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ABSTRACT

Neutron dose and energy spectral measurements were performed at a well-
logging laboratory using neutron sources typical to well-logging applications.
The two neutron sources included 241AmBe and a small neutron generator which
produced 14-MeV neutrons by the following reaction: T(D,n)“He, The types of
measurements which were performed included neutron absorbed dose measurements
using a tissue equivalent proportional counter (TEPC); neutron energy spectrum
and flux measurements using a set of multispheres; routine neutron dose equiva-
lent rate monitoring using a cylindrical remmeter and a 10-in. polyethylene
ball representing 9-in. remballs; measurements using personnel neutron dosim-
eters. The purpose of the measurements was to determine the most appropriate
types of personnel dosimeter and calibration techniques for use in well-
logging applications. The dosimeters evaluated included: a photographic ‘
film dosimeter, a TLD-albedo dosimeter, a CR-39/TLD combination dosimeter, and
polvcarbonate track etch film dosimeters.

The dosimeter irradiations were performed on water-filled phantoms at a
well-logging laboratory and significantly higher levels of neutron dose equiva-
lent than would normally be received by workers in well-logging operations.
These techniques were used to achieve the control necessary to obtain statist-
ically significant results. The irradiations were performed outside in order
to gain some degree of simulation of the irradiation conditions encountered in
the field.

The source configurations which were investigated included the following:

241AmBe source in the shipping cask

241AmBe source in air

241AmBe source in well-logging tool

241AmBe source in well-logging tool calibrator
Neutron generator in the calibration tank
Neutron generator in air.

0f the dosimeters which were evaluated, the dosimeter which was recommended to
be most appropriate for well-logging application was the TLD-albedo.

The TLD-albedo dosimeter result was higher than the delivered dose equiva-
lent in each of the irradiation geometries. The neutron dose equivalent deter-
mined using the TLD-albedo dosimeter was greater than the delivered neutron
dose equivalent because: (1) a sufficient number of neutrons of lower energy
were present to raise the TLD-albedo result ana (2) the TLD-albedo dosimeter
did not suffer from energy-cutoff problems.

The type of source which was judged to be most appropriate for calibrat-
ing dosimeters used in well-logging applications was the unmoderated source
normally used by the personnel performing well-logging operations.

iii




SUMMARY

Neutron dose and energy spectral measurements were performed at a well-
logging laboratory using neutron sources typical to well-logging applications.
The two neutron sources included 2“'AmBe and a small neutron generator which
produced 14 MeV neutrons by the following reaction: T(D,n)“He. The types of
measurements which were performed included neutron absorbed dose measurements
using a tissue equivale~t proportional counter (TEPC); neutron energy spectrum
and flux measurements using a set of multispheres; routine neutron dose
equivalent rate monitoring using a cylindrical remmeter and a 10-in. poly-
ethylene ball representing 9-in. remballs; measurements using personnel neu-
tron dosimeters. The purpose of the measurements was to determins the
appropriate types of personnel dosimeter and calibration techniques for use in
well-logging applications. The dosimeters evaluated include: a photographic
film dosimeter, a TLD-albedo dosimeter, a CR-39/TLD combination dosimeter, and
a polycarbonate track etch film dosimeter.

The dosimeter irradiations were performed on water-filled phantoms at a
well-logging laboratory and to significantly higher levels of neutron dose
equivalent than would normally be received by workers in well-logging opera-
tions. These techniques were used to achieve the control necessary to obtain
statistically significant results. The irradiations were performed outside in
order to gain some degree of simuluation of the irradiation conditions
encountered in the field.

The source configurations which were investigated included the following:

2%1pmBe source in the shipping cask

241AmBe source in air

241pmBe source in the well-logging tool

241pmBe source in the well-logging tool calibrator
Neutron generator in the calibration tank

Neutron generator in afir,

A1l of the dosimeters except the TLD-albedo exhibited low average
responses (i.e. the ratio of the average response of the dosimeters irradiated
in a certain geometry to the reference neutron dose equivalent was less than
unity) for at least one of the irradiation geometries. The low response was
due to the inability of the dosimeters to adequately measure dose equivalent
from neutrons with energies below a certain point. That point was designated
as the energy-cutoff. The measurement technique used to determine the
reference neutron dose equivalent was based upon analysis of data from a
tissue equivalent proportional counter. A cylindrical remmeter was used to
determine neutron dose equivalent rates, and since it exhibited close agree-
ment with the reference measurements and is readily available on the open
market, dosimeter results were also compared to the remmeter results. The
TLD-albedo dosimeter was judged to be the most appropriate type personnel
neutron dosimeter among those dosimeters which were evaluated in this study.

