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ABSTRACT

An investigation into the radiation effects of gamma and neutron
radiation on polyetheylene coaxial cable has been started. By a series of

tests made in the General Atomic TRIGA Mark F reactor, individual
effects due to gamma, fast, and thermal neutron flux have been
separated and analyzed. Gamma radiation produces a current nearly
proportional to incident flux with the central wire at a negative potential.
Thermal neutron flux also produces a nearly proportional signal but with
the central wire going positive. Fast neutron flux produces a positive-
going signal having two components. One component is proportional to
flux' the other produces a very large inital signal but saturates quickly.
Saturation occurs as integrated fast neutron flux increases and is not
time dependent. Varying amounts and types of shielding provided large
changes in relative components of flux, both with pulsing and steady-
state modes of operation. The data were analyzed for each type of
radiation.

Although the effects have been analyzed in some detail, more

investigation is required to supply more accurate numbers. Special
experiments should provide clues as to which of several possible
mechanisms are involved.
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I. INTRODUCTION

The transient electrical signals from a length of coaxial cable
inserted in several positions in the TRIGA Mark F reactor were
measured during reactor pulses. Cadmium shielding and various
irradiation facilities have been used to obtain a spectral separation of
the neutron fluxes as well as variations in the gamma dose levels. The
effects of thermal neutrons, fast neutrons, and gamma rays have been
observed individually in both pulsing and steady-state operation. An
unusual and heretofore unobserved effect was determined to be a result
of neutron irradiation. The purpose of this report is to describe the
measurements and provide preliminary analyses in explanation of the
electrical response of the cable due to neutron irradiations. These
results may also describe some of the results observed in cables
irradiated with GODIVA-type reactors.



II: EXPERIMENTAL ARRANGEMENT

2.1 REACTOR FACILITY

The irradiations of coaxial cables reported in this paper were
conducted at three locations in the reactor facility; in-core, a graphite
tank, and a void tank.

In all the transient (or pulsing) operations reported here, the
TRIGA Mark F reactor was pulsed by the step insertion of $2. 91 of
excess reactivity above delayed critical. The monitor signals shown on
the lower oscillogram traces in the various illustrations are proportional
to reactor power yields. Figure 1 shows the shape of a typical pulse'
the peak power level during the pulse is about 1600 Mw- (thermal) while
the total integrated power (prompt pulse) is about 20 Mw -secs.

The in-core experiments were made by lowering an aluminum
tube into fuel element position No. G-18 in the outer ring of the reactor
core. Figure 2A shows the position of position G-18 relative to the other
irradiation facilities.

Figure 2A also shows the void tank in position against the core.
The void tank was modified to obtain a high fast neutron flux, low gamma
flux, and essentially no thermal neutron flux. This was obtained by
placing a 1/4 in. boral sheet and 4 in. of lead between No. 2 hole in the
void tank and the core, and 1/2 in. of lead behind the No. 2 hole to
reduce back scattering. A 1/4 in. sheet of borated plastic was wrapped
around the second hole to further reduce the thermal neutron flux.

The graphite tank, as shown in Fig. 2B, is located next to the core
in a manner similar to the void tank. For the coaxial cable irradiations,
the graphite tank No. 2 tube was used and approximately 31 in. of
graphite was placed between the tube and core. In this position the cable
was essentially exposed only to thermal neutrons except for a very small
gamma flux. By covering the cable with a sheet of cadmium, the thermal
neutron flux could be reduced to an insignificant value compared to the
gamma flux. The graphite tank was therefore used to observe the effects
on the cable from both thermal neutron and gamma radiation.

The relative fluxes in the three positions are discussed in
Section III and summarized in Table 1.
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1600 Megaatt.

10 msec

at - Ma
2

Total yield in prompt
burst - 20 Mw-sec

Fig. 1 -- Typical TRIGA Mark F reactor $2. 91 pulse shape
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Borat*eCbl osto
poly sheet Cb*psto

I "G!" ring position
Void tank *--21

Cable position

Graphite 51

B

Fig. 2- -Position of void tank and graphite tank relative to reactor core
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In each of the three positions the end of the cable to be irradiated
was doubled back on itself to form a loop in order to keep the
termination of the cable out of the radiation field, thereby reducing end
effects. When lowered into position, the cut end of the cable was
approximately 4 feet above the center line of the core.

