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ABSTRACT 

We have measured the conduct iv i ty induced in films of polyethylene, epoxy, 

po ly t e t r a f luo roe thy l ene , polyethylene t e r e p h t h a l a t e , polyimide, and g l a s s by 
9 10 

x rays at dose r a t e s between 10 and 10 r a d s / s e c (dose in a i r ) . The f i lms 

were 0.05 to 1.25 mm t h i c k . The x-ray spectrum peaked in the v i c i n i t y of 

10 keV, and the x-ray pulse width was about 40 nsec FWHM. X-ray-induced 

photocurrents were found to obey Ohm's law a t low bias vol tages ( l e s s than 

I kV). Above 1 kV, however, we observed t ha t the peak photoconductivi ty 

s igna l s from some of the 0.05-nnn-thick mate r i a l s began to inc rease a t a 

s l i g h t l y f a s t e r than l i n e a r r a t e with b ias vo l t age . The g la s s samples 

exhib i ted no apparent delayed conduct iv i ty , while t he other sample mate r i a l s 

showed var ious amounts. The magnitude of the delayed conduct ivi ty in 

po ly t e t r a f luo roe thy l ene , polyethylene t e r e p h t h a l a t e , and polyimide depended 

on the e l e c t r i c f i e l d , an e f f e c t t h a t i s cons i s t en t with Poole-Frenkel 
± • " " 

Work performed under the auspices of the U.S. Atomic Energy Commission, 
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field-assisted carrier generation. We have qualitatively described the 

magnitude and time dependence of the conductivity signals by a simple 

trapping model using reasonable valuee for mobility, trap density, capture 

cross sections, and trap depths. 

INTRODUCTION 

When the electrical components and circuitry of a warhead are exposed 

to a nuclear radiation environment, induced voltages and currents are 

generated that may be large enough to damage critical components and disable 

the warhead. In our continuing program at LLL to understand the mechanisms 

by which these voltages and electrical currents are generated, we are making 

careful laboratory measurements of charge emission from material surfaces as 

well as the charge displacement effects that occur within the bulk of an 

insulating layer under x-ray exposure. We are attempting to use this data 

in computer models to explain the complex signals observed from cables and 

other electrical components in nuclear effects tests. The radiation induced 

conductivity in the dieTectrics of these components is an essential parameter 

in the analysis of these signals. 

Ue have measured the radiation induced conductivity of films of 

polyethylene terephthalate, polyimide, polytetrafluoroethylene, polyethylene, 

epoxy, and glass at dose rates near 10 rads/sec (air). Previous 

experimental data on conductivity at these and higher dose rates is sparse 

and varies significantly among investigators. Our measured data on 

polytetrafluoroethylene is several orders of magnitude smaller than that 
2 

tabulated in the TREE handbook. Data on conductivity measured as a function 

of time and energy deposition rate in the sample is even more sparse. 
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The increase in conductivity that occurs in an insulating material 

exposed to ionizing radiation is attributed to an increase in the density of 

free carriers due to the excitation of electrons into the conduction band 

of the material. This increase in conductivity, which may be many orders of 

magnitude larger than the unirradiated or "dark** value, is called 

photoconductivity. We have measured the photoconductivity of insulating 

films by applying a bias voltage (to electrodes vacuum deposited on both 

surfaces of the film) and observing the current flowing through the sample 

during and after exposure to a pulse of radiation. The conductivity was 

obtained as a function of time and dose rate during and after the radiation 

pulse by using a circuit analysis code that calculates the conductivity 

approximately every 2 nsec. 

The electrodes deposited on the insulating materials were only 500 to 

2500 A thick so that x-ray attenuation and any local dose enhancement due to 

electron emission from the electrodes into the film would be minimized. The 

thickness of the insulating samples ranged from 0.05 to 1.25 mm. The bias 

voltage applied across the sample varied over a 5-kV range: from -2.5 to 

+2.5 kV. The resulting electric fields in the thinnest samples reached 

5 x 10 V/cm. 

We found that considerable care had to be taken in the design of the 

environment in which the photoconductivity measurements were made. X-ray-

induced charge emission from surfaces in the vicinity of the sample as well 

as from the sample electrodes can contribute signals large enough to 

completely mask the real conductivity Bignal. We reduced extraneous signalB 

to an acceptable level by covering all exposed surfaces, including the 

sample electrodes, with beryllium foil. 
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THEORY 

Photoconductivity of Crystalline Semiconductors and Insulators 

When a semiconductor or insulator is irradiated with electromagnetic 

radiation, the electrical conductivity may increase by many orders of 

magnitude. This phenomenon is called photoconductivity. Experiments utilizing 

the Hall effect have demonstrated that photoconductivity is due primarily to 

an increase In the free carrier densities, rather than to a change in carrier 

mobility. Photoconductivity occurs when the energy of the incident radiation 

is sufficient to excite electrons Into the conduction band. Excitation may 

take place from the valence band or from filled eletronic levels within the 

band gap. Doth the electrons and the holes created in this process may 

contribute to the conductivity. 

Let n-, p_ be the concentration of free electrons and holes in the 

photoconductor in the absence of radiation and <5n, 6p be the increase in 

concentration of free electrons and holes when the photoconductor is irradiated. 

Then 

n - n_ + 6n 

P r - P 0 + 6p. C D 

where n , p are the t o t a l concentra t ions of free e l ec t rons and holes during 

i r r a d i a t i o n . The conduct iv i ty then becomes 

o - (n Q u e + p Q u h ) e + <6n Me + <5p U h )e 

- o Q + fio . (2) 
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Accordingly, the current density j may he written in two terms; 

(3) 

good insulating materials the dark current is completely negligible compared 

with the photocurrent except possibly at very low irradiation levels, so 

Eq. (3) becomes 

J as Serf. <4) 

Two-Level Model of a Photoconductor 

Let us first examine the simplest possible model for a crystalline 

photoconductor. Consider a solid with a completely filled valence band 

separated by a energy gap <P from an empty conduction band* Assume that <? 

is large enough chat thermal excitation of electrons from the valence band 

to the conduction band may be neglected. Let electrons be excited across 

the gap into the conduction level at a rate g(t)» leaving behind free holes 

in the valence band. The rate of Jhange of electron concentration in the 

conduction band during irradiation is given by 

gjr - s\w i*f>» , (5) 

where g(t) is the generation rate of free electron-hole pairs per unit volume 

and apn is the recombination rate per unit volume, which is proportional to 

the product of free electron and hole concentrations. From the kinetics of 
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the recombination process, the lifetime T of an electron (or hole) in the 

conduction (or valence) band is 

T - L . (6) 
ap 

Since the number of free electrons and free holes is the same, Eq. (5) in 

the steady state becomes 

£ - 0 - g - o ̂  . (7) 

yielding 

^ - ( if • 
where n is the steady state concentration of electrons. 

Since the generation rate g(t) is proportional to the energy deposition 

rate (dose rate), this model predicts that the steady state concentration of 

free carriers will vary as the square root of the dose rate. Conductivity 

is proportional to the free carrier concentration; thus, 

a - (if . (9) 
where y is the doae rate (energy deposited per gram of material per unit time 

by the radiation). 