The appropriate calibration source for both the dosimeters and the rem-
meter was judged to be the source in use at the time of irradiation. The



appropriate geometry for calibration includes using the unmoderated source in
a low to medium scatter environment with dosimeters irradiated on phantoms.

A1l of the dosimeters exhibited pronounced energy dependence for the
source geometries used in this study. Because of that energy dependence, no
single calibration factor will allow for the accurate assessment of the neu-
tron dose equivalent delivered to a dosimeter (or personnel wearing the dosim-
eter) for all the situations. It is not recommended that dosimeter results be
adgusted to account for spectral differences because of the following reasons:
(1) large errors in dosimeter results may be introduced due to inaccurate
estimates of irradiation times for a given geometry, (2) small dose equiva-
lents with proportionately larger error would be impacted by the use of the
adjustment factor, and (3) it would be difficult to ascertain how closely
field situations were actually simulated in this study and what differences
would be expected in different irradiation geometries.
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1.0 INTRODUCTION

This study is part of a continuing project, funded by the U.S. Nuclear
Regulatory Commission (NRC) to evaluate personnel neutron dosimetry at
licensed facilities. This task was initiated to verify the adequacy of per-
sonnel neutron dosimetry and calibration techniques current'y in use by well-
logging licensees.

The neutron sources generally used for well-logging applications include
241AmBe and 14-MeV neutron generators. The irradiations in this study were
performed using these two sources. The source strength of the 2%!AmBe was
18 Ci and the neutron emission rate was 4 x 107 neutrons/sec. The generator
was a small grid type accelerator which accelerated deuterium atoms into a
tritiated target producing 14-MeV neutrons. The neutron emission rate was
approximately 108 neutrons/sec.

1.1 INSTRUMENT DESCRIPTION

The instruments used in this study have been well documented in the lit-
erature and will be described in this report in cursory fashion only. The
reader is directed to other reports produced in support of this project
(NUREG/CR-1769 and NUREG/CR-2956) and to the reference lists in those reports
for more detailed descriptions of the various instruments and measurement
techniques.

The tissue equivalent proportional counter system (TEPC) was used to
measure neutron absorbed doses and determine neutron dose equivalent (and the
associated rates) because the TEPC: (1) is the only available instrument
which directly measures neutron absorbed dose, (2) has produced dose equiva-
lent results which are in close agreement with well characterized neutron
fields produced at several facilities, and (3) is independent of neutron
energies in the range of neutron energies encountered in this report, A
cylindrical remmeter, designated as SNOOPY, was used to monitor dose equiva-
lent rates and personnel neutron dosimeters were irradiated to evaluate the
response of the dosimeters to neutrons produced by the well-logging sources.
Average neutron energies and neutron energy spectra were determined using a
set o/ multispheres.

The TEPC (shown in Figure 1) was a 5-in., diameter spherical proportional
counter. The theory of operation may be summarized as follows (refer to
Figure 2): A neutron interacts with the plastic wall (Shonka A-150 plastic)
of the counter creating a secondary charged particle (i.e., recoil proton,
alpha, or heavy ion). As the charged particle traverses the counter, it
jonizes the atoms of the filling gas (propane based tissue equivalent gas).
The electrons which are stripped from the ions are accelerated toward the
collecting anode. As the electrons travel toward the anode, they ionize other
gas atoms creating an avalanche of electrons. The number of electrons
collected at the anode is proportional to the energy deposited in the gas by
the passage of the original secondary charged particle. So, the TEPC measures
absorbed dose (to a small volume) directly. Pulses, or signals, are amplified
and stored in a multichannel analyzer (MCA) (Figure 1). Analysis of data
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FIGURE 2. Tissue Equivalent Proportion Counter Construction

depends on accurately determining the proton drop point, the point which
represents the maximum amount of energy a proton can deposit in the gas as it
traverses the diameter of the counter. The neutron absorbed dose is propor-
tional to the sum of the product of the counts in a given channel (of the MCA)
and the channel number over the range of lineal energies attributed to neutron
interactions. That is:

T -1 -1
D=1.602 x 107" x ﬁl CxhxNh x (V)" x (p) (1)

(ICRY 1977)

where D = neutron absorbed dose, rad
C = conversion factor for channel to keV

h = channe!
N(h) = counts in channel h
hl = starting channel
h2 = ending channel
YV = counter volume, cm?

p = filling gas density, g/cm?,

The quality factor is determined from the distribution of lineal energies
(signal pulse heights) by assuming that the average lineal energy is 9/8 the
corresponding average linear energy transfer and solving the following 4th
order polynomial (equation 2). The dose equivalent is the sum of the products
of dose event and quality factor.