2.2 MEASUREMENT CIRCUITS

Figure 3 is a block diagram of the circuit used for pulse measure-
ments on the cables. Since most of the measurements were made with
zero voltage on the cable, the power supply was not connected. The
100 kQ resistor was selected to obtain sufficient signal to observe on the
scope. The signal from the cable was always displayed on the upper
trace of a dual trace oscilloscope. The output of the Keithley micro-
microammeter, which is proportional to reactor power, was displayed
on the lower trace of the scope.

To observe the relative timing between peak flux in the core and
peak flux in either of the two tank positions, the circuit in Fig. 4 was
used. This permitted the cable signal and the peak fluxes to be
simultaneously displayed on the oscilloscope.

During steady-state irradiation of the cables, it was necessary to
observe the integrated effect. Figure 5 is a simplified block diagram
of the integrating system used for this purpose.

2.3 SPECIAL CABLE

Figure 6 shows the copper coaxial cable used to observe the
effect of removing the dielectric from a coaxial cable. The copper
coaxial cable was irradiated in the graphite tank with and without
cadmium covering. When lowered into the tank the tube was long
enough to keep the junction of the copper coaxial cable to the RG-58
cable well out of the radiation field.

Prior to irradiation the tube was evacuated to approximately
100 % Hg and the valve closed. The vacuum pump was disconnected
during the irradiation. Results of the irradiation are discussed in
Section IV.
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No. 22 Cu wire - .CoxcbeTo vacuum pump

Situpakoff seal fjj

Shield

- Imperial
valve

No. 21 kgaujc copper wire

11) copper tiubing

Ceramic Insulator

Copper op

Fig. 6--Copper coaxial cable
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III. FLUX MEASUREMENTS

Measurements of the fast neutron, thermal neutron, and gamma
fluxes were made in all of the irradiation positions. Gold foil
activation, both with and without a cadmium cover, was used for the
thermal flux measurements. The epicadmium activation also gave
relative measurements of the fast flux, although such data are difficult
to interpret on an absolute scale. The fast flux data from the gold
activation is primarily a measure of the very low end of the spectrum,
i.e., from 0.45 ev up. Sulfur activation was also used for fast neutron
measurements in the fast neutron facility. The neutron energy threshold
for activation is 2. 5 to 3 Mev; thus this gives a measure of the very high
end of the neutron spectrum. Preliminary measurements with fission
foils were made for the neutron spectrum between these two extremes.
These data are necessary since the spectra vary considerably between
the several positions because of the different geometries and materials
around the irradiation facilities.

Gamma dosimetry was performed priiparily with chemical
dosimeters of a standard commercial type. These were exposed with
both lithium shields and cadmium shields since the dosimeters are also
sensitive to thermal neutrons. The cadmium shield was used to
duplicate the cadmium-covered cable geometry since cadmium produces
a considerable dose from the neutron capture gammas. The lithium
shield data gives the gamma dose equivalent to the bare cable
irradiation. In addition, a small carbon ion chamber was used to obtain
data on the gamma flux as a function of time. The activation foils and
the chemical dosimeters give only the integral dose. The time
dependence of the flux is of importance in interpretation, particularly in
the graphite column. In this facility, the thermal neutron pulse is
delayed by 4-6 msec from the reactor pulse. A BF filled ion chamber•3
inserted in the graphite column position and connected to the oscillograph
was used to determine the timing relative to the monitor signal. Figure 7
(Tr. 3585) shows the reactor pulse and the neutron pulse in the graphite
column together with a typical cable signal to show the time separation.

The carbon ion chamber was used in the graphite tank to indicate
relative timing of the peak of the gamma flux seen by the cable at that
position (See Fig. 8, Tr. 3691). The peak thermal flux, the gamma
flux, and the gamma flux produced in cadmiumall follow the monitor
signal by 4-6 milliseconds.

