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·ABSTRACT 

A series of measurements of neutron energy spectra, neutron dose-
equiva lent rates, and personnel neutron dosimeter responses taken at six com
mercial nuclear power plants are discussed in detail. Results of neutron 
spectral measurement indicate average or effective neutron energies below 
100 keV ·at all locations studied inside containment of pressurized water 
reactor (PWR) power plants. The neutron energies were somewhat higher near 
containment penetrations at a boiling water reactor (BWR) power plant. Neu
tron spectra were obtained using multisphere and 3He proportional counter 
spectrometer systems. Graphs of all unfolded spectra from both measurement 
systems are presented. 

Dose-equivalent rates were determined where possible both from the multi
sphere spectra and from event-size spectra measured with a tissue-equivalent 
proportional counter (TEPC). Tbere is generally good agreement between the 
two techniques (within about 20%), although quality factors Q derived from the 
two types of spectra are quite different. 

Results obtained from neutron track emulsion type A (NTA film), polycar
bonate track etch and CR-39 plastic, and thermoluminescence (TLD-albedo) per
sonnel dosimeters are presented. In the neutron spectra.found in reactor 
containment, the NTA film and polycarbonate track etch dosimeters failed to 
respond above the levels needed for positive indication of dose. The CR-39 
track etch do'simeters showed a low response (50% or less) when calibrated with 
252cf neutron sources •. Thermoluminescence-a 1 bedo dosimeters showed a very 

. 

high response but require spectral corrections for proper interpretation. 
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SUMMARY 

The state-of-the~art for personnel neutron dosimetry is generally agreed 
by most authorities to be poor. Many users of personnel neutron dosimeters 
are not aware of the problems associated with dosimeter response functions and 
the need for knowledge of neutron spectra in locations where personnel may be 
exposed. Impending changes to more restrictive exposure limits and possibly 
higher quality factors have led to the urgency of conducting more acc.urate mea
surements of dosimeter response and neutron spectra at work locations where 
significant neutron levels are present. The U.S. Nuclear Regulator,y Commis
sion (NRC) has sponsored this study, an important step toward more accurately 
defining both the neutron radiation fields p~esent at typical commercial 
nuclear power plants, and the problems associated with proper interpretation 
of neutron monitoring instruments and personnel neutron dosimeters. 

Neutron spectra measurements and dosimeter responses to neutron expo
sures were studied at six commercial nuclear plants. Five were PWRs with 
reactors designed by three manufacturers. The sixth plant was a BWR. Several 
architect-engineering firms were involved in the design and layout of the six 
power plants studied. Because of shielding design and layout, plants with 
similar thermal power ratings were found to have different radiation levels 
inside containment. 

Until recently, most NRC licensees have used either NTA film or a system 
of instrument readings at work locations and stay times to determine personnel 
neutron exposure. However, this study showed that NTA film did not record the 
exposure to ne~tron radiation even when the estimated dose equivalents were 
greater than 1 rem. Instruments.calibrated with 252cf or PuBe sources and 
commonly used to conduct neutron surveys were found to overrespond to the neu
tron fields inside containment. 

The scope of this study was 1) to determine with available instruments 
the neutron energy spectra inside containment and at any locations outside 
containment where workers might be exposed, and 2) to measure the response of 
personnel dosimeters that are under development or currently in use at nuclear 
power plants in the U.S. 
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The primary instrument chosen for spectral measurement was the multisphere 
system first suggested by Bramblet, Ewing and Bonner (1960). This system has 
low resolution but is responsive to neutrons from thermal to 20-MeV energies. 
General shapes of the spectra are accurate enough so that neutron dose and 
dose-equivalent rates can be determined from the spectra to =20%. This spec
tral data aids in understanding responses of the personnel neutron dosimeters. 
To help define the spectra between 20 keV and 1 MeV more precisely, a 3He 
proportional counter spectrometer was used at three of the PWR power plants. 
A liquid scintillation spectrometer was used at two PWR sites, but this instru
ment detected no significant numbers of neutrons with energies greater than 
1 MeV. Most dose-p~oducing neutrons were found to have energies between 25 
and 500 keV, averaging 50 to 100 keV at most locations inside PWR containment. 
The neutron energy spectra outside shield penetrations at the BWR plant were 
somewhat higher in energy; average energies of 150 to 250 keV were determined 
with the multisphere spectrometer. 