Quality Factor = - 7,168 (In(L)) + 12,409 (In(L)) - 7.726 (In(L))?
+ 1.9 (In(L))? - 0.15 (In(L))" (2)

where Ln(L) is the natural logarithm of 8/9 times the average lineal energy.



The multisphere technique uses a SLil(Eu) scintillator to detect thermal
neutrons in air, in a cadmium sleeve, and at the center of five polyethylene
spheres of the following diameters: 3 in., 5 in., 8 in., 10 in., and 12 in.
(see Figure 3). The net counts due to alpha recoils are used to solve for the
neutron flux over 26 energy groups including thermal to 20 MeV. Neutron
flux-to-kerma and flux-to-dose equivalent factors are applied to determine the
"element-57" dose and the dose equivalent.

The cylindrical remmeter used in this stud; was designated as SNOOPY
(Figure 4) and was calibrated at PNL using a 23%PuBe neutron source. The
remmeter consists of a boron-trifluoride proportional counter at the center of
a 15-in, diameter pclyethylene cylinder. The construction is such that in
theory the number of counts produced in the counting gas from neutron interac-
tions with the boron is proportional to the dose equivalent regardless of the
energy. In contrast to strict theory, the responses of remmeters have been
shown to be dependent on the energy distribution of the neutrons in the field
being measured (Cosack and Lesiecki 1981). In this study, it was concluded
that the cylindrical remmeter, calibrated using “?9PuBe, responded closely to
reference values because of the relative hardness of the nverall neutron
spectra and because the remmeter response varies slowly in the region of
neutron energies encountered using the ?“!AmBe source in the various
configurations.

The 10-in. sphere response from the multisphere set was taken as repre-
sentative of the response of the 9-in. remballs currently commercially avail-
able., The justification for this assumption comes from a study performed by
Hankins in 1967 (Hankins 1968) in which the differences in responses of a Lil
crystal were compared to the responses of a BF, tube fn 9-in, and 10-in,
spheres (similar to the ones used in this study). The report concluded that
the responses of the four types of instruments were within counting accuracy
of the detectors. For this reason, the 10-in. sphere may be assumed to be
representative of the 9-in., remballs. The net count rate due to neutron
interactions in the Lil crystal was multiplied by a factor to convert from
count/gocond to mrem/hour. The calibration constant was determined using a
bare 252Cf source to be 0.10547 mrem-sec/counts-hour. The 252Cf source was
chosen as a calibration source due to its availability and its use in the
radiation instrumentation industry as a calibration source. In this report,
10-in. remball results will be designated as "RB10."

The types of personnel dosimeters which were evaluated in the various
source configurations included photographic film (Kodak NTA), TLD-albedo
(using SL1F), and CR-39 and polycarbonate track etch films. A1l frradiations
were performed on a 5-gallon plastic water phantom and dosimeters were placed
on the phantom so that no part of any garticular dosimeter was closer than
10 cm to the edge of the phantom (see Figure 5). In most cases, 3 dosimeters
were irradiated in each configuration in order to provide some measure of the
statistical precision of each type of dosimeter. A1) commercial dosimeters
were tested as routinely calibrated by vendors and a brief description of
dosimeter and calibration method follows:












e The NTA photographic emulsion dosimeter is a standard commercially
available film badge which has been calibrated using a bare 2“!AmBe
source in a medium-scatter facility.

e The TLD-albedo dosimeters which were used in this study are dosim-
eters supplied by a processor which routinely supplies dosimeters to
well-logging personnel. The TLD abledo utilizes a combination of
SLiF and LiF for neutron detection and gamma subtraction respec-
tively. The processor-supplied TLD-albedo dosimeter is designated
as "TLD-albedo" and was calibrated using the energy response of the
dosimeter ?ormalized to ?“1AmBe (based on an average neutron energy
of 4.5 MeV),

