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CHAPTER 1 

INTRODUCTION 

The conductivity of the material (and its inverse, the resistivity, ρ = 1/σ) are the relevant properties 

for determining mobility of charge carriers and dissipation rate of accumulated charge within the material.  

Conductivity is a measure of the transport of charged particles under the influence of an applied electric 

field, F, within a material and can be determined simply by measuring the current density, J, and using the 

intrinsic form of Ohm’s law, 

 

F/J . (1.1) 

 

By a simple extension of Ohm’s law, using the applied voltage, V=F·D, and current, I=J·A, the 

conductivity across a sample of thickness, D, and area, A can be easily calculated from measured quantities 

as 

 

AV
DI


  . (1.2) 

 

While the conductivity of a given material can be obtained with straightforward measurements and 

calculations, it may also have a complex dependence on time, temperature, electronic field, and magnetic 

field, as well as the magnitude and rate of energy deposition.  The response of any given material is largely 

determined by the microscopic structure of its electronic states. 

 One way of increasing the conductivity of a material is by exciting electrons into a conduction 

band, and hence, increasing the number of free charged particles.  This can be achieved in a number of 

ways including temperature, electric or magnetic fields, photoexcitation, or (in the present case) under 

incident high energy radiation.  When the incident energy is high enough, the penetration depth of the 

radiation can exceed the thickness of the sample material, thereby avoiding charge deposition (Rose, 1951; 

Dennison et al., 2009a).  Under this condition, the enhanced conductivity, or Radiation Induced 

Conductivity (RIC), of the material can be compared to a photoconductivity and is the starting point for 

understanding the mechanisms involved (Rose, 1951, 1963; Fowler, 1956a, 1956b, 1959; Dennison et al., 

2009a). 



2 

 RIC has been found to follow a simple power law with respect to deposited power or dose rate 

(Fowler, 1956; Wintle, 1983; Dennison et al., 2009a) 

 

)T(
D)T(RICk)D(RIC


     ,          (1.3) 

 

where σRIC is the enhanced conductivity due to incident radiation and D  is the incident radiation’s 

absorbed power per unit mass or dose rate, while T is the sample’s absolute temperature.  The RIC 

coefficient and power exponent, kRIC and Δ respectively, are temperature-dependent material parameters, 

which ultimately depend on the atomic and electronic structure of the material.  Highly disordered 

insulating materials (HDIM) can be classified or grouped according to each material’s spatial and energy 

distribution of localized charge carrier trap states.  These distributions control the mobility of charge 

carriers, and by extension, the insulators’ electrical behavior under incident radiation and applied field.  For 

example, at low temperature, a uniform distribution of traps typically yields Δ ~ 0.5 and a highly 

exponential distribution of traps (with energy depth below the conduction band) yields Δ ~ 1.0 (Rose, 1951; 

Fowler, 1956a, 1956b).  At low E-fields, materials with a uniform distribution of traps are expected to have 

conductivities that show little temperature dependence, while those with a more exponential distribution 

will have higher temperature dependence.  Even RIC transient current behavior is influenced by a 

material’s trap distribution.  After incident radiation is turned on (off), those with uniform distributions are 

expected to exhibit a large initial rise (drop) in induced current and rise (decay) to equilibrium quickly.  

Those with exponential distributions should have smaller initial current jumps and longer rise (decay) 

times. 

This thesis describes a study undertaken to extend the understanding of RIC for HDIM with a 

particular emphasis on temperature-dependent behavior (Dennison et al., 2009a).  RIC data were obtained 

and analyzed for five different insulating polymeric materials: polyimide (PI or Kapton HN
TM

 and Kapton 

E
TM

), polytetraflouroethylene (PTFE or Teflon
TM

), ethylene-tetraflouroethylene (ETFE or Tefzel
TM

), and 

Low Density Polyethylene (LDPE).  Interest in this study arises from charging issues found in orbiting 

spacecraft, and efforts were made to reproduce environments found in space.  Experiments were conducted 

under high vacuum conditions.  Material outgassing was performed prior to RIC tests to drive off absorbed 
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water and volatile contaminants and to release trapped charge carriers by baking samples under vacuum 

according to ASTM D5229 (2012) and ASTM E595 (2006).  Incident high energy radiation was obtained 

using a 4 MeV electron linear accelerator beam with pulse widths between 0.2 µs and 3 µs and a repetition 

rate of 10 to 150 Hz.  RIC data were taken at six different temperatures ranging from 100 K to 330 K and 

for various applied electric fields and incident radiation beam conditions. 

Chapter 2 reviews existing theories for RIC and develops an extension to expressions for the 

temperature dependence of kRIC and Δ.  Since these data were acquired using a new test chamber, Chapter 3 

provides a detailed description of the instrumentation and analysis methods, along with an assessment of 

the associated errors and reproducibility of the data.  The resulting analysis of these materials’ 

conductivities, presented in Chapter 4, contains calculations of RIC for each sample material at each 

temperature, as well as their corresponding kRIC and Δ values.  Plots included consist of raw current data, 

resistivity data, and full data sets of each material for temperature comparisons.  A discussion of the results 

and a comparison with those found in the literature is found in Chapter 5.  Finally, also found in Chapter 5, 

the observed temperature dependences of kRIC and Δ for the polymeric HDIM are discussed in terms of the 

theoretical models presented in Chapter 2. 
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CHAPTER 2 

BACKGROUND AND THEORY 

 In thermal equilibrium, the dark conductivity (the conductivity in the absence of deposited light or 

radiation energy) of a material is determined by the number of holes and electrons in free energy states.  