Experimentally, a square root dependence of the photoconductivity on dose 

rate, as in Eq. (9), is rarely observed. In most materials, the dependence 



of photoconductivity on dose rate is nearly linear. Also, the measured 

photoconductivity is many orders of magnitude smaller than that predicted 

by Eqs. (8) and (9). 

The response cine of a photoconductor is defined as the time required for 

the free carrier density of the photocurrent to drop to some fraction, say 

0.5, of its initial value uhen the radiation is turned off. When g » 0, we 

obtain from Eq. (5) 

£--«»*. do) 
Integrating this expression, one obtains 

n ( t > - i + . « . t • ( , 1 ) 

where n is the steady state free carrier density at the time the exciting 

radiation is turned off. The response time, T, from Eq. (11) and our definition 

above is 

T - - ± — . (12) 

Using Eq. (6) and the identity of n and p we see that 

T - T . (13) 

Thus, the response time and the lifetime of g free carrier in this simple 

model of a photoconductor are one and the same. He would expect, therefore, 

than a sensitive photoconductor (large n for a given g) show a long free 
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carrier lifetime and, from Eq. (13), a sluggish or long response time. 

However, this identification of response time with carrier lifetime is not 

observed. Many insensitive photoconducting materials with carrier lifetimes 

estimated to be in the 10 sec range show response times of the order of 

seconds. We must conclude that this simple two-level model is not in accord 

with experiment, and therefore we must find a more realistic model of the 

photoconductor. 

Trapping Model of a Photoconductor 

Trapping levels provide the key to a more successful model. Traps are 

localized states existing within the band gap of a solid. Electrons or holes 

captured in shallow trapping levels may be subsequently released as free 

carriers by thermal processes. Many of the important effects of these trapping 

levels may be examined in a simple model. 

Consider a crystal with four energy levels, as shown in Fig. 1. The 

conduction and valence bands are treated as single, highly degenerate levels, 

since the overwhelming majority of free carriers will have energies within 

kT of the band edges. 

Electrons are excited across the band gap at a rate g(t) from the valence 

level at d? into the conduction level at t? • Let the holes arising from the 

excitation process be immediately captured into the electron level at <§" 

(which Is filled before Che exciting radiation begins). These captured holes 

will subsequently serve as recombination centers for free electrons. Since 

we assume the holes are trapped Immediately we will neglect their contribution 

to the conductivity. The electron energy levels located at <f (which are 

empty before the radiation strikes the sample) can capture electrons from 
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the conduction level and later release them back into the conduction level 

by a thermal exchange. These levels at (? are the shallow trapping levels. 

Wt assume that they communicate only with the conduction level because of 

their proximity to the conduction level. The trapping and recombination 

levels are shown as broken lines to Indicate that these energy levels do not 

extend throughout the crystal and hence cannot support an electrical current. 

Similar models have been discussed by many investigators. 

The allowed electron transitions are shown by the arrows in Fig. 1. The 

rate constant far electron capture into the trap level is a., that for thermal 

release from the trap ou, and that for recombination a,. The degeneracy of 

the conduction level, the density of trapping levels, and the density of 

recombination levels are N , N , and N , respectively. The rate constants c t r r 

are defined such that the probability per unit time of a transition to some 

new level is the product of the rate constant for the transition and the 

density of empty states In the new level. 

Using the definitions above we can write the equations that govern the 

electron population in the conduction level, n , and in the trapping level, n : 

(H) 

3T-*lnc<Nt- V - Vt ( Nc' V - C 1 5 ) 

For the moment we are concerned with the steady state, in which the rate of 

capture of conduction electrons by the traps is equal to the rate of thermal 
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release of crapped electrons back into che conduction level. Therefore, in 
the steady state these rates of exchange exactly cancel and we may write 

dn 
(16) 

Is the number of trapped holes, and g(t) i s th« feneration rate of free 

electron-hole pairs. The free electron concentration in the steady state, 

n , la given by 

n(n, + tO « ££ i . (17) 
C C t OU 

There are two limiting cases of interest, depending on the relative 

electron concentration in the conduction level and in the trapping level. 

When n « n we have 

= gCtJ . "c a, n • <'« 

and since the generation rate g(t) is propartianal to tho dase rate Y we see 
chat 

Y 
J3 nt c a- n„ c t 

•••ft)' In » i! (20) 
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For trap depths greater tlian a feu kT and level densities N and N 

approximately equal, Eq. (19) predicts many fewer carriers than that suggested 

by the bimolecular model (Eq. (8)], giving rise to photoeurrents more in 

accord with those measured experimentally. Trap densities in our materials 

are estimated to be in the 10 to 10 cm range, and thus a large electron 

population in the trap level is not unreasonable. Depending on details of 

the trapping level structure, the exponent of y can take on values between 

0.5 and 1.0. ' More recently, Rose has shown that a somewhat more elaborate 

level structure in the band gap can give rise to values of the exponent 

exceeding unity. 

The presence of traps also accounts for the great inequality between the 

response time of a photoconductor and the carrier lifetime. After the radiation 

producing the photoconductivity is turned off, a significant conductivity 

may parsist in the solid for times much longer than the lifetime of photoexclted 

carriers. This phenomenon, known as delayed conductivity, is due to thermal 

reeraission of carriers from traps intc the conduction band, where they are 

free to contribute to the conductivity until they recombine with trapped holes 

(in our model) or become trapped once again. A solid with deep trap levels, 

far which the probability o£ thermal excitation is small, would be expected 

to show small delayed photocurrents that persist long after the exciting 

radiation is turned off. The delayed conductivity may also be expected to 

depend on the temperature, since the rate of emission from the traps Is a 

thermal process. If the trap levels are close to the conduction band, the 

temperature dependence of the photoconductivity both during and after the 

radiation pulse may be very large. 



Application of Band Theory to Amorphous and Polymeric Solids 

The band theory of solids was developed to describe the behavior of 

crystalline solids. Although It has not: been explicitly stated above* many 

of the important features of band theory (e.g., rhe existence of band gaps) 

arise as a result of the periodic lattice potential in the electron 

Harailtonian that describes the system. In a truly amorphous solid, an 

ordered arrangement of atoms may not exist even over distances comparable to 

a few atomic spacings. Amorphous material? have been the object of intense 

experimental and theoretical investigation in recent years. A model proposed 
8 9 by Gubanov and Banyai describes conduction in amorphous solids in a fairly 

realistic manner. Mott has given this model extensive theoretical 

development. He suggests that the essential features of band theory may be 

applied to amorphous solids subject to two modifications: 

1) For disordered structures the band gap is replaced by a ''pseudogap*' 

or minimum in the density of electronic states. 

2) Electron states in this pseudogap may be strongly localized, so they 

cannot contribute to the conductivity except through processes like 

thermal excitation. In this sense the pseudogap behaves in the same 

manner as a true band gap as far as electrical conduction is concerned. 