Dose-equivalent rates were determined at selected locations with a TEPC 
by analysis of event size spectra. Quality factors, as currently defined, 
were determined from analysis of these spectra. Dose-equivalent rates 
determined by multisphere data analysis and TEPC analysis usually agreed 
within 20%to 30%even though the quality factors were quite different in many 
cases. Dose-equivalent rates inside containment b~t outside various shield 
walls varied from 1 to 40 mrem/hr and increased to several rem/hr near the 
reactor cavity. Dose-equivalent rates measured with SNOOPY and RASCAL port
able monitoring instruments were usually found to be a factor of 1.5 to 2.0 
higher than dose-equivalent rates determined by the multisphere spectrometer 
and the TEPC. 

Water phantoms with different types of personnel neutron dosimeters 
attached were placed at selected locations at each power plant studied. The 
dosimeters used were of four basic types: 1) NTA film, 2) polycarbonate film, . 
3} CR-39 monomer film, and 4) three designs of TLD-albedo dosimeters. 
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Since the energy thresholds for observable tracks in NTA film and poly
carbonate films are higher than the energies of most neutrons in the measured 
spectra, these dosimeters failed to indicate a response to the neutron expo
sures. From this observation, we conclude that NTA and polycarbonate dosim
eters are not acceptable for use within the reactor containment building. 

In this study, CR-39 film dosimeters were tested on phantoms at most 
locations used. The CR-39 showed no response to neutrons where the inte
grated dose equivalent was small (<100 mrem). At moderate exposures (100 to 
1000 mrem or greater), the CR-39 indicated only 25% to 50% of the expected dose 
equivalent. Tracks in CR-39 film are etched by an electrochemical process 
which has not yet been perfected. At the present time, CR-39 does not appear 
to be an entirely satisfactory neutron dosimeter for reactor applications. 
Development of CR-39 is continuing on both a laboratory and a commercial 
scale. Many of the current problems may be corrected in the near future. 

All three types of TLD-albedo neutron dosimeters used in this study showed 
a high response to the neutron spectra inside r~actor containment. All three 
types also required a spectral response correction in order to more accurately 
interpret their exposure to neutrons. At present, the most convenient method 
for determining spectral response corrections is based on measurements t!!ken 
with thermal neutron detectors inside 3- and 9-in. polyethyelene moderators. 
Ratios of the responses inside the different moderators were used to determine 
a correction factor for the TLD-albedo dosimeters. Results of this study 
indicated that for accuracy to be better than ~100%, more precise information 
is needed about both the TLD-albedo response and the 3- to 9-in. moderator 
response. The TLD-albedo systems were found to be the only dosimeters with 
the required sensitivity for use as a personnel neutron dosimeter within the 
reactor containment spectra.' 
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NEUTRON DOSIMETRY AT COMMERCIAL NUCLEAR PLANTS 
FINAL REPORT OF SUBTASK A: REACTOR CONTAINMENT MEASUREMENTS 

1.0 INTRODUCTION 

This study was undertaken to measure, characterize, and evaluate neutron 
radiation dose-equivalent rates and neutron energy spectra at selected commer
cial nuclear facilities where operating plant workers may be exposed to neutron 
radiation fields. 

Neutron exposures to operating plant workers have not been observed in 
the past because of the lack of sensitivity of the personnel dosimeters used 

I 
and the energy ranges suspected to be present ih commercial nuclear facilities. 
Most of the facilities use nuclear track emulsions to detect fast neutrons. 
The emulsions and most of the newer dosimeters based on track-etch techniques 
are not sensitive to the neutrons in the energy ranges of the leakage spectra 
that may be present in the commercial power reactor plants. 

Recently, albedo neutron dosimeters have become available for use at 
these facilities, and relatively large neutron dose equivalents are observed 
especially when workers enter containment during reactor operation. At this 
time the albedo personnel dosimeter is the only available dosimeter that has 
adequate sensitivity for neutrons in this energy range. 