® The combination dosimeter (designated as Comb in the report) is also
commercially available using CR-7?3 and SLiF in combination. The
calibration is complicated, but 1f the TLD portion of the response
dominates, then the TLD response is used to calculate dose equiva-
lent through a D,0-moderated 252Cf source. If the CR-39 response
dominates, then the CR-39 response is used to calculate dose equiva-
lent through a bare 2“!AmBe calibration, If the two are roughly
equal, a factor is used to adjust the albedo response and add it to
the CR-39 response to determine dose equivalent,

® The CR-39 and polycarbonate track etch films are commercially avail-
:ble‘and both were calibrated using bare ?“!AmBe in a medium-scatter
acility.

The dose equivalent rates for the different neutron source configurations
varied from 5 to 300 mrem/hr and the integral dose equivalents delivered to
the dosimeters varied from 150 to 4800 mrem. The high dose rates were chosen
to produce statistically enhanced doses in a short period of time. (here was
insufficient time and funding to adequately assess the sensitivity of per-
sonnel dosimeters at very low doses/rates. It is expected that the lower dose
equivalent and rates to which well-logging personnel are normall exposed will
have no adverse effects on the conclusions or recommendations of this report,
however, the impact is not known and would require further study.



2.0 IRRADIATION DESCRIPTIONS

Measurements were performed using the neutron sources in various con-
figurations (e.g. bare, in shipping cask, etc.) and for various orientations
of the source configurations (i.e. side or end-on orientations). It was
thought that the various orientations might provide different neutron energy
spectra because of the different amounts and configurations of moderating
material. This is the reason that the side and end-on orientations were
studied as well as the various source configurations. While the dosimeters
were irradiated in each configuration, irradiation time and number of dosim-
eters limited the irradiations to one orientation (side or end) for each
configuration., Measurements are presented for each configuration and
orientation, whether dosimeters were irradiated or not. [t was determined by
the consultants from a major oil services corporation that within the con-
straints of dose rates, integral doses, and precisfons, the irradiation
conditions which were studied in this experiment represented the conditions
under which well-logging personnel in the field routinely recefve neutron
dose. The irradiations were all performed outside at a height of slightly
more than one meter above the ground. In the irradiations using the 2“!AmBe
source, the ground was covered with a 4-in, concrete pad. Measurements are
normalized to the distance between the phantom face and the source for
integral dose comparisons. The dose rate measurements are normalized to
one meter for comparison of instrument readings.

2.1 “lAmBe IN SHIPPING CASK

Figure 6 shows the muitisphere measurement being performed in the side
orientation and simultaneous TEPC and *He measurements being performed in the
end-on orientation. The figures which show the irradiations in progress were
chosen to be representaiive of the frradiation conditions. No attempt was
made to photograph each frradiation. The TEPC was placed at 23.5 in, from the
side of the cask, the multisphere system and the SNOOPY were both at 19.5 in,
from the side of the cask and the dosimeter phantom was 9.5 in, from the side
of the cask. The cask was 18.5 in. in diameter, so the source to detector
distances were calculated by adding 9.25 in. to the aforementioned distances.
Response ratios for the side orientation measurements are plotted in Figure 7.
The reference dose equivalent rates were determined to be 6 mrem/hr at 1 meter
from the source for the side orientation and 14 mrem/hr at 1 meter from the
source for the end-on orientation. The dose equivalent measurements are
summarized in Table 1.

The dose equivalent rates determined from the instruments were normalized
to 1 meter by the 1/d? technique. The results appear in Table 2. It was
expected at the time of the irradiations that the neutron ene spectra for
the side and end-on orientations would not be significantly different. In
fact, the average neutron energies determined from multisphere data were
1.28 MeV for the side orfentation and 1.85 MeV for the end-on orientatfon,
Figures 8 through 11 are plots of the neutron flux and dose equivalent spectra
determined from multisphere data. The reasons for the higher average neutron
energy for the end-on orientation {s due to the lack of moderation around the
source while it fs in the cask cavity. The neutrons emerging from the side
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TABLE 1. Neutron Dose Equivalent Results for the Side Orientation
of the 2“!AmBe Source in the Shipping Cask

Average Dose One Standard
Equivalent Deviation
—tt0surement mrem) {orem) to
NTA Film Dosimeter 58 15
HMPO TLD-albedo 116 42
TLD-abedo Dosimeter 478 43
Combination Dosimeter 183 23
CR=39 Dosineter 9 18
Poly Dosimeter 45 7
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Ratio of
Dosimeter Im‘nu