Polymeric solids are highly ordered along the direction of e polymeric 

chain but are highly disordered compared with single-crystal Dr polycrystallinn 

material. The application of band theory to polymeric solids is more obvious 

than for amorphous materials. The long polymer molecular may be regarded as 

a linear lattice. Because the intermolecular interactions are very small 

except between neighboring molecules in a polymer chain, it is common to 
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see very narrow energy bands - with widths of the order of a few kT at room 

temperature. These very narrow bands Impose special requirements on the 

transport of electrons or holes from a metal electrode Into a polymeric 

Insulator. 

Most Insulating materials of technological importance either have an 

amorphous structure (glasses) or are organic polymers. The electronic 

properties of these materials may be understood in terms of band theory 

subject to the limitations discussed above; namely, that we replace the band 

gap by a "pseudogap" in a discussion of amorphous material and that the 

energy bands in organic polymers are usually much narrower than In crystalline 

materials. Amorphous and polymeric materials exhibit the same trapping 

phenomena that are observed in crystalline photoconductors. The small observed 

photocurrents Indicate high trap concentrations (estimated to be at least 

10 cm ) in typical amorphous and polymeric insulators. 

12 Flectrode Effects 

The observed photoconductivity may depend on the ability of the electrodes 

attached to the specimen to remove or supply charge carriers. This is a 

particularly difficult problem when photoconductivity measurements are 

attempted in highly insulating specimens under steady state irradiation. If 

the photoexcited carriers cannot be removed at one electrode and replenished 

at the other, the application of an electric field and resulting photocurrents 

result in a separation of positive and negative charge within the sample. 

The charge separation produces an electric field within the sample that opposes 

the applied field and eventually reduces the photoeurrent to zero . This 

effect in the study of photoconductivity 1B known as polarization. It should 
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not be confused with dielectric polarization, in which charge separation 

occurs on an atonic scale under the action of an electric field. We believe 

that polarization effects in our experiments are minimal because the total 

photoconductive charge transfer chat occurs during the radiation pulse is 

small compared with the initial charge on the electrodes of the specimen. 

EXPERIMENTAL PROCEDURE 

X-Ray Source 

The x-ray source used ro t t h i s I nves t i ga t i on i s of a design by Bluralein. 

The x-ray bu r s t produced by t h i s machine i s approximately AO nsec FWHM in 

dura t ion . A 0 . 0 0 1 - i n . - t h i c k aluminum absorber placed in the beam f i l t e r s 

out the very low tnergy components of the x-ray spectrum. The s p e c t r a l 

d i s t r i b u t i o n , which we measured with a b e n t - c r y s t a l spectrometer , i s shown 

in F ig . 2. To measure t he x-ray flux s ca t t e r ed by the p y r o l y t l c g raph i t e 

c r y s t a l in the 4-AO keV energy range, we used both photographic film and an 

a r ray of thermoluminescent d e t e c t o r s . The spectrometer was c a l i b r a t e d by 
H . 1 5 comparisoa with dc x-ray sources of known energy and i n t e n s i t y . The 

spectrum consis ted of c h a r a c t e r i s t i c x-ray l i n e s a r i s i n g from the M-to-L 

t r a n s i t i o n s in t he tungs ten anode superimposed on a bremsstrahlung spectrum. 

The average dose per pulse measured at the sample loca t ion i n a i r was 

270 rads ±15%. The v a r i a t i o n of the dose over the sample was approximately 

20% - the dose f a l l s off near the periphery of the sample. The dose was 

determined by averaging the readings of a number of t M n LiF de tec to rs tha t 

were exposed a t the sample p o s i t i o n . 

When taking photoconductivi ty da ta , we monitored each pulse from the 

generator by measuring the e l ec t ron emission from a th in beryllium f o i l 
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placed ahead of the sample in the path of the x-ray beam. A bias vol tage 

applied to the f o i l minimized e l ec t ron t r a n s i t t ime. We assumed tha t the 

monitor s i g n a l was propor t iona l to the r a t e of energy depos i t ion in the 

sample] thus , the monitor enabled us to make cor rec t ions to the data for 

p u l s e - t o - p u l s e v a r i a t i o n s in the dose due to f luc tua t ions in the output of 

the genera tor . We a l so used t h i s s i g n a l to make a time c o r r e l a t i o n between 

the dose r a t e and the photoconductive response of the sample. 

In addi t ion to random pu l se - to -pu l se v a r i a t i o n s in the output of the 

generator (±10%), we observed ear ly in the program a steady decrease in the 

dose de l ivered to our samples with succeeding p u l s e s . This decrease in 

output was found to be due to vaporized mate r ia l from the anode and cathode 

of the genera tor , which was deposi ted on a beryl l ium window through which 

the x rays passed on t h e i r way to the sample. After about 20 pu l ses , 

s u f f i c i e n t tungsten and s t e e l was deposited on t h i s window to reduce the 

dose de l ivered to the sample by about 20%. We con t ro l l ed t h i s buildup of 

mater ial by replacing a 0 .005- in . beryl l ium i n s e r t in front of the window 

a f t e r each 10 or 15 p u l s e s . 

Sample Environment 

Measurement of x-ray-induced photoconductivi ty requi res g rea t care in 

the design of the sample environment. E l e c t r i c a l no ise from the pulsed 

x-ray source and s igna l s due to x-ray-induced charge emission from surfaces 

within the sample chamber can con t r ibu te s igna ls so la rge t ha t the t r u e 

photoconduct ivi ty s i g n a l cannot be ex t r ac t ed from the extraneous s i g n a l s . 

All photoconductivi ty measurements were made with the sample chamber 
-4 evacuated to a p ressure of about 10 Torr . Measurements made a t pressures 
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higher than 10 Torr gave l a r g e s igna l s due to a i r Ion iza t ion and charge 

emission from the a i r onto the sample e l e c t r o d e s . 

Figure 3 i s a schematic diagram of the sample chamber. We enclosed the 

sample in a double-walled conducting enclosure to suppress e l e c t r i c a l i ioise. 

E l e c t r i c a l contact to the sample e l ec t rodes (evaporated aluminum) was made 

by the col l imator at the f ront s ide of the sample and by the beam stop a t 

the r ea r of the sample. We des ignate the f ront s ide of the sample as the 

s ide c l o s e s t to the x-ray source . The col l imator exposed an area nf the 

sample 2.67 cm In diameter to the x rays . The beam stop behind the sample 

prevented the x rays from reaching the rear of the chamber. 

Figure 4 i s a c r o s s - s e c t i o n a l view of the co l l imator , the c e n t r a l por t ion 

of the sample, and the beam s t o p . Both surfaces of the col l imator and both 

surfaces of the beam stop were covered with beryllium to minimize e l ec t ron 

emission back in to the sample chamber and in to the sample. The col l imator 

and beam stop were 2,54-mm aluminum backed by 0.254-mm gold. 

