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Gamma-Ray Induced Photoconductivity in Pyrex,
Quartz, and Vycor

Shoaib Usman, Lubna Shoaib, and James N. Anno

Abstract—Results of an experimental investigation are reported
on photoconductive response of Pyrex, Quartz and Vycor. This re-
search was conducted as a feasibility study for developing a new
gamma dose measurement device based on the principle of pho-
toconductivity. However, data collected in this study are equally
valuable for various other applications where these materials are
to be used in high radiation field. Our experiments and analyzes
indicated that the selected dosimeter materials exhibit photocon-
ductivity and respond to changes in gamma dose rate within a
useful range. Pyrex glass suffered radiation damage at a relatively
high dose rate of 0.25 Gys 1. Quartz and Vycor exhibit signifi-
cant advantages over Pyrex as dosimeter material. However, their
limit of operability was found to be at a dose rate of approximately
28 mGy s

1. Vycor dosimeter in particular appears promising for
gamma measurement applications. From an endurance point of
view, Quartz appears to be the most suitable material for applica-
tions in high dose rate conditions, in that photo-currents in Quartz
were observed to be minimum.

Index Terms—Biomedical applications of radiation, gamma-ray
effects, photoconductivity, substrates materials.

I. INTRODUCTION

THIS paper reports the observed effect of photoconduc-
tivity in three commonly used materials, i.e., Pyrex,

Quartz, and Vycor. Experimental results presented in this paper
may be useful for researchers using these or similar materials
in high radiation fields.

Use of high intensity radiation in various industrial and med-
ical applications has increased rapidly in the recent years. There-
fore, there is a need for better understanding the effects of ra-
diation on various materials directly exposed to gamma radia-
tion or X-rays. Pacific Northwest National Laboratory (PNNL)
has conducted an extensive study to develop fundamental under-
standing of radiation effects in glasses and ceramics. This effort
resulted in numerous publications cited by Weber in his final
report [1]. Other investigators have reported effects of gamma
radiation on materials. For example, dimensional changes in
glass induced by gamma were studied by Allred [2]. McIlvaine
[3] investigated effect of gamma radiation on tensile strength
and impact characteristics of glasses. Likewise, radiation in-
duced discoloration is also reported in the literature [4], [5].
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Doweidar and co-workers [6] investigated other physical and
mechanical effects induced by gamma radiation in glasses, in-
cluding; hardness, density changes, and infrared spectra shift.
All these changes are very significant for various applications
including medical and pharmaceutical uses, micro-electro-me-
chanical (MEMS) devices and imaging.

Photoconductivity in various materials has been an area of
significant interest [7]–[9]. Investigators have reported various
aspects of the phenomenon. In this paper, we report our obser-
vation on gamma induced photoconductivity in bulk materials
at very high dose rates. The purpose of this study is two folds.
First of all, we wanted to measure the gamma induced currents
in Pyrex, Quartz and Vycor, as these materials are being used
in MEMS, Active Matrix Flat-Panel Imagers (AMFPI’s) and
other applications as structure and substrates. Secondly, if the
phenomenon is significant and linear in dose rate, we wanted
to investigate the feasibility of a dosimeter based on gamma in-
duced photo-currents. An objective of this research was to study
the feasibility of developing a high intensity dosimeter using
gamma-induced photoconductivity.

Unsatisfactory performance of the existing devices for high
dose rate applications, have given rise to the need for a better
gamma measurement system. The single most important factor
limiting the lifetime and operability of such devices is the radia-
tion environment they encounter [10]. Three materials studied in
this research are known to have high radiation tolerance. More-
over, use of Pyrex, Quartz and Vycor as insulator and/or sub-
strate in high radiation environment has necessitated a need for
better understanding the photoconductive response of these ma-
terials. We investigated this response by irradiating the sample
material in Co-60 gamma field at Winkel Radiation Labora-
tory at the University of Cincinnati. For the dose rates studied,
photo-current was observed to be in the range of nano-Amperes
(nA) to micro-Amperes ( A). These results demonstrated va-
lidity and applicability of the concept. Moreover, data collected
in this study is valuable for other application involving exposure
of these materials to high radiation fields and voltage potential.