0.47
0.9
3.85
1.48
0.73
0.36

Ratio of
Dosimeter Results

0.4
0.87
3.57
1.38
0.68
0.33



TABLE 2.
in the Shipping Cask

Neutron Dose Equivalent Rates for the 2“!AmBe Source

Average Dose  Une Standard Ratio of Ratio of
Equivalent Deviation Dosimeter Results Dosimeter Results
o Measurement (arem) _to TEPC Results  to SNOOPY Results
M:‘O:humua "
tispheres 1.28 0.62 0.57
SNOOPY 7 - 1.08 1.00
R810 5 . 0.77 0.7
TEPC (Run #1) 6 - 0.92 0.85
TEPC (Run #2) 7 - 1.08 1.00
h‘&?iwm'm'm 0 85 0.7 0.7
t 1 1. A A
SNOOPY 14 - 1.00 1.00
RB10 10 . on o.n
TEPC 14 . 1.00 1.00
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of the cask must traverse 8.25 in, of moderator while the neutrons emergin
from the end of the cask must only traverse the end of the steel source holder
and the cask plug. Inspection ¢ the results in Table 2 leads to the conclu-
sion that the difference in dose equivalent rates for the two orientations is
due to the same reason,

2.2 2“ipmBe IN AIR

Under normal operations, the source is removed from the shippin? cask and
inserted into the logging tool with the aid of a 60-in. source handling tool
(see Figure 12). The tool is a roa with a threaded fitting on one end which
attaches to the threaded fitting on the 2“!AmBe source. While the time to
transport the source from the cask to the tool is short, the dose equivalent
rate is significantly higher and the neutron flux spectrum different than the
one for the in-cask configuration,

The dosimeters were irradiated in a side orientation 15 in. from the
source, Multisphere measurements were not performed for the side orientation
as the difference in the neutron energy spectrum (compared to the end-on
orfentation) would be small. The dose equivalent determinations are presented
in Table 3 and plotted in Figure 13. The average energy from multisphere data
for this source configuration was determined to be 2.69 MeV,
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TABLE 3. “eutron Dose Equivalent Results for the Side Orientation
of the 2“1AmBe Source in the Handling Tool

Average Dose One Standard Ratio of Ratio of
Equivalent Deviation Dosimeter Results Dosimeter Results
Measurement (mrem) (mrem) to TEPC Results to SNOOPY Results
NTA Film Dosimeter 4480 114 0.93 1.20
HMPD TLD-albedo 2620 400 0.55 0.70
TLD-albedo Dosimeter 5464 554 1.14 1.46
Combination Dosimeter 3950 309 0.82 1.06
CR-39 Dosimeter 3950 309 0.82 1.06
Poly Dosimeter 5980 544 .28 1.60
2.0 E
-
= S
o810
Rl
i P
5 .
— : '

NTA
co8
[»2< ]

TERC

Handling Tool
Side Orientation

FIGURE 13. Responses of Techniques Used to Determine Neutron Dose
Equivalent

The average neutron energy from multispheres was determined to be
2.69 MeV. That is lower than the published value of 4.5 MeV average neutron
ene (DePangher and Tochilin 1963). The difference is due :0 the lack of
resolution of the multisphere analysis. The count rates from the seven
detector configurations are used to generate a neutron energ¥ spectrum from
thermal to 20 MeV. The energy groupings of the fluence are logarithmic (i.e.
there are three energy groupings per decade), so the analysis inherently
spreads the spectrum and resolution is lost. The spreading of the spectrum

16
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TABLE 6. Neutron Dose Equivalent Rates for the 2“!AmBe Source
in the Logging Tool

Ratio of Ratio of
Average Dose Average Dose Equivalent Dose Equivalent
Equivalent Neutron Energy Measurement to Measurement to
Measurement Rate (mrem/hr) (MeV) TEPC Results SNOOPY Results
Side Orientation
Multispheres 62 2.26 0.67 0.72
SNOOPY 86 - 0.92 1.00
RB10 76 - 0.82 0.88
TEPC 93 - 1.00 1.08
End-On Orientation
Multispheres 9 1.85 0.90
SNOOPY 10 - 1.00
RB10 10 1.00