*The chemical dosimeters, sulfur pellets, and readout were
purchased from Edgerton, Germeshausen and Grier Corp., Santa
Barbara, California.
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RG-58 cable
50 mv/cm

BF 3 chamber
10 v/cm

Reactor power

2 v/cm

Sweep - 4 msec/crn

Fig. 7 -- Relative timing between RG-58,
BF 3 , and reactor power signals
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400 v on Ion chamber

Ion chamber
5 v/cm; +6 v

Reactor power
2 v/cm; 2. 8 v

Sweep - 10 msec/cm

Approx. time delay - 5 msec

Fig. 8 -- Relative timing between carbon
ion chamber and reactor power
signals
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The estimates now available on the fluxes at the various positions
in the core are shown in Table 1. More accurate values will be
obtained in the near future.
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IV. DATA AND DISCUSSIONS

4.1 GAMMA DATA

In order to irradiate cables with a predominantely gamma flux, the
gralhite tank was used, with a wrapping of 0. 020 in. cadmium sheet
around the sample. Measurements indicate flux on the order of 940
rails/pulse or 47 rads/Mw-sec. Neutron fluxes in this facility were
checked and found to contribute little to the cable signal. Figures 9A
and 9C (Tr. 3682 and 3686) are typical cable signals from a pulse. In all
cases checked, the signal due to gamma fluxes is negative and nearly
proportional to the intensity. There is no large saturation effect and no
change in sensitivity due to previous neutron exposure. Figures 9A, 9B,
and 9C (Tr. 3682, 3685 and 3686) show that there is no signal change in
gamma fields when the cable receives a large irradiation in the core
between runs in cadmium-covered graphite. The apparent time delay
between the power and the cable signals follows the actual gamma flux
in the facility, as shown in Fig. 8 (Tr. 3691), where a carbon chamber
is substituted for the cable.

The copper cable, which substitutes a partial vacuum for the
polyethylene dielectric of a normal cable, produces a similar signal in
the graphite position; the peak value whezi the cable is cadmium covered about
twice that of the bare copper cable (See Fig. 10, Tr. 3579 and 3580).

Previous measurements made on the General Atomic Linear
Accelerator (LINAC), with zero volts on the cable which was irradiated
with a 4. 5 Lsec, 30 Mev electron beam, produced negative signals
approximately proportional to the flux, with no unusual initial effects
evident (See Fig. 11).

Since all evidence indicates that a secondary emission signal due
to gamma flux is negative and nearly proportional, runs were made at
1 Mw steady-state on cadmium-covered RG-58, with the cable connected
to the inteNrator. Figure 12 shows a linear relationship with a slope of
2.4 x 10 coulombs/Mw-sec for this length of cable. The cable signal
due to gamma flux for this series of experiments then may be taken as

2.4x10 -10 x 10 -12 coulombs
47 Rads/Mw-sec rad

17



Transient 3682
Sweep (all) - 10 msec/cm

Cadmium-covered RG-58
in graphite

10 mv/cm; -27 mv

A

Reactor power
2 v/cm; 2.3 v

Transient 368S

RG-58 in core
I v/cm; -2.55 v

B

Reactor power
2 v/cm; 2. 8 v

Transient 3686

Cadmium-covered RG-58
in graphite

10 mv/cm; -27 mv

Reactor power
2 v/cm; 3.2 v

Fig. 9 -- Signals from cadmium-covered RG-58 in graphite and in core
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Transient 3579

Cadmium-covered
Cu coaxial cable in
graphite
20 mv/cm; +0. 032 v

delayed

Reactor power
2 v/cm; 2. 9 v

Sweep 10 msec/cm (all)

Transient 3580

Bare Cu coaxial

cable in graphite
10 mv/cm; -0. 015 v

delayed

Reactor power
2 v/cm; 2. 9

Fig. 10 -- Signals from bare and cadmium-
covered copper coaxial cable
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Cable signal

LINAC pulse

Fig. 11 -- Sienal from RG-58
irradiated at LINAC
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This assumes that the RG-58 cable is doubled in an experimental
location about 3 ft. high, and that the vertical gamma contour is the
same as in the cadmium-covered graphite. The flux value is taken at
the vertical center of the cable.

4.2 THERMAL NEUTRON DATA

The graphite column used to determine a value of gamma signal
when the cable is wrapped in cadmium sheet is used without the cadmium
to provide a radiation environment with a maximum thermal neutron
flux. The gamma flux is down to about one-tenth that present in the
cadmium-covered configurations. A cadmium ratio of 223 indicates a
low epicadmium neutron flux. Assume for the moment that any signal
from fast neutrons is insignificant, and that the gamma background may
be subtracted from a total signal. Figure 13 (Tr. 3678, 3679 and 3687)
shows the first, second and fifth shot on an RG-cable. Note thS usual
time delay in the cable signal, which is compatible with the BF chamber
measurement (See Fig. 7, Tr. 3585).