II. PHENOMENON OF PHOTOCONDUCTIVITY

Phenomenon of photoconductivity has been known for well
over half a century [11]. It is well known [12]–[16] that pho-
toconductivity (under steady state conditions) is related to the
(photon) dose rate. In fact, the observations show that photo-
conductivity increases as the dose rate increases and that the
governing [12] expression is

(1)
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where is the photoconductivity, is the proportionality con-
stant, and is the dose rate. Traditionally, the value of is
known to range [13] from 0.5 to 1.0 depending upon the dose
rate and the material properties. For low dose rate and for high
impurity material (impurities give rise to traps and hence in-
fluence gamma induced photoconductivity) the value of ap-
proaches unity and the photoconductivity therefore becomes di-
rectly proportional to the dose rate.

Using this law of photoconductivity one can measure the dose
rate by measuring the current, and the total dose (integrated
dose) by measuring the integrated current. Electrical resistance
may be written as

(2)

where is the electric resistance, is the geometry constant
and is the total conductivity. The total conductivity is the sum
of the dark or “out-of-pile” conductivity and the photocon-
ductivity

(3)

It is important to note that should be as small as possible to
enhance the relative response of the material to photons. In other
words, photoconductivity should be the dominant part of
the total conductivity. For a material with very low resistance
is approximated by

(4)

Therefore, current can be written as

(5)

This means the current can be a direct measure of photocon-
ductivity and can therefore be used to measure the dose rate to
which the material is exposed, once the constants in (1) have
been determined. Photoconductivity is dependent on the elec-
tron mobility and the density of the photon-induced free elec-
trons as [12]

(6)

where , electron mobility, , electron charge, and , the density
of photoelectron. The time dependence of the density of photo-
electron is known to be given approximately by the expression

(7)

In this expression is the recombination term and
is the trapping term, where is the number of impu-

rities per unit volume. For a high impurity substance should
be small relative to and hence the steady state result can be
written as

(8)

where is saturation electron density, , is the production
term and , is the constant for trapping. In order to have
high photoconductivity there must be a high photoelectron pro-
duction rate (i.e., large photon cross section for electron ejec-
tion). Therefore, in addition to the high impurities (for linear re-

Fig. 1. Schematic diagram of the detector circuit.

sponse), the detector material should also have large cross sec-
tion for reaction. Incorporating the foregoing expres-
sions in (5) we have

(9)

All the terms in the above expression are constant (material
and/or geometry specific), therefore at steady state the current
at a constant voltage is proportional to the production rate of the
electrons. After proper calibration it seems feasible to measure
gamma dose rate by recording photo-currents. It is interesting
to note that as long as one can appropriately calibrate the elec-
tronics, the linear relationship (i.e., high impurity in the mate-
rials) between dose rate and photoconductivity (although desir-
able) is not necessary.

III. MATERIALS AND METHODS

A. Geometry

Emphasis was placed on simplicity of the dosimeter design
and circuitry, as is shown in Fig. 1, circular disc geometry was
selected in order to minimize the surface and bulk emission ef-
fects. It was found necessary that the electrodes be embedded
in the dosimeter material or otherwise electrically shielded, to
avoid stray ionization and electron emission currents from the
outer electrode surfaces. For this study, bulk material was pre-
ferred over very fine layer to reproduce substrates geometry.
Specific dimensions are discussed in the following section.

B. Electronic Circuit

For research purposes the dosimeter has been developed as
the photoconductive sensor connected in series with a pico-
ammeter and a variable power source (Fig. 1). Neither of the
latter two components is expected to be included in a practical
dosimeter application. Rather, a fixed voltage source and a di-
rect readout circuit, using micro-processors, responding directly
to the output current from the sensor would be used. A current
mode operation rather than a pulse mode operation is tested in
this study. This choice is due to two reasons. Firstly, at the in-
tended high dose rates, pulse mode operation of any detection
system is not feasible [17], [18]. Secondly, we wanted to mea-
sure leakage current from the substrates made from these ma-
terials. For this purpose current mode measurements are more
appropriate. Keithley 485 (Serial no. 0 547 183) pico-ammeter
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was used for current measurements. Current measurement un-
certainty using Keithley 485 model ammeter is less than 0.5%.
Therefore, these small uncertainties are not shown in the results.

