06 PE Allied > 10 (top) 4 9 0 
Reslnoua i I i L12D05 

L12004 I 30 75 102 
L12003 
L12J04 

7 * 74 
6 10 26 

L12J03 
L12D04 I 4 

27 
9 

L12D03 
L12B05 

3 i !   9 
2 2 5 

L12B03 ♦ 
1' 

1 (bottom) 1 5 ♦ 

L11R01 PE Alehem 3 10 (top) 90 234 105 
L12R20 Allied 9 1 228 

Resinous 
L12N55 1 8 20 52 
L12N36 7 i 1 
L11N22 Alehem 6 53 
L51053 Ethyl Vlsqueen I 30 78 
L11020 Alehem 

r 

79 
L12017 Allied 3 71 

Resinous 
L51J07 Ethyl Vlsqueen 2 10 ' 27 

W 

L51M23 ■ 1 
1 1 

1 (bottom) 15 44 

Y35N03 PSTY Monsanto 4 10 (top) 20 55 105 
Y13E01 A&E 9 5, 13 
Y3^H07 
YUINII 

Monsanto 8 7i 20 
Davis 7 20 52 

Y35A03 
Y41E09 

Monsanto 6 1 2 
Davis 

! 
5 12 

Y13J09 A&E 10 27 
Y35B03 
Y51J01 

Monsanto 3 2 5 
Davis 2 10 26 ' f 

Y35N05 Monsanto 1 (bottom) 20 55 0 
Y41E02 Davis 5 10 (top) 5 20 105 
L12014 PE Allied 

Resinous 
9 30 70 

L12R13 PE 8 90 232 
L12R70 PE 7 1 236 
L12N26 PE 6 20 52 '' 
L12N11 PE I 54 39.3 
YA1N06 PSTY Davis 53 105 
Y41N01 PSTY 1 3 52 
Y41H02 PSTV 

, 
2 7* 20 

Y41H11 PSTY ' t 1 (bottom) 1 19 ■■ 

PE - polyethylene A - electrode area 
PSTY - polystyrene t - measured thickness 
PE* - plle-lrradlated PE 
PSTY» - plle-lrradlated PSTY 
A&E -A&E Plastik pak,  Los Angeles,  Calif. 
Alehem - Alehem Inc.,  La Mlrada,  Calif. 
Allied Resinous  ■ Allied Resinous Products,  Conneaut,  Ohio 
Davis » Joseph Davis Plastic Co., Kearny,  N.  J. 
Ethyl Vlsqueen -    Ethyl Corp.  Vlsqueen Dlv.,  Baton Rouge,  La 
Monsanto - Monsanto Co.,  St.  Louis, Mo. 

11 
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structural support was provided by an assembly of polymethyl- 

methacrylate (PMMA) spacers, held together with aluminum tie rods, 

and shielding was provided by a coat of conductive paint, nils 

structure permitted the use of a roughly octagonal cross section 

for these assemblies, with a consequent reduction Ir fabrication 

time and cost. 

In all cases, electrodes and guard rings consisted of colloidal 
2 

graphite, deposited from a commercially available suspension . In 

the case of the first sample, they were handpalnted directly on 

the sample Itself. In the remainder, they were handpalnted on the 

PMMA spacers, and were held In pressure-contact with the samples 

by aluminum tie rods. Electrode thickness was not controlled, 

except by visually observing that coverage was complete. 

Except for the few cases specified In later discussion, all 

electrodes were circular and covered as large an area as was 

permitted by gross design limitations, e.g., the diameter of the 

well In which the source was located. The gaps between guard 

ring and electrode were about one-eighth of an Inch wide, at the 

minimum, and In some regions of some samples were as large as 

three-eighths inch. In Cans 1 and 2 the guard rings were simple 

annular rings about an eighth of an inch in width, while in Cans 3 

through 5 they were more Irregular in shape, although still about 

the same In width. Considerable care was taken to align the 

electrodes. In all cases so that they had centers on a common, 

straight axis. 

In all cans, ionized gas paths between the electrodes were mini- 

mized by potting techniques.  In Can 1, a commercially available, 

slllcone potting compound-^ was used. For Cans 2 through 5, a 

biological sectioning paraffin (MP ca. 630C) was used. No sig- 

nificant differences in performance were observed between the two 

materials. 
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The first sample, occupying Can 1, was clamped In a horizontal 

plane between two annular PMMA rings of Identical dimensions, 

the rings being held together with steel screws and nuts at 

several locations around the periphery. Three of the screws 

extended a couple of Inches below the bottom ring, providing 

stand-off from the can bottom. Matching circular electrodes and 

annular guard rings, one of each for each face of the sample, 

were painted opposite each other on the sample faces left exposed 

Inside the PMMA rings. 

In this case, electrical contacts to the graphite.areas were 

provided through spring contacts cut from beryllium copper finger 

stock.  These were attached to the PMMA rings, at widely separated 

locations, with steel screws. Additional graphite was painted 

over the ends of the contacts, where they touched the graphite 

areas, as additional assurance of adequate contact. 

Electrical connections to the measurement apparatus were brought 
5 6 out of the can by two cables, one trlaxlal , the other coaxial , 

both fed through the can top.  The center conductor of the coax 

cable was soldered to a small binding post attached to the spring 

connector of the bottom electrode, and to a similar post on the 

connector of the bottom guard ring. The same technique was used 

to attach the center conductor of the trlax to the top electrode, 

and the trlax Inner shield to the top guard ring. 

The outer shield of the trlax was connected to the body of the 

can. The shield of the coax, however, was left floating at the 

can end, to avoid possible difficulties from a ground loop.  The 

coax shield terminated well Inside the can. In a volume which was 

filled with slllcone during the potting process. 

The observations made with the first sample revealed the presence 

of appreciable transient currents following a typical voltage 

change.  Because of these, the determination of a single current- 

voltage characteristic required on the order of two hours, most 
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of which was spent observing redundant Information. Consequently, 
It was decided to conduct the principal experiments of this study 
observing several samples simultaneously, and the sample mounting 
arrangement was redesigned accordingly. The design developed for 
Can 2, which accommodated 10 samples, was found satisfactory, and 
as a result. Cans 2 through 5 followed essentially the same basic 
design. 

The principal elements of this design Included:    a  stack of 10 
samples;  a stack of 9 PMMA spacers (design shown In Figure 1); 
two end spacers,  which differed from the other spacers only In 
having a single electrode and guard ring,   rather than two;   two 
PMMA end blocks;  and a  set of aluminum welding-rod tie bars and 
mounting legs.    Electrodes were painted on the  spacers,  which 
then were interleaved between the samples  to form a  single  stack. 
This stack was compressed between the two end blocks, which were 
held together by the tie rods. 

Electrical connections were carried to the measuring apparatus by 
f 

a set of eleven trlaxlal cables  ,  one for each spacer.    As shown 
in Figure 1, the center conductor of each cable was connected to 
both electrodes on Its spacer by means of a graphite lead.    To 
accomplish this It was necessary to drill  a  long hole from the 
edge of the spacer toward the center.   Its axis parallel to the 
electrodes.     It was the  limitations Imposed by this operation 
that determined the minimum thickness practical for the spacers. 
Given better control of the drilling process,   particularly those 
factors governing drill  drift,   a substantial  reduction In this 
dimension should be possible. 

As also shown In Figure  1,   the Inner shield of each trlaxlal 
cable is connected to the  two guard rings on Its spacer by means 
of a copper channel.     This channel was soldered to the Inner 
shield,  and glued to the  spacer's edge using a  commercial  adhe- 
sive     .     The guard rings  then were painted up to and on to  the 
copper channel's lips. 
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Not shown In Figure 1 Is the outer shield of the trlxlal cable. 

In each case this terminated well Inside the can's outer surface. 

I.e., well Inside the potting material. Ground was carried to 

the can through the mechanical supports which held It In place 

in the cobalt well. Since the cable used was supplied complete 

with an outer Insulating Jacket, avoidance of possible ground 

loops was accomplished simply by maintaining the Integrity of 

this Jacket to a point somewhere near the end of the corresponding 

outer shield, i.e., also well within the potting material. 

It will be noted that the tie rods pass through holes cut in the 

spacers.  Matching holes in the stencils used for painting the 

electrodes provided indexing for alignment of the electrodes.  In 

addition, these holes were deliberately located in a nonsymmetric 

way, so that matching holes in the outer portions of the samples 

could be used to provide a nonreversible indexing for ressembly 

of the structure, should such be desired. 

In the case of Can 2, standoff legs similar to those used in Can 1 

were attached to the bottom end block and the assembly was placed 

in the can, the 11 triaxlal cables passing through a hole in the 

top. A ' omemade clamp was used to hold these cables fixed at this 

point.  "', similar set of standoff legs, mounted on the can top, 

provided attachment to a small, aluminum mounting plate, which In 

turn provided the means for attaching the entire can to the struc-^ 

ture which supported it In the cobalt well. 

Potting was done in an air oven, at about 65 C, the molten 

paraffin being poured in through a hole in the top until full and 

then being allowed to cool.  This process was repeated until the 

cooled can was essentially full of paraffin.  A small cover then 

was attached in place over the pour hole, and the can was ready 

for exposure. 

The case of Cans 3 through 5 differed from that of 2 in that in 

the former, bottom standoff legs were not necessary.  A similar 
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Figure 1.     PMMA Spacer,   Steady-State Irradiation Study 
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set of legs was required, of course, to attach the aluminum 

mounting plate. Here, however, they were attached to the top 

end block rather than to a can top. The lack of a can top also 

required slightly different arrangements for clamping the 11 trl- 

axlal cables In place at the top of the structure.  In this case, 

the top end block design was modified to Include a suitable 

clamp at one side as an Integral part. 

For this case, potting was done by a dipping process similar to 

that used in candle making. The sample structure was preheated to 

around 65 to 700C, dipped into a vat of molten paraffin, and then 

withdrawn, allowing the adhering paraffin to cool. This process 

was repeated, without the reheating process of course, until an 

adequate coat of paraffin was built up. After final cooling, the 

excess paraffin, and any bits of foreign material adhering to It, 

was whittled off by hand, and the structure was coated with a com- 
12 merclal silver, conductive paint  . In this case, the can then 

was ready for exposure. 

2. Radiation and Dosimetry. The radiation used in this study was 

provided by the Northrop cobalt source, a 5-kC array of Co  rods 

located in the corporation's reactor facility in Hawthorne, Cali- 

fornia.  The individual cobalt rods, each about 8 inches in 

length, are mounted with their axes vertical, around the circum- 

ference of a horizontal circle about 8 Inches in diameter, thus 

forming a cylindrical cage, open at top and bottom, whose axis 

also is vertical.  This cage is located at the bottom of a circular 

well about 5 feet deep.  Maximum exposure dose rates available at 

the center of this cage, at the time of this study, were on the 

order of 2 x 10 roentgen/hr. 

Several steel-covered, concrete plugs were available for closing 

the top of the well.  For this study one of these, having a set 

of copper tubes splraled down through it to provide passage for 

electrical leads, was used to provide mechanical support for the 
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samples. The can in each case (except for Can 1 ), was attached 

to a steel rod by means of the aluminum mounting plate. The rod, 

in turn was threaded Into a hole In the bottom of the plug. The 

electrical leads from the can were taped to the rod with masking 

tape, and led through the spiraled tubes. Rod length was chosen 

so that the center of the can coincided with the center of the 

cobalt cage when the plug was fully inserted into the well. Can 

orientation was such that the samples and electrodes were in the 

horizontal plane, i.e., normal to the cage and rod axes. 

A rather low-geared hoist is available for removing and insert- 

ing plugs.  This hoist utilizes a single cable, which permits 

the plug to rotate about its vertical axis.  Rough control of this 

type of motion is achieved with a pair of master-slave manipula- 

tors. These are limited in travel, however, so that the angular 

orientation of the can about its vertical axis Is subject to 

only gross control. Because of this a certain amount of symmetry 

about the vertical axis was desirable in the samples. 

The hoist can be stopped at any point, so that the flux experi- 

enced by a sample could be adjusted simply by choosing position 

along the well's axis. A rough scale, marked with a felt tip pen 

on the steel lining of the plug, provided a measure of this posi- 

tion. The lip of the well, approximately at ground level, was 

used as the index. Where the plug bottom was below ground level, 

height could be measured directly. For positions where the plug 

bottom was above ground level, its height above the lip was 

measured with a meter stick held in a manipulator. 

Routine determinations of radiation field intensity inside the 

cobalt cage were made periodically by reactor facility personnel 

using Frlcke chemical dosimeters. 
TF :a  
Can 1 was exposed inside an existing, open-topped aluminum 

bucket, which had been used for prior work.  The can was packed 
in the bucket with styrofoam blocks, which prevented use of the 
plug and support rod for electrical purposes.  Otherwise, the 
remarks of this section are valid for Can 1 as well. 
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Accumulated measurements of this type have shown the field 

Intensity In the space occupied by the samples, within the cage, 

to vary less than 10^ lr the horizontal plane, and less than 5^ 

In the vertical. 

In addition, for this study It was necessary to determine Inten- 

sity as a function of distance along the well axis.  This was 

done using a set of about 40 dosimeters of the L1F Thermolumlns- 

cent type.  No statistical study of the doslmetry technique has 

been made, but It Is estimated that the accuracy of this deter- 

mination was on the order of ±10$,  and the precision, with respect 

'zo  the Intensity at the cage center, was about ±4$. 

Several samples were exposed to reactor bombardment prior to 

examination In this study.  This exposure was accomplished In air, 

at room temperature, In the dry exposure room of the Northrop 

reactor, also located In Hawthorne, California.  Samples were 

tied together In bundles about an Inch thick with masking tape, 

each bundle being taped to a wood support rod for positioning. 

The samples selected for later examination occupied Interior 

positions within the bundles, so that access to air was somewhat 

limited, except around the edges. 

3.  Circuitry.  It will be noted (Figure 2a) that the circuitry 

of this study Is extremely simple In concept.  A battery applies 

a voltage, V.pp, across a plane parallel plate capacitor whose 

dielectric is the material of Interest.  The resulting current, 

I, is measured via the IR drop, Vw, across the measuring resistor, 

RM.  Surface currents are Intercepted by a guard electrode and 

shunted past Rj,, so that only those currents dependent upon 

transport processes occurring In the volume between the electrodes 

are observed. 

So long as RM is small compared to the leakage resistance, R-, 

which shunts it, and to the parallel equivalent resistance, R„, 
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of the sample, the current through the sample Is given by 

1 = WM - 

and the sample's conductance Is given quite straightforwardly 
as the slope of the current-voltage characteristic.  I.e., 

G = dI/dVApp    . 