When energy is absorbed—by heat, light, incident high energy particles, etc.—more electrons are excited 

into free states and the conductivity is increased.  Since the total number of free electrons is proportional to 

their lifetime in these free energy states, a steady-state condition is reached when recombination processes 

balance the excitations of these electrons.  Unfortunately, models based on a simple recombination process 

of electrons with their holes rarely fit (Rose, 1951). 

 The electrical conductivity of a given material can be calculated in terms of an applied voltage and 

the resultant current, as described in Eq. (1.2).  However, the conductivity can be calculated in a number of 

ways and may depend on time, temperature, absorbed energy, etc.  In general, the conductivity is given as a 

sum of contributions from each type of free charge carrier; each contribution is a product of the carrier 

charge, qi, density of charge carriers, ni, and carrier mobility, µi, 

 


typescarrier

i iiniq    .        (2.0.1) 

 

Both ni and µi can reflect the electronic structure of the material, and may depend on time, temperature, and 

electric field.  Since, in most cases, charge migration is dominated by electron transport, I will assume qi →  

qe unless otherwise specified.      

 

 

2.1 Review of conduction mechanisms in conductors 

 In conductors, the mobility, µe, rather than the electron density, ne, limits the total conductivity.  

This is because there are numerous empty energy states within the same conduction band (and with slightly 

higher energies) as filled electron states, which can easily be excited even at very low temperatures.  The 

conductivity is, instead, limited by the mobility, µe, through electron scattering mechanisms – mainly defect  

scattering (at low T) and phonon scattering (at high T) (Ashcroft and Mermin, 1976).   

In the free electron model for conductors (Kittel, 1956), 
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em
eeq

e


     ,         (2.1.1) 

 

where me is the mass of an electron and τe is its mean free carrier lifetime—the time between when the 

electron is excited and when it undergoes an inelastic scattering event that returns it to a lower energy state.  

Because electrons are easily excited into free energy states in conductors, ne does not significantly depend 

on T, F, D or D ; all such dependence must be contained in µe through τe. 

 Phonon scattering is dependent on the number of phonons, which is given by the Fermi 

distribution.  At high temperatures (typically above ~20 K), a phonon energy quanta is hν«kBT, and the 

Fermi distribution is proportional to T while τ, μ, and σ are all proportional to T
-1

.  On the other hand, at 

very low temperatures, one would expect the conductivity to be relatively high if not for scattering events 

caused by static crystal defects.  These defects include impurities, grain boundaries, vacancies, or other 

irregularities in the ordered pattern of a perfect crystal. 

 Note, δt/τe is the probability a collision will occur in time, δt.  In general, the collision probability, 

P, is proportional to the density of charge carriers, which can undergo collisions and the density of 

scattering sites where a collision can occur. 

 

scattererncarriernP     .        (2.1.2) 

 

 

Since scattering probabilities for different mechanisms are additive and δt/τe is the probability that a 

collision will occur in time, δt, the total probability is 

 








mechanisms

i iTotal
or

mechanisms

i iP
Total

P
11

    .    (2.1.3) 

  

It follows from these relationships [Eqs. (2.1.2) and (2.1.3)] that σdefect  ndefect.  Because the defect density, 

ndefect or nd,  is (to a good approximation) fixed by the material, the mean free lifetime of charge carriers due 

to defect scattering, τd, does not depend on temperature (at least not strongly) and the defect limited 

conductivity, σdefect or σd, provides a constant contribution at all temperatures.  It is interesting to recognize 
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that phonons can be viewed as dynamic crystal defects; that is, as deviations in the position of ions as they 

oscillate in time about their equilibrium crystal lattice sites. 

 

2.2 Review of conductivity in semiconductors 

 A semiconductor is a material with a resistivity somewhere between that of a conductor and that of 

an insulator and may depend on the material’s temperature.  Semiconducting materials have conductivities 

whose magnitudes are highly dependent on atomic structure and can be found to fall within one of two 

major categories, intrinsic or extrinsic.  Intrinsic semiconductors are those without static defect states.  

Extrinsic semiconductors not only have static defect states, but the magnitudes of their conductivities are 

dominated by them.  This section will briefly look at the conduction mechanisms of both types of 

semiconductors. 

 Electronic charge in intrinsic semiconductors is transported primarily by electrons that have been 

thermally excited from states in the valence band to states in the conduction band (Ashcroft and Mermin, 

1976). In contrast to conductors, the conductivity of intrinsic semiconductors is limited by the density of 

free electron charge carriers in the conduction band, ne, 

 

T
B

k2/
F

E
evN)T(en


   .        (2.2.1) 

 

Here Nv is the density of available electron states in the valence band within kBT of the Fermi energy, EF.  

For a more detailed derivation, see Ch. 28 of Ashcroft and Mermin (1976), which considers the density of 

available states in both the valence band and conduction bands in terms of quadratic densities of state and 

effective masses for electrons and holes (me* and mh*, respectively) and replaces the Fermi energy, EF, 

with a temperature-dependent chemical potential (Fermi level). 