22



Sweep (all) - 10 msec/cm

* Transient 3678

RG-58 cable (let pulse)
10 mv/cm; +0. 011 v

Reactor power
2 v/cm; -2. 5 v

Transient 367

RG-58 cable (Znd pulse)
10 mv/cm; +0.O0l0v

Reactor power

2 v/cm; -2. 5 v

Transient 3687

RG-58 cable (6th pulse)
5 mv/cm; +010 v

Reactor power
2 v/cm; +2. 8 v

Fig. 13 - - Signals from bare RG-58 in graphite tank
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A steady-state run at cne Mw with a bare RG-58 cable in the

thermal column produced a signal shown in Fig. 14. Since the gamma
present contributed a known part of the rignal, this was subtracted from
the resultant trace, leavg a nearly proportional signal due to neutron
flux of approximately 10 coulombs/Mw-sec. The slightly greater
initial slope is evident. This small saturable component is opposite in
sign to that seen with gamma radiation. Both are second-order effects
but should be investigated in more detail.

The signal due to thermal neutron flux seems dependent on
dielectric size and material. Taking a typical peak voltage of around
10 mv for RG-58 cable, the peak voltage for RG-59 cable is about 7 mv
and that for Teflon RG-142 is about 30 mv, with indications of a larger
initial voltage than found in polyethylene cable types.

In summary, thermal neutron fluxes produce positive signals
approximately proportional to flux and dependent on size and type of
dielectric.

4.3 FAST NEUTRON DATA

Figure 15 (Tr. 3615, 3665 and 3666) represent three typical
signals from cable in the void tank. Note that the first flash produced a
much larger signal, preceding the flux peak. Figure 16 summarizes the
total signals taken in several pulses on an RG-58 cable. The first flash
is large and indicates a very strong signal per Mw-sec on the first part
of the flash. Later shots produced signals which successively decreased
in height, finally going negative. The signal peaks later correspond more
closely to the timing of the pulse peaks.

Figure 17 is a graph of integrated signal versus integrated power
of Tr. 3615 (See Fig. 15A). Note the large change in slope during the
first 20 Mw-sec which is equivalent to a single pulse. Obviously, an
integrated signal would turn negative soon after the first pulse.

Using the integrator and operating the reactor at one megawatt
steady-state produced a total signal shown in Fig. 18. The shape of
this curve is similar to that produced in transient operati 6 1 on virgin
cable, with the negative slope after saturation. If 2 x 10 coulombs/
Mw-sec is taken to be the gamma component of the signal, the large
remaining positive-going signal is produced by the neutron flux. The
residual thermal flux (<0.45 ev) produces a signal which is linear and
roughly 10 percent of the fast signal.
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Sweep (all) - 10 msec/cm

Transient 3615

RG-58 cable (1st pulse)
10 mv/cm; +0.0135 v

Reactor power
2 v/cm

nsient 3665

RG-58 cable (6th pulse)

I mv/cm; +0. 0004,
-0.00035

Reactor power
2 v/cm; -3 v

Transient 3666

RG-58 cable (7th pulse)
I mv/cm; -0. 00075

Reactor power
2 v/cm; 3. 2 v

Fig. 15 -- Signals from bare RG--58 in void tank
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Consecutive pulses on
bare RG-58 No. 12 in

j/.q void tank

/4

'2

0

/

°93
.

Tl['I pi In id I 1I I re.,ond,.s

Fig. 16--Sequence of signals from bare RG-58 in void tank
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The remaining fast neutron signal is obviously an important
radiation effect. The initial signal on virgin cable is a very large one and
has a slope on the order of 20 times that on a cable saturated with fast
neutrons.

Fast neutron flux froduced a saturated value of signal in this run of
approximately 1. 8 x 10 coulombs/Mw-sec. The graph includes th l
signal from the thermal flux present, which amounts to less than 10
coulombsA4Aw-sec and may be ignored at present.

An attempt to remove the saturation of a cable by alternate charging
and discharging with 300 volts was not successful. Storage of the cable
overnight resulted in only a partial recovery. Other experiments are
planned to investigate recovery from the saturable effect.

Several transient tests were made with voltages applied to the
cables as a rough check on conductivity. The general effects appear to
be complex with signal reversals but no details are included in this report.
The cables exhibited conductivity in the void tank and in the graphite
thermal column, and residual effects from previous flashes at different
voltages were observed as found during the linear accelerator tests.
Again, it is planned to make steady-state observations of conductivity in
neutron flux. Perhaps some unusual conductivity effects will be noted
which will aid in determining a mechanism for neutron effects.