The currents observed In this study were quite small (in the nano- 

to plco-ampere range). Consequently, a high-impedance voltage- 

measuring system was required, for which a commercial electrometer 
Q 

amplifier was used. For enradient currents, R-. had a value of 

10 ohms, while for the preirradiatlon currents it was occasionally 

necessary to use 10  ohms. In all cases the tolerance on RM was 

± 1^. 

In order to check periodically for zero-point drift in the elec- 

trometer circuit, signals were fed first into a locally designed 

and built Input interruptor circuit. This consisted of a gas-filled, 
q 

magnetic reed switch^ which was normally open, but when energized, 

closed to short across the electrometer input. This switch was 

housed in a small aluminum box mounted directly on the electrometer 

Input head. 

The dry cell which powered the coll of the magnetic reed switch 
was housed separately in another aluminum box also containing a 
motor-driven cam switch which automatically energized the coil 
for about 5 seconds,   at 30-second intervals.    Coaxial cables 
were used to connect  the two boxes. 

V.pp was provided by dry cells,   housed in a battery box of -local 
design and construction.    As can be seen from the circuit diagram 
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(Figure 2e) a choice of several voltages was available , and 

provision for reversing polarity and for bypassing the batteries 

entirely, was Incorporated Into the design. As a point of minor 

Interest, It was found necessary. In order to avoid spurious 

signals In some cases, to provide thorough Isolation of the 

battery cases from ground.  This was accomplished by lining the 

Inside of the battery container with 10-mll sheets of a polyester. 

The mechanlsm(s) responsible for the spurious signals remaln(s) 

unclear, at present. 

In order to select which pair, or other combination, of electrodes 

was utilized at any single time, a switching panel was designed 

and built locally (Figure 2f).  The switches used were ceramic 
* 

wafer switches of high Isolation resistance , and polytetra- 

fluoroethylene (PTFE) terminal strips and wiring Insulation were 

used throughout. A minor gap In the coverage provided by the 

Inner shield of the connecting cables (i.e., the guard electrode) 

could not be avoided here. Measurements Indicated, however, that 

surface leakage In the entire system was satisfactorily low, and 

no apparent damage to the experiment resulted. 

Connections between sample and switching panel were made with a 
f 

set of 11 trlaxlal cables .  These were connected to the cables 

from each can In a small Junction box mounted on top of the well 

plug, led through the wall of the hot cell, and connected at the 

other end to the PTFE terminal strips.  The terminal strips In 

the plug-top Junction box also were of PTFE, and of the same 

design as those In the switching panel.  Connections between the 

panel, the battery box, and the electrometer Input Interruptor 

were made with coaxial cables  . All cables In the system util- 

ized polyethylene (PE) as their principal dielectric. 

■»  

The battery box was modified slightly between examinations of 
Cans 2 and 3.  Prior to the modification, fewer voltages were 
available, and their range extended Into the tenths of volts. 
The results of examining Can 2 showed the low voltages to be 
uninteresting, and the arrangement shown In Figure 2 was 
installed. 
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4. 'Jechnique.  The experimental program originally proposed 

for this study was based on the assumption that the steady-state- 

photoconductlvlty, da, could be determined experimentally, from 

measurements of the normal steady-state photocurrent, as defined 

previously. As pointed out, however, measurement of this compo- 

nent In the common organic Insulators Is at best an extremely 

difficult task. Most attempts appear to have foundered on the 

rock of thickness dependence, and responsible authors have either 

carefully pointed out that their observed conductances were not 

inversely proportional to sample thickness, or else confined their 

comments to the behavior of individual samples, drawing what con- 

clusions they could from response to independent variables other 

than thickness. 

As suggested by previous remarks, the measurement technique devel- 

oped for this study was based upon observations made at short times. 

I.e., in the range of 3 to 10 minutes after applying a voltage to 

the sample. To cover the possibility that significant transient 

components might still be contributed by processes taking place in 

past history of the sample was devised. This technique does not 

provide a measure of the relative sizes of the various components 

contributed by the sample proper. However, it does fix their ratios, 

thereby permitting such interpretations as can be based upon their 

combined behavior. 

The technique developed from this approach has three steps: 

1. The voltage of interest is applied to the sample, and 

maintained for a fixed time, 

2. Voltage polarity is reversed, and this condition is 

maintained for about the same time, 

3. Finally, polarity is reversed once again, and the 

condition is maintained until sufficient date have 

been taken. Data are taken as functions of time 
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since the last polarity reversal, and comparisons are 

made between points taken at equal values of this time. 

The key to successful use of this technique lies in choosing the 

"fixed time" long enough that the effects of all the voltage changes 

prior to the last pair an be neglected. Under this condition, all 

three variables (applied voltage, voltage history, and time) will 

be the same for all samples. Rules for making this choice have not 

been formulated In this study. Rather, the longest time deemed 

practical In terms of the time available was chosen. Judging from 

the results, this time appears to have been fortunately chosen, and 

the effects of even the next-to-last voltage change appear to be 

negligible. Under this condition, data can be taken during the 

second step, as well as the third, and two points of the current- 

voltage characteristic can be obtained from each cycle. 

C.  OBSERVATIONS 

1. Variables. As Indicated In the Introduction to this section, 

the dependent variable In this study was the total current during 

irradiation, observed at a fixed time after changing the voltage 

applied to the sample's electrodes In accordance with the proced- 

ure described under Technique. Once the first half-minute or so 

after voltage change had passed, the observed current changed 

rather slowly with time. Because of this, close control of the 

observation time was not required. For the data given below, all 

measurements were made in the period between 3 and 10 minutes after 

application of the voltage, most of them clustering around the 6 to 

7 minute region. 

The independent variables investigated were largely those speci- 

fied in the proposala: sample fabricator, to check the effects c 

trace impurities; dose rate; and accumulated dose. In addition 
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the question of volume-versus-surface effects was raised through 

varying sample thickness, which also provided a measure of exper- 

imental quality. And finally, the effects of structural defects 

were examined through prelrradlatlon of three samples of each 

material In a nuclear reactor,  (in all six cases the dose re- 

ceived In the pile was about 5 Mrads. ) 

2.  Determination of Conductances. The currents observed In each 

case were examined first In the form of current-voltage charac- 

teristics. A curve typical of those found for polyethylene Is 

given In Figure 3* and one typical of those found for polysty- 

rene is given In Figure 4. 

It will be noted that the characteristic shown for polyethylene 

is quite linear, with very little evidence of saturation.  The 

only cases where any appreciable Indication of saturation was 

seen were those of the 2- and 4-mll samples.  Even here the 

deviation from linearity, while noticeable, was still small. 

None of the polystyrene characteristics showed any signs of satur- 

ation at the higher voltages. 

It was necessary to curtail measurements on the 2- and 4-mll 

polyethylene samples at about 100 volts because catastrophic 

noise developed In their signals beyond this point.  Later meas- 

urements at lower voltages were obtainable, so complete break- 

down did not occur.  However, the large noises seen were 

suggestive of breakdown, and probably Indicated a fairly close 

approach to punchthrough. 

It also will be noted that the characteristic shown foi poly- 

styrene exhibits the "chair" shape typical of cases where a 

layer of some blocking material Is present at one or both elec- 

trodes.  In this case the blocking apparently was overcome by 

the applied field somewhere in the region between plus and minus 

200 volts, and the characteristic was dominated by the poly- 

styrene in the regions outside this, i.e., throughout both regions 

where data were taken. 
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About 60^ of the polystyrene characteristics displayed such effects, 

the remainder being as linear as the polyethylene curves. Only one 

polyethylene curve, that for sample L12N11 at 1.54 Mrad, displayed 

the chair shape, and this was to a much smaller degree than In the 

case of polystyrene. In all chair-shaped characteristics, the two 

arms formed by the data points paralleled each other quite closely. 

All characteristics displayed a distinct zero-volt offset, thus 

providing a measure of the momentum current in each case. In all 

cases this offset was on the order of a few hundred picoamperes, 

with the median at about 200 pA. Such a low value for the momentum 

current is quite gratifying, particularly for single-layer samples, 

and is indicative of a high degree of homogeneity in the radiation 

field. 

Each characteristic underwent a subjective visual examination for 

data-point consistency. Those points falling a suspicious distance 

from the line determined from their neighbors were recalculated from 

the raw data and reexamined. Of the several hundred data points 

taken under the technique described in this report, only three failed 

to pass the second examination. 

All three of these points corresponded to raw data signals which 

displayed substantially more noise than normal. They wert sum- 

marily rejected from consideration and were not Included in the 

calculations of conductance described below. 

After passing visual inspection, the points of each characteristic 

were fitted to a straight line by least squares techniques. In the 

case of the linear curves, the procedure was quite straight-forward. 

In the case of the chair-shaped curves, each arm was fitted separ- 

ately, the two slopes thus obtained then being averaged to determine 

the conductance. The entire curve then was fitted to determine the 

most probable value for the zero-voltage offset. 

Dark currents were observed prior to irradiation in about half of 

the samples. In all cases these were found negligible, amounting 
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at worst to only a few percent of the total current observed at the 

standard radiation field Intensity. A quantitative analysis of the 

dark current data has not been made, so precise values cannot be 

cited. 

The dark current was assumed to be negligible In all samples. Under 

thli? assumption, the slope derived from the least-squares fitting 

techniques described above, gives directly the APPARENT PHOTOCON- 

DUCTANCE, G , of the sample-electrode system being observed. We 

Insert tne word apparent and use the superscript * here to acknow- 

ledge and emphasize that a sum of steady-state photocurrent and 

transient components Is Involved. 

The apparent photoconductances per unit electrode area, G /A, for 

all samples observed In this study are presented, along with the 

corresponding sample thicknesses, t, absorbed dose rates, r, momen- 

tum currents, I , and accumulated doses. In Tablec II and III, 

pp 36 through 38. The value calculated for the apparent photocon- 

ductlvlty, c  1« >  by multiplying t by G /A, also Is given for each 

case. In these tables. 

It will be noted that In these tables a number of samples are desig- 

nated with a'. Each of these primed samples Is the same piece of 

material as Its unprlmed counterpart. The electrode connections 

differ between the two, however. In one case the top electrode be- 

ing connected to the battery and the bottom one to the electrometer, 

and In the other case, vice versa. 

The measurements made while Investigating the dependence of poly- 

styrene's conductance on absorbed dose rate, 7, and while Investi- 

gating the role of accumulated dose at the lower values (>lMrad) 

In the samples of Can 5> were confined to observations made at only 

two applied voltagec,- around plus and minus 650 volts. Some question 

as to the reliability of conductances computed from characteristics 

having only two points seems Justified, particularly In view of the 

chair effect observed In so many cases. 
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TABLE  II.     POLYETHYLENE  CONDUCTIVITY DATA, 
STEADY-STATE IRRADIATION STUDY 

1 
Sample 

t r G/'A 

! A 

^  calc 

mpü/ctn 

■j 
fKraph 

m  x   10'5 
DOCO 

MWdc mpmho/cm J rads/sec mio/cm 

LIL'JOj 27 66.5 1.70 146 -163 3.94      3.6 
L12J0H 1 66.2 1.36 149 -156 3.87 
L12J0V * L.70 163 -191 4.24 
L51J07 27 63.9 1.48 156 -925 4.21 

1 3.96 150 -118 4.05 
L'jlJO?' 2.26 183 +744 4.94 
L51M23 hk 1.48 q6.3 -450 4.24 ' 

■ ■ 

3.97 100 -300 4.40 
L51M23' y ■ 3.5^ 85.3 -254 3.75 

1 L11N22 b3 64.4 2.26 73.0 -420 3.87 
I L11N22' i 3.5^ 95.2 -193 5.05 

L12N11 ^ 61.4 0.36 134 -220 7.24 

| 0,84 88.9 -130 4.80 

i 1.54 91.2 -182 4.92 
i \ 101 -222 5.45         4 

■ L12H26 52 pile f 43.o -170 2.24       p.4 
0,36 
0.84 31.9 -155 1.66 

1 1.54 54.6 -453 2.84 : 
| < r *    5.18 56.5 -212 2.94 
i L12N36 64.4 1.48 75-0 -153 3.90;    3.6 
i 

I 3.96 61.6 -162 3.20 : 
L12N3b, 

3.53 52,6 2.74 ' 
L12N55 1.48 73-D -126 4.13 : 

, i ' 3.96 55-3 -187 2.88 
L11Ö20 79 64.1 1.48 62.2 -99.2 4.91 ' 

1 1 3.96 64.5 -170 5.10 
L11020, 

3.53 54.6 -201 4.31 
L12003 7h 66.0 1.36 79.2 -183 5.86 
Liaoo^i 75 i 1.70 83.4 -168 6.26 <i 

Ll?Ol4 70 60.5 pile + 32.4 -160 2.27 2.4 
i ,     O.36 
1 0.84 23.7 -160 1.66 

1.5^ 36.3 -197 2.54 
, ' ■ » 5.18 42.2 -206 2.95 

L12017 71 63.9 2.26 86.4 -482 6.13 3-6        ; 
L12017' 1 * 3.52 

1.48 
52.8 -172 3.75 

5.73 L51053 78 64.4 60.7 -87.1 

1 1 3.96 54.6 -146 4.26 

L51053' 2.26 £3.1 -483 6.48 ( 
LllROl 234 63-9 1.48 36.0 -212 8.42 3-6 

3.91 38.7 -237 9.06 
LllROl' 2.26 45.3 -491 10.6 

i < ' i 3.49 29.8 -374 6.97 
L12R13 232 60.8 0.36 52.7 -235 12.2 

0.84 26.5 -210 6.15 
1.54 42.3 -252 9.61 

f 5.1S 30.0 -259 6.96 
L^R^' 0.57 

0.93 
1.41 

57.0 
30.3 
30.3 

+ 5 
-18O 
-204 

13.2 
7.03 
7.03 

, > ' 4.56 17.3 -45,0 4.13 
L12R20 228 64.1 2.26 38.1 -347 8.69 

3.50 13.0 -197 2.96 ■ 

L12P70 pile 1- 13.7 -202 3.12 2.4       1 
0.57 
C.J3 .:i.45 -265 2.15 

■  1.41 11.0 -208 2.51 
> ' > ' 1 , 4.56 11.2 -228 2.55 ■ 
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TABLE III 
POLYSTYRENE CONDUCTIVITY DATA,  STEADY-STATE IRRADIATION STUDY 

t r 
Dose 1 Q>    f> 

PA 
a calc * 0 erauh 

Sample m x 10"^ rads/sec Mrads 
'3 

mpmho/cm mpmho/cm 

Y13E01 13 59.8 1.77 41.3 -164 0.537 0.50 
Y41E02 12 56.6 plle + 

0.57 28.8 -140 0.345 0.34 
0.93 25.5 -275 0.306 
1.41 28.6 -157 0.243 

q / i ' > i   4.56 24.1 -233 O.289 > ' 

Y41E09 i r 60.1 1.31 39.6 -151 0.475 0.50 
Y35H07 20 59.9 14.4 -152 0.288 

w Y41H02 58.0 pile + 
0.57 12.3 -218 0.246 0.34  1 
0.93 12.6 -114 0.252 
1.41 13.0 -17B 0.260 

^ t > f < [   4.56 11.5 -213 0.230 \ 

Y41H11 19 0.36 33.2 -370 0.631 0.50 
0.57 27.1 -165 0.515 
0.84 28.6 -332 0.543 
0.93 16.I -734 0.306 
1.41 11.8 -160 0.224 
1.54 26.4 1346 0.501 
4.56 20.0 -229 0.380 

\ t < f i f 5.18 24.6 -372 0.467 
Y13J09 27 60.6 0.77 36.0 -209 0.972 
Y41J01 26 

>y 

26.5 -431 O.689 
Y35N03 55 53.6 3.02 -517 0.166 

i i 59.4 1.31 2.17 -171 0.118 
Y41N01 52 58.0 0.36 8.24 -168 0.428 

0.84 6.50 -275 0.338 
1.54 7.35 -175 O.382 

^ * 5.18 7.5^ -196 0.392 
Y 11* [06 53 pile + \ t 

0.57 7.12 -55.5 0.377 0.34 
0.93 4.37 -231 0.231 
1.41 4.43 -177 0.235 

« < f > r < i   4.56 5.70 -196 0.302 ▼ 

Y41N11 52 6o.i 0.77  I 13.0 -187 0.677 0.50  i 
4, 1 ; 1.31  j 8.06 -164 0.419 *   I 
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To check on this question, two-point calculations of conductance 

were made, using the 650-volt points, on all slx-polnt character- 

istics showing the chair effect. In most cases the values com- 

puted In the two-point calculation were within 10^ of those derived 

from the corresponding slx-polnt calculation. The deviations thus 

calculated for those samples Involved In the two-point measurements 

specified above, all fell In the range between -6^ and +10^. Thus 

we estimate that the two-point conductances given In Tables II and 

III, probably lie within 10^ of the values that would have been 

obtained had slx-polnt characteristics been available. 