 Excitation of an electron from the valence band to the conduction band leaves an empty state (a 

hole).  This is referred to as electron-hole pair creation.  In intrinsic semiconductors, with no accumulated 

charge, the number of free electrons must equal the number of holes. Ultimately, these excited electrons 

will return to their ground state, through a process known as electron-hole pair recombination.  In 

equilibrium, the rate of excitation equals the rate of recombination.  Therefore, the mean time for a 

recombination to occur, τeh, is directly related to the density of free electrons in the conduction band. 
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eheh
g

h
nen     .         (2.2.2) 

 

Here, geh is the generation rate of electron-hole pairs per unit volume and geh = ghe. 

 While many electrons are thermally excited, it should be noted that electrons can be excited in a 

number of ways (photoconductivity, radiation induced conductivity, etc.).  Any process that deposits 

sufficient energy to excite trapped electrons into the conduction band can result in an electron-hole pair 

generation rate proportional to the adsorbed energy flux, or dose rate, D . 

 

D
eh

g     .          (2.2.3) 

 

 It should be noted that it is possible to introduce excess charge carriers into a material, such as 

through charged particle beams or by contact with a biased electrode.  If these injected carriers are in an 

excited state, they may be in the conduction band and also act as charge carriers.  Such injection is the basis 

for common semiconductor devices such as diodes and transistors. 

 The mobility of excited electrons in semiconductors is similar in form to that for conductors [see 

Eq. (2.1.1)].  The impurity mobility is infinite for intrinsic semiconductors, since by definition the static 

defect density is zero.  The phonon-limited mobility is proportional to T
-1

 as for conductors.  However, the 

temperature dependence of the mobility is overwhelmed by the exponential temperature dependence of the 

carrier density in Eq. (2.2.1).  Using these results, the conductivity of intrinsic semiconductors due to 

thermally activated electron-hole pair production can be approximated by 

 

  
T

B
k

F
E

e
eh

T
eh

2/0
)(


   with  )(

0
TeeNeq

eh
      (2.2.4) 

 

with 
0

eh
  only weakly dependent on temperature through µe(T). 

While intrinsic semiconductors do not have static defect densities, extrinsic semiconductors have 

conductivities dominated by static defects.  A semiconductor is defined as extrinsic if its conductivity is 

dominated by free electrons contributed to the conduction band via static defects.  Conversely, a 
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semiconductor is defined as intrinsic if its conductivity is dominated by carrier electrons that have been 

excited (thermally or otherwise) from the valence band to the conduction band. 

Static crystal defects can result from atomic scale point defects, such as vacancies and 

substitutional impurities, or from larger scale linear or planar defects, such as dislocations, stacking faults, 

grain boundaries, surfaces and other irregularities in the ordered pattern of a perfect crystal.  Doping is 

perhaps the most important source of extrinsic semiconductors, resulting from substitution of a native atom 

in the crystal lattice by an impurity atom with a different valence atom than the original atom in the 

semiconductor. 

For this discussion of extrinsic semiconductors, and for the upcoming extension of these theories 

to the applications of crystalline and disordered insulators, we restrict ourselves to a more general treatment 

that relies on the more universal properties of defects. 

Continuing with our assumption of electrons as the only mobile charge carrier, we restrict our 

discussion to n-type semiconductors.  Defects can contribute electrons to the conduction band and produce 

localized traps, even within the bandgap.  Assuming a high concentration of defect sites and using a 

straightforward calculation of the minimum free energy condition for defects as a function of temperature 

to balance the energy increase required to create a defect, Ed, against the increased entropy from formation 

of the defect, Boltzmann showed that in equilibrium, the concentration of any generic defect is 

 

T
B

k/
d

E
e

0

d
Cn)T(

d
n


    ,        (2.2.5) 

 

where 
0

d
n  is the concentration of possible defect sites and C is a constant, often taken as unity (Kittel, 

1956; Ashcroft and Mermin, 1976).  This assumes that there is no interaction between defects, or 

equivalently, that the mean separation of defects is larger than their interaction range.  Note: This is 

equivalent to the approximation above, assuming a high concentration of defect sites compared to the 

concentration of free electrons in the conduction band or nc<<
0

d
n  or Ed<<kBT.  In this approximation, the 

free electron density varies as the square root of the donor density.  This means 
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 The scattering by ionized donors or acceptors in extrinsic semiconductors has been solved by 

Conwell and Weisskopf (1950), who found the mobility to be (Kittel, 1956) 
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where ad is the average distance between ionized donor defect neighbors.  The temperature dependence of 

the conductivity in extrinsic conductors is similar to that of intrinsic semiconductors.  The exponential in 

the electron density will dominate the temperature dependence of the conductivity.  The conductivity can 

be written in similar form to Eq. (2.2.4) using the electron density in Eq. (2.2.7) as 
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
 .    (2.2.8) 

 