C. Material Selection

It is known that one effect of gamma radiation is to decrease
the electrical resistivity of materials [12]–[14]. Based on the
comparison of the relative radiation endurance of insulating ma-
terials and capacitors [12] to permanent effects, a special Pyrex
glass, Quartz and Vycor were chosen as the initial choices for
sample dosimeter base materials. This selection was based on
their relatively high radiation damage threshold dose.

Pyrex glass (Lithia Potash Boroscilicate-Corning #7070,
mesh #325) in powder form (U.S. standard mesh size of 4
through 25) was used as the first material for dosimeter. It had
a lower softening point ( 1000 C) than Quartz ( 1800 C),
therefore it was more workable. Discs shaped dosimeters were
fabricated from Pyrex. Quartz (Spectrosil A), the highest grade
of TSL synthetic silica, with SiO content % (supplied
by Quartz Product Company, Louisville, KY) was used as the
second dosimeter. Semi-conductor grade Quartz (VITREOSIL
OSC) discs ( cm, cm)
were used. Vycor (Glass Code 7913) was selected as the third
base material. This selection was based on the observation
that Pyrex dosimeters (with high impurity) produce photocon-
ductive currents of significantly high magnitude while Quartz
(high purity material) produces photoconductive currents of
low magnitude. Hence, it was deduced that by using a base
material with moderate level of impurities the current would be
in a more useful range. Vycor has a SiO content of approxi-
mately 96%. Vycor discs (5.08 cm in diameter and 0.63 cm in
thickness) were obtained from Cincinnati Gasket. Electrodes
were painted on the polyurethane (used as the insulation) for
both Vycor and Quartz sample. Detail material specifications
are reported by Shoaib [19].

D. Gamma Source Description

The Cobalt Radiation Facility (Winkel Radiation Laboratory),
at the University of Cincinnati was used for sample irradiations.
This extensively calibrated source consists of eighteen Cobalt-60
pinsinacylindrical-ringarray.Variousexposureratesarepossible
byusingvarioussourcepincombinationsanddifferent irradiation
chambers. For this project, in all the exposures the sample was
placed in a cylindrical aluminum chamber 16.7 cm in diameter
and 57.2 cm high and lowered into the source. The exposure dose
rate was altered by changing the height of the sample within the
chamber.Themaximumdoseratepossibleusingthisarrangement
was approximately 0.32 Gys .

Using the 18 pin configuration of the gamma source, the
Pyrex sensor was exposed to different gamma dose rates. A
high voltage power supply was used, and at each dose rate the
voltage was varied from 0 Volts to 350 Volts, in steps of 50 or
70 V. Data were collected for the three materials at each voltage
for about twenty minutes. This procedure was repeated for
different dose rates. Using the data obtained from the sample
dosimeters irradiation, current-time and current-voltage curves
were obtained.

Fig. 2. Pyrex transient response of photocurrent at 0.15 Gys .

Fig. 3. Pyrex current voltage relationship at 0.1 Gys .

IV. RESULTS

A. Pyrex Results

Stability of photo-conductivity was studied by observing
transient response at a fix voltage immediately after exposing
the specimen to a fixed dose rate. As seen in Fig. 2, current
rises rapidly and then decreases in an exponential manner.
Initial transient behavior of similar shape has been reported
previously [20]. However, gamma irradiation relaxation time
for Pyrex glass is orders of magnitude larger than reported [20]
for ultrafast photoconductive GaAs and AlGaAs.

A typical current versus voltage graph is shown in Fig. 3. In
current-voltage graph the straight line shows a linear or Ohmic
relationship. It is encouraging to confirm that our results are in
agreement with the information available in the literature [21]
and with theoretical predictions.

At very high dose rates, of the order of 0.25 Gys and
higher, the linear relationship between current and voltage
was no longer observed. The behavior at these high dose rates
is shown in Fig. 4. This change in behavior is attributed to
radiation damage.
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Fig. 4. Pyrex current voltage relationship showing Ohmic response at lower
dose rate and non-Ohmic at higher dose rate.

Fig. 5. Quartz transient response of photocurrent in at 0.03 Gys .

B. Quartz Results

In the second phase of the research, Quartz was studied for
its photoconductive response. Quartz exhibited fast return to
steady state photocurrent. Our instrumentation was not capable
of recording the ultra-fast transient response therefore we only
observed steady photocurrents as shown in Fig. 5. As expected,
at higher potential (350 V) the current was observed to be higher
than at lower potential (200 V).