X-ray-induced e l ec t ron emission from surfaces within the sample chamber 

contains two components. One component cons i s t s of photoelect rons and Auger 

e l ec t rons produced by the i n t e r a c t i o n of the x-ray beam with the ma te r i a l s 

in the sample chamber. Mnst of these e l ec t rons have energies of 1 keV or 

more; we c a l l them primary e l e c t r o n s . Pr imary-electron emission can 

con t r ibu te an extranenus s igna l i f the number of primary e lec t rons emitted 

onto t he sample e l ec t rodes from surfaces in the sample environment i s 

d i f f e r en t from the number of primary e l ec t rons emitted from the e lec t rode 

surfaces back in to the environment. Even i f the e lec t rodes and the windows 

are of the same mate r i a l i t i s poss ib le to get a s igna l from the primary 

e lec t rons due to sample chamber geometry and the manner in which the e l e c t r i c a l 

connections a re made. 
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We were able to minimise the s igna l due t o pr imary-e lec t ron emission by 

covering a l l exposed surfaces with beryllium foil and electrically connecting 

the front electfuuz sf »-he sample to the inner chamber by a low-inductance 

path. X-ray-induced charge emission from fairly pute beiyllliyi «c kiloelectran-

volt energies is very small - of the order of 10 less than the emission from 

medium- and high-Z materials. In the front part of the chamber, the use of 

high-puriey beryllium kept primary-electron emission to a minimum, and the 

low-Jnductance return path prevented these electrons from contributing to 

the signal. Extraneous currents did not flow in the rear part of the chamber 

because the x-ray beam was absorbed in the beam stop; thus, no electrons were 

emitted in this part of the chamber. 

The other component of electron emission that can drastically affect the 

photoconductivity signal consists of secondary electrons. These low-energy 

(less than 50 eV) electrons are emitted whenever a primary electron exits 

from or enters a surface. Secondary electrons are particularly troublesome 

In photoconductivity experiments because they produce a bias-dependent signal 

that is difficult to extract from the photoconductivity signal. The 

procedures we used to eliminate the primary-electron signal were also effective 

in minimizing the signal due to secondary electrons. 

The cr i t ica l test of the sample environment is the size and character of 

the signals due to currents other than photocurrents. We measured these 

background signals by exposing a sample whose photoconductivity signal was 

inherently small. Under the assumption that the photoconductivity signal is 

inversely proportional to sample thickness, we chose a sample of polyethylene 

1.25 mm thick. As we shall see, the background signals are very small 
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(1 .3 raV for polyethylene) and are assoc ia ted with charge t ranspor t in the 

i n s u l t i n g saraple; so the e f f e t e of extraneous currents on our photoconductivi ty 

s igna l s i s n e g l i g i b l e . 

Some i n v e s t i g a t o r s have used th ree - l aye r samples or accDrdion-folded 

samples oa j , ;s=s"« of e l imina t ing s igna l s due to secondary e l e c t r o n s . U'e 

chose ta r e t a i n the simpler p a r a l l e l - p l a t e geometry because we wanted tD 

conduct future experiments on photon-induced charge t r a n s p o r t i n d i e l e c t r i c 

l ayers themselves. The p a r a l l e l - p l a t e geometry a l so makes i t poss ib le to 

cons t ruc t r e a l i s t i c experimental nsodels of f l a t c a b l e s . 

E l e c t r i c a l Measuring Ci rcu i t 

The s i g n a l from the sample was recorded hy an osc i l loscope t ha t was 

connected to the sample with t r i a x i a l cable , as shown in Fig. 3 . The center 

conductor of the cable was connected co the r ea r sample e l e c t r o d e . This 

e l ec t rode was biased at ±V with respect to ground. The inner braid at the 

cab le , maintained at ground p o t e n t i a l , was connected to the front e l ec t rode of 

the saraple and to the Inner chamber. The outer braid of the cable was 

connected to the outer chamber. The inner and outer b ra ids were t i e d toge ther 

at the osc i l loscope c h a s s i s . We applied the sample b ias vol tage through 

another t r i a x i a l cable , as shown in Fig, 3 , The t r i a x i a l cables were each 

placed within an addltiona. 1 s h i e l d , which was t i ed to the t r i a x i a l outer 

sh i e ld a t the outer chamber and grounded near the o sc i l l o scope . 

We obtained the photoconductivi ty of the saraple by measuring the vol tage 

change across the p a r a l l e l combination of R- and the 50 E2 Impedance of the 

cab le . This change in vo l tage , V ( t ) , was measured as a function of sample 

b i a s , V-. Deta i l s of the so lu t i on of the c i r c u i t equations a re considered 

below. 
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The sample was biased through a 47-Ft length of t r i a x i a l cab le . One end 

of the cable was connected to a dc power supply; the o ther end was connected 

as shown in Fig. 3 . The RC time constant of the b ias ing c i r c u i t was 20 msec, 

so the b ias ing power supply and cable were e f fec t ive ly decoupled from the 

sample during the microsecond times in which the measurement i s made. 

The s igna l cables were t r i a x i a l cables 45 f t long. I t was necessary to 

loca t e the osc i l loscope and sample b ias power supply outs ide the vau l t where 

t he generator was located because of the in tense e l e c t r i c a l no ise and poss ib le 

r a d i a t i o n hazard i n s i d e the v a u l t . E l e c t r i c a l no ise during a generator pu lse 

was l e s s than 0.5 mV. 

The s igna l cables were terminated in 50 ft a t a dual-beam o s c i l l o s c o p e . 

The plug- ins used for each channel were d i f f e r e n t i a l ampl i f i e r s . The 

bandwidth of thib system was 50 MHz# which corresponds to a 7 nsec r i se t ime 

l i m i t a t i o n . We s e t the sweep r a t e s of the two beams a t 20 nsec/cm when we 

were c o r r e l a t i n g the photoconductivi ty and dose - r a t e s i g n a l s . 

Figure 5 shows osci l lograms t y p i c a l of the experimental da ta from three 

m a t e r i a l s . The lower beam recorded the charge-emission s i g n a l from the 

beryl l ium f o i l , which was used as a dose - r a t e monitor, and the upper beam 

recorded the photoconduct ivi ty s i g n a l . We operated the p lug- ins in the 

d i f f e r e n t i a l (A-B) mode and fed a common f i d u c i a l s i g n a l i n t o the B channel 

of both beams. The f i d u c i a l pu lse o r ig ina ted from an ex te rna l t r i g g e r output 

on t he osc i l loscope and was adjusted so tha t i t appeared near the end of the 

t r a c e record . After making a cor rec t ion for a s l i g h t lower-beam-sweep 

n o n l i n e a r i t y , we were ab le to c o r r e l a t e t he upper and lower beam sweeps 

within ±1,5 nsec . 



Electrical Circuit Analysis 

Figure 6 shows the equivalent circuit used in the analysis of the 

photoconductivity signals. The dielectric sample uurlng and after irradiation 

is represented by a fixed capacitance, Cq, shunted by a time-varying resistance, 

R„(t). In our analysis, C includes the stray capacitance of the measuring 

circuit . The resistance R is the load resistance across the sample. In the 

actual measuring circuit, R was the parallel combination of the 12-fl resistor 

in Fig. 3 and the 50-f! characteristic impedance of the cable, giving a net 

load resistance of about 10 SI. V_{t) is the voltage across this load as 

observed on the oscilloscope. The sample-biasing capacitor has been replaced 

by a battery with terminal voltage V , since the capacitance of the sample-

biasing capacitor is so large that i t s voltage does not change appreciably 

during the time of measurement. 