4.4 ANALYSIS OF DATA

A detailed analysis of the data in terms of possible physical
mechanisms has not been made; however, a preliminary evaluation of
mechanisms considered and the results are presented in this section.
Experiments specifically designed to test the various possible mechanisms
will no doubt be required before a final judgment can be made. The
discussion is necessarily limited to signals produced with no voltage
applied to the cables. Thus, both the production and net motion of
charges must be included in any explanation of the effects.

4.4.1 Gamma Ray Effects

Measurements of gamma-induced signals have been made
previously with linear accelerators and other gamma sources, and the
data are in general quantitative agreement with the results obtained here.
The normalized gamma response can be c culated from the flux data.
The gamma response is given as 5.1 x 10 coulombs/rad. This is for a
180-cm length of cable in the irradiation facility. The gamma dose used
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was the peak for the center of the facility. If the average to peak gamma
flux is taken as 0. 7, thr 4normalized reactor gamma response is
calculated to be 4 x 10 coulombs/rad-cm.

The response of similar cable has been measured with 30 Mev
electrons from the General Atomic LINAC. The riult obtained there
for the accelerator gamma response was 2.4 x 10 coulombs/rad-cm.

These two results may be considered in essential agreement

because of difficulties in dosimetry over the cable lengths irradiated,
and the measurement of the actual lengths of cable in the two fields. In
addition, some dependence of dose rate has been seen in the response
with LINAC; this may also account for some of the difference.

The gamma signal has been attributed to the ejection of Compton
electrons from the shields and insulator.

The following arguments are suggested for deducing the expected
size and magnitude of the gamma signal:

The production of secondary electrons by the Compton process is
approximately proportional to the total number of electrons in the
absorbing material. The escape of these electrons from the surface of
a conducting or insulating section is determined by the energy loss of
the electrons in the material. If the object considered is large compared
to the range of most of the secondary electrons, it can be assumed that
the number of electrons escaping from the surface is approximately
proportional to the product of the rate of production and the range, since
the range represents the thickness of the material near the surface which
is contributing electrons that may escape. The range is, to the first

order, inversely proportional to th- electron density in the material.
The first correction term to this relation is a logarithmic dependence
upon Z, the charge per atom, which tends to make the range somewhat
larger in high Z materials than the first-approximation value.

In the first approximation, the Z dependence of the Compton
production and the inverse Z dependence of the range cancel out,
predicting a secondary emission which is independent of the nature of
the absorbing material. The correction term in the energy loss formula
tends to make the secondary emission somewhat larger for higher Z
materials. Furthermore, if the object is not thicker than the range of
the maximum-energy Compton electron, the secondary emission from
high Z materials again tends to be larger than the emission from lower
Z materials. Hence, in the comparison between the secondary emission
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from the polyethylene dielectric in a coaxial cable and the copper center
conductor and shield, it is expected that the secondary emission from
the copper will be somewhat larger than the emission from the poly-
ethylene. A net current of electrons is therefore expected to go into the
insulator. The signal induced in the center wire with the shield grounded
is expected to have two components; the first is a positive component due
to a net emission of electrons from the center wire into the insulator,
and the second is a negative component due to a net emission of electrons
into the insulator from the shield. If one assumes again that the range
of these secondary electrons is very small compared to either the
diameter of the center wire or shield, one finds that the two terms
cancel out if the emission per unit area from the center wire is the same
as the emission per unit area from the shield. The reason for this
cancellation is that the motion of a charge a given distance near the
center wire induces a charge in the center conductor which is larger by
the ratio of the radii than that charge induced by a motion of equivalent
distance near the shield. On the other hand, the total number of
electrons performing this motion is larger near the shield by the same
ratio as the ratio of shield to center wire radii. On the other hand, if
one assumes that the radius of the center wire is not very large
compared to the range of the electrons but that the radius of the shield
is large compared to the range of the electrons, then the next correction
term makes the signal induced in the center wire (due to the electrons
emitted from it) somewhat less than the signal due to the electrons
emitted from the shield. A net negative signal is therefore predicted.
The magnitude of this signal depends on the absolute difference in
secondary emission coefficients of the polyethylene and copper as well
as the distances the electrons travel in the insulator. Since total
emission coefficients of the order of 0.5 to 1 percent of the incident
photon flux are reasonable, it might not be surprising to observe a
signal in which the effective charge removed from the central wire is of
the order of 0.1 percent of the photons intercepted by the coaxial cable.
This estimate is not inconsistent with the experimental results, but
obviously must be checked more accurately before the mechanism can be
established conclusively.