3. Thickness Dependence. The apparent photoconductance per unit 

electrode area, G /A, Is plotted against the Inverse of sample 

thickness, 1/t, for 13 samples of polyethylene, drawn from three 

different fabricators (Figure 5). For all of these measurements 

the accumulated dose was about 1-1/2 Mrad , and absorbed dose rates 

were about 63 rads/sec. It will be noted that the points fall 

reasonably well along a straight line, and that no difference cor- 

related with fabricator are apparent. 

* 
Values for G /A were calculated for one 2-mll and one 4-mll sample. 

These fell well below the straight line formed by the rest of the 

points, and presumably were substantially affected by surface con- 

ditions. They were not used In determining the straight line shown 

In Figure 5, which Is the least-squares fit to all the data points 

shown. The apparent photoconductivity for these samples, given by 

the calculated slope of the fitted line. Is 3.5 mpmho/cm. 

Figure 6 presents similar data for polystyrene. The point found 

for a 1-mll sample fell substantially below the line obtained from 

the rest of the points, and has been omitted because of suspected 

surface effects . The points shown correspond to accumulated doses 

.  - - . ...      . .  1, p 
Throughout this report the unit rad specifies an absorbed dose 
of 100 ergs per gram of the material under discussion. Exposure 
doses are given In roentgens. 
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Figure 5. Total Observed Phctoconductance per Unit 
Electrode Area vs Inverse of Sample Thickness, for 
Polyethylene Samples from Three Fabricators. Points 
are calculated from the slopes of photocurrent-volt- 
age characteristics suchas that shown in Figure 3. The 
line is the least-squares fit to the points shown. 
Absorbed dose rate approximately 63 rad/sec (CooO gammas) 
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of about 1-1/2 Mrad, and dose rates of about 59 rads/sec. At this 

value of accumulated dose, data are available for sample fron only 

two fabricators. The apparent photoconductivity calculated from 

the least-squares fit straight line for these data Is 0.48 mpmho/cm. 

4. Accumulated Dose Effects. Figure 7 presents In similar fashion 

the points found for the polyethylene samples of one fabricator, at 

the 63-rad/sec dose rate, using different symbols to Indicate diff- 

erent accumulated doses. It will be noted that a small dependence 

can be seen, but that the total change found Is not much more than 

the scatter displayed by the points observed at one dose. Further, 

the changes which do occur take place almost entirely In the Inter- 

cept of the least-squares line, and only slightly In the slope. The 

slopes of the fitted lines shown are 3.4, 2.9 and 2.9 mpmho/cm for 

the 1-1/2 Mrad, 3-3/4 Mrad and plle-radlated samples, respectively. 

The hlgher-accumulated-dose data for the samples obtained from the 

other two fabricators were too few In number to permit a reliable 

comparison for accumulated dose effects In each. When added to the 

points shown in Figure 1,  however, to produce Figure 8, they are 

seen to fit rather closely to the line found for the first fabri- 

cator's samples at the 1-1/2 Mrad dose. Consequently we conclude 

that the dose accumulated from the Co  gamma Irradiation produced 

no observable change in photoconductivity, for polyethylene. 

Accordingly, straight lines were fitted first, to the 44 data points 

listed in Table II which correspond to non-pile-bombarded material, 

and second, to the 12 data points in this table which correspond to 

pile-bombarded material. The slopes of these two lines were 3.6 

mpmhos/cm and 2.4 mpmhos/cm, respectively. From these we conclude 

that the pile-bombardment produced about a 30^ reduction In photo- 

conductivity in polyethylene. 

Figures 9 and 10 present similar displays for the polystyrene data. 

It will be noted in this case that accumulated dose effects, short 

of pile bombardment, are lost In the scatter of the data. The pile- 

bombarded samples, however, again display a slope which Is about 70^ 
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Figure 7.     Total Observed Photoconductance per Unit 
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of that found for the 1-1/2 Mrad samples. Addition of the data 

for sample drawn from other fabricators, as can be seen In Figure 

10, has very little effect on the overall picture. The slopes of 

the fitted lines for (l) all the samples of the first fabricator, 

other than the pile-bombarded ones; (11) these plus the samples 

from the other two fabricators; and (111) the pile-bombarded samples 

only, are 0.46, 050 and O.34 mpmho/cm, respectively. 

5. Dose Rate Dependence. The number of observations made at the 

lower dose rates was too small to permit meaningful comparisons 

between slopes of G /A versus 1/t plots. In view of the vertical 

scatter displayed by the data points. Consequently, the dose rate 

dependence Is displayed In the form of plots of calculated apparent 

photoconductivity, calculated for each observation, versus dose rate 

(Figure 11). 

The data for each sample displayed the familiar dependence 

a  = Krü r 

where a Is the apparent photoconductivity, T  Is the dose rate, and 

A „ and K are constants. The values of A r found for each observa- 

tion are given In Table TV. The average value for all the 

polyethylene samples was O.53. That for all the polystyrene samples 

was O.69. We note that these values have not taken possible dark 

current effects Into account. 

6. Deferred Observations. In order to test the blocking layer 

hypothesis, a limited number of observations were made at times In 

the region of 90 minutes after application of voltage. The pro- 

cedure here was the same as that used for the shorter time observa- 

tions, except that the entire experimental arrangement was left 

undisturbed while the experimenter went out to lunch. Upon his 

return the last set of observations was repeated, and comparisons 

were made between the pre-and post-lunch readings. 
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TABLE IV 
POLYSTYRENE INTENSITY DATA,  STEADY-STATE IRRADIATION STUDY 

!     r Dose 
Mrads 

0% h # 
0 calc. 
mpu/cm 

« 
Sample 

9 
mpu/ctn i rads/sec PA 

L51JC7 1.08 3.05 18.6 -243 .502 0.58 
■     8.43 3.01 66.5 +44 1.80 1 19.3 2.94 94.7 +458 2.56 

L51M23 1.10 3.05 10.0 -163 •    .440 0.57 
ti.h8 3.01 33.8 +35-6 1.49 i 

■ 19.6 2.94 50.6 +64.9 2.23 
L^l:■^23, 1.08 4.32 10.5 -103 .462 0.65 

1 6.7h 4.22 21.9 -45.2 .964 1 18. h 4.27 47.9 -199 2.11 
LllN^' 1.8U 4.30 4.39 -20.3 .233 0.58 

y ■ 

7.96 4.22 7.91 -24.0 .419 i 16.3 4.26 16.8 -69-5 .890 
:12N36 0.971 !     3.05 5-37 -80.2 .279 0.54 

i 
;     7.53 !   3.01 16.3 -14.3 .848 I 16.6 1   2.94 25.1 +23.2 1.31 

L12N36' 1.78 1   4.30 5.99 -30.5 .311 0.55 

i 7.76 4.20 9.73 -14 5 .506 i 16.0 4.26 21.8 +311. 1.13 
L12N55 :     O.965 t     3.05 4.28 -59.2 .223 0.56 

1     7.46 3.31 13.7 + 3.29 .712 1 16.4 2.9k 20.8 +52.6 1.08 
L11020 1.03 3.05 4.40 -59.8 .348 0.57 

1 13.4 3.01 15.0 - 5.34 1.19 i 18.1 2.94 26.5 +23.4 2.09 
Liioao- 1.89 4.30 5.06 -21.8 .400 0.67 

>' 
8.39 4.21 10.8 -I5.5 .853 i 17.2 4.26 23.4 -52.5 1.85 

L12017• 1.92 4.30 4.11 - 9.75 .292 0.67 

1 6.43 4.20 9.52 -30.0 .676 i 17.5 4.28 18.7 -30,0 1.33 
L15053 1.02 3.05 6.97 -107. .544 0.48 

\■ 

7.64 3.01 17.1 -14.4 1.33 
17.5 2.94 28.0 +30.2 2.18 

L11R01 O.916 3.05 3.84 -34.6 .899 

., 7.03 3.01 8.80 -43.2 2.06 ü.52 
15.5 2.94 13.2 -31.1 3-09 i 

LllROl' 1.66 4.24 3.71 -18.3 .868 0.47 

' ' 
7.26 4.16 5-75 -64.5 1-35 1 14.9 4.21 11.1 -157 2.60 

L12R20 1.72 4.26 1.49 - 1.88 .340 0.50 

▼ 

7.46 4.18 2.73 - 6.25 .622 1 lb.5 4.23 4.65 - 5.25 1.06 

Y41E09 6.73 1.73 7.01 -42.7 .0841 0.78 

■f 

13.3 2.48 14.1 -85.5 .169 i 35.1 2.28 25.9 -153 •311o 
Y35H07 6.39 1.73 3.1^ -35.0 .0628 O.76 

J 12.7 2.43 5.32 
10,e 

-52-5 .106 i 32.4 2.25 -119 .216 
Y35N03 6.26 1.73 0.972 -13.2 .0^35 0.71 

12.3 2.58 1.56 -27.2 .O858 

^ <¥ 
30.5 2.35 1.96 -71.3 .108 

Y41N11 6.53 1.73 2.11 - 7.50 .110 0.70 

1 12.8 2.45 3.68 -28.5 .191 1 32.7 2.27 6.58 -76.5 .342 
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This procedure provides only one point of a current-voltage char- 

acterlstlc. Calculation of G requires a second. In this case, 

the value of the momentum current determined from the characteristic 

for short-time readings was assumed to apply to the 90-mlnute case, 

to provide the second point. Values of the change of G /A, expressed 

as percentage of short-time value, are presented for 22 observations 

made on a total of 5 polyethylene and 9 polystyrene samples, in 

Figure 12. 

D. Discussion. The principal accomplishment of this study is the 

development of a tool which, because of the linear dependence on 

Inverse thickness shown in Figures 5 through 10, shows promise for 

quasl-dc investigations of the interiors of organic insulating 

materials. This tool is not simple to use, and much remains to be 

done In refining it, in establishing the underlying mechanisms, and 

In determining the limits of its exploitability. Nevertheless, Its 

development Is a significant event, and constitutes at least a minor 

breakthrough in the field of measurement technology whose develop- 

ment Is vital to understanding this particular class of materials. 

Certain features of this tool are evident from the work of this 

study. That some sort of surface effects exist is clear from the 

depressed values oT conductance noted for samples in the few-mil 

region. These appear to be quite shallow, however. Judging from 

the linearity observed to thicknesses as small as 10 mils in poly- 

yethylene, and 5 miles in polystyrene. These data suggest an upper 

limit for the surface effect layer on the order of a tenth of a mil. 

The 90-mlnute data can shed some light on the nature of the surface 

layer, via negative inference based on the slow transient photocur- 

rent. If the latter were generated by some mechanism distributed 

uniformly throughout the sample volume, both the 7-minute and the 

90-minute conductances would be inversly proportional to sample 

thickness. Hence their differences also would idsplay this depend- 

ence. If it were generated by some sort of surface leakage process, 

these differences would be Independent of thickness. And finally, 
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If the slow transient corresponded to the gradual cutoff Imposed 
by a slowly-charging blocking capacitance,  the relationship between 
conductance and Inverse sample thickness would be greater than 
linear. 

Referring to Figure 12,  the linear dependence corresponding to the 
volume-distributed hypothesis described above would produce a single 
value for percentage of conductance,  constant with Inverse thickness. 
In this case. Figure 12 should be a horizontal straight line.    The 
surface-leakage hypothesis would correspond to a decreasing percent- 
age change as sample thickness decreased, producing a curve which 
would start below the abscissa In Figure 12,   and tend to rise toward 
It,  going from left to right.    The blocking  layer hypothesis would 
produce percentage changes which would be small for thick samples 
and larger for thin ones,  thus giving a curve in Figure 12 that 
sloped away from the abscissa, going from left to right. 

As  can be seen, the polyethylene data of Figure 12 leave much to be 
desired In the line of precision.    The fact that half of these indi- 
cate that conductance increased with time suggests quite strongly 
that a significant parameter escaped adequate  control during the 
experiment.    Consequently,  no firm conclusions are Justified here, 
and the best'that can be done is to note that there is no consis- 
tent evidence of any specific trend. 

The precision evidenced by the polystyrene data, while no occasion 
for great Joy,  is significantly greater than that displayed by the 
polyethylene data, which fact hints that the variant parameter may 
be related to some property of the material.    Unfortunately, the 
Increase in precision is not great enough to  permit a completely 
unambiguous assignment of behavior to one of the three hypotheses 
discussed above.    However,  the polystyrene points suggest that the 
surface leakage model is  the most unlikely.    To the author's eye, 
they appear to favor slightly the volume distributed hypothesis, 
rather than the blocking layer.    It must be admitted,  however,  that 
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a downward-sloping curve could be fitted to the points with no 

great difficulty. Consequently, distinguishing between the block- 

ing layer and the volume distributed hypotheses must await further 

data. These Inferences permit a tentative conclusion that the sur- 

face layer Is not likely to be a conducting layer associated with 

the slow transients. It may be a blocking layer having a very long 

time constant, or It may have negligible overall effect on the 

currents observed. 