This thermal excitation conduction mechanism for semiconductors is negligible in insulators at 

reasonable working temperatures (again, ne→0 for insulators); indeed, one distinction between 

semiconductors and insulators is that thermally activated transitions between extended states are highly 

improbable in insulators, because the band gap energy separating the states is much larger than the average 

thermal energy of the electrons (e.g., Egap»kBT). In well-ordered semiconductors, these states are extended 

states, but can be localized for topologically (structurally) disordered states or chemically disordered (e.g., 

dopant or intrinsic defect) states. While this reduces the activation energy to as little as the separation 

between the conduction and valence band mobility edges, the gap is still much larger than the thermal 

energy.  Operationally, another definition of a semiconductor (opposed to an insulator) is that 

Egap>>(
1
/100)kBTM, where TM is the material’s melting temperature; in other words, an insulator melts before 

there are significant numbers of thermally excited carriers.   
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work is the use of high energy radiation.  Many papers have been published studying the effects of 

radiation on charge transport, or diffusion, using a low-energy incident radiation beam, which only partially 

penetrates the sample material with beam energies <50 keV (Dienes and Damask, 1958; Marton et al., 

1988; Sessler, 1992; Marka et al., 2003; Sessler et al., 2004) and 1-2 MeV (Newman et al., 1983; Priolo et 

al., 1988).  Nonpenetrating beams deposit charge, which is then allowed to dissipate throughout the sample 

material (Wilson et al., 2013).  In contrast, the main focus of this work has been on the effect of high 

energy radiation on a material’s overall conductivity without the added complexity of additional charge 

buildup (often referred to as space charge) and internal electric fields.  In fact, specific care was taken to 

avoid charge buildup by deliberately selecting a beam energy high enough to allow the incident radiation to 

completely penetrate the samples without charge deposition (see Section 3.1).  Rather, the beam excites 

electrons into conduction levels by depositing energy as it travels through, thereby enhancing the overall 

sample conductivity.  For lack of more relevant literature, general observations and comparisons will be 

done with the few literature results available that use an incident high energy radiation beam with no 

bakeout.  Table 5.1 provides a comparison of literature values of kRIC and Δ with those from this study. 

While LDPE is not specifically relevant to the JWST project, it was included in this study for the 

simple reason that it is more widely studied than any of our other available materials.  Yahagi and 

Shinohara (1966) did an extensive study on trap distribution in polyethylene over a temperature range of 

~190 K to ~300 K.  While the results lack a necessary subtraction of dark current conductivity, Δ values 

ranging from ~0.6 to ~0.8 increase with decreasing T.  Fowler (1956a) found a consistent value of 0.81 for 

Δ over a temperature range of 293 K to 355 K.  He used a wide variety of LDPE type of materials, which 

produced kRIC values of ~5 x 10
-16

 sec∙rad
-1

/ohm∙cm.  Harrison (1962) studied RIC at three temperatures: 

311 K, 322 K, and 333 K.  He found Δ=0.74 and kRIC ranging from 1.5 x 10
-15

 sec∙rad
-1

/ohm∙cm to 4.5 x 10
-

15
 sec∙rad

-1
/ohm∙cm.  Hanks and Hamman (1969) also found a consistent value for Δ=0.74 over 

temperatures ranging from 311 K to 333 K, with kRIC values ranging from 5 x 10
-16

 sec∙rad
-1

/ohm∙cm to 1 x 

10
-15

 sec∙rad
-1

/ohm∙cm.  Meyer et al. (1956) reported that between the temperatures of 78 K and 273 K the 

induced current, and by extension kRIC, was nearly independent of temperature. 
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Rather than a constant Δ value, the current results (see Table C.1 and Fig. C.10) show a 

temperature-dependent trend similar to that of Yahagi and Danno (1963).  Figure 5.1 shows a comparison 

of the values of Δ for LDPE.  It could be that Fowler (1956a) and Hanks and Hamman (1969) had too 

narrow a high temperature range to see a clear dependence, and that any trend was lost in their 

experimental uncertainties.  However, the range of values is in agreement with those of other researchers.  

Remember that at low temperatures, Δ is nearly temperature-independent and approaches a value of 1 [Eq. 

(2.4.25)].  As the temperature rises, Δ becomes more temperature-dependent and has a value approaching 

0.5.  It should be noted that empirical fits are used in Section 4.2 to model the temperature dependence of 

kRIC and Δ.  The kRIC fits include either a simple exponential [Eq. (4.5)] or a two-part exponential fit [Eq. 

(4.4)].   Δ fits [Eq. (4.6)] include a similar two-part linear fit.  Both fits assume a constant kric/ Δ value up to 

Tcr and use an exponential/linear fit above Tcr.   

 Kapton E is a relatively new material on the market and, unfortunately, there is a lack of 

temperature-dependent literature values with which to compare.  However, it has a similar composition as 

that of Kapton HN with a slightly lower concentration of nitrogen atoms.  The only published values 

available for polyimide seem to be Δ values.  Both Hedvig (1964) and Yang and Sessler (1992) have Δ 

values slightly lower than those obtained in this study.  Hedvig (1964) found Δ≈0.90 between 283 K and 

333 K, and Yang and Sessler (1992) found Δ≈0.81 at room temperature (~295 K).  Both the Kapton E and 

Kapton HN samples in this study had a nearly constant value of ~0.95 for Δ, and exhibited a temperature-

TABLE 5.1.  Summary results for materials used in RIC study.  Also included is a summary of the 

results from available literature.  Note that Kapton E and Tefzel had no literature with which to 

compare. 