Fig. 6 shows almost perfect Ohmic response of Quartz. For
all four dose rates tested, Quartz shows almost perfect linear
relationship between current and voltage. Moreover, slope of
the line depends on the dose rate to which the specimen was
exposed. This behavior is consistent with previously reported
results [21].

At higher dose rate (in excess of 0.07 Gys ) Quartz sam-
ples seem to experience radiation damage as observed in form
of departure from Ohmic response. These effects were found to
be transient in nature because after long (24 hours or more) re-
laxation time the samples returned to their initial behavior.

C. Vycor Results

Vycor is the last material tested in this research. Generally,
Vycor behavior was very similar to Quartz in both its transient

Fig. 6. Quartz current voltage relationship showing Ohmic response.

Fig. 7. Vycor transient response of photocurrent in at 0.03 Gys .

response and Ohmic relationship. Vycor demonstrate quick re-
turn to stability after unobservable transient (Fig. 7). As ex-
pected, higher currents are produced at higher voltages. It was
also consistently observed that currents for Vycor under similar
applied voltages and irradiation conditions were higher than that
for Quartz sample under similar conditions. This comparison is
obvious in Figs. 5 and 7.

Like Quartz, Fig. 8 also shows a perfect Ohmic response for
Vycor samples. For the three dose rates tested the linear rela-
tionship between current and voltage seems to hold well. As
expected, slope for high dose rate was steeper than that for
low dose rate. Vycor however depart from Ohmic response at
a lower dose rate of approximately 0.03 Gys .

V. DISCUSSION AND CONCLUSION

All our observations are consistent with previous data re-
ported for other materials. We also observed gamma radiation
discoloration in Pyrex when exposed to high cumulative doses.
A much lesser degree of discoloration was also noticed in Vycor
specimen while Quartz did not show any visible effect even after
significantly large doses.

Departure from Ohmic behavior was observed in all three ma-
terials test at high dose rate. However, the nature of this devia-
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Fig. 8. Vycor current voltage relationship showing Ohmic response.

tion was quite different, in that Pyrex experienced a permanent
damage with very long recovery time (in the order of several
days or weeks). While both Quartz and Vycor recovered from
this damage rather quickly. After approximately a day of relax-
ation, both Quartz and Vycor returned to their initial behavior.
Pyrex was found to endure much larger dose rate before expe-
riencing the non-Ohmic threshold. On the other hand, Vycor
had a much lower threshold while Quartz displayed relatively
better radiation endurance. Quartz departure from Ohmic re-
sponse was observed at approximately 0.07 Gys , while Vycor
threshold was reached at half of this value.

Subsequently, both Vycor and Quartz were exposed to pro-
longed irradiations. Quartz was exposed to gamma continuously
for 121 hours at a dose rate of 0.03 Gys . During this prolong
period of irradiation a slight upward trend in current was ob-
served with fluctuations.

When a similar prolonged (168 hours) exposure was per-
formed for Vycor, a similar upward trend was observed with
very little or no fluctuations. It is difficult to draw any firm con-
clusion from the observation as electronic draft may be respon-
sible for the observed drift.

Using the slope of the current-voltage lines an effective pho-
toconductivity of the material was computed for each ob-
served dose rate. Using photoconductivity data as a function of
dose rate, the value of was computed by regression of (1). For
Pyrex, apparently due to radiation damage the value of was
found to be 1.4, much larger than expected. Quartz produced

. This result is quite close to the expected value of
0.5 based on the theoretical prediction for high purity material.
Vycor data produced which is again a little higher than
expected.

Our experimental results indicated that in principle the use
of photoconductivity for gamma dose measurement is possible.
However, Pyrex dosimeter with our fabrication technique will
not perform well. Vycor appears to be the best of the three ma-
terials tested from detector construction point of view . Com-
parison of Quartz and Vycor data indicated that a very precise
control over impurity level would be necessary for a successful
dosimeter design.

Experimental observation reported in this paper may also be
significant for research using these or similar materials in high
radiation environment. Kang and co-worker [22] discussed most

important issues associated with direct detection of X-ray for
diagnostic imaging using HgI and PbI . High leakage current
and leakage current drift was noted to be one of the main chal-
lenges. Our data may be helpful in a careful analysis of substrate
material’s photoconductive response which may eventually lead
to better material selection and possibly devising a correction
scheme for leakage currents.
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