The Inverse proportionality found between thickness and total con- 

ductance In this study suggests rather strongly that the Individual 

mechanisms by which the major components are generated are distri- 

buted throughout the sample volume. The number and relative strengths 

of these significant, volume-distributed components remains to be 

determined. In particular, whether the normal steady-stp4^ ohoto- 

current comprises a significant portion of the observed current 

remains unknown. Future Investigations may be able to answer this 

question. For the moment, however, deductions regarding conduction 

mechanisms must be limited to those not resting upon assumption of 

steady-state conditions. 

Fortunately, a number of qualitative and semi-quantitative compari- 

sons do not require the steady state, but can be made on the basis 

of transients, providing they are made between equivalent points 

along those transients. For example, the effect of Impurity atoms, 

according to the band model. Is to Introduce deep trapping states 

Into the forbidden band. If these states are deep enough, and pre- 

sent In sufficient concentrations, they may dominate the carrier 

recombination processes, thereby determining the rate at which 

carriers are removed from conducting states and thus Influencing 

the Instantaneous concentration of photocurrent carriers. Such a 

process would not necessarily require the steady state, to be 

detected, since the Influence of the traps would be exerted through- 

out all time, until the concentration of conduction-state carriers 

became large with respect to the trap concentration. 
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According to this hypothesis, variations In Impurity atom 

concentration should produce corresponding fluctuations In the con- 

centration of conduction-state carriers, and hence In observed con- 

ductivity. If this model were to apply to the materials studied 

here, observed conductivity should change as Impurity atom concen- 

tration changed. 

In this study, materials were selected from different fabricators, 

located In different parts of the country, with this model In mind. 

In view of the number and crudity of the different materials used 

as plastlclzers and fillers, (e.g., sawdust) which of economic 

necessity are obtained from local sources of supply, the probability 

of the products of these fabricators being equivalent In Impurity 

atom concentrations, particularly of the nonorganlc variety, approaches 

the vanishing point. Consequently the observed Insensltlvlty of our 

conductances to fabricator provides strong evidence that the signi- 

ficant components of these conductances do not depend In any appre- 

ciable fashion upon the processes dominated by Impurity atoms. Thus 

the hypothesis of Impurity-dominated recombination processes appar- 

ently Is not applicable to our cases. 

Another model which might apply to Insulators Is similar to the 

trapping model described for Impurity atoms above. In this case, 

however, the traps are associated with molecular Irregularities 

rather than with Impurity atoms. In this view, conduction should 

be sensitive to the concentration of defects. 

The examination of pile-bombarded material was undertaken with this 

model In mind. The primary Interaction between Incident neutrons 

and target molecules displaces atoms from their original sites, 

rupturing Intramolecular bonds and Introducing structural defects 

Into the "lattice". These new Irregularities In molecular geometry, 

given adequate concentrations, should produce appreciable changes 

In conductivity. The fact that 30^ reductions were seen suggests 

that this model may Indeed apply. The fact that the reductions 
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seen were fairly small, suggests that the prelrradiatlon concen- 

tration of defects was large. I.e., comparable to that produced 

by about 5 Mrad of neutron dose. 

Unfortunately the sequence of chemical events in these materials 

during and after Irradiation is sufficiently complicated, and 

our ignorance of the details is sufficiently extensive that the 

number of defects produced as a result of a given amount of pile 

bombardment cannot be calculated. Thus we have no quantitative 

measure of the defect concentrations involved. We note, however,' 

that significant changes in mechanical properties begin to appear 

at around 10 Mrads in polyethylene, so that the concentrations of 

defects produced by our pile bombardment probably approached a 

substantial fraction of those required to change the principal 

"lattice" structure of this material. This implies that the 

original defects were not Just occasional "mistakes" in the base 

structure of the material, but rather correspond to features of 

that structure which are essential in character. 

In polystyrene the mechanical properties begin to show appreciable 

change at about 1,000 Mrads, so a similar line of semiquantitative 

reasoning cannot be applied on the basis of our data. 

A tentative finding of some interest is the tendency of the para- 

meter A_ toward substantially lower values than those reported 

previously in studies were attempts to avoid the influence of 

transient components were made. The extent of this tendency depends 

somewhat upon the unknown degree to which our data, particularly at 

the lowest dose rates, were Influenced by the dark components. It 

will be noted that for polyethylene there is a distinct tendency 

of the lower dose-rate points in Figure 11 toward higher values 

than would be expected by extrapolation from the higher dose-rate 

points; i.e., the data for each sample tend to be concave upward. 

This tendency seems fairly small however, and does not appear at 

first glance to be large enough to account for the rather sub- 

stantial difference between our observed values and the previously 

values of Ar . 
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Assuming that a quantltatave Investigation of this point supported 

our "eyeball" estimation, this observation suggests that the charge 

carriers responsible for the transient components are removed from 

their conduction states by what Is essentially a so-called "tlmole- 
•i * 

cular process, and that In the case of polyethylene, where A_ 

approached the ideal bimolecular value of 0.5 rather closely, most 

of the total observed photocurrent was generated by mechanisms of 

this type. 

Present understanding of the conductive mechanisms underlying the 

significant components of the observed conductivity is quite limited, 

as is indicated by the preceding discussion. The observed dependence 

on sample thickness indicates that they are distributed more or less 

uniformly throughout the sample volume. The fact that this depend- 

ence remains after 90 minutes of slow transient decay indicates that 

any blocking layer is of little Influence, at least over the first 

half hour or so after changing the applied voltage. Hence, if such 

a layer exists at all, it must have a very long time constant. The 

fabricator comparisons indicate that impurity concentrations do not 

dominate the conduction processes, while the pile bombardment com- 

parisons provide some mild evidence for defect trapping. Further 

illumination awaits further study. 
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SECTION II 

TRANSIENT CONDUCTION DURING PULSED ELECTRON IRRADIATION 

A. INTRODUCTION 

This section of this report describes an Investigation conducted 
with the APCRL linear accelerator,  which provided short.   Intense 
pulses of high-energy electrons,  using a charge integration tech- 
nique to measure the conductive properties of certain organic 
insulators.    If one adopts the simple,  one-carrier model described 
under background remarks in the preceding section,  this type of 
study should be well suited to examination of the prompt compo- 
nent,   i.e.,   the prompt component should be large relative to the 
delayed,  and the charge transported through the sample by a single 
pulse should provide a measure of the sample's prompt conductivity. 
Comparison of this conductivity between various samples then should 
be a relatively simple matter,  requiring only a single number from 
each sample,  viz,   the change of voltage across the precharged 
sample resulting from bombardment by a standard pulse of electrons. 
If leakage across the sample without radiation is small enough, 
and if a measuring device with high-quality Insulation is used, 
both measurement and data analysis should be fast,  simple opera- 
tions,  and comparisons of large numbers of samples should be 
feasible. 

B. EXPERIMENTAL DETAILS 

1.     Samples.    A total of 31 samples was prepared for exposure  to 
10-MeV electron bombardment from the AFCRL linear accelerator. 
The base material,   supplier,  and dimensions of each sample are 
given in Table V. 
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TABLE V. 
SAMPLE DETAILS,  PULSED ELECTRON STUOT 

Nominal t A 
Sample Nat'l Fabricator Thickness 

m x 10"5 
2 

mils cm 

VITHOS PVC Union Carbide 20 52 14.1 
V85N05 Robeco 50 
V95N01 Seilen 54 
V95N31 ,, 

A&E   ^ 
■ 1 52 

YlSHOö* PSTY* 7i 19 
Y13H09 PSTY^ 
name PSTY* 
Y13H19 PSTY. 
Y35H02X PSTT Monsanto I 
Y35H05 PSTZM 20 
Y35H12 PSTY 

<' 
19 

Y35H15 
Y51H03 
Y41H04W 

PSTY 20 
i- Davis i 

PSTST* 19 
Y4lH13h 1 21 
Y41H23 
Y4lH24w 

A« 20 
psTsr 1 » 1 19 

L11N09U PE Alehem 20 5.2 
L11N090 i 

M 

I i 
L11009 30 78 
L11010 PE* 1? LIIO39 
L11040 

PE# 
' • 

LI2010 i Allied Resinous 
LI2029 ^ 70 
LI2040 PE» 74 
L12059 PE# 1 ■ 70 
L51036 PE* Ethyl V. squeen 7§ 
L51039 PE# 78 
L51096 PE* 79 
L51099 PE * • ' ' 78 + 

x ~ samples used for Dynamic Observations 
h ~ samples having very thin fore and aft plates 
o - sample having electrodes painted directly on sample 
PVC ■ Polyvinylchloride 
PSTY » polystyrene 
PE - polyethylene 
PSTY   ■ pile bombarded polystyrene 
PE* • pile bombarded polyethylene 

A&E - A&E Plastik Pak, Los Angeles, Calif. 
Alohem • Alchem Inc., Los Angeles,  Callf. 
Allled Resinous ■ Allled Resinous Products, Conneaut,  Ohio 
Davis - Joseph Davis Plastic Co., Keamy, N. J. 
Ethyl Visqueen - Ethyl Corp, Vlöqueen Dlv., Baton Rouge, La. 
Monsanto - Monsanto Co.,  St.  Louis, Mo. 
Robeco * Robeco Chem. Inc., Japan 
Seilen - Seilen, Inc., Plastlos Dlv., Neweomerstown, Ohio 
Union Carbide - Union Carbide Plastics Dlv.,  Texas City,  Texas 

or S. Charleston,  S.  C. 
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Sample construction Is shown In Figure 13.     The basic structure 
is that of a three-electrode,  plane-parallel-plate capacitor. 
Two pieces of the material of interest, with an electrode and 
guard ring in between, are pressed together between two exterior 
electrodes,  the array resembling a double-decker sandwich.     The 
two exterior electrodes in turn are pressed together by two PMMA 
plates, which are held together by four steel screws located well 
outside the incident electron beam. 

The irradiation location was chosen as about 6 cm from the linac 
exit port,  where the principal beam has a cross-sectional diameter 
of about 2 cm.     Electrodes are circular,  with a diameter of 3 cm. 
Electrodes and guard rings all are of colloidal graphite,   depos- 
ited from a hand-painted suspension.     The exterior electrodes 
were painted directly on the PMMA front and rear plates,  while the 
central electrode and guard ring were painted on a central spacer. 

Owing to the unidirectional character of the linac beam,   the PMMA 
spacers of the steady-state irradiation study were deemed too 
thick for this study,  and a new design was generated.    In this 
new design,  the connecting leads for the central electrode and 
the guard ring are encased between two sheets of the spacer mate- 
rial, which are fused around the leads.    Electrodes and guard 
rings are painted on the outer surfaces of the fused spacer, 
making contact with the leads via pre-drilled holes in the appro- 
priate locations.    The total thickness of the central spacer 
achieved by this procedure is on the order of 40 mils. 

In each case the spacer was made from the same base material as 
the material of interest,  i.e., polyethylene for a polyethylene 
sample,  polystyrene for a polystyrene sample,  and Polyvinyl- 
chloride (PVC) for a PVC sample.    For PVC the abutting faces of 
the two sheets were wet with methyl ethyl ketone and clamped 
until dry between two sheets of silicons rubber in a vise,  at 
room temperature.    For polystyrene the same technique sufficed, 
except that it was necessary to use  trichloroethylene instead of 
MEK as the solvent.    No satisfactory solvent was found for the 
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Voids filled with paraffin 

NOT TO SCALE 

Voids filled with paraffin 

Figure 13. Pulsed Electron Study Sample Details 
(Exploded View) 

a) central spacer; b) center electrodes and pruard 
rings; c) sample; d) outer electrodes; e) front plate; 
f) back plate. 

After assembly (assembly screws not shown) the regions 
between the dotted lines were filled with paraffin. 
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polyethylene case, and it was necessary to develop a heat- 
fusing technique. 

The successful technique required the preheating of a weight and 
two sheets of slllcone rubber to a temperature estimated to be In 
the range of 90oC,  using a standard laboratory hot plate.    The 
spacer components were preassembled at room temperature and placed 
between the rubber sheets,  and the weight was placed on top. . 
After an empirically determined time,  on the order of 12 or 
15 seconds,   the weight was removed and the spacer assembly and 
the rubber sheets were transferred to a room-temperature vise, 
where they were clamped together until cool.    After cooling,  the 
guard ring was painted up onto the corresponding lead,   to provide 
additional assurance of contact. 

Electrical leads are brought out through three flat-headed brass 
screws,  countersunk in the rear PMMA plate.    The two exterior 
electrodes were connected to the same screw,  by means of graphite 
ears painted on the PMMA plates,  extending from the electrode 
proper to the screw holes.    After assembly,  and before potting, 
additional graphite was painted on,  assuring contact to the screw. 
The central electrode and guard-ring wires were soldered directly 
to the appropriate screws. 

After assembly,  the samples were potted in paraffin by the same 
fin 

technique used in the Co      study.    Excess paraffin was whittled 
away by hand,  and the entire sample structure,  except for the 
walls of the counter-sunk holes containing the electrical contacts, 
was coated with the commercial silver conductive paint. 

During irradiation, which was performed on only one sample at 
a time,  the sample was held on a connecting mount by two 
machine screws,  located outside the region bombarded by the 
beam.    Three contact pins extend beyond the front of the mount. 
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making electrical connection to the three flat-headed brass 

screws of the sample when the two mounting screws are brought up 

hand-snug. Two of these pins are the center pins of commercial, 
TO 14 

panel-mounted cable connectors ■" , which provide cable connec- 

tions to the measuring apparatus. The third pin Is a set screw 

whose head Is burled In the mount by a PMMA glue, made by dis- 

solving FMMA scraps In trlchlorethylene.  This pin, which connects 

to the sample's guard ring. Is also connected to the inner shield 

connection of the trlaxlal cable fitting via a wire, buried in a 

groove cut in the front face of the mount by a strip of PMMA glued 

In with the FMMA glue. 

It should be noted that the guard electrode configuration is 

Imperfect In the region between central spacer and the trlaxlal 

connector.  Since this volume lies somewhat outside the region 

traversed by the principal portion of the electron beam, it is 

felt that this flaw is not likely to be significant.  The effect 

of this Imperfection has yet to be tested experimentally, however, 

and future designs might be well advised to Include means for 

avoiding or mitigating the effects of this flaw. 