Material 
Temperature Range 

(K) 

k-value Range 

(sec∙Rad
-1

/ 

ohm∙cm)
 

Δ-value Range 

Mean Δ-

value 

(295K) 

Kapton E 103 – 295 1.2·10
-17

 – 7.6·10
-17

 0.93 – 1.05 0.94 

Kapton HN 103 – 333 4.2·10
-18

 – 6.1·10
-17

 0.85 – 1.32 0.97 

Kapton HN
a
 283 – 333 --- 0.81 – 0.90 0.86 

LDPE 123 – 333 2.3·10
-18

 – 1.2·10
-15

 0.69 – 1.20 0.88 

LDPE
b
 190 – 350 5.0·10

-16
 – 4.5·10

-15
 0.60 – 0.80 0.81 

PTFE 103 – 295 3.9·10
-18

 – 2.9·10
-17

 0.91 – 1.23 1.23 

PTFE
c
 294 – 383 --- 0.54 – 0.73 0.70 

Tefzel 232 – 333 2.2·10
-18

 – 8.5·10
-17

 0.75 – 1.10 0.95 

a.  See Hedvig (1964), and Yang and Sessler (1992). 

b.  See Fowler (1956b), Harrison (1962), Yahagi and Danno (1963), and Hanks and Hamman (1969). 

c.  See Fowler (1956b). 
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independent conductivity.  This was supported by data for kRIC, which only showed a slight increase with 

temperature.  Kapton HN and Kapton E were found to have similar values.  Kapton HN had a slightly 

higher Δ value than Kapton E, although it exhibited the higher temperature dependence (Tables A.1 and 

B.1 and Figs. A.10 and B.10). 

 Fowler (1956a, 1956b) included PTFE in his study of RIC over a wide range of materials.  He 

found Δ values between 0.54 and 0.73 with a temperature trend indicating higher values at lower 

temperatures, although he predicted a constant value and took an average.  The current study found a Δ 

value of ~1.2, except for the lowest temperature at 103 K.  These 103 K data runs produced Δ values of 

~0.9, but also had a lot of noise.  The data obtained for kRIC showed only a slight increase with increasing 

temperature, as one would expect with these high Δ values (Table D.1 and Fig. D.10). 

 Tefzel is another relatively new material with a dearth of relevant temperature-dependent RIC 

literature to compare with data presented here.  This study found a nearly constant Δ value of ~0.90.  This 

value for Δ allowed for a slight amount of temperature dependence, which was found in kRIC, with a 

constant value up to Tcr, chosen as 235.00 K, and an increasing value with temperature above Tcr (Tables 

4.1 and E.1). 

 

 

FIG. 5.1.  Comparison of Δ values for LDPE.  Red data points show results of the 

current study from Fig. C.10.  Literature values are shown in black: solid line, 

(Yahagi and Danno, 1963); dashed line, (Fowler, 1956a); dots (Harrison, 1962); 

and dotted line (Hanks and Hamman, 1969). 
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5.2 Material results 

 As mentioned before, theory predicts that materials with a uniform distribution of shallow traps 

with depth will be temperature independent and will have Δ≈1.0 (refer to Section 2.4 and Appendix G).  

Materials with an exponential (or highly disordered) distribution of shallow traps with depth have a lower Δ 

value approaching Δ≈0.5 and will exhibit a higher temperature dependence.  A more complex temperature 

dependence of Δ can result for peaked distributions of deep traps, which depend on the value of the 

effective Fermi level relative to the peaks of the deep trap distribution (refer to Appendix G and Rose, 

1951).  Polymeric materials, such as those used in this study, are typically highly disordered materials by 

nature.  Long and complex atomic chains make quantifying the nature of trap distributions difficult, but a 

high degree of disorder is certain.  The results of this study for the most part support the theory developed 

in Chapter 2. 

LDPE clearly exhibited the most temperature dependence (Fig. C.11), and had the lowest Δ values 

(Table 5.1).  PTFE had the highest Δ value at a nearly constant 1.2 (Table D.1 and Fig. D.10).  A 

satisfactory explanation for a Δ value greater than unity is still to be found.  However, it is interesting to 

note that while PTFE exhibited temperature-independent RIC behavior, as expected (Fig. D.9), it showed a 

DC conductivity dependence on temperature (Table D.1).  Perhaps the results for PTFE were skewed by 

the fact that PTFE can store a very large amount of charge and has an extremely low conductivity, which 

leads to extremely low charge dissipation.  Kapton E had a Δ value ~1.0 and had the least temperature 

dependence.  Because of their similar atomic composition, Kapton E and Kapton HN were expected to 

show similar behavior.  This was true, for the most part, with Kapton HN having a slightly higher 

temperature dependence (see Figs. A.10 and B.12.) 

 

5.3 Uncertainty, reproducibility, and validity 

The details of uncertainty calculations can be found in Section 3.7 and a summary of the results are 

listed in Table 5.2.  An interesting feature to note is the accuracy of the measured resistivity, which was 

found to depend on different parameters depending on the relative value of the absorbed dose rate.  At all 

but the lowest dose rates (~0.2 rad/sec), the measured resistivity was dominated by the variations in the 
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sample thickness.  At the lowest dose rates, the accuracy was instead dominated by the absolute uncertainty 

in the measured current. 