We wish to derive an expression relating the resistance of the sample, 

R„(t), to the voltage, V ( t ) , observed on the oscilloscope. The analysis of 

the circuit in Fig. 6 proceeds as follows: By Kirchhoff's laws, 

(21) i 3 - i , + i 2 

1 1 " "5 

dV.(t) dV (O 
-c 1 2 " <S dc " L S dt (23) 

•V ( t ) + V 



Substituting Eqs. (22), (23), and (24) into Eq. (21) we obtain 

V t > . _ ^ _ i _ . (25, 

In our experiments, the measured signal, V (t), is completely negligible 

V > • rr» *v.<d • < 2 6 > 

We obtain the photoconductivity, o (t), from the relation 

°.<« • ^m; • <"> 

where I is the sample thickness, A la the irradiated area of the sample, and 

Rg(t) is determined by Eq. (26,*. In simple, parallel-pi ate geometry, this 

expression may be rewritten as 

a ( t ) 

*G ¥ r 

where C is the capacitance of the irradiated portion of the Insulating 

sample, k~ the permittivity of free space, 

(measured at approximately 10 MHz}. The co: 

referred to as the normalized conductivity. 

The quantity C_ dV (t)/dt Is small corap; 

term expresses the fact that the rate of recharging the sample capacitance 
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through the laad r e s i s t a n c e R i s f i n i t e , compared with the r a t e of change of 

the r a d i a t i o n p u l s e . The capaci tance C_ i s leas than 1000 pF, even for the 

t h innes t samples. We studied the response of Che c i r c u i t in F ig . 6 by 

s imulat ing Ag(t) in a computer code. We made the t ime v a r i a t i o n of R s ( t ) 

s imi l a r to the r a d i a t i o n pulse and compared the c i rcui t : response with 

C_ * 1000 pF t o the i d e a l c i r c u i t response (with C_ » 0 ) . We a l s o included 

the a c t u a l c i r c u i t s e r i e s Inductance of 0.055 yH In these c a l c u l a t i o n s . The 

To t ime -co r r e l a t e the monitor and sample s igna l s the response of the two 

c i r c u i t s must be i d e n t i c a l . We accomplished t h i s by adding ex te rna l capaci tance 

to the monitor c i r c u i t so tha t i t was e l e c t r i c a l l y equivalent to the sample 

c i r c u i t . The inductance of both c i r c u i t s was the same, 0.055 \iU. Under these 

circumstances both the monitor and sample s igna l s lag the i d e a l response by 

the same time Increment and these s igna ls may be compared d i r e c t l y . Therefore, 

we neglected the i n t e g r a t i n g ef fec t of G- in ca l cu la t ing the conduc t iv i ty , 

and Eq, 26 reduced to 

E s ( C ) . R - ^ . (29) 

Confining our a t t e n t i o n for t he moment to the peak of the observed s igna l 

(a t t • t ) , we obta in from Eq. (29) 
P 

W - ETTT vo • »°> 
a p 

"The monitor circuit la similar to the aample circuit in Fig. 6 except that 

a current generator replaces the varying resistance R(t). 



This expression points out two very Important aspects to be expected of a 

genuine photoconductivity signal (to the extent our model is valid). First, 

Eq. (30) predicts a linear dependence of the measured peak signals on sample 

bias voltage. Our experimental data for peak V when plotted against bias 

voltage should fit a straight line. Second, Eq. (30) predicts 

W-i- ( 3 1 > 
where I is the sample thickness. Measured peak signals may be expected to 

follow Eq. (30) as the dielectric sample thickness is varied (so long as the 

bulk properties of the thin and thick samples are the same). 

For the measurement of peak induced conductivity Eqs. (28) and (30) yield 

s P . _ L R P (32) 
kk Q RCr Vf l < 3 2> 

We see tha t the peak normalized conduct iv i ty i s determined by the capaci tance 

of the i r r a d i a t e d por t ion of the sample and the slope of the saraple-s ignal-

vs -b ias curve . 

The photoconduct ivi ty a t any time during and a f t e r the r a d i a t i o n pu lse 

was obtained from the experimental data by a c i r c u i t ana lys i s code 

t h a t ca lcu la ted the conduct iv i ty of the sample approximately every 2 nsec , 

using Eqs. (28) and (29) . The photoconduct ivi ty and monitor s i gna l s were 

normalized and p lo t t ed on a common time a x i s . A f i d u c i a l mark ensured 

accura te time c o r r e l a t i o n - est imated as ±2 nsec for r e l a t i v e l y smooth 

s i g n a l s . 
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Sample Fabrication 

The dielectric samples used in the photoconductivity measurements were 

films of polyethylene, polytetrafluoroethylene (hereafter called fluorocarbon), 

polyethylene terephthalate (hereafter called terephthalate), polyimide, 

epoxy, and glass. Table 1 summarizes the properties of these sample materials. 

Film thicknesses ranged from approximately 0.05 to 1.25 mm. The dielectric 

films were Initially cleaned by ultrasonic agitation in trichlorethylene at 

140 p. They were mounted between polystyrene rings that supported the edges 

of the sample. 

Figure 7 is a sketch of the sample configuration. The electrode.1 e 

shaped like a wheel with four spokes. The disk-shaped portion (3-cm diam) of 

the plating is slightly larger in diameter than the collimator (2.67-era diam). 

The thin, evaporated electrodes were covered by beryllium, as shown in Fig. 3. 

The beryllium minimised the charge transfer between the sample and i t s 

environment and also served as electrical contact to the evaporated electrode. 

The raised center section of the rear beryllium disk compression-loaded the 

sample against the collimator in front. Clamps around the periphery of the 

sample, collimator, and beam stop ensured good electrical contact at the ends 

of the four electrode spokes. 

Aluminum electrodes were vacuum deposited on the insulating films after 

the films were mounted in the plastic rings. Before electrode deposition the 

surface of each sample was further cleaned in the vacuum chamber by bombarding 

the surface with law-energy electrons or ultraviolet radiation. For most 

samples the aluminum electrodes were 1000 A thick. The aluminum electrode 

thickness was varied between 500 and 2500 A for the fluorocarbon and 
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t e r a p h t h a l a t e samples to study the e f f ec t of e l ec t rode r e s i s t ance on the 

observed s i g n a l s . We chose these th i cknesses , which are s u b s t a n t i a l l y l ess 

than an e l e c t r o n range for 7-keV photoelec t rona , so t ha t che e l ec t rodes did 

not appreciably enhance t he dose deposi ted i n the d i e l e c t r i c m a t e r i a l . I f 

t h i ck e l e c t r o d e s of medium- or Mgh-Z m a t e r i a l were used, esaisaion of 

photoelect rons from the e l ec t rode ma te r i a l across the i n t e r f ace could 

s u b s t a n t i a l l y Increase t he r a J i a t i o n dose In the d i e l e c t r i c ma te r i a l next 

to the e l e c t r o d e s . 