The entire mount, except for the recessed areas from which the 

three pins protruded, was coated with the conductive paint, which 

also was painted up onto the outer portions of the two panel- 

mount connectors. Electrical contact between this paint and that 

on the sample was ensured by two small springs, mounted so as to 

be under compression while the sample was in the mounted position. 

A commercial silicons stop-cock grease J  was used for potting the 
space around the three pin-screwhead contacts, to avoid ionized 

air leakage paths.  This grease also was used to fill the air 

spaces in the commercial connectors before the cables were attached, 

for the same purpose.  The grease surrounding the three pins pro- 

vided the only surfaces which might collect and hold stray ions. 
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which might affect the measurements. For this experiment the 

clanger seemed negligible because of the small area of conductor 

thus exposed, x :r a more refined experiment, however, the extra 

effort required to coat these surfaces with conductive paint 

might be Justified. 

A second pair of holes, threaded to accommodate machine screws, 

were located In the mount outside the area covered by a sample. 

Long screws attached here could extend forward past the sample, 

to permit mounting of additional components between sample and 

beam port. A number of unpalnted sheets of PMMA, of various 

thicknesses, were cut and drilled for mounting on these screws, 

to permit selection of the part of the specific lonlzation curve 

corresponding to the sample location. 

Provision for attachment of an additional capacitor. In electrical 

parallel with the sample but In an out-of-beam location, was made 

In a second mount, which resembled the first mount In all other 

Important respects. The second mount was not used In this study, 

but Is available for use In future studies. If desired. 

During Irradiation, the sample and mount were supported by a 

standard ring-stand and clamp, the clamp being fixed around the 

outside of the rather large trlaxlal cable connector. The weight 

of the array, plus the forces exerted by the cables, exerted just 

enough torque on the ring stand that It was advisable to weight 

the base of the stand down with a lead brick. With this arrange- 

ment It was possible to raise the sample well above the beam for 

checking cable effects with ease, and minor adjustments of position 

and orientation could be made easily. 

2. Radiation and Doslmetry.  The radiation used in this study 

consisted of a series of pulses of 10-MeV electrons, supplied by 

AFCRL linear accelerator, located at Hanscom Field, Massachusetts. 

The standard pulse rate for this work had a peak current of about 

4 mA, and a length of about 1/2 Msec. Pulses were repeated at 
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repetition rates ranging from one each 5 seconds to about 10 

per second, with a rate of one per second being used for most 

of the work. Uie central beam port was used; I.e., the electrons 

travelled a straight path, and were not acted upon by a beam- 

bending magnet. 

Direct doslmetry was not attempted. Pulses were monitored with 

a Faraday "cup". In the form of a flat plate, located about 18 cm 

from the beam port. I.e., about 12 cm behind the sample location. 

The current from this Faraday plate was observed with an oscillo- 

scope.  Photographs of the oscilloscope trace were made prior to 

and after each day's run, with the sample well out of the beam 

path, and at least once for each sample In Its ln-beam position. 

No attempt to determine energy spectrum of the beam was made. 

3.  Circuitry and Technique.  The basic technique upon which this 

study was based Involved a comparison of the amounts of charge 

transported through various samples under identical values of 

environmental factors, principally applied voltage, temperature, 

and radiation. Given the high degree of reproduclbility of radi- 

ation pulses obtainable with the linac, this can be done simply 

by observing the voltage on an isolated sample before and after 

exposure to a pulse, or a fixed number of pulses, the resulting 

change of voltage being a measure of the charge transported. 

The circuitry chosen to do this is shown in Figure 14. 

In essence, this circuit consists of the capacitor sample, Cy, 

in series with a battery and a measuring capacitor, C«. A 

charging switch, S, and a voltage-measuring device, are placed 

In parallel with 0«. An observation begins with S being closed 

long enough to charge Cx up to the battery voltage.  S is then 

opened. Any subsequent change in Vy, e.g., a discharge during 

Irradiation, appears as a complementary change in V«, since the 

sum of Vy and VM must equal the battery voltage . A measured 

change in V« then provides a measure of the change in Vy, and 

hence of the charge transported across Cx> 

achievement of steady-state conditions is assumed throughout. 
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Figure 14. Measuring Circuit, Pulsed Electron Study 
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A commercial electrometer , whose Input circuit provided both 

S and CMi was used to measure VM. The battery box used In the 
60  M M " 

Co  study served as the charging battery. Connection between 

the battery box and the exterior electrode connector on the 

sample mount was provided by a coaxial cable ', while the elec- 

trometer was connected to the central electrode and guard ring 
1 Q 

through a trlaxlal cable  . This arrangement permitted use of 

the electrometer In Its "fast" mode. In which the trlax Inner 

shield Is driven to the same potential as the center conductor 

by the amplifier. Tills reduces to negligible size the effect of 

cable capacitance, which otherwise would appear as stray capaci- 

tance, Cs, paralleling CM, thereby reducing system sensitivity. 

The  electrometer output was recorded on a commercially available, 
TO 

strip-chart recorder . 

Preliminary observations Indicated that transients associated 

with changes In applied voltage are appreciable for pulsed elec- 

tron Irradiation, as well as for steady-state photon bombardment. 

Consequently, the measurement technique developed for this study 

bore considerable resemblance to that of the Co  study. First 

the sample was Irradiated with the voltage of Interest applied, 

then with the negative of that voltage applied, and finally, with 

the voltage of Interest again applied. In some cases the fre- 

quency of pulse repetition was varied, and In others Irradiation 

was Interrupted for short periods to observe thermally activated 

processes. Most observations, however, were made under conditions 

which rather closely paralleled those of the steady-state Irradi- 

ation study. 

C.  OBSERVATIONS 

Owing to the Inapplicability of the simple measurement and analysis 

techniques originally planned, the effort devoted to this study 

was expended primarily In developing more appropriate techniques. 
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Such a measurement technique has been developed, and a limited 

number of room-temperature measurements which appear suitable 

for quantitative analysis have been made. Data have been taken 

for seven polyethylene samples, six polystyrene samples, and 

three PVC samples. 

The technique for quantitative analysis has been partially devel- 

oped, but has not yet been proven out. Consequently It will not 

be possible to provide a quantitative analysis of data In this 

report. Certain qualitative and semlquantltatlve observations 

have been made, however, which are of some Interest. These are 

now presented. 

1. Momentum Transfer. We note that a "momentum transfer" compo- 

nent. I.e., a transfer of charge when the Intltal applied voltage 

was zero, was appreciable. In all cases save one, which was of 

questionable reliability on other grounds, the sense of the momen- 

tum transfer was that of accumulation of electrons on the central 

electrode. 

In this work, the voltage Induced on a standard sample by a 

standard pulse of 10-MeV electrons was on the order of a few 

tenths of a volt. In most cases repeated pulsing produced addi- 

tional momentum transfers of about the same size, until a total 

Induced voltage equal to the maximum permitted by the electrometer 

used (10 volts) was achieved.  At this point It was necessary to 

close switch S, In order to protect the electrometer from over- 

voltages, and the observation necessarily was terminated. 

Reopening switch S then produced a duplicate of the preceding 

observations, with occasional minor variations. A tracing of a 

typical data record for each material, displaying the momentum 

transfer. Is given In Figure 15. 

Occasionally the first pulse produced an apparent momentum trans- 

fer which was opposite In sign to, and somewhat larger than, those 

described above as the normal case. The reasons for this behavior 
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Figure 15.     Pulsed Electron Study Raw Data Tracings 
Displaying Momentum Transfer Component. 
a) Sample L12040 (pile-bombarded polyethylene).  Initial 

applied voltage zero volts.     Event sequence: 
l;  Switch S opened;   2)  llnac beam started;  3)  S closed 
and vertical  scale zero moved to top line of chart; 

S reopened;  5) S closed momentarily; 6) S closed; 
S reopened;  8) S closed. 
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b)    Sample Y35H02(PSTy#) 
VApp = 0 volts 

Figure 15.    Pulsed Electron Study Raw Data Tracings 
Displaying Momentum Transfer Component, 
b) Sample Y35H02 (pile-bombarded polystyrene). Initial 

applied voltage zero volts.    Event sequence: 
1) Switch S opened; 2) llnac beam started; 3) S closed; 
4) S reopened; 5) S closed. 
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Figure 15. Pulsed Electron Study Raw Data Tracings 
Displaying Momentum Transfer Component. 
0) Sample V17N05 (Polyvinylchloride), Initial voltage 

zero volts. Event sequence: l) S opened; 2) llnac 
beam started; 3) S closed, vertical scale zero moved 
to top line of chart; 4) S reopened; 5) S closed. 
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Both of these components depended upon sample history, the 

prompt component displaying a considerably shorter memory than 

the delayed. Comparisons between two samples relying on either 

component require control of sample history to assure that histor- 

ical differences will not Invalidate the comparison. 

a. Prompt Component Polarization Effects. So-called 

polarization effects were noted In the prompt components of all 

three materials, the charge per pulse transferred In the direction 

of the applied voltage decreasing as pulsing continued. In all 

three samples of PVC, and In both samples of pile-bombarded poly- 

styrene, the prompt component decayed In a few minutes. I.e., after 

a few hundred pulses, to values negligible In comparison to the 

momentum component.  In the four samples of non-pile-bombarded 

polystyrene, a slower decay was noted.  Similar slow decay was 

observed in one sample each of polyethylene and pole-bombarded 

polyethylene. In the remaining polyethylene samples the charge 

transfer resulting from a single pulse was beyond the range of the 

electrometer, at the applied voltages used, and the presumed decay 

was too slow to be observed In the time available for observation. 

In the case of positive applied voltage, i.e., when the exterior 

electrodes were made positive with respect to the central, the 

prompt component was opposed In direction to the momentum compo- 

nent. In the samples where the former became negligible with 

respect to the latter Ina few hundred pulses, this led to the 

easily Mentlfled TURNAROUND POINT, where the two components were 

equal in magnitude and the raw data curve consequently exhibited 

a maximum. This point Is especially convenient for comparing the 

performance of a single sample under various conditions, so long 

as the momentum transfer remains fixed, the observed parameter 

being the time, or perhaps the total dose required, to reach turn- 

around. Tracings of data records displaying the various polariza- 

tion effects. Including the turnaround point, are given in 

Figure 16. 
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Figure 16.  Pulsed Electron Study Raw Data Tracings 
Displaying Prompt Component, Prompt Component Polari- 
zation, and The Turnaround Point. 

a) Sample V85NO5 (Polyvinylchloride), initial applied 
voltage 465 volts.  Event sequence: l) 645 volts 
applied; 2)  S opened an closed repeatedly to avoid 
off-scale voltages; 3) the turnaround point; 
4) vertical scale zero moved to top line of chart. 
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Figure 16. Pulsed Electron Study Raw Data Tracings 
Displaying Prompt Component, Prompt Component Polari- 
zation, and the Turnaround Point. 
b) Sample Y35H02 (pile-bombarded polystyrene). Initial 

applied voltage 23 volts. Event sequence: 1) voltage 
applied; 2) switch S opened; 3) turnaround point. 
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Figure 16.    Pulsed Electron Study Raw Data Tracings 
Displaying Prompt Component,   Prompt Component Polari- 
zation,  and the Turnaround Point. 
c) Sample L51099 (polyethylene).  Initial applied volt- 

age 233 volts.    Event sequence:  l) voltage applied; 
2) S opened; 3) S closed and reopened several times 
as needed to prevent off-scale voltages; 4) llnac 
beam started;  5)  llnac beam turned off. 

70 



' 

. 

Y f 1 4-   1 min -A f 
•¥10 ¥ .    1          J          1 

1 1 
/ / 

/ 
/ 

1 

1 
1 

/ 

^ 1 

*sv 
/ 

/ 

h 

1 
/ 

/ 
j 
^       ^ 

/ 1 
/ 

/ 1 
1 

I 

OY 
| 1 — 1       1 — 

Figure 16.    Pulsed Electron Study Raw Data Tracings 
Displaying Prompt Component,  Prompt Component Polari- 
zation, and the Turnaround Point. 

d) Sample L11040 (pile-bombarded polyethylene),  initial 
applied voltage 233 volts.    Event sequence:    1) volt* 
age applied; 2) S opened;  3) S closed, reopened, as 
needed to avoid off-scale voltages; 4) llnac beam 
started;  3) llnac beam turned off. 
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Figure 16.    Pulsed Electron Study Raw Data Tracings 
Displaying Prompt Component,  Prompt Component Polari- 
zation,  and the Turnaround Point. 
e) Sample Y41H23  (polystyrene). Initial applied voltage 

233 volts.    Event sequence:     l)  voltage applied: 
2) S opened;  3) S closed and reopened several times, 
as needed to prevent off-scale voltages;  4) S closed; 
5) S reopened. 
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and the external conditions correlated with Its appearance,  have 
not been determined.    It may well be a minor matter associated 
with llnac operating procedures.    In future work,  however,  some 
effort should be devoted to understanding this Intermittent 
phenomenon. 

The size of the momentum transfer was rather sensitive to the 
amount of material In the electron beam outside the electrodes. 
Introduction of an additional  3/l6 Inch of PMMA Into the beam 
Just In front of the sample Increased the observed momentum 
transfer by a factor of about 4,  while observations made on a 
sample whose PMMA plates were only about 20 mils thick showed 
the momentum transfer to be only about one-eighth that seen In 
a standard sample of the  same material. 

2.    Voltage-Driven Components.     Both prompt and delayed voltage- 
driven components were observed.    According to the system described 
In the Introduction to the first section of this report,   the prompt 
component Is that which takes place simultaneously with the pulse, 
while the delayed Is that component observed after the pulse has 
passed.     The response time of the recording apparatus used In this 
work was much larger than the pulse width,   the latter being about 
1/2 |jsec and the former being such that the best resolution pos- 
sible was on the order of a  tenth of a  second.     To  this extent, 
then,   the prompt component discussed here differs from that of 
the Ideal  case by the contribution of the delayed component during 
the tenth second or so following the pulse.     In most cases this 
difference will be  small. 

With this  qualification In mind,   we define the prompt component as 
that transfer of charge observed as discontinuous displacements of 
the recorder pen,   each associated with a pulse of electrons,  and 
each corrected by subtraction of the observed momentum component. 
The delayed component we  define as that charge  transfer observed 
between pulses,  or following the last pulse of a series,  with an 
applied voltage other than zoro  volts. 
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Both of these components depended upon sample history, the prompt 

component displaying a considerably shorter memory than the delayed. 