The information obtained in this study has become particularly important 
because of recent considerations by the National Council on Radiation Protec-· 
tion and Measurement (NCRP 1980). The NCRP has announced that they may change 
the present dose limits for neutrons. These changes, if placed into effect, 
will make personnel neutron dosimetry more difficult than it already is. This 
study was designed to help clarify several problems concerning dosimeter 
responses and neutron spectra in and near containment at power plants operated 
by Nuclear Regulatory Commission (NRC) licensees. 
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2.0 TEPC AND MULTISPHERE SYSTEMS 

2.1 MATERIALS AND METHODS 

The measurement systems selected for use in this study were the multi
sphere spectrometer system (Awschalom 1966) and the tissue-equivalent propor
tional counter system (TEPC) (Smith et al. 1978). Multispheres are the best 
available commercial system for measuring intermediate neutron energy spectra 
(1 to 500 keV) (Griffith and Fisher 1976) and are also capable of detecting 
neutrons in the thermal (0.025-keV) to 1.0-keV energy range. When the multi
sphere system is used with a spectrum unfolding code such as LOUHI (Routti and 
Sandberg 1978), the average neutron energy, dose-equivalent rate, total flux, 
kerma, and graphical plots of differential flux versus energy, flux per unit 
lethargy versus energy, and flux versus energy can be obtained. The TEPC 
system measures total absorbed dose, and the TEPC computer code calculates the 
dose distribution as a function of event size. The TEPC computer code also 
calculates a quality factor Q by using the Rossi analysis (Rossi 1968) and 
several approximations derived by Brackenbush, Endres and Faust {1973). 

2.1.1 Multisphere Spectrometer System 

The multisphere neutron system and specific instrument settings used in 
this work are shown in the block diagram in Figure 2.1. The detector is a 
cylindrical 6Lil(Eu) scintillation crystal, 1.27 cm in diameter by 1.27 cm 
long. It is optically coupled to a 20.3-cm light pipe, which in turn is 
optically coupled to a photomultipler tube {PMT). The detector and its 
integral components are hermetically sealed in an aluminum tube with walls 
0.16 cm thick. The PMT is surrounded by a brass sleeve for protection and 
support for cable connectors. A single cable carries both the high-voltage 
and output signals, connecting the detector to a preamplifier. The preamp
lifier decouples the signals and feeds them into the multichannel analyzer 
(MCA). The analyzer has three built-in systems as integral parts: amplifer, 
high-voltage power supply, and discriminators. The unanalyzed data is 
obtained directly from the MCA and fed to a printer for hard copy. 
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FIGURE 2.1. Block Diagram of the Multisphere System 

The neutron detection mechanism of the 6Lil(Eu) crystal is the 6Li(n,u)3H 
reaction, which has a positive energy release value of 4.8 MeV. Thermal neu
trons absorbed in the scintillator produce a distinct peak in the pulse-height 
spectrum shown on the MCA. There are no other competing peaks in the spectrum. 
An exponential background continuum is subtracted from the full-width-peak 
area. The full-width-peak area is defined by the point at which the {n,u) 
reaction begins to be detected, the peak, and the high-energy point at which 
the reaction ceases to be detected. 

Data for the neutron energy spectrum analysis were obtained by taking 
counts 1) with a bare, unshielded scintillation crystal, 2) with the crystal 
in a cadmium shell (0.051 cm thick), and 3) with the crystal moderated by 
spheres of high-density polyethylene (7.6, 12.7, 20.3, 25.5, and 30.5 cm in 
diameter). The fast-neutron response of this system increases with sphere 
size because the larger polyethylene spheres moderate the fast neutrons to 
lower energies where they have a greater probability of being detected by the 
6Lil(Eu) scintillator. Cadmium shells placed around the 7.6- and 12.7-cm 
spheres suppress response to external thermal neutron fi~.lds and improve the 
detectability of the system to moderated fast neutrons above cadmium cutoff 
(0.4 eV) (Hankins and Griffith 1978). 
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Using the responses from the seven detector configurations (bare, 
cadmium-covered, and with 7.6-, 12.7-, 20.3-, 25.5-, and 30.5-cm moderators), 
the spectrum is unfolded with the aid of the LOUHI computer code. LOUHI is a 
FORTRAN program written to solve Fredholm integral equations of the first kind 
by using a generalized least-squares procedure with a nonnegative solution. 
With LOUHI, the spectral solution is not dependent on the choice of the initial 
approximation. Through prior knowledge of the flux in a particular part of 
the spectrum, the solution in the appropriate energy bin can be 11 tied 11 to that 
point (Hankins and Griffith 1978). The energy bin referred to is the twenty
sixth bin or upper limit of the energy range over which the spectrum is to be 
calculated. This becomes the 11 tied11 point and is based on the response of the 
12.7-cm sphere. For this study, this feature is used to place the high-energy 
bin at a realistic value that reflects the lack of source neutrons above 14 MeV 
(Hankins and Griffith 1978; Hajnal et al. 1979}. 