RESULTS 

A major concern i n che i n i t i a l s tages of our i n v e s t i g a t i o n was to assure 

ourselves tha t we were observing conduction e f f ec t s in the bulk of our t h in 

samples and not e f fec t s due to currents flowing e x t e r i o r to them. Our 

understanding of the photoconductive process led us to expect c e r t a i n behavior 

of the experimental da t a . In p a r t i c u l a r , for a given dose r a t e we expected 

t he photocurrent to vary l i n e a r l y with sample b ias and to be inverse ly 

p ropor t iona l to sample th ickness , as pred ic ted by Eq. (30) . We a l so f e l t i t 

was of the utmost importance t o determine any con t r ibu t ions to the s i g n a l 

from sources other than pho tocur ren t s . 

Figure 8 shows our iseasured peak photoconduct ivi ty s igna l s p lo t t ed as a 

function of sample b ias vol tage for the s ix ma te r i a l s i n v e s t i g a t e d . Data 

from two th icknesses of i n s u l a t i n g file* a r e shown for a l l the samples except 

g lass and epoxy. The magnitude of these peak s igna l s va r i e s by a fac tor of 

about 1Q0: from -8 mV i n epoxy a t +2500 V to about -700 raV in fluorocarbon 

a t t h e same b i a s vo l t age . Since the osc i l l o scope s i g n a l , V ( t ) , I s d i r e c t l y 
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proportional to the photocurrent through the sample, Fig. S shows that the 

peak photocurrents vary linearly with the sample bias voltage ftr al l of 

the samples tested, so long as the magnitude of the electric field in the 

sample is less than approximately 2 * 10 V/cm. At higher fields, deviations 

from ohniic behavior are apparent in tertphthalate, polyiraide, and polyethylene. 

We will discuss this non-ohmic behavior later. 

Comparison of the data from different thicknesses of sample 'see Fig. 8) 

shows that the photocurrents are inversely proportional to the sample thickness 

to within about \Q% for polyimide, 20% for fluorocarban and terephthalate, 

and 30% for polyethylene. The agreement with Eq, (30) is within the 

experimental uncertainty, particularly when one considers that the samples of 

different thicknesses may have come from different batches of the parent 

material and may have been suLJsct to different manufacturing processes. 

Background effects, discussed earlier, were investigated by using thick 

samples of polyethylene. Figure 9 is a plot of the signal measured in a 

1.25-mra-thick sample of polyethylene as a function of bias voltage. After we 

applied a small correction for photoconductivity (estimated from the thin 

polyethylene sample data) to this data, we found that the remaining signal 

was a constant, independent of bias. This bias-independent signal is very 

small - approximately 1.3 mV - and is identical to the zero-bias signal 

observed in the thin polyethylene sample (see Fig. 6). When the beam stop 

was placed in front of the sample the background signal was reduced to 

0 ± 0.5 mV. We believe that photon induced charge transport within the 

dielectric is the source of the bias-independent signal observed from the 

thick polyethylene sample as well as of the signal observed from the chin 
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polyethylene samples at zero bias. We feel that the effect of extraneous 

currents on our photoconductivity measurements Is negligible. In computing 

the photoconductivity of a given sample we add to the experimental voltage, 

V ( t ) , a small correction equal in magnitude Co the zero-bias signal observed 

in that sample. 

The peak dose rate was varied by increasing the distance between the 

x-ray source and the sample. We found that the photoconductivity varied 

approximately linearly with dose rate over the very limited range frora 

9 x 10 8 to 7 x ID9 rads/aec (a i r ) . 

Figure 10 shows the photoconductivity signal from each of the materials 

tested (except epoxy) as a function of time for 500 nsec after the onset of 

the radiation pulse. The most striking feature of these traces is the great 

difference in the behavior of the photoconductivity from material to material 

immediately after the exciting radiation pulse. The glass sample shows no 

observable delayed conductivity, while the rest of the samples show varying 

degrees of delayed conductivity. The polyethylene sample shows a small 

component of delayed conductivity with a decay time of about 50 nsec. The 

tarephthalate, polyimide, and fluorocarbon samples show delayed conductivities 

with longer decay times; and the magnitude of the delayed signal relative to 

the prompt signal in these materials depends on the electric field. The ratio 

of the delayed signal (measured 50 nsec after the peak) to the peak signal in 

the thin terephthalate and polylmide samples increases from approximately 8% 

at 500-V bias to 30% at 2500-V Mas. 

We were particularly Interested in making a detailed comparison of dose 

rate and photoconductivity in the samples. Figure 11 shows the induced 
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conductivity and dose rate signals plotted on the same time axis for 

fluarocatban, terephthalate, polyimide, and polyethylene at a bias voltage 

of 1500 V. The photoconductivity was obtained from a plot of the experimental 

data by a circuit analysis code Chat calculated the conductivity of the 

sample approximately every 2 nsec using Eqs. (28) and (29). The time response 

of the monitor circuit was made identical to that of the sassple circuit-

All the samples except glass show an induced conductivity of longer 

duration than the exciting radiation pulse. The photoconductivity in glass 

is in phase with the radiation throughout the duration of the pulse, while 

for polyiiaide and terephthalate the photoconductivity is in phase with the 

radiation only during the rising portion of the pulse. The photoconductivity 

and dose rate peak at about the same time (within an experimental uncertainty 

of ±2 nsec) in terephthalate, polyimide, and glass, while the peak 

photoconductivity lags the peak dose rate by approximately 5 nsec in 

frluorocarbon. As the bias voltage Is decreased the photoconductivity comes 

more nearly into phase with the exciting radiation in al l of the sample materials. 

Table 2 summarizes the results of the photoconductivity measurements. We 

observed no polarization (charge buildup) or surface effects in any of the 

data. Varying the thickness of the aluminum electrodes over r.he 500 to 

2500 % range and pretreating the dielectric surface with electron bombardment 

and/or ultraviolet exposure before vacuum deposition produced no significant 

difference in signal magnitude or shape. The rear sample electrode was 

removed from one of the terephthalate samples so that the beryllium surface 

of the beam stop served as the electrode. The photoconductivity data 

recorded from this sample was identical with that from the two-electrode 

samples. 
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DISCUSSION 

The lack, of polarization and surface e f f e c t s In these experiments I s not 

surpris ing, s ince the maxiauia charge that floued through any of the samples 

during a x-ray pulse was only about 0.05% of the charge stored on the sample 

e lec trodes . Even If the electrodes provided completely blocking contracts , 

we would not expect" to observe polarisat ion e f f ec t s ot our dose l e v e l s . 

The time dependence of the ohotoconductivity re la t ive to the dose rate 

can be qua l i ta t ive ly explained on the basis of the simple model described 

here. If we assume i t takes 15 eV, on the average, to make an e lectron-hole 

pair in the Insulat ing f i lms, a t o ta l dose of 100 rods would result in the 

exc i ta t ion of approximately A x 10 electrons/cm . This number represents 

the maximum number of free carriers (n ) or trapped carriers C O . As 

discussed e a r l i e r , trap d e n s i t i e s , M , are believed to be at l e a s t 10 cm" 

In ataorphoua and polymeric materials; and, s ince n cannot exceed the t o t a l 

19 -3 the conduction band, N , i s of the order of 10 cm j so , N » n . Under c c c 
these conditions we can rewrite, ^qs. (14) and (IS) as 

g ^ - g(c) - k jn c + k 2 n t - o ^ n ^ + n,.) (33) 

i - V c - < s v <»> 

k, • a.N. and k, - a.N 
1 • t £. * C 

(35) 
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The generating function, g ( t ) , was taken to be a Gaussian function with 
14 a 40 naec fWHH and was normalized to a t o t a l exc i ta t ion of 4 x 10 

carriers/cm . We solved Eqs. (33) and (34) numerically for various seCB of 

rate constants. We used the values obtained for n ( t ) to calculate the 

immobile i n our model.). To obtain a peak conductivity consistent with the 

peak conductivity observed experimentally, the rat io of trapped to free 

carriers liad to be made very large - of the order of 10 . This was 

accomplished in the model by making k . / k , » 1 in Eqs, (33) and (34) . 