Comparisons between two samples relying on either component require 

control of sample history to assure that historical differences will 

not invalidate the comparison. 

a. Prompt Component Polarization Effects. So-called 

polarization effects were noted in the prompt components of all 

three materials, the charge per pulse transferred In the direction 

of the applied voltage decreasing as pulsing continued. In all 

three samples of PVC, and in both samples of pile-bombarded poly- 

styrene, the prompt component decayed in a few minutes, i.e., 

after a few hundred pulses, to values negligible in comparison to 

the momentum component. In the four samples of non-pile-bombarded 

polystyrene, a slower decay was noted. A similar slow decay was 

observed in one sample each of polyethylene and pile-bombarded 

polyethylene. In the remaining polyethylene samples the charge 

transfer resulting from a single pulse was beyond the range of the 

electrometer, at the applied voltages used, and the presumed decay 

was too slow to be observed in the time available for observation. 

In the case of positive applied voltage, i.e. when the exterior 

electrodes were made positive with respect to the central, the 

prompt component was opposed in direction to the momentum component. 

In the samples where the former became negligible with respect to 

the latter in a few hundred pulses, this led to the easily identified 

TURNAROUND POINT, where the two components were equal in magnitude 

and the raw data curve consequently exhibited a maximum. This 

point is especially convenient for comparing the performances of a 

single sample under various conditions, so long as the momentum 

transfer remains fixed, the observed parameter being the time, or 

perhaps the total dose required, to reach turnaround. Tracings of 

data records displaying the various polarization effects, including 

the turnaround point, are given in Figure 6. 
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Prompt component turnaround was noted In all three samples of 
PVC and in both samples of pile-bombarded polystyrene.    In one 
sample of non-plle-bombarded polystyrene,  a turnaround was 
observed at a pulse repetition rate of 10 pps,  but not at 1 pps. 
In all other cases other factors obscured the turnaround point. 

One Interesting phenomenon,   namely so-called DELAYED POLARIZATION, 
was observed with the help of the turnaround point.     It was noted 
In the case of the pile-bombarded polystyrene,   and later in the 
case of PVC,   that voltage changes made with the electron beam 
turned off produced no Immediate charge  transfer,   the general 
behavior described above occurring only after the beam was  turned 
on.     Observations made first with irradiation starting about a 
second after changing the applied voltage,  and second about 5 min- 
utes after    the voltage change,   showed that the  turnaround points 
came at equal times after the onset of Irradiation;  I.e.,  that the 
prompt component polarization processes did not proceed to any 
appreciable extent in the absence of radiation. 

b.     The Delayed Component.    In PVC and in pile-bombarded 
polystyrene,   the delayed component remained small with respect to 
the momentum component for all cases,  including exposures lasting 
as long as 70 minutes,  i.e.,   around 4000 pulses.     In the non-pile- 
bombarded polystyrene samples,   on the other hand,   a few minutes 
exposure permitted the delayed component to build up to values 
which dominated both the prompt and the momentum components,   when 
the pulse repetition rate was  1 pps.     It  seems reasonable to 
assume  that in the  latter case,   the slow decay observed in the 
prompt component may well have reduced it to values  small with 
respect to  the momentum component,   but that this was obscured by 
the relatively rapid growth of the delayed component. 

In one case a brief observation was made at 10 pps.     The circum- 
stances of this case were  such that the  raw data record displayed 
the  turnaround point quite clearly.     In addition,   shortly after 
the n   xlmum was passed,   the delayed component became dominant,  and 
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a second turnaround was recorded, this one producing a minimum 

point In the record.  This event Is shown In the tracing of Plgure 17. 

In the cases of polyethylene and pile-bombarded polyethylene, the 

dark component was comparatively large.  This component was dis- 

tinguishable from the delayed component only In that the former 

was observable prior to the first Irradiation of the sample. In 

cases where only a few minutes elapsed between the termination of 

one exposure and the onset of the next, even this distinction 

became clouded, since the decay of the delayed component proceeded 

slowly. 

The combined dark and delayed components became large enough to 

dominate the charge transfer In all polyethylene samples quite soon 

after Irradiation started; I.e., within a few minutes. In two of 

the non-pile-bombarded samples, the combined components were large 

enough that at the small back-voltages generated during momentum 

transfer observations, the positive transfer between pulses was 

equal to the negative transfer produced by a single pulse. Thus 

In these two samples, a balanced condition occurred, with the data 

record oscillating about a value of approximately 7-1/2 volts. A 

third sample showed signs of approaching such a balance, but obser- 

vations were terminated before the balance point was reached. 

Tracings of the two data records showing the balances observed are 

given In Plgure 18. 

c.  Coincidental Prompt-Component Relaxation.  In several 

cases the behavior of the delayed component was observed continu- 

ously over periods of several minutes.  The procedure for doing 

this necessarily Involved a period of continued exposure, during 

which the delayed component built up to an appreciable level. 

This was followed by the observation period, throughout which the 

beam was left off.  The observation period generally was followed 

by another Irradiation period, after which the delayed component 

decay could be observed again.  In these cases the delayed compo- 

nent decreased rather slowly with time, the response times falling 

roughly in the range of minutes or tens of minutes. 
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Figure 17.    Pulsed Electron Study Raw Data Tracing 
Displaying Double Turnaround.     Sample y4lH23 (polystyrene) 
Initial applied voltage 233 volts,  applied about 30 mln- 
utes before  this observation was made.     In that thirty 
minutes the llnac beam was turned on and off several 
times.    Event  sequence:    l) Llnac  beam turned on,   at 
ten pps;   2) S closed and reopened twice;   3)  S closed, 
then reopened. 

77 

«■■■**«*«- 



1  
i._    _ _ _ - 

1 

1 

T 
• * 1 
.1 

/ X 
^—' 

J 
/ 

NO  v ""'■ 

^  
\ 

\ 

i — 
\^ 

M— 

M —' 

•o 
0) B s» cd-o 
(d « a> 
H P C 

a o§ 
CO +> 

c 2 
0) ■n e 
0) H cd 
» 0) 

4J ^-s,Q 
0) •en 

PQ CO       o 
+> "> cd 

0) H C ß 
Ü O O H 
c >       H 
CO •o 
H en ©'-s 
eo Cvo 
W a> {H 

M 3 ••« 
M d*J^ 
ß +> 
▼H H E^ 
>> o S o 
(0 > 4) 
iH p+> 
a "0       « 
03 a) o a 

•H 4-i cd a 
H C 0) P 
a-H ^ 

g an 
cd    ^ 

TH ^-Nin 
O HCVI 

2 cd     •** 
^ ••>,o 

F-i 43 «a a) 
•H 0) C 

* CC V 

& 
-ri 9) a 

0, 0 
•»o 

>> ^    c 
-o «CO  » 
3 d    £ 

•P «.CP 
co r-l   Ü 

>»p •> 
c Ä-H-Ö 
o ■P » 0) u 0) CO to 
4J • t»      0   • 
o nH^H.-^ 
<D+i O H O^t 
rH c a 
W a)>-^    co^-t ß     ••    o 
T3 oo «^ 
0) ao> ü^-4i 
CO Eo ß     cd 
iH O Z tt> ••« 0) 

£ DH d <M a 

3       00 • p a)     •o«-^ 
00 ßr-< +5 (üt- 
H gj O. ß ß 

E E a) E - 
0) 0 CO > 3 ß 

|: 
ECO w .p o 

o— 
•H c cd 
Ix. co 

v 
O 

i 

78 



•    v 

reiji»i.wiuuuti»iuiminiiilnm»iiwiiii-ii—.ujumWi.wwiJii.'ii»' 'w>mv»rr 
■    - 

0 
6m/ff. 

i 

> ■ «— In nin. —> 
*^\/   Ov. 

1 

1 

1 
1 

» K \/ 

\ 

9 Y, 

L 
■ 

\ 
^ 
^^ 

^ MMHI mm mm ■Uli ̂
 mL 

-tov. t  
Figure 18. Pulsed Electrcn Study Raw Tracing Displaying Bal- 
ance Between Delayed and Momentum Components, 
b) Sample L12059 (polyethylene). Initial applied voltage 

zero volts, linac beam turned on about six minutes prior 
to figure shown. Event sequence:  l) linac beam turned 
on; 2) S opened. 
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Somewhat unexpectedly. In several cases the prompt component 

polarization was observed to relax during the observation period; 

I.e., the prompt component Immediately following the observation 

period was markedly larger than It had been Just prior to the 

observation period.  In some cases the relaxation seemed nearly 

complete, and the post-observatlon-perlod prompt component was 

nearly as large as It had been at the onset of the first irradia- 

tion period.  In all these cases, the externally applied voltage 

was held fixed throughout, so that the polarization relaxation 

observed took place with no change in applied electric field. 

Relaxation of the prompt component polarization was observed in 

all four non-pile-bombarded polystyrene samples, and in one 

sample of non-pile-bombarded polyethylene. A tracing of the data 

records showing this behavior for one sample each of the poly- 

styrene and the polyethylene is given in Figure 19. 

3. Recharging Effect.  The system of observation used permits 

continuous observation of the sample until a maximum potential 

difference of 10 volts is accumulated across the sample electrodes. 

Since the electrometer is rated only for input voltages up to this 

level, it becomes necessary at this point to close switch S, 

bleeding charge off the electrometer input and recharging the 

sample electrodes.  In so doing, another;' phenomenon was noted; 

viz, that the first few pulses after 3 vras reopened produced 

somewhat larger voltage changes than previously noted. 

The magnitude of this perturbation bore a roughly Inverse pro- 

portionality to the length of time S was closed.  Whether the 

important parameter was time of number of pulses was not deter- 

mined, the observations being made while the beam was left on 

continuously, with a repetition rate of about 1 pps.  For the 

time intervals used, the magnitude of the effect was a factor of 

perhaps two or three, and was damped out in a matter of three or 

four pulses.  A typical data record is shown in Figure 20. 
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Figure 19.  Pulsed Electron Study Raw Data Tracing 
Displaying Relaxation of Prompt Component Polarization. 

a) Sample L11N09 (polyethylene), applied voltage 
23 volts, applied about four minutes prior to 
figure shown. Linac beam started about 3 minutes 
prior to figure shown.  Event sequence: l) voltage 
aoplled; 2) linac beam started; 3) S opened; 
4) S closed, opened; 5) linac beam turned off; 
6) S closed, opened; 7) linac beam restarted; 
8) S closed, reopened. 
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Figure 19. Pulsed Electron Study Raw Data Tracing Displaying Re- 
laxation of Prompt Component Polarization. 
b) Sample Y41H23 (polystyrene), applied voltage 233 volts, applied 

about 8 minutes prior to figure shown. Event sequence: i; volt- 
age applied; 2) S opened; 3) llnac beam started; 4) S closed, 
opened; 5) llnac beam turned off; 6) S closed, opened; 7) S 
closed, reopened; 8) llnac beam restarted; 9) S closed, reopened; 
10) llnac beam turned off. 

82 



. 

• 

?-■* 
• 

«^ 

* 
-^ 

5. u -E  -r- 
1Ö 

T ^ 
7^ 

1 
I A r

1 

_I_J- r^ 
T^-* 

'd- 
-^ 

■^ 

9 —i  
r-^ ̂ ", 

^ T-1" 

-^ 

% ~ 
M 

—£  —r- 
■J-*^ 

r" ) 

r_rj- ^ 

a« m^ r-J 
^ 

00 "O tt 
« & ir & coco 

■PA 
OS   •» 
a» o n 

W  I   0) 

OH 3 a ac 

» •in o co •• 
CVIfM 0) 

i& 
cd a> S 

o 

83 



D.  DISCUSSION 

1.  The Momentum Component. These observations suggest a number 

of comments and speculations. It Is obvious that the behavior ob- 

served Is rather complicated, and that its study requires a fair 

amount of untangling of overlapping events. It Is quite clear that 

at least three distinct conduction processes are Involved, corre- 

sponding to:  (1) momentum-transfer; (11) prompt transfer; and 

(111) delayed transfer. We now address ourselves to details of 

these processes. In turn. 

We consider first the momentum component. Presumably the card 

carriers Involved here are electrons. This primary electron under- 

goes a series of secondary collisions, each generating a secondary 

electron, which In turn undergoes further collisions. In each 

collision, the primary's energy and momentum are distributed fur- 

ther among both molecules and secondaries. This avalanching con- 

tinues until each electron's energy is reduced to a value low 

enough that it can be removed from the conduction state by trapping 

or recombination. After only a few collisions the electrons will 

be randomized, so only a very few of the conduction state electrons 

found under steady state radiation, namely those with very high 

energies, could contribute to the momentum component. 

During our observations of momentum transfer, measured counter- 

voltages were allowed to accumulate across the sample, up to values 

as large as 10 volts.  If the picture described above applied, one 

would expect the action of the counter-voltage on the conduction- 

state electrons to generate a prompt component, opposed in direc- 

tion to the momentum component, and increasing in size as the 

accumulated counter-voltage increased. This would produce an ob- 

served charge transfer per pulse that decreased as the accumulated 

counter-voltage increased. 

As a rule, no such decrease was seen. Knowing the limits of pre- 

cision of our observations, this fact permits calculation of an 

upper limit for the ratio of effectiveness of the "average" 
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conduction state electron In producing prompt current as opposed 

to momentum current. Further experimentation which determined the 

counter-voltage at which such a decrease became observable would 

permit the determination of this ratio, providing that components 

contributed by other types of charge carriers did not become 

dominant. 

2.  Prompt Currents. The nature of the charge carriers respon- 

sible for the prompt component has not yet been established. Since 

the primary Interaction between radiation field and target material 

produces substantial concentrations of ionized electrons, it would 

be tempting to account for these by identifying them with the prompt 

component. Such a model would account for the short response time 

observed for the prompt component as well. 

On the other hand, each ionized electron corresponds to an ionized 

molecule, which might possibly conduct either by molecular motion 

of some sort, or by hole transport. It would be difficult to see 

how the former could respond so quickly as does the prompt current, 

because of the relatively large masses associated with molecules or 

their parts, so molecular motion does not seem a likely candidate. 

Hole conduction, however, is not subject to this criticism, and 

cannot be ruled out as a possibility, on these grounds. 

The previously noted absence of a prompt component, corresponding 

to a 10-volt counter-voltage generated during observations of the 

momentum component, is a little surprising in view of the response 

seen to externally applied voltages of the same order of magnitude. 

In sample Y35H02, for example, the external application of -23 volts 

(AV = -23 volts, also) produced a prompt component which initially 

was about five times the momentum component in size. This did 

decay away to values negligible with respect to the momentum com- 

ponent, however, in about a minute or so of continued exposure. 

The fact that no such prompt counter- 'oltage-driven component was 

seen'suggests that the externally applied voltage and the counter- 

voltage differ in some fundamental respect. The most obvious 
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possibility for this Is In the method of application, the external 

voltage being applied all at once, while the counter-voltage Is 

applied In many small Increments, with a pulse separating any two 

consecutive Increments. Such a difference might be significant If 

the prompt component were dominated by some sort of polarization 

process which could go essentially to completion In one pulse when 

a 1/2-volt Increment was applied, but could not If the Increment 

were on the order of 20 volts. This possibility seems unlikely. 