 Reproducibility of these results was checked by taking a data run at room temperature (295 K) 

during each trip to the IAC.  The graphs of these runs can be found in Appendix F.  Multiple 295 K data 

runs could not be obtained for all of the samples.  However, the three materials with valid data (Kapton E, 

Kapton HN, and Tefzel) showed a consistent value of kRIC within the calculated percent error (Section 3.7).  

Therefore, the data of this study taken on three different trips to IAC and covering a total of seven different 

dates has been considered valid for comparison. 

 Fowler (1956a) suggested the possibility of a reduced equilibrium RIC with excessive absorbed 

dose.  He introduced a total dose, ~10
6
 rad, on polystyrene in order to validate his measurements, but found 

no change in conductivity. A more thorough study on conductivity versus total dose was done on the same 

materials as those in this study by Hanks and Hamman (1969).  Hanks and Hamman (1969) found a 

damage threshold on TFE materials (PTFE and ETFE or Tefzel) at ~1.7 ∙ 10
4
 rad, on polyimide material at 

~8.6 ∙ 10
5
 rad, and on LDPE to be > 10

7
 rad (Table 5.3).   Calculation of total absorbed dose experienced by 

each sample was estimated using methods described by Cheek and Linnenbom (1960) for an incident 

photon beam energy of 4 Mev.  In effect, a coefficient is multiplied by the total incident dose.  Total 

TABLE 5.2.  Summary of accuracy and precision of related RIC parameters. 

Measurement/Calculation Accuracy Precision 

Temperature (T) ± 5 K ± 2 K 

Incident Dose Rate ~20% ~8% 

Absorbed Dose Rate ( D ) ~30% ~8% 

Applied Voltage (V) < 1% < 1% 

Thickness (D) ~6% --- 

Cross-Sectional Area (A) ~1% --- 

Measured Current (I) 
< 1% (relative) 

--- 
± 2 pA 

Measured Resistivity (ρ) 

(lower limit with I ≥ 50 pA  

and D ≥ ~0.2 rad/sec) 

~8% 

(dominated by variations 

in D) 

~2% 

(dominated by 

uncertainties in V and I) 

Measured Resistivity (ρ) 

(upper limit near ρlim) 

~2% 

(dominated by absolute 

uncertainty in I) 

~2% 

Calculated RIC resistivity (ρRIC) Same as measured ρ Same as measured ρ 

RIC coefficient, (kRIC) ~20% ~6% 

RIC coefficient, (Δ) ~20% ~6% 
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incident dose was calculated by multiplying each incident dose by the time of beam exposure.  See Table 

5.4 for a list of the total incident dose seen by the samples on each experiment date. 

As seen from Tables 5.3 and 5.4, only PTFE and ETFE ever approached the damage threshold.  By 

examining repeat measurement data taken on PTFE (Figs F.5 and F.6) on June 19 at 103 K, the percent 

difference between the expected current values from kRIC and Δ and the actual average current values only 

increased to a maximum difference of ~15% by the end of the experiment run.  The first calculated percent 

different of the three was only 4%.  All values were well within the uncertainty of kRIC and Δ at ~20%.  It is 

possible that this increase resulted from an increase in the total number of defect states, NT, from radiation 

damage, although there is insufficient data to confirm this.  An increase in NT could lead to more stored 

charge and a concomitant rise in Δ, perhaps explaining the measured Δ in excess of 1. 

Further repeated measurements at consistent dose rates were taken on March 2, 2007 at 214 K (Figs. 

A.5, A.6, B.7, C.7, and D.3).  On both of these occasions, repeated measurements were taken after the 

regular data had been acquired; that is, after the sample materials had already experienced typical levels of 

absorbed dose.  Beam characteristics of pulse width and repetition rate were also varied in these repeat dose 

measurements.  However, no significant change in equilibrium current was seen when plotted with the rest 

of the data on the corresponding RIC graphs (with fits).  In June, in addition to any long-term effects of 

absorbed dose, efforts were also made to quantitatively examine any effect varying beam characteristics 

might have on resultant data by varying the charge per pulse and the repetition rate, while keeping the total 

charge per pulse constant.  The first measurement was taken with an incident dose rate of 2.15 rad/sec with 

an 86 nC charge/pulse, a repetition rate of 100 Hz, and a pulse width of 2 µsec.  The second measurement 

TABLE 5.3.  Total absorbed dose damage thresholds as reported by Hanks and Hamman (1969). 

Material 
Material Atomic 

Composition 

Damage Threshold 

(as reported by 

Hanks, 1969) 

Approximate 

Absorbed Dose 

Coefficient 

Kapton HN C22H10O5N2 8.6E+05 rad 0.89 

Kapton E 
Similar to Kapton HN with 

a higher composition of N 
~8.6E+05 rad* 0.89* 

PE (LDPE) C2H4 (more C branches) > 1.0E+07 rad 0.98** 

TFE (PTFE and 

ETFE) 
C4H4F4 1.7E+04 rad 0.89 

*Even if all of the C were replaced with N, the absorbed dose coefficient would only change by 0.4%. 