A solut ion of Eqs. (33) and (34) that gives reasonable agreement with 

the experimental data Is plotted in Fig. 12. For comparison purposes the 

conductivity measured in the thin Cerephthalate i s a l so shown. The time 

dependence of the generating function used in the calculat ion was made 

ident ica l Co chat of Che dose rate during Che sample exposure. The rete 

constants were k. - 10 sec , L • 5 « 10 sec , and a, ° 10 cm / s e c . 
-9 

The peak conductivity calculated using these race constants i s 1.6 * 10 

cerephthalate and polyethylene. The time dependence of the conductivity 

and i t s re lat ionship to the generation function, g{c)» are similar to what 

i s seen in the experimental data. The amount of delayed conductivity depends 

on the value of k,; the value chosen for our example resul ts in a delayed 

component typical of chat observed In our samples. 

tfe made several calculat ions Co study Che dependence of the induced 

ta 4 * 10 cm while holding the generation time constant. The rate 
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constants, fc. and k,, were the same an those da fined above. We found that 

thu peak conductivity varied l inear ly over th i s entire range of generation 

raced. In agreeoonc Wth our experimental observations. 

One tsay auk i f the valued for the rate constants used In Eqs. (33) and 

(34) are reasonable. The era** sect ions for ccpture of a free e lectron by a 

Coulosb center arc estimated Co be 10* zt 10*" en (Ref. 4 ) , while cross 

ucctlans for capture at an tnisharged center are estimated to be of the order 

-15 2 of atonic dimensions - 1 0 cm . By reaction k i n e t i c s , the race constant 

i s the product of die cross section for crapping or recombination and the 

chernial ve loc i ty of the carr ier . We can write from Eq. (35) 

OjUrap capture) * kj/vN < 3 &> 

(37) 

Using a value for the trap density of 10 cm" , a k. value of 10 sec* , 

-4 3 7 
an a , valui of 10 cm / s e c , and a thermal e lectron ve loc i ty , v, of 10 cm/sec, 

-13 2 -11 2 

we find d- • 10 cm and O- • 10 cm . These cross sect ions are consistent 

with those estimated for capture into Coulomb centers . 

The value chosen for k. determines the depth of Che trapping l e ve l In Che 

model. We calculate a trap depth of abouc 1.0 eV from detai led balance 

considerations, using the trap capture cross sect ion and density of s ta te s in 

the conduction l eve l estimated above. 

The field-dependent delayed conductivity observed in some of the materials 

may be qual i tat ive ly explained on Che basis of the crapping model and the 

e f fec t of the applied e l e c t r i c f i e l d on che energy l eve l s in Che model. 



Similar f i e ld dependence of the conductivity observed in thin films of 

Ta,,0, and SiO has been explained in terms of f i e ld -as s i s t ed ionizat ion of 

trapping l eve l s in the d i e l ec t r i c (Pooio-Frenkel e f f e c t ) . The Poolt-Frenkel 

e f f ec t Is the interact ion of the bias f i e l d with trapping centers in an 

insulator, which results in a lowering of the coulombic trapping barrier and 

a subsequent enhancement in the rate at which carriers are released from the 

traps into the conduction band. The barrier lowering is described by 

A*. - B E1* (38) 
t p 

B p - 2<e 3/4:r k k ^ , (39) 

where A<? i s the e f f ec t ive decrease in the depth of the trapping level below 

the conduction band of the insulator, E Is the e l e c t r i c f i e ld in the sample, 

e i s the e lectronic charge, k i s the d i e l e c t r i c constant of the insulator at 

opt ical frequencies, and k. i s the permittivity of free space. At our maximum 

f ie ld of 5 x 10 V/cm, Eq. (38) predicts a barrier lowering of 0.31 eV. This 

increases the value of the parameter k_ by five orders of magnitude above the 

low f i e l d value. 

Figure 13 shows solutions of Eqs. (33) and (34) far different values of 

k . . While the model i s too simple to predict detai led behavior, i t does 

show the same qual i ta t ive behavior with f i e l d strength (trap depth) as some 

of the experimental data. Since the Poole-Frenkel e f fec t occurs only for 

caulombic trapping centers* the large values we estimate for the trapping 

cross sections lend further support to our interpretation of the field-dependent 

delayed conductivity data. 
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The somewhat faster than linear increase ox peak conductivity with bias 

voltage in the terephthalate and polylmide samples may also be due, in part, 

to the field dependence of the conductivity. The crapping model exhibits a 

similar increase In peak conductivity when the rate of emission from the 

traps is increased (see Fig. 13). In the c&de of polyethylene, which did 

not show a field-dependent delayed conductivity! the nonlinearlty may be 

Jue to a prebreakdown effect, since the peak electric field approached the 

breakdown field in this material. 

The behavior of fluorocarbon Is more complex. This material exhibited 

no nonlinearity in the peak signal, even though its ratio of delayed current 

to peak current was larger than that of any of the other materials. 

Figure H compares our measurements with those of other investigators. 

Our data are plotted at the peak dose rates achieved in the particular sample 

material. We believe this is also true for the data from the other Investigators. 

The TREE data, extrapolated to higher dose rates, are consistently higher 

than our measurements - by several orders of magnitude in the case of 

fluorocarbon and polylmide. Better agreement existB between our results and 

recent Sandia measurements when the latter are extrapolated to lover dose 

rates. 

SUMMARY 

• X-ray-induced photocurrents obey Ohm's law to f i e lds of about 5 x 10 V/cra. 

in epoxy, g la s s , and fluorocarbon. At f i e lds greater than about 

2 x 10 V/cm, terephthalate, pclyiraide, and polyethylene photocurrents 

increased at a s l i g h t l y fas ter than l inear rate with e l e c t r i c f i e l d . 
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• Measured photocurrents varied approximately as (thickness) , Indicating 

a bulk effect. 

• All samples except glass showed some "delayed" photoconductivity; i . e . , 

the fa l l in conductivity lagged the fa l l in the radiation pulse. Fluorocarhon 

showed the largest conductivity immediately after the radiation pulse, 

while epoxy and polyethylene showed the smallest components (no larger 

than 10X). Terephchalate and polyiraide showed measurable (~1X peak) 

conductivity to times about 100 usee after the radiation pulse. The 

magnitude of this delayed conductivity Increased with increasing electric 

field in terephthalate, polyimide, and fluorocarbon, an effect that is 

consistent with some type of field-assisted carrier generation. 