The existence of some sort of polarizing process is suggested by 

both the transient nature of the prompt component, and by the ob- 

served recharging effect. A complete reconciliation of the noted 

lack of prompt component buildup during the momentum transfer ob- 

servations with such a polarizing process or processes, however, 

has not been achieved, nor is the route to such a reconciliation 

immediately obvious. Hence for the moment we merely note that the 

two types of voltage are somehow different, and that any compre- 

hensive model must account for this observation. 

3.  The Delayed Currents . For the purpose of these comments we 

assume that the currents observed in the steady-state irradiation 

study are essentially the same as those called the delayed currents 

In the pulsed electron study. This identity has not been proven by 

experiment, however, and so to that extent must be considered only 

tentative. Future attention should be directed to this question. 

The existence of at least three components of the delayed current 

seems well established. The first of these is a relatively fast- 

decaying transient component which disappears in the first minute 

or so after changing the applied voltage, and which was not involved 

in the calculations reported here. The second is the long-lived 

transient which becomes apparent after the first component has 

decayed away, while the third is the presumed normal steady-state 

phot©current. Previous work suggests the possible existence of a 

fourth component in polyethylene, viz., another transient with a 

relaxation time on the order of 2 minutes. In this study no effort 

was made to observe such a transient. 
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The relative Importance of the various components in determining 

the observed currents used In our calculations Is not known. In 

addition. It must be noted that our data might conceal still other 

components, since the observations were not carried out to long 

enough times, or with enough precision, to permit a complete analysis. 

However, since our working current was Inversely proportional to 

sample thickness. It Is highly probable that each of the major com- 

ponents of that current also displays this dependence Individually. 

Prom this we Infer that the mechanisms by which these components are 

generated are each more or less uniformly distributed throughout the 

sample material. Other observations made In the steady-state Irradi- 

ation study tell us that these mechanisms do not Involve impurity- 

dominated recombination processes, and suggest that defects may play 

an Important role. 

At first glance, the polarization of the prompt component seems to 

relax much faster than does the magnitude of the delayed component. 

If this behavior Is verified by a more detailed quantitative analysis, 

this observation will Indicate that the prompt and delayed components 

also Involve distinct sets of charge carriers. In this event, the 

model leading to a comprehensive description of charge transport 

properties In our materials must be a complex one. 

4.  A Speculative Model. One tentative model which might serve 

pictures the momentum component as being derived from high-energy 

electrons, generated either In the primary Ionizing Interaction 

between the radiation field and the target material, or perhaps In 

the first few secondary collisions. A large concentration of deep 

trapping states Is required to remove these electrons from their 

conducting states before they lose enough energy to come under the 

Influence of the counter-voltages developed In these experiments. 

In addition to having the deep traps, the material Is viewed as 

consisting of many small crystallites, embedded In a glassy matrix. 

If low-energy carriers were unable to cross crystallite boundaries, 

those on the Inside might produce the effects noted In the prompt 

component, while those In the matrix might produce the behavior noted 

for the delayed component. 
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It must be emphasized that this picture Is highly speculative at 

present, and cannot be advanced with any significant seriousness 

until a quantitative comparison between Its Implications and 

observed data can be made. It seems quite probable that further 

experimentation would be required to do so. 
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SECTION III 

OTHER WORK 

A.  DYNAMIC OBSERVATIONS DURING PULSED ELECTRON IRRADIATION 

A portion of the effort provided under this contract was devoted 

to development of a satisfactory technique for observing elec- 

trical co iuctlon In organic Insulators during, and Immediately 

following, exposure to a high-Intensity pulse of high-energy 

electrons.  The Intent of this effort was to provide a capability 

for studying In detail any Interesting differences in behavior 

between samples that might be revealed by the Integrated charge 

transfer measurements described In the preceding section of this 

report. The preliminary phases of this development effort have 

been completed, and a general capability In this area has been 

acquired. Details of this effort follow. 

The general technique for this type of measurement has been 

described by others .  The measurement circuit Is the same as 

that shown In Figure 2b, p. 22 . For this study, VM was measured 

with an oscilloscope , rather than an electrometer, and Rj. was 

In the region of 100 ohms, rather than 10 , thus permitting a 

response fast enough to observe the system during the short pulse. 

The radiation for this work was provided by the APCRL llnac, oper- 

ating In the single pulse mode. Beam electron energy was 10 MeV, 

pulse length was about 4 psec, and peak beam current was about 

100 mA. Rough doslmetry was provided by use of the Faraday plate 

described In the preceding section of this report. The current 

from this plate was observed for each pulse on the dual trace 

oscilloscope used to measure sample current, the Faraday plate 

response being given by the lower trace, and the sample response 

being given In the upper trace. 
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The samples used for this work were taken from the group of 31 

described In the preceding section of this report. A total of 

150 observations, utilizing 2 samples of pile-bombarded poly- 

styrene, was made. The samples used are Indicated In Table VI. 

Data were recorded photographically. Typical observations are 

given In Figures 21 and 22. 

It will be noted (Figures 21 and 22) that all three components, 

prompt, delayed, and momentum are significant.  It also will be 

noted (Figure 22) that the ubiquitous polarization effects can 

be seen In the prompt component.  Similar effects were seen In 

both samples. 

B.  TEMPERATURE DEPENDENCE OF TRAPPING 

Another part of the effort provided under this contract was 

directed toward determining the temperature dependence of 

radlatlon-lnduced conduction In organic Insulators, utilizing 

an existing 150-kV flash x-ray machine already on hand at 

Northrop. Approximately 2000 pulses were fired In attempts to 

observe such effects In several samples, using this apparatus 

at room temperature. The search was pursued to signal levels 

approaching the Johnson noise limit, with no signals other than 

those associated with electromagnetic pickup from the x-ray 

machine being observed.  These results cast considerable doubt 

on the value previously tabulated by others for the prompt com- 

ponent coefficient In polyethylene.  The salient details of 

this effort follow. 

1.  Samples.  The samples for this effort resembled rather closely 

those of the pulsed electron ctudy, with the same double-decker 

geometry being used to reduce the momentum currents.  Graphite 

electrodes were hand-painted on a central divider plate made of 

the same material as the sample, and having the same general 
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Figure 21. Dynamic Study Raw Data Tracings Dis- 
playing Momentum Component. Lower traces give shape 
of pulse of 10 Mev electrons as measured with a 
Faraday plate located behind the sample.  (Input 
resistor 50 ohms) Upper traces give response of 
sample Y35H02 to these pulses. (Input resistor 100 ohms) 
Tracing a) shows response with samole located about 
5" above the beam path.  Tracing b) corresponds to 
sample centered In beam path.  In both cases applied 

i.e., the sample electrodes 
together by the 100 ohm input 
were 5 microsec/cm. Vertical 

voltage was zero volts, 
were connected directly 
resistor.  Sweep speeda 
sensitivities: 
5 v/cm. 

Upper trace, 0.5 v/cm; lower trace. 
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Figure  22.     Dynamic   Study Raw Data Tracings  Display- 
ing Prompt Component  Polarisation.     Lower traces give 
shapes  of successive  pulses of 10 Mev electrons,  as 
measured with a Faraday olate located behind the  sample, 
(input  resistor 50 ohms.)     Upper  traces give  responses 
of  sample Y35H02  to  these  pulses.     (input resistor 
100 ohms.)    Quantities  t give  the  times elapsed since 
the apnlied voltages  listed at the tops of the columns 
were applied. 
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structure as those of the pulsed electron samples. In this case a 

4-mil-diameter copper-constantan thermocouple was strung through 

the middle of the central spacer, since measurements a a function 

of temperature were anticipated. Construction techniques for the 

spacers were as described previously. Electrodes were 1 Inch In 

diameter, rather than 3 cm. 

In the first sample the fore and aft electrodes were painted on 

plates of polytetrafluoroethylene (PTPE) rather than PMMA, since 

temperatures above the softening point of PMMA were anticipated. 

When no signals were found using this sample, the fit of these 

PTPE plates was examined more closely, and found questionable. 

It appeared that the PTFE plates had "crept" after sample assembly. 

Introducing Irregular gaps tetween sample dielectric and elec- 

trodes on the order of 1/64 Inch wide. The remaining samples 

were made using PMMA fore and aft plates, which did not exhibit 

this difficulty. 

The sample mounting parts also we? i made of PTFE, and differed 

in geometry from those of the pulsed electron study In order to 

accommodate the different mounting facilities available In the 
16 existing exposure chamber.  Slllcone stopcock grease **  was used 

as a potting material In the regions near the x-ray bean path. 

In other regions the vacuum provided by the existing chamber (on 

the order of 5 microns) was relied upon to Isolate leads and 

feedthroughs. 

Most of the effort was spent on two polyethylene samples, with 

a limited number of attempts made on one sample each of poly- 

styrene and PVC, and a few on a commercially available polyester 
20 capacitor .  The last of these had tubular geometry featuring 

an outside diameter on the order of an Inch, so that absorbtlon 

of the x-rays was severe, and the average dose rate was signif- 

icantly smaller than In the case of the double-decker samples. 
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2. Radiation and Doslmetry. Radiation was provided by the 

Northrop 150-k:V flash x-ray apparatus, which features a com- 
21 merclally available, tungsten-target x-ray tube . The beam 

was filtered by a 5-nill covar window, plus approximately 

1/8 Inch of aluminum which comprised the walls of the double- 

Jacketed vacuum chamber. 

Tills apparatus was operated in the single pulse mode, with a 

pulse width of about 50 nsec. A measurement of dose per pulse 

was made using small lonlzation chambers placed outside the 

vacuum Jacket. Assuming a simple Inverse square dependence on 

distance from the x-ray tube target, and allowing 10^ for abosrb- 

tion by the Jacket, this measurement Indicated a delivered dose 

per pulse at the sample location of about 0.41 rad, in poly- 

ethylene, or a dose rate during the pulse of about 9 Mrad/sec. 

3. Measuring Circuit and Observations. The measuring circuit 

design was essentially that used In the dynamic measurements 

described above (see Figure 23). The sensing unit differed In 

including a switch, for convenience in changing the value of the 

measuring resistor, and the voltage measuring device was a single- 

trace oscilloscope, rather than dual. This scope also had a 
22 memory storage feature , so that observations could be made 

directly, rather than requiring an intermediate photographic step. 

In some cases the signal was put Into a second preamplifier, to 

obtain maximum sensitivity, and since the x-ray shielding problem 

was much less severe than in the pulsed electron case, shorter 

cables, and hence larger measuring resistors, could be used, 

without loss of time resolution. 

Observations were made with the sample chamber evacuated to pres- 

sures on the order or 5 microns, using various applied voltages 

up to 700 volts and measuring resistors at various values in the 

range of 50 to 5000 ohms. A number of signals were seen, but 

these exhibited poor reproducibllity and did not depend in any 

simple fashion on the value of the applied voltage or the meas- 

uring resistor, or the interposition of a 1/4-inch lead plate 
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between the x-ray tube and the  sample chamber.     The measuring 
system parameters for these observations were such that consis- 
tent signals on the order of 0.01 |iA should have been clearly 
dlscernable with time resolution on the order of 20 nsec. 

Reproducible  signals which were qualitatively well-behaved with 
respect to applied voltage and measuring resistance,  and roughly 
linear with respect to chamber pressure,   were observed when the 
chamber was back-filled with helium,  at pressures ranging from 
about 100 microns to some  two atmospheres.     These  signals were 
In the micro-  to mllll-ampere  region,  with rise  times on the 
order of 100 nsec and decay time-constants in the neighborhood 
of 0.4 nsec.     Insertion of a 1/4-lnch thick sheet of lead between 
x-ray tube and sample chamber caused these signals to disappear. 
They also disappeared when chamber pressure was reduced again to 
the  5-micron region. 

4.     Discussion.    The well-behaved signals observed at higher 
pressures presumably resulted from ionized gas conduction between 
exposed portions of the electrical leads.    These were of unknown 
area and were located some 1 or 2 inches off the beam axis,  i.e., 
well away from the main portion of the beam.     Quantitative calcu- 
lations of the currents to be expected in this  situation are 
precluded by our Ignorance of both the effective geometric factors 
and the appropriate beam intensity.     However,   both of these   fac- 
tors probably were at least two orders of magnitude smaller than 
the  corresponding factors  for the  samples.     Thus we conclude  that 
the measuring apparatus was functioning properly,   and should 
have been able to detect currents  in the microampere range with 
no difficulty. 

Rough values  to be expected for prompt currents In our measure- 
ments were calculated from proportionality constants reported 
by others  .     These ranged from 0.7  to 13 ^iA for polystyrene,  and 
from 2  to 28 ^k for polyethylene,   values falling within the range 
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measurable by our system.  The constants reported were based 

upon observations made under steady-state Irradiation, and rest 

upon the assumption that the prompt component comlnates the total 

current observed under those conditions.  This Is a questionable 

assumption, at best, so the failure to find an observable signal 

In our measurements simply may Indicate that It Is not valid. 

p 
We note that these samples had an electrode area of about 10 cm 

and were exposed to a radiation field with an Intensity on the 

order of 8 Mrad/sec, while the corresponding samples In the Co 
2 study had electrode areas of about 1000 cm and were exposed at 

the rate of about 60 rad/sec. Given our negative results In this 

study. I.e., prompt currents less than 10 nA, the maximum prompt 

current that could have been expected In the Co  study poly- 

ethylene samples, at equivalent applied electric fields, was 

300 pA. For polystyrene the corresponding figure Is about 30 pA . 

The currents actually observed In the Co  study were 1000 to 

5000 pA and about 400 pA, respectively.  Thus these negative ob- 

servations tend to confirm the assumption made In the Co  study 

that In that study the currents observed were predominantly of 

the delayed component variety. 

♦The difference between the two materials hinges on therr dif- 
ferent values for A In the expression Ia$^.  In these calcula- 
tions the minimum values observed, namely 0.5 for polyethylene 
and 0.7 for polystyrene, were used.  Larger values would produce 
even smaller values for the maximum prompt current, thus 
strengthening the conclusions presented here. 
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SECTION ZV 

GENERAL SUMMARY OP RESULTS AND RECOMMENDATIONS 

A.     SPECIFIC RESULTS OP THE CURRENT WORK 

The principal result of the current work Is the development of 
a  technique for measurement of quasl-dc,   bulk photoconductivity 
In polyethylene and polystyrene,   during steady-state Irradiation. 
This technique utilizes the  sum of two or more component currents: 
the normal steady-state photocurrent; and at least one  slow 
transient photocurrent having a relaxation time on the order of 
minutes.     This total photocurrent Is shown to be linear with 
applied voltage up to fields approaching 10^ of breakdown strength, 
ard to vary In Inverse proportion to sample thickness. 