4.4. 2 Thermal Neutron Effects

The thermal neutron response of 10 - 10 coulombs/Mw-sec can be
converted to other units so that a comparison can be made with the
thermal neutron events taking place in the cable. For this analysis,
consider only the peak rate occurring during the pulse (peak reactor
power equals 1600 lw). This signal therefore represents a charge
transfer rate of 10 electronic charges/sqc. Further, the peak power
generated by the cable would be 2.6 x 10 watts.
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These ratef4 apply for a meaw:urecd thermal neutron flux of
approximately 10 nv in the centeoo of t:he exposure region (See Table 1).
It is of interest to calculate the ralet-Secf the various thermal neutron
interactions in the cable. The fobivi rag three separate processes will
be calculated:

(1) Capture by the hydrogeni mt.-e polyethylene,

(2) Capture by the copper i~tthe central wire and shield,

(3) Scattering by the hydrop xmi. the polyethylene.

For these purposes, consider the irr--radliation to be for 6 ft. of cable,
and the axial average flux in the gRarjAphLte facility to be 0. 7 times the
peak flux. Thus, the average fluids s6 .6 x 10 nv. The volume q poly-
ethylene in cable is 11.5 cm, a1 te evclume oj copper is 0.95 in
Polyethylene contains 6.9 x 10 I*Uatorms cm giving 7.9 x 10 H
atoms in the irradiated cable. Tho ercss section for hydrogen capture
is 0.33 barns. Thus th number cfH H =ajture events per second for the
average flux of 6.6 x 10 nv is 1.1x xLO . The rate 1 capture in copper
central wire can be sinarly calw1ate-d to be 2. 0 x 10 , and the shield
capture rate is 5. 7 x 10

It is also of interest to calciOate -the number of thermal neutron
scattering events for neutrons of eserg-y > 0.14 ev and < 1 ev. Data for
this calculation have been obtained riIrorn computation of the neutron
spectrum in graphite. The resultiI:u:

13
H scattering events beiwes-eerm 0.14 - 1 ev/sec = 6. 96 x 10

The physical processes by hioich these nuclear interactions could
produce an electrical effect are opnt> postulation, and some possible
mechanisms will now be consider. .. NJeutron capture by hydrogen
results in the emission of a 2. 2 Me" v ga..nma ray and the formation of a
deuteron. The gamma ray is not :qqpea ted to have any unusual effect,
and in fact should contribute to a eg;gatLve signal rather than the
positive signal observed. The reladi:ive ly high gamma energy and the
small density of electrons eliminao:; aa-y significant contribution from
internal conversion electrons. Thb deateron, however, will have a
recoil energy of 1. 3 key. The dewrn roni would produce electron
ionization with a maximum electr 0a energy of 1.3 ev minus the binding
energy of the electron. This is a veuery small energy and probably would
not produce any significant numbeloo&fe lectrons since the electron
binding energy is expected to be _ 0e ev, which is considerably g.reater
than the energy available. Protonree'ec>ils of maximum energy of 1. 16 key
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would also be produced. Both the protons and the original deuterons
could produce a net charge transfer; however, the range of each is quite
short. The central wire would act as a sink for positive charges since
none would be emitted from copper. The charge efficiency required is
5. 8 percent. That is, 5. 8 percent of the hydrogen captures result in the
net transfer of one elctronic charge across the cable. This is quite
high considering the ranges and energies involved.

Therman neutron capture in copper produces capture gammas over
a wide range of energies. About 50 percent of the captures result in a
gamma of less than 1 Mev in energy. These in turn could produce an
internal conversion electron, emitted from the copper. The charge
efficiency for this process would need to be about 5 percent considering
only captures in the central wire. This is quite high for an internal
conversion efficiency with the high energy gamma rays. "The internal
conversion efficiency for a 1 Mev gamma is very small (-10 percent)
for an atom with this mass. A detailed analysis of the gamma spectrum
of copper may show this effect to be more probable than indicated in
this preliminary treatment.