Consideration was given to potential multiplicative errors introduced 
through overlapping responses between different sizes of spheres (Griffith et 
al. 1977; Zaidins, Martin and Edwards 1978; Routti 1969). Multiplicative 
errors are those errors associated with each sphere response multiplied 
together as the code unfolds through several iterations developing a 26-point 
spectrum. The mathematics of. LOUHI, when compared to the mathematics-of-
error calculations developed for foil activation unfolding codes (Robkin 1968), 
indicate similar inherent error problems~ LOUHI minimizes these errors by 
weighting functions and varying the emphasis of each dete.ctor response. Neu
tron energy response functions calculated by Sanna (1973) are used as input 
for the unfolding process. Sanna•s calculations are based on one-dimensional 
spherical geometries and were verified empirically in the energy range from 
100 keV to 20 MeV (Griffith and Fisher 1976).. To make the sphere responses 
equal to Sanna•s calculations in this energy range, density corrections for 
the spheres are performed by the LOUHI code. 

Essentially, the basic equations of LOUHI solve for neutron flux, 
absorbed dose, .average neutron energy, and dose-equivalent rate. LOUHI uses 
Equation (1) to determine neutron flux in the jth energy band, 6j: 
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where: 

(1) 

Ai • the count rate with the ;th detector configuration, 
and is obtained by integrating under the peak using a log 
background subtraction continuum and di.viding that value 
by the count time for each individual detector 
configuration, and 

Rij • one of the response functions to the ;th detector in 
the jth energy calculated by Sanna (1973), and is 
directly available from his tabulations. 

The average neutron .energy calculation incorporates a weighting function 
shown in Equation (2): 

where: 

n 
E av • ) w j • E j • F j • F s -l 

t-1 

Eav • average neutron energy 
j • energy band (1 to 26) 
n • total number of energy bands (26) 

wj • weighting function of jth energy band 
Ej • energy value at the jth point, in MeV 
Fj • the solution at point j 
Fs. total flux. 

The dose-equivalent rate equation uses a weighting function and a precalcu
lated ratio for conversion of neutron flux to dose equivalent, as shown in 
Equation (3): 

where: OS • dose-equivalent rate 

(2) 

(3) 

dj • factor for conversion of neutron flux to dose equivalent. 
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Flux-to-dose-equivalent conversion factors are compiled as a subroutine 
in the LOUHI program and have been taken directly from tables in Publica-
tion 21 of the International Conmission on Radiological Protection {ICRP 1971). 
Absorbed dose calculations are performed in a subroutine called "Element 57 
Dose Rate." This model is used to estimate the dose in various regions of a 
homogeneous anthropomorphic phantom, which was taken as a right cylinder with 
a radius ·of 15 cm and a height of 60 cm. The composition of the phantom was 
assumed to be H, C, N, and 0 in the proportions of standard man •. The cylind
rical volume was divided into 150 numbered volume elements, and the average 
dose per neutron flux in the incident beam was computed for each volume ele
ment. The neutron beam was assumed to be broad enough to irradiate the whole 
phantom and to be monoenergetic and monodirectional with velocity vector 
parallel to the base of the cylinder {Auxier, Synder and Jones 1968}. The 
maximum dose rate, in this scheme, is to Element 57. Thus, the Element 57 
dose rate is considered to be the best estimate for depth dose rate for the 
neutron energies measured in reactors. It also is the element usually used to 
determine dose-equivalent rates. 

Quality factors Q are not directly calculated by the LOUHI unfolding code 
but can be easily determine~ by dividing the dose-equivalent rate by the Ele
ment 57 absorbed dose rate. A Q value determined by this method will not be 
the same as the Q value calculated by the TEPC. The significance of this point 
will become more apparent as it is shown that the systems derive dose-equiva
lent rates and Q by different methodologies. Further detailed discussion of 
the LOUHI program is readily available in the literature {Awschalom 1966; 
Routti and Sandberg 1978; Bramblett, Ewing and Bonner 1960). 