Neutron Flux Spectrum
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FIGURE 18. 2“!AmBe in Logging Tool (side view)
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plastic sleeve is used to calibrate the internal neutron detector
iing moderator material with which to get a base reading. The tool is
calibrated each time it is used in the field, producing a relatively modera
neutron energy spectrum as evidenced by the average neutron energies of 0.9
ard 1.3 MeV. Figure 22 shows the configuration of the dosimeter irradiation.
The center of the phantom face was placed 16 in. from the source which resides
in the logging tool in the center of the calibrator sleeve. Dose equivalent
results are presented in Table 7 and plotted in Figure 23. Only 1 NTA film
dosimeter was irradiated for this source configuration.

provi

The results of dosimeter data presented in Table 7 are indicative of a
moderated ne spectrum. The NTA and track etch dosimeters have decreased
response tios when compared to those ratios from the dosimeters irradiaved

+

uncder different source configurations. The decreased response ratio is due to
the shift of neutron energies below the relative energy-cutoffs of the dosim-
eters (energy cutoffs: NTA = approximately 0.6 MeV, CR-39 = approximately

0.1 MeV and Poly = approximately 1.5 MeV). The energy cutoff for a dosimeter
is the neutron energy below which the dosimeter cannot detect neutrons. The
TLD-albedo response ratio, in contrast, is greater than for other source con-
figurations, again indicative of a moderated neutron energy spectrum.
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FIGURE 23. Responses of Techniques Used to Determine Neutron Dose
Equivalent

TABLE 7. Neutron Dose Equivalent Results for the Side Orientation of the
241pmBe Source in the Logging Tool Calibrator Sleeve

Average Dose One Standard Ratio of Ratio of
Equivalent Deviation Dosimeter Results Dosimeter Results
Measurement (mrem) (mrem) to TEPC Results to SNOOPY Results
NTA Film Dosimeter 675 - 0.56 0.48
HMPD TLD-albedo 2540 256 2.12 1.78
TLD-albedo Dosimeter 5235 833 4.36 3.68
Combination Dosimeter 847 27 0.71 0.60
CR-39 Dosimeter 500 7 0.42 0.35
Poly Dosimeter 420 0 0.35 0.30
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2.5 NEUTRON GENERATOR IN THE SAND/WATER CALIBRATION TANK

The logging tool which houses the neutron generator is inserted into
several types of calibration tanks. The one which was measured during this
study was the sand/water mixture calibration tank. The tank is a cylinder,
roughly 4 ft in length and 30 in. in diameter, as shown in Figure 28. The
SNOOPY was positioned on the top of the tank throughout the measurements. The
dose equivalent rate reading from the SNOOPY was constant at 100 mrem/hr.
Table 9 contains the dose equivalent results for the measurement and Figure 29
is the plot of the response ratios. The response ratio of the TLD-albedo,
6.55, shown in Table 9, is indicative of a neutron source with a neutron
energy spectrum which is predominantly lower than the neutron energy spectrum
of the calibration source (i.e. the response of the TLD-albedo decreases for
increasing neutron energies). The response ratio of the polycarbonate dosim-
eter is larger than unity indicative of a neutron source with a neutron energy
spectrum which is predominantly higher than that of the calibration source.
For this irradiation geometry, both situations may be ture, i.e., the TLD-
albedo is responding mainly to the neutrons which have been moderated in the
sand/water tank, while the polycarbonate dosimeter is responding mainly to
the higher energy neutrons which exit the tank uncollided. This situation
illustrates the complexity of neutron dosimetry and the need for a dosimeter
and calibration source which may be used together for an accurate determina-
tion of neutron dose equivalent.

Table 10 contains the dose equivalent rate results. The average neutron
energies are very nearly the same for the two orientations and both neutron
flux spectra indicate a predominance of high energy neutrons (Figures 30
and 32). Most of the neutron dose equivalent is contributed mainly by the
higher energy neutron groups as indicated in Figures 31 and 33.