• Charge displacement signals are small (<12 raV) and vary about as expected 

with the atomic number of the material. 

• The magnitude and time dependence of the conductivity signals are 

qualitatively described by a simple solid-state trapping model, using 

reasonable values for mobility, trap density, capture cross sections, and 

trap depths. 
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Table 1. Properties of sample materials. 

Elemental Capaci- Reals-
Peak dose rate Dielectric composition tance tivity 

(rads/sec) constant (approx) (pF) (ft-cm) 

Polyethylene 
(high density 

Polytetra-
fluoroethylene 
(Teflon FEP) 

Polyethylene 
terephthalate 
(Mylar A) 

Polyimide 
(Kapton) 

Epoxy 
(100/20 Epl-Rez 
510 Epoxy/Epoxy 
Curing Agent) 

Glass 
(boros l l icate) 

2.4 x 10* 

9.5 « 10* 

4.4 « 10 

3.5 * 10* 

5.9 x 10 

2.26 
(60 Hl-
100 GHz) 

CH. 

2.1 ± 0.1 CF, 
(100 Hi- ' 
100 MHz) 

3.0 
(1 MH:) 

3.45 
(10 MHz) 

3.60 
(10 Hll) 

6.7 
(1 MHz) 

C12" 5°5 

C 22 H 5°10 N 2 

C 30 H 3«°5 N 

"nfroV 2. 

230 

335 

367 

-10 17 

Corresponds to about 7 x 10 rads/sec in a i r . 
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Table 2 . Photo conductivity data. The peak, conductivity tabulated here i s 
obtained from the slope of the l inear portion of the aample-signal-
vs -b las curve using Eq. (32) . The magnitude and decay t ine of the 
delayed conductivity was obtained at 2 kV bias vol tage . The- decay 
t ine i s defined as the time for the conductivity pers is t ing at the 
end of the radiation pulse to decay to half i t s value. Some samplei 
showed small delayed components of conductivity of much longer 
duration than those tabulated here. 

Pealc dose 
rate 

Conductivity 
at end of 

(rods/sec Peak radiation pulse Decay time of 
in conductivity (50 nsec conductivity 

Material material) (mho/F) after peak) (nsec) 

Polyethylene _ 
terephthalate 4.4 x 10 

Polyiolde 

Polyethylene 2 .4 

Polytecrafluoro-
ethylene 9.5 

Epoxy 

Glass 

4.7 x to' 

3.5 x 10' 

5.9 x 1o" 

7.4 

6.2 

- 8 x 10 

-4.5 x I0 2 

-2.3 « 10 3 

-8 x 10 

<5X of puak 

-0 

-150 

-90 

-50 

~150 



FIGURE CAPTIONS 

Fig. 1. Simple model of a photoconductor with trapping. Electrons are 

excited from the valence l e ve l to the conduction l eve l at a rate 

g ( t ) . We assume that the holes ar i s ing in the valence l e v e l from 

the e lectron exc i ta t ion are immediately captured in Che recombination 

l e v e l . The Crapping l eve l i s c lose to the conduction l e v e l , and 

thus a thermal exchange of electrons takes place between the two 

l e v e l s . We assume that the trapped electrons communicate only with 

che conduction band and that the temperature i s low enough that 

direct thermal exc i tat ion of carriers from the valence band to the 

conduction band may be neglected. 

Fig. 2 . X-ray spectrum incident on the sample. The spectrum from our 

generator consists of the tungsten L l ines superimposed on a 

brehmsstrahlung spectrum. The low-energy cutoff (daBhed l ine) 

ar i ses from a composite beam f i l t e r of 1.5 mm beryllium and 0.023 mm 

aluminum located in front of the sample. 

Fig. 3 . Schematic diagram of sample chamber. 

Fig. 4 , Colltmatct and bean s top. The x rays are co l l igated by the aluminum 

and gold layers to th-a l e f t of the sample. A similar laminate to 

the right absorbs a l l Che x rays before they can s tr ike the rear wal ls 

of che chamber. Al l expoaed surfaces , as wel l as the sample in ter faces , 

are covered with beryllium. 

Fig. 5. Typical experimental waveforms. The upper trace of each pair i s 

the photoconductivity s ignal , and the lower trace i s che dose rate 

monitor s ignal . The sweep speed i s 20 nsec/div . The bias voltage 



is -2 kV for a l l three samples. The timing flducials are not 

shown. Note how the photoconductivity signal from the glass 

sample follows the monitor signal. 

Pig. 6. Equivalent circuit for the sample-chamber schematic shown in 

Fig. 3. The capacitance C includes the stray capacitance of the 

measuring circuit . V. Is the bias voltage. R is the load 

resistance across which the measured voltage, V ( t ) , is generated. 

Fig. 7. Insulating sample configuration. The insulating films were mounted 

between rings of polystyrene. A mask was used to obtain the 

metallized pattern in the vacuum deposition chamber. 

Fig. 8. Measured peak photosignals aa a function of sample bias voltage. 

Note the deviation from linearity in the case of thin samples of 

palyimide, terephthalate, and polyethylene. 

Fig. 9. Variation of signal with btan vjlcagt Cor a thick (1.25 mm) 

polyethylene sample. The solid line is the data from the sample, 

and the dashed line Is the data from which the photoconductivity 

has been subtracted. The la t ta i constitutes our background signal. 

The background is approximately constant (-1.3 raV), independent of 

bias voltage (the zero-bias signal was -1.3 mV). 

Fig* 10. Photoconductivity as a function of time and bias voltage. The 

upper curve of «ach pair is the photoconductivity signal; the 

lower curve is the dose rate tafmitor signal. The units of the 

abscissae are in millivolts. The sweep for each curve is 50 cisec/div, 

Note the large differences in the magnitude of the pliotocurrents 

from material to material both during and after the radiation pui.ee. 

http://pui.ee


11. Comparison of photoconductivity and dose rate. The two are in phase 

for the glass sample, but the fall in conductivity lags the fall 

In dose rate for the other sssples. 

12, Comparison of calculated and experimental conductivities. The 

measured conductivity is for the 0.OSS-ram torephthalate sample. The 

sample bias voltage was 1500 V. The doiie rate measured during the 

sample exposure Is also shown. The generation rate used in the 

calculation was made identical to the measured dose rate. The time 

dependence of the measured and the calculated conductivities agree 

closely. 

13, Dependence of free carrier density on trap depth. For values of 

k_ no larger than 5 * 10 sec , the time dependence of the free 

carrier density and the time dependence of the generation rate, 

g(t>, are identical except for a very small tail at times longer 

than 100 nsec. As k, increases from 5 * 10 to 5 x 10 sec™ , 

the ratio of the number of free carriers when the generation 

becomes negligible to the number near the peak generation rata 

increases from about 2% to 80%. The conductivity aieaeured in 

several of the samples exhibited a similar behavior as the electric 

field was varied. 

14. Photoconductivity as a function of dose rate. The reference dose 

rate for the LLL data is the actual dose rate in the sample material. 

The spread in the measurements from which the TREE data was derived 

is about 100. 
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