Two sphere sizes sometimes associated with the multisphere were not used 
in this study; the 5.08-cm-dia and 45.7-cm-dia spheres. The smaller of the 
two produces a response very nearly equal to that of the cadmium-shielded 
detector. Because of the size of the hole bored into the sphere to accom
modate the detector, it is not known whether the response is valid in this 
case. Therefore, a well defined cadmium cutoff point of 0.4 eV was estab
lished as the next-to-lowest energy band (the response of the bare detector 
being the lowest). The larger sphere {45.7 cm} would normally be used to 
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provide a res~onse in the. energy range above 3 MeV. With the prior know
ledge of low energy ranges (<l MeV) in containment, it was determined that the 
larger sphere was not needed. 

In order to determine the amount of additional information gained by 
using the 25.4- and 30.5-cm-diameter spheres, a reanalysis of the data was 
performed. The need for the reanalysis is based on the energy response of both 
spheres at approximately 2 MeV. This reanalysis was performed using first all 
seven detector responses, then six detector responses excluding the 30.5-cm 
response, and finally six detector responses excluding the 25.4-cm response. 
The average energy results from the two variations were within 12% of the 
results from all seven detector responses. The absorbed dose, total flux, and 
dose-equivalent rate results were within 6% of the seven-detector-response 
results. This indicates that the contribution of higher-energy neutrons is 
very small inside containment. The use of both the 25.4- and 30.5-cm spheres 
does not produce a significantly different spectral response at the higher
energy end of the spectrum. 

A typical multisphere data table generated by the LOUHI code shows the 
calculated fluxes, energies, and integral dose equivalents over the 26 points, 
with the final results compiled at the bottom of the table (see Table 2.1). 
Two of the plots developed from the data table show differential spectrum ver
sus energy and flux per unit lethargy versus energy. Even though a complete 
set of these plots is not included in this report, typical plots are shown in 
Figures 2.2 and 2.3, respectively. In Figure 2.2, a small table is shown com
paring the measured responses with calculated responses for each detector con
figuration. The data in this table (Figure 2.2) indicate a relatively close 
agreement or convergence of the computer fit to calculated responses. The plot 
of flux per unit lethargy versus energy (Figure 2.3) is very similar to the 
plot of flux versus energy also derived from the data table. The plot of flux 
versus energy will be discussed and shown later in this section. 

2.1.2 Tissue-Equivalent Proportional Counter (TEPC) 

While the multisphere technique requires several measurements and uses a 
complex computer program for unfolding, the TEPC requires only a single mea
surement with relatively simple analytical techniques. A block diagram of the 
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TEPC system and' instrumentation settings is shown in Figure 2.4 The electronic 
system components include detector, preamplifer, amplifier, and high-voltage 
power supply. The MCA used with the TEPC has a log display, which greatly 
assists in the analytical interpretation of the unanalyzed data. Figure 2.5 
shows the multisphere, TEPC, and associated electronic systems. 

The TEPC is a hollow sphere of tissue-equivalent plastic (Shonka Al50 
muscle-equivalent plastic) with the 3.2 mm-thick-walls filled with met~ane
based tissue-equivalent gas. Details of plastic and gas composition and 
methods of construction can be found in Report 26 of the International Com
mission on R_adiation Units and Measurements (ICRU 1977). This form of TEPC, 
called a Rossi counter, has a helical grid around the central anode wire. The 
helical grid establishes uniform electric field strength along the entire 
length of the anode. This produces the needed uniformity in gas amplification 
at all points along the anode for proper pulse height analysis. The plastic 
sphere is contained inside a metal pressure vessel with a valve for admitting 
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FIGURE 2.4. Block Diagram of TEPC System 
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FIGURE 2.5. Multisphere Spectrometer and TEPC Systems 
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tissue-equivalent gas. The gas pressure is maintained at a pressure of 5.6 mm 
Hg absolute so that charged particles crossing the cavity lose only a small 
amount of energy as they traverse the counter. Energy deposited in the cavity 
is then equal to the linear energy transfer (LET) of the particle times the 
path length. At these low pressures, the gas-filled cavity has the same 
mass-stopping power as a sphere of tissue (P = 1 gm/cm3) with a diameter of 
about 1 µm and is said to have an "equivalent diameter" of 1 µm. 