The scattering of thermal neutrons from hydrogen may produce a
large number of protons of energy less than 0.45 ev, the cadmium cut off
energy. These low energy protons co 1) d produce a charge transfer.
Work done by Mayburg and Lawrence on the temperature dependence
of the conductivity of polyethylene in a gamma field (cobalt source) has
led to an interpretation of ionic conduction by protons. They compute
the "activation" energy required to produce a free proton charge to be
0.13 ev. Thus on the basis of this model, the higher-energy subcadmium
neutrons would produce free protons. The efficiency of charge collection
would then be 1.4 percent for neutrons between the energies of 0. 14 to
1 ev. This range is used because computations of the spectrum were
available. This possible mechanism cannot, therefore, be eliminated
on an efficiency basis alone. The explanation given by Mayburg and
Lawrence for the conductivity in polyethylene is not unique in the light
of more recent understanding of the conductivity in insulators. The
effects they observed can be explained with electronic rather than ionic
conduction. The transfer of charge by such a low energy proton is
difficult to understand; however, more experimental information should
provide an answer.
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Thg3 overall sensitivity to thermal neutrons can be calculated as
1. 3 x 10 coulombs/nvt-cm. At this time the mechanism for producing
an electrical signal with thermal neutron irradiation is not clear. Further
experiments will be performed to obtain more information on the possible
mechanism.

4. 4.3 Fast Neutron Effects

Two phenomena are apparent from the fast neutron irradiation;
the first is an effect which saturates with fast neutron dose, and the
second is an effect which is independent of total dose. Both effects give
a positive signal. A graphical separation of the two effects was done to
provide a measure of the relative sensitivities, thus determining the
initial and final slopepof the curves. These are 3.6 x 10 coulombs/
Mw-sec and 1. 8 x 10 coulombs/Mw-sec respectively. In addition, the
saturable component was fitted by the method of least squares to the form
y = a (1 - bd Ca). The fit was of the right shape, although somewhat poor
in detail as can be seen from Fig. 19. This may have been due to
inaccuracies in the data and further attempts will be made.

In this fit, the following numerical values for the constants were:

a = 4.7 x 10- 9 coulombs

b= 0.85

c = 0.076 (Mw-sec)
- 1

Note that the constant b is close to unity; however, with b not unity, the
initial slope of the fitted curve is not valid. The constant can be
normalized from data presented later in this section. Particularly, the
saturated charge, a, is better expressed per unit length and is:

-11
a = 2.6 x 10 coulombs/cm.

This, of course, is independent of dose and possibly dose rate,
since the recovery time was found to be very long. The charging
constant c can be converted to other more useful units also. The results
for flux greater than 10 key are:

c = l. 9x 10 - 4 rad 1

-13 - 1
and c = 3.0 x 10 (nvt)
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It is not known whether the fast neutron response results from a
single mechanism or from two or more mechanisms. It is tempting to
postulate two mechanisms for the saturable and linear responses. The
linear response could be due to fast neutron capture in hydrogen and/or
copper. This would be the same process as discussed in Section 4.4. 2.
A reasonable speculation would be that the exponential portion is due to
scattering by the protons; this is also similar to that discussed in
Section 4. 4. 2 except that proton energies up to a few Mev would be
produced. The fact that fast neutron irradiation does not change the
sensitivity of the cable to either thermal neutrons or gamma rays is at
least indicative of a different mechanism for the saturable effect.

Estimates of the total fast neutron flux in the exposure facility
were obtained by preliminary foil saturation measurements of fission
foils and sulfur. The calculated neutron spectrum within the core was
used to extend the values from the lowest threshold of 10 key down to
1 ev. The average flux over the vertical 36 in. irradiation zone has been
previously measured to be 0. 8 times the peak flux. The following values
represent the average flux and are given per Mw-sec:

10
S(> 2. 5 Mev) = 1. 2 x 10 (Measured)

111
0 (> 10 key) = 2. 5 x 10 (Measured)

0 (> 1 ev) = 4.0 x 1011 (Calculated)

Note that the value for the sulfur flux (given in Table 1) is for a
20 Mw-sec pulse. One-group cross sections for the energy range 1 ev
to 10 Mev have been obtained, for hydrogen capture and scattering and
for copper capture, for the same spectrum so that the number of these
events may be calculated. The results for 183 cm of cable are:

Hydrogen captures 7 7. 8 x 10 8/Mw-sec

Hydrogen scattering = 3.4 x 10 12/Mw-sec

Copper capture = 3.3 x 10 9/Mw-sec
(central wire)

Copper capture = 9.1 x 10 9/Mw-sec
(shield)
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The total dose from fast neutrons can also be calculated from the
foil measurements to be 400 rads/Mw-sec. The estimate of the
uncertainty of this figure is less than a factor of 2.