** Increasing the concentration of C, lowers the absorbed dose coefficient. 
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was taken with an incident dose rate of 2.3 rad/sec with a 48 nC charge/pulse, a repetition rate of 200 Hz 

and a pulse width of 2 µsec.  The last measurement was taken with an incident dose rate of 2.53 rad/sec 

with a 71 nC charge/pulse, a repetition rate of 100 Hz, and a pulse width of 2 µsec.  Resultant equilibrium 

current was compared to the predicted value using the kRIC and Δ values found at that temperature.  No 

calculated values were outside ~20% of those found at equilibrium as mentioned above (see Figs F.2-6).  

This margin of error was acceptable considering, (i) there is a high degree of difficulty in maintaining a 

constant temperature at 103 K (temperatures varied by as much as 5 K over a single measurement), and (ii) 

varying beam characteristics introduces an additional margin of error in the calculations.  We conclude that 

all tests indicate valid data, and that RIC is independent of varying beam characteristics to within 20%.  

This is not surprising since the data compilation in Fig. 2.2 strongly suggests that RIC is largely 

independent of how the energy is deposited, both by the type of particle used in the incident radiation beam 

(high or low energy electrons, neutrons, ions, etc.) as well as the repetition rate of beam used (DC, msec 

pulses, μsec pulses, etc.). 

 

5.4 General observations for further study 

 A number of interesting features presented themselves in the course of this study, which are 

beyond the scope of this thesis, but indicate a need for further investigation.  As shown in the raw current 

data curves in Appendices A – E, there are rich dynamic behaviors in the RIC current data.  These include 

both a rapid initial rise in current occurring when the beam is turned on (Fig. 5.2, circle A), followed by an 

exponential time-dependent approach to an equilibrium value (Fig. 5.2, circle B).   Similarly, a rapid 

decrease in current occurs when the beam is turned off (Fig. 5.2, circle C), followed by a longer, hyperbolic 

decay of current with time. 

TABLE 5.4.  Total incident dose seen by sample materials on each experiment 

date.  Also, listed is the number of runs included in the calculations. 

Date Total Incident Dose (rad) Number of Runs Taken 

November 20, 2006 7.8E+03 1 (295 K) 

November 21, 2006 1.2E+04 2 (295 K and 333 K) 

February 28, 2007 7.4E+03 1 (295 K) 

March 1, 2007 6.0E+03 1 (232 K) 

March 2, 2007 7.0E+03 1 (214 K) 

June 18, 2007 2.9E+03 1 (123 K) 

June 19, 2007 1.3E+04 2 (295 K and 103 K) 
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While this general behavior was found to occur in all of the sample materials, it was more 

pronounced at temperatures above Tcr.  All of the materials used had a clear rapid rise in current once the 

beam had been turned on by opening the shutter (blue circle in Fig. 5.2).  This rise lasted over the course of 

~23 sec.  An exception to this is Tefzel, which had a rapid rise time lasting ~34 – 46 sec.  LDPE, Tefzel, 

and PTFE also had a slightly more gradual exponential rise to equilibrium compared to the polyimides 

above Tcr.  A semi-empirical model for the time-dependent behavior was outlined in Section 2.4, followed 

by brief comments about more sophisticated dynamic theories.  The time-dependent data presented here is 

extensive enough and of high enough quality to be able to derive values for important fundamental 

properties of the trap states in the materials by fitting the data to these theories.  Work has already been 

begun by Alec Sim and JR Dennison of the USU Materials Physics Group to do just this. 

The values of the kRIC and Δ values as a function of temperature from this study can be merged 

with literature values to produce a more extensive data set extending over a wider temperature range.  This 

extended data set may provide sufficient detail to warrant analysis of the temperature dependence of kRIC 

and Δ in terms of the more detailed theoretically motivated expressions developed in Sec. 2.4 and 

Appendices G and H beyond the empirical fits [Eqs. (4.4), (4.5), and (4.6)] used in this study.  

An interesting feature that presented itself on a number of occasions is an unexpected peak in the 

decay curve after the entire experimental run has ended and the hyperbolic current decay is being observed.  

This was observed both at a high temperature (at 333 K on November 21, 2006) and at low temperatures (at 

123 K and at 103 K in June 2007).  For an example of this feature refer to Figs. B.1-2, and B.8-11 of 

Kapton HN; note, however, this feature was observed in all material data sets on those dates. 

 One material feature observed in this study is the calculated Δ values of PTFE > 1.0.  Current RIC 

theory only provides for a Δ range of 0.5 to 1.0 (Section 2.4).  Future work could be done in theoretical 

development to allow for higher Δ values. 

 A final topic to address is to complete the analysis of other materials that were studied during RIC 

runs described in this thesis.  In addition to the five materials analyzed in detail in the thesis (Kapton HN, 

Kapton E, LDPE, PTFE, and Tefzel), temperature-dependent data were also acquired for Kapton FN and 

expanded polytetraflouroethylene (ePTFE).  Initial analysis has been completed for all these materials, and 

the results have been incorporated into a Mathcad
TM

 tool to calculate conductivity as a function of 
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temperature, dose rate, and applied electric field for about a dozen common spacecraft materials (Dennison 

et al., 2009b).  In addition, a new data set has been recently acquired for fused silica from 60 K to 330 K 

(Hoffmann  et al., 2013).  Work is in progress to extend the results in a more extensive database (Dennison  

et al., 2005b) similar to the NASCAP parameters materials database developed for the NASA Space 

Environments, Effects Charge Collector (Dennison et al., 2003).  These results are of critical importance to 

the spacecraft community. 