Comparisons of various  samples utilizing this technique show 
both polyethylene and ploystyrene to be Insensitive to minor 
fabrication differences,   thus suggesting strongly that their con- 
duction processes during Irradiation of the strength and type 
used In  this work are not dominated by Impurity-controlled re- 
combination mechanisms.    Similar comparisons suggest that these 
processes may fundamentally Involve structural Irregularities 
which are present In very large concentrations In the unlrradl- 
ated material. 

The pulsed Irradiation studies display the presence of at least 
three,   experimentally distinguishable,  component currents,  namely 
the prompt component;   the delayed component;  and the momentum 
component;  in electron-irradiated polyethylene,   polystyrene,  and 

Polyvinylchloride.   Negative observations suggested that the total 
photocurrent observed in the steady-state case,  described above, 
probably was dominated by the delayed component.    In addition,  a 
number of observations permitting speculations on various aspects 
of the conduction mechanisms  involved in photoconduction in these 
materials, were made. 
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B.     CURRENT STATE OP THE ART 

1.    Design Problems and Semantic Difficulties.    It Is readily- 
apparent from the observations reported here that the general 
question of electrical conduction in enradient organic insulators 
is quite complicated,  there being at least three distinct compo- 
nents,  responsive to different sets of independent variables. 
The fact that these three sets exhibit a certain amount of over- 
lapping contributes to the confusion, and it is not particularly- 
surprising that different investigators report apparently con- 
flicting results. 

Discussions of such situations are particularly vulnerable to 
semantic confusion,  and considerable care must be taken to ensure 
that the ideas actually conveyed by a discussion bear a reason- 
ably close resemblance to those it was Intended to convey.    Care 
must be taken to define terminology adequately, and particular 
care must be taken to recognize the limits of applicability of 
concepts carried over from other fields,   e.g.,   the term "conduc- 
tivity" itself,  which can mean quite different things to those 
occupying different viewpoints. 

The designer of a microcircuit,  for example, may want to know 
how much leakage to expect across a planar isolation layer as a 
function of radiation intensity.    In general one expects this to 
be dominated by what we have designated as  the momentum current, 
since most radiation fields that a microcircuit might be exposed 
to will be asymetric with regard to the isolation layer's plane. 
Consequently the "conductivity" requested by this designer may 
depend primarily upon radiation field parameters such as momentum 
and energy spectra,  and the atomic numbers of the Isolation layer 
and the surrounding materials, and rather less upon the potential 
drop across the layer,   the layer's thickness or the molecular 
structure of the layer. 
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The designer of an lonlzatlon chamber may want to know how much 
leakage to expect In a cylindrical capacitor when his chamber 
Is used In a hot cell.     The cylindrical geometry will reduce the 
momentum current drastically,  and the radiation Intensity will 
be relatively low,  leading to a small prompt component.    Thus the 
leakage In this case will be dominated by the delayed component, 
and this man's "conductivity" may well be a function of how long 
an exposure to the field Is required In order to take a reading, 
as well as a function of radiation Intensity. 

The designer of a guidance system for a rocket,  on the other 
hand,  may want to know how much current to expect In the same 
cylindrical capacitor,   under a particular pulsed radiation envi- 
ronment.     This most probably will be dominated by the prompt 
component,   since  the cylindrical geometry of the capacitor will 
reduce the momentum current drastically, and the delayed compo- 
nent should not have enough time to build up to a significant 
level.     Here,  our present knowledge suggests that the principal 
parameter will be radiation Intensity,  although the polarization 
effects observed Indicate  that the capacitor's recent history 
may be significant,   too. 

The concept of conductivity was originally developed for the 
case of essentially free carriers, and as such carriers an impli- 
cations of a constant value at all points within the material in 
question.     Prom a practical  point of view it is a scalar property 
whose usefulness hinges upon its ability,  when multiplied by the 
electric field In the material,  to predict the element of elec- 
tric  current that will be contributed by each element of the 
material.     The dangers Inherent in carrying over the concept of 
a single-valued conductivity to the field of enradlent Insulators 
are as obvious as the penalties attendant upon Inadequate designs 
in any of the cases cited. 
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At the present time, the assistance that can be offered to our 

three hypothetical designers Is somewhat limited, both by lack 

of data for specific materials, and by the as yet Incomplete 

understanding of the current-generating mechanisms Involved. 

The present work constitutes a significant advance of the art 

beyond Its previous state, through providing the first reliable 

volume quasl-dc conductivity data for two popular materials- 

Much more remains to be done, however, before the field can be 

reduced to a handbook status. 

2. Future Outlook.  Since there appears to be a set of three 

different conduction processes, any one of which may be dominant, 

It follows that there are three Investigative lines to be followed. 

The relative priority to be attached to these lines depends, 

of course, upon the relative urgencies associated with the types 

of design problems corresponding to these lines. Prom the ex- 

perimenter's viewpoint the most efficient procedure would be to 

pursue all three lines simultaneously, since a relatively small 

percentage Increase In the time devoted to data taking would 

provide raw data appropriate to all three lines from a single 

series of experiments. As the lines proceeded through data 

reduction to model formation, of course, one would expect a 

decreasing amount of overlap. It would not be entirely sur- 

prising, however, to find an appreciable overlap even in the 

final stages. 

With regard to the future, a general pattern does seem to be 

emerging from the gradually accumulating knowledge in this field. 

Three Important components are experimentally Identifiable, 

and their general behavior is being mapped out, bit by bit. 

There Is every reason to expect that further work will identify 

the parameters controlling these components, and that knowledge 

of these will suggest the limits to which they can be controlled, 

and suitable means for controlling them, within such limits. 
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Once an adequate understanding of the controlling parameters Is 

achieved. It will become possible to define those quantities which 

will be of use to designers In their various fields. Then, and not 

until then, will It become possible to tabulate numerical values of 

these quantities for the various materials available to the designers, 

and to determine the feasibility of something approaching a handbook 

table. 

C.   SPECIFIC RECOMMENDATIONS FOR FUTURE WORK 

The recommendations for future work fall Into two classes: those 

designed to Improve our understanding of the mechanisms underlying 

radlatlon-lnduced conduction; and those designed to provide as much 

immediate help to the designer of radlatlon-hardned components as 

present basic knowledge permits. 

Recommendations of both classes are now given for each of the three 

subareas of radlatlon-lnduced conduction discussed In this report. 

1.  Momentum Components . 

a. For Improved Understanding. The previous specula- 

tions on momentum current mechanisms are open to question on the 

basis of another observation; namely, that the size of the pulsed 

electron momentum transfer Is sensitive to the amount of PMMA In 

the beam upstream of the sample. In order to be certain that the 

transfers observed are Indeed generated In the sample material and 

not by some mechanism external to the sample, this sensitivity 

should be studied rather thoroughly. 

f 
An additional problem Is raised by certain previous work , which 

suggests that the momentum component Is not linearly proportional 

to radiation Intensity. The extent to which this is true, and the 

circumstances surrounding such behavior, requires some attention, 

for the simple model described above rather implies a linear 

dependence here. 
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b. For Immediate Use. Prom a practical point of view, 

we note that there exists a class of radiation-hardening design 

problems In which the radiation-Induced conduction Is dominated by 

specific Information to assist the designer In meeting these prob- 

lems, and virtually none available In a form convenient for his use. 

If he Is to be given any assistance In this area, a considerable 

amount of work remains to be done both In the region of predictive 

calculations, and determination of critical constants In specific 

materials. 

2.  Prompt Components. 

a. For Improved Understanding. One obvious question 

concerning the prompt component Is whether It Is volume distributed. 

To answer this question will require further experimentation, using 

the techniques developed during this contract to examine the rela- 

tionship between charge transfer across samples having the same 

history, and sample thickness. 

One line of analysis which may prove useful, in the event that the 

polarization effects prove to be volume distributed, is the response 

time of polarization, and of its relaxation, and their dependence 

upon various independent variables, e.g., dose rate and temperature. 

Other workers have reported that special electrode deposition 

techniques have eliminated polarization effects in the prompt com- 

ponent. This suggests that the polarization effects result from 

electrode Interface problems. Thus the thickness dependence question 

becomes especially Interesting, from a fundamental point of view. 

Two questions which may be answerable from the data already on hand 

are whether the conduction processes responsible for the prompt com- 

ponent are sensitive to trace Impurities and/or defect concentrations. 

This will require further data analysis, however. 

Another question, inspired by the speculative model described earlier, 

is whether the prompt component depends upon sample crystallinity. 
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A related question Is the effect of sample rigidity. Both of these 

should be susceptible to attack using the same controlled history 

approach, although the latter would require measurements at temper- 

atures other than room temperature. 

b. For Immediate Use. Rather little immediately useful 

data pertaining to the prompt component can be gathered until the 

behavior has been mapped out in more detail. One area of immediate 

practical Interest can be Identified, namely, that of the influence 

of electrode materials and means of application. If the observed 

polarization is a surface phenomenon, the road to controlled repro- 

duclblllty for those cases in which the prompt component dominates 

turns toward electrode attachment processes, while if it is a 

volume phenomenon, other procedures must be developed. 

3 .  The Delayed Components 

a. For Improved Understanding. A number of possibilities 

for further study suggest themselves. The most obvious of these 

would be a study of the decay behavior of the transients, attempt- 

ing to Identify the various components according to relaxation time. 

A natural extension of this line of investigation would be to study 

the effects of temperature on these times, and to characterize the 

various components by their dependences on sample thickness, radia- 

tion Intensity, and material crystallinity. An extension of the 

neutron-bombardment study to higher doses also seems quite obvious. 

Also in line for similar examination should be the postirradiation 

time dependence of delayed component decay. All of these approaches 

should provide relevant information, which, taken en masse, should 

be quite helpful in assigning specific carriers and mechanisms to 

the various components. 

A somewhat less obvious approach to further understanding would 

Involve clarification of the importance of the voltage change, AV. 

In the present study, V and AV were proportional to each other, 

thus making the current-voltage characteristics displays of I vs 
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V, and vs AV, simultaneously. If the roles of V and AV could be 

separated, a comparison of the relative strengths of the transient 

and steady-state components could be deduced from the relative 

Importances of V and AV In determining I. If V dominated, the ob- 

served conductances would be dominated by the normal steady-state 

photocurrent, and further analyses along the lines of the lifetime 

calculations suggested in this contract's proposal, would be mean- 

ingful. Should AV dominate, on the other hand. One would conclude 

that the transient processes dominated the observed conductances, 

and that the utility of lifetime analyses would depend upon further 

establishment of conductive mechanism details. 

With one exception, studies based upon controlled addition of 

dopants or other impurities do not seem promising. In view of the 

negative results of the fabricator comparison reported here. The 

exception would be an attempt to map out the electric field distri- 

bution inside a slab of dielectric material via the Mossbauer effect 

Given that a suitable Mossbauer absorber could be dissolved Into the 

dielectric, the shift due to the Stark effect might be large enough 

to be observable. In this case, the amount of the shift would be a 

measure of the local electric field strength. 

One other approach which might be worth developing Is that of sub- 

jecting samples to controlled thermal treatment.  Other workers 

have reported substantial changes In mobility for two organic dielec- 

tric liquids, after repeated passes through a zone-refining process. 

If confirmed, such results would have definite implications regard- 

ing procedures by which conduction in dielectric materials could be 

controlled. 

b. For Immediate Use.  From a practical point of view it 

should now be possible, thanks to the technique developed in this 

work, to accumulate tables of parameters characterizing both poly- 

yethylene and polystyrene with respect to the delayed component. 

This will require a number of experiments at various radiation 
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Intensities, using several thicknesses of material, and should be 

extended to Include several types of radiation field. Other mater- 

ials should be established, and the corresponding data compiled. If 

the range of materials Is found sufficiently broad, some effort 

should be directed toward refining the technique. 

For the most part, refinement of the technique will depend upon 

improved understanding o * the underlying mechanisms.  One Improve- 

ment that might be possible directly, however, would be to provide 

better control of possible leakage paths paralleling the sample. The 

substantial variations noted for the same sample at different times, 

and with reversed orientation with respect to the measuring circuit, 

suggests that this parallel leakage was not completely under control. 

In view of the small quantities Involved, e.g., the variations noted 

correpponded to parallel leakages In the plcomho range, such a con- 

clusion seems not unreasonable. Accordingly, attent-on to those 

places in the measuring circuit where small Interruptions In the 

guarding configuration were permitted, might provide considerable 

Improvement In measurement precision. 

A certain amount of attention to the effects of various electrode 

materials and electrode application techniques also would seem well 

directed.  Reports by others of sharp reduction of transient effects 

In studying the preempt component, through various electrode applica- 

tion techniques, raise the question of whether similar reductions 

might be found also in the delayed component. In view of the thick- 

ness relationship found in this study, such a reduction would at 

first glance seem contradictory, but might be explicable on the 

assumption that the electrode application technique permitted sub- 

stantial diffusion of the electrode material into the bulk of the 

sample, thus changing the basic bulk properties of the material. 

Some practical interst should attach to experimental studies of the 

influences of various electrode materials and electrode application 

techniques, particularly those involving metallic electrodes, since 

these are quite commonly encountered. 
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EQUIPMENT 

1. Model DW-1 Deadweight Micrometer, dial M. E. J. Cody & Co., 
Melrose Park, 111. 

2. 'dag' dispersion #15^i Acheson Colloids Co. 

3. Sylgard #184 Potting & Encapsulating Resin, Dow-Corning Co. 

4. Embedding Paraffin M7352-4, Scientific Products Co. 

5. RG-59/U trlaxlal cable 

6. RG-58/U coaxial cable 

7. Mluluolse trlaxlal cable #250-3833, Mlcrodot Inc. 

8. Model 603 Electrometer, Lelthley Instruments, Inc. 

9. General Electric Co. #CR120M900B01 magnetic reed switch 

10. Shallcross #12435, #12212, and #1240? ceramic wafer switches. 

11. RG/58TJ coaxial cable 

12. E-Kote 40, Epoxy Products Co. 

13. BNC Bulkhead Receptacle 

14. Amphenol PXR #34450 Bulkhead Receptacle 

15. Dow-Corning High-vacuum grease slllcone lubricant 

16. Model 601 electrometer, Kelthley Instruments, Inc. 

17. Amphenol #21-204 trlaxlal cable 

18. RG62A/U coaxial cable 

19. Leeds & Northrop Speedowax H 

20. WMF 4P68, Cornell-Dublller Electronics 

21. Pexltron 150 kv x-ray tube. Field Emission Corp. 

22. Tektronix Model 549, Type L preamplifier 

23. Eastman 910 Adhesive, Tennessee Eastman Co. 

24. Tektronix Type 551 dual-beam oscilloscope, type L preampli- 
fiers. 
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