TABLE 9. Neutron Dose Equivalents for the Side Orientation of the
Neutron Generator in the Sand/Water Calibration Tank

Average Dose One Standard Ratio of Ratio of
Equivalent Deviation Dosimeter Results Dosimeter Results
Measurement (mrem) (mrem) to TEPC Results to SNOOPY Results
HMPD TLD-albedo 90 144 0.35 0.63
TLD-albedo Dosimeter 1703 161 6.55 11.79
Combination Dosimeter 530 300 2.04 3.68
CR-39 Dosimeter 150 54 0.58 1.04
Poly Dosimeter 280 57 1.08 1.94
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FIGURE 29. Responses of Techniques Used to Determine Neutron Dose
Equivalent
TABLE 10. Neutron Dose Equivalent Rates for the Neutron Generator
in the Sand/Water Calibration Tank
Ratin of Dose Ratio of Dose
Average Dose Average Equivalent Rate Equivalent Rate
Equivalent Neutron Energy Measurement to Measurement to
Measurement Rate (mrem/hr) (MeV) TEPC Results SNOOPY Results
Side Orientation
Multispheres 18 1.89 0.67 1.20
SNOOPY 15 - 0.5% 1.00
RB10 2 - 3.7 1.40
TEPC 27 1.67 1.80
End-On Orientation
Multispheres 15 2.00 0.47 0.9
SNOOPY 16 - 0.50 1.00
RB10 18 . 0.56 .13
7m 32 - '.00 20“
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of the spectrum decreases, the response ratio decreases until a point is
reached where further moderation has little effect (i.e. note difference
between the "shipping cask" and "calibration sleeve" configurations). At that
point, the film is detecting only the neutrons which are not moderated below
the cutoff. The same effect is seen for the NTA and CR-39 dosimeters.

The effect of energy dependence in the dosimeters is well illustrated by
the trend of the TLD-albedo which has been calibrated using bare 2“!AmBe. As
the spectrum becomes more moderated, the response ratio of the TLD-albedo
increases. The dosimeter is detecting the moderated neutrons, but the output
signal has been enhanced because the probability of interaction has increased
in this energy range. Since the output signal is enhanced for moderated
neutrons, more dose equivalent will be assigned per unit output signal for
irradiations in which the neutron energy spectrum of the source is lower in
energy (i.e. more moderated) than that of the calibration source.

3.2 INSTRUMENTS

Table 13 summarizes the instrument response data. The SNOOPY remmeter
agreed most closely with the TEPC measurements. The responses of the RB10,
representing the response of the 9-in, remball, were lower overail than the
TEPC measurements, a characteristic probably due to the choice of 432Cf as a
calibration source. If the response ratios are used to arrive at an internal
calibration for the 2“!AmBe irradiations, the two remmeters may be "recali-

' ated" and compared. (This type of comparison is possible because both
counters operate in a strict count rate-to-dose equivalent rate mode, i.e. the
count rate is directly proportional to the dose equivalent rate.) If the
“handling tool" configuration is used as representing a bare 2“!AmBe source,
and all the other response ratios are divided by the ratio from that configura-
tion, the comparison shows that the SNOOPY varies from the TEPC measurement by

TABLE 13. Summary of Instrument Response Ratios
Ratio of Instrument Result

Source to TEPC Results
Configuration ~ SNOOPY RE10

Handling Tool, side 0.78 -
end 1.00 0.30

Logging Tool, side 0.92 0.82
Shipping Cask, side 1.08 0.77

end 1.00 0.79
Calibration, side 1.18 0.87

end 0.73 0.91
Average 0.96 0.75
One Standard Deviation 0.16 (17%) 0.20 (26%)
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4.0 RECOMMENDATIONS

e All the types of dosimeters investigated detected neutrons and
yielded a neutron dose equivalent for each irradiation. Commerci-
ally available TLD-albedo dosimeter is recommended as the dosimeter
of choice because: (1) it always responded high (was not affected
by an “"energy cutoff"), (2) compared to the other types of dosim-
eters, it is relatively impervious to the extreme environmental
conditions which may be encountered by well-logging personnel, and
(3) is readily available from dosimeter processors as a routine and
well documented technique for the assignment of dose equivalent to
personnel,

e The use of 23%PuBe as a calibration source instead of 2“!AmBe led to
the need for further adqustment of the SNOOPY reading. It is
recommended that the 2“!AmBe source, in the bare configuration, be
the calibration source of choice if the well-logging source is
241pmBe. Should another source be employed, that particular source,
in the bare configuration, should be the calibration source of
choice. These comments apply to the TLD-albedo dosimeters as well.

e It is recommended that a single average adjustment factor not be
used to adjust dosimeter results in order to apply "field calibra-
tions." It is further recommended that generalized adjustments not
be applied to accident situations because of differences in irradia-
tion geometry.
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