 

5.5 Conclusion 

 The theory developed in Chapter 2 has provided a good understanding of the mechanisms 

involved in RIC.  Observed temperature-dependent behaviors corresponded well with predictions based on 

Δ(T) values.  Polymeric materials in general have a high degree of structural trap disorder, and the 

corresponding Δ values found between 0.9 and 1.0 at 295 K support this.  While only a minimal amount of 

literature is available on the temperature dependence of Δ(T) and kRIC for the materials studied with which 

to compare—and none available under the same conditions—a good correlation has been found with those 

 

FIG. 5.2.  Time-dependent current behavior before rising to 

equilibrium value.  A) Initial rapid rise in current after beam is 

turned on.  B) Gradual exponential approach to equilibrium 

current.  C) Initial rapid decrease in current after beam is turned 

off.  D) Long-term hyperbolical current decrease.  Data were taken 

for Tefzel at 295 K on February 28, 2007. 
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that do exist.  The results of this study will be extremely useful for a wide variety of low temperature 

applications, most notably in the study and mitigation of spacecraft charging issues for spacecraft, such as 

the James Webb Space Telescope. 
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APPENDIX A 

KAPTON E TABLE AND GRAPHS 

TABLE A.1.  Table of results for Kapton E. 

Date 

Acquired 

 

Carousel 

Position 

Temp 

(°C) 

 

Thickness 

(μm) 

Applied 

(% of Breakdown) 

Approximate 

Resistivity 

Resolution 

(Ω-cm) 

 

Dark 

Current 

Resistivity 

(Ω-cm) 

RIC Power Law 

Fit Parameters 

Voltage 

(V) 

E-Field 

(MV/m) 

k 

(sec-Rad-1/ 

Ω-cm) 

Δ 

2/28/07 

Position 2 

295 ± 

0.5 
24.5 ± 6% 

(50%) 
5·1019 

4.1·1017 ± 

20% 

6.7·10-17 ± 

20% 

0.93 ± 

20% 
5500 ± 1% 217 ± 10% 

2/28/07 
Position 10 

295 ± 
0.5 

24.5 ± 6% 
(50%) 

5·1019 
4.1·1017 ± 

20% 
6.7·10-17 ± 

20% 
0.93 ± 
20% 5500 ± 1% 217 ± 10% 

6/19/07 

Position 9 

295 ± 

0.5 
24.5 ± 6% 

(22%) 
2·1019 

3.1·1018 ± 

20% 

7.6·10-17 ± 

20% 

0.96 ± 

20% 2450 ± 1% 96 ± 10% 

3/1/07 

Position 2 

232 ± 

1 
24.5 ± 6% 

(50%) 
5·1019 

5.3·1017 ± 

20% 

1. 2·10-17 ± 

20% 

1.0 ± 

20% 5500 ± 1% 217 ± 10% 

3/2/07 

Position 2 

214 ± 

2 
24.5 ± 6% 

(50%) 
5·1019 

5.9·1017 ± 

20% 

1.8·10-17 ± 

20% 

1.05 ± 

20% 5500 ± 1% 217 ± 10% 

3/2/07 
Position 10 

214 ± 
2 

24.5 ± 6% 
(50%) 

5·1019 
5.9·1017 ± 

20% 
1.8·10-17 ± 

20% 
1.05 ± 
20% 5500 ± 1% 217 ± 10% 

6/19/07 
Position 3 

103 ± 
3 

24.5 ± 6% 
(22%) 

2·1019 
3.7·1021 ± 

20% 
1.8·10-17 ± 

20% 
0.94 ± 
20% 2450 ± 1% 96 ± 10% 

6/19/07 
Position 4 

103 ± 
3 

24.5 ± 6% 
(22%) 

2·1019 
3.7·1021 ± 

20% 
1.8·10-17 ± 

20% 
0.95 ± 
20% 2450 ± 1% 96 ± 10% 
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FIG. A.1.  Kapton E data taken at 295 K on February 28, 2007.  Raw current data (above).  Fit to 

current data (below). 
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FIG. A.2.  Kapton E data taken at 295 K on February 28, 2007.  Raw current data (above).  Fit to 

current data (below).  
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FIG. A.3.  Kapton E data taken at 295 K on June 19, 2007.  Raw current data (above).  Fit to current 

data (below). 
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FIG. A.4.  Kapton E data taken at 232 K on March 1, 2007.  Raw current data (above).  Fit to current 

data (below). 
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FIG. A.5.  Kapton E data taken at 214 K on March 2, 2007.  Raw current data (above).  Fit to current 

data (below). 
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FIG. A.6.  Kapton E data taken at 214 K on March 2, 2007.  Raw current data (above).  Fit to current 

data (below). 
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FIG. A.7.  Kapton E data taken at 103 K on June 19, 2007.  Raw current data (above).  Fit to current 

data (below). 
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FIG. A.8.  Kapton E data taken at 103 K on June 19, 2007.  Raw current data (above).  Fit to current 

data (below). 
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FIG. A.9.  Kapton E k and Δ data and temperature-dependent fits.  k–value data and temperature-

dependent fits (above).  Δ–value data and temperature-dependent fits (below). 

 