Thi 0 initial and saturated fast neutron sensitivities of 3.6 x 10 "9 and
1. 8 x 10 coulombs/Mw-sec may now be normalized to the events
occurring in the cable and the efficiencies calculated, as was done with
the thermal neutron effect (refer to Section 4.3.2). The response per
rad-cm is of interest for comparison with the gamma effect and data
obtained with other facilities. The result is:

Fast neutron response (initial) = 4.9 x 10 coulomb s/.-rad-cm

Fast neutron response (saturated) = 2.5 x 10 coulombs/rad-cm.

These can now be compared with the gamma response of 4 x 1014

coulombs/rad-cm. The initial neutron value is approximately equal to
the gamma sensitivity and the saturated value lower by a factor of 20.

The responses can also be compared on a charge basis with the
nuclear events in the cable. The charge transfer rates are:

= 10
Initial = 2.25 x 10 electronic charges/Mw-sec

Saturated = 1. 1 x 109 electronic charges/Mw-sec.

These can now be compared with the interaction rates calculated above.
The ratios of charge transfer to the nuclear events for the various
processes is given in Table 2. The figures in the table represent the
number of charges that must be collected per nuclear event. If the number
is greater than unity, then secondary processes must occur and provide
charge multiplication if the mechanism is to be a valid one. If only
primary processes are considered, it appears that hydrogen scattering
with proton production is the only mechanism of these, which could account

for the initial fast neutron effect. The capture events can be compared in
efficiency with those calculated for the thermal neutron response. Since
thermal neutron capture represents a high energy effect from the reaction
energy, the response should be relatively insensitive to neutron energy.
Thus, the efficiencies of - 5 percent required for the thermal neutron
effect are to be compared with efficiencies of 250 to 3200 percent for the
initial fast neutron effect. From these arguments, the conclusion is
drawn that hydrogen scattering is the most likely mechanism for the
initial fast neutron effect.
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Table 2

FAST NEUTRON EFFECTS

Charge Transfer Rate

Nuclear Event Rate

Initial Response Saturated Response

Hydrogen Scattering 0.0066 0.0003

Hydrogen capture 32 1.4

Copper capture 6.8 0.33
(central wire)

Copper capture 2.5 0.12
(shield)

Similar arguments and comparisons can be made for the saturated
fast neutron effect. In this case, it appears that any of the mechanisms
could be responsible for the response. A more detailed analysis of
possible copper capture mechanisms should be made. Particularly, the
copper captures in the shield and central wire should be competirg
effects so that the difference in rate would be a better comparison. The
result is about 65 percent of the shield capture rate. Experiments are in
progress to give more information on a possible mechanism.
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V CONCLUSIONS

The following cable effects have been observed and identified:

1. Gamma radiation produces a current proportional to flux,
the central wire going negative with respect to the shield.
In RG-58 cable, the gamma response was found to be about
4 x 10-14 coulombs /rad-cm in the TRIGA reactor, and
Z. 4 x 10-14 coulombs/rad-cm in the General Atomic Linear
Accelerator. The gamma sensitivity was found to remain
essentially independent of previous exposure to gamma rays
or neutrons.

2. The thermal neutron effect in the cable produces a response
proportional to dose, with the opposite polarity to gamma
response. The signal is also independent of previous irradia-
tion with either neutrons or gammas. The sensitivity was
measured as 1. 3 x 10- 23 coulombs/nvt-cm.

3. Fast neutron irradiation also produces a response in cable
of opposite polarity to gamma effect. A large initial re-
sponse was found which rapidly saturated. A residual
response remained and was approximately linear with dose.
The initial sensitivity found was 4. 9 x 10-14 coulombs/rad-cm,
and the saturated response was 2. 5 x 10-15 coulombs/rad-cm
in RG-58 cable, a difference of about a factor of 20. Measure-
ments showed the recovery time for the saturable effect to be
greater than one day.

4. The effects outlined above were not found to be rate-sensitive;
that is,signals per MW-sec were comparable during both pulsing
and steady-state operation of the TRIGA reactor.

Preliminary measurements with voltage applied to the cable show
such characteristics as signal reversals during the pulse and memory
effects from previous irradiation. Further measurements will be made to
classify these effects. In addition, experiments are planned to investigate
the several possible mechanisms for the effects.
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