The TEPC becomes self-calibrating when the proton drop point is identi
fied. A proton drop point corresponds to a slow proton recoil having the 
highest LET or stopping power traversing the diameter of the spherical cavity 
and is independent of the initial energy of the neutron producing the event. 
According to the data of Glass and Samsky (1967), this point occurs at about 
100 keV/µm and is a slowly varying function of tissue-equivalent gas pressure. 

Multiplying the number of events of a given size by the energy of the 
event gives the absorbed energy distribution in the tissue-equivalent gas, 
which is a direct measure of absorbed dose. · Following the nomenclature in 
* 

ICRU 26 (1977), this is stated in Equation (4): 

where: 

D = 1.602 x 10-S 

D = absorbed dose in rad 
h = the measured pulse height expressed as channel number 

N(h) = the number of pulses accumulated in channel h; h1 and 
h2 are the limits in pulse height between which the 
absorbed dose is to be determined 

P = the gas density in gm/cm3 

V = the sensitive volume of the cavity in cm3 

(4) 

k = the calibration relating energy to channel number, which 
was determined from the proton drop point (keV/channel 
number). 
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For calculational purposes, the lower limit of event size, h1, is defined 
as the minimum between photon- and neutron-induced events, which occurs at an 
event size of about 15 keV/µm; h2 is the upper limit of the event-size spec
trum. The summation over N(h) between h1 and h2, as shown in Equation (4), is 
the total energy absorbed in the gas cavity due to the high LET events. The 
measured neutron dose, D, is the energy absbrbed in the gas cavity divided by 
the mass of tissue-equivalent 
gas inside the sphere. 

The TEPC event spectrum (Figure 2.6) shows the number of events per 
channel, commonly referred to as the event-size spectrum. Also shown in 
Figure 2.6 are the three parameters needed to analyze TEPC data: h1 (the 
lower limit), h2 (the upper limit), and the proton drop point. 

2.1.3 TEPC Dose Equivalent 

The only general method that has been developed for the measurement of 
the distribution of dose in LET is based on an analysis of the frequency 
distribution of the event size due to individual particles in a spherical 
volume of tissue, that is, the N(y) distribution. Actual distributions are 
different from those derived with the assumptions that energy loss is contin
uous and that particles travel in straight lines and have a range that is much 
larger than the cavity diameter. In the practical application of the TEPC, 
these assumptions are not entirely correct. Some events 11 start 11 and 11 stop 11 in 
the cavity, especially when many intermediate energy neutrons are present. 
Therefore, some error is introduced when deriving the LET spectrum from the 
event-size spectrum. X-rays, electrons, H(n,y)D reactions, and positrons are 
assigned a Q of 1, which does not add significantly to the calculated dose 
equivalent. Most of these events are bel~w the lower limit (h1) used in 
TEPC analysis. However, discrepancies between experimental and theoretical 
spectra are usually sufficiently small to be acceptable for purposes of radia
tion protection. It has been Rossi's development of this technique, using the 
previously mentioned assumptions, that has led to a determination of dose
equivalent rates with the TEPC by calculating absorbed dose as a function of 
LET and by using Q as a function of LET as described in ICRU 20 (1976) and 
ICRU 26 (1977). 
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Rossi devised a relatively simple model t9 determine the absorbed dose 
distribution as a function of LET (Rossi 1968}. In ICRU 26, the quality 
factor Q is defined in terms of LET, which makes it possible to determine 
dose-equivalent rates and Q from a single TEPC measurement. The Rossi model 
employs a spherical counter with neutron recoils arising within the walls and 
assumes that they have a constant, uniform energy loss along a straight line 
and that they completely cross the cavity. Under these assumptions, the 
absorbed dose distribution within the cavity as a function of LET, D{L) can be 
calculated by Equation (5) (Rossi 1968). 

where: 

D(L) = k [y N(y) - y2 dN] (5} 7 dy Y=L 

k = a constant of proportionality 
r = the radius of a sphere of tissue in cm having the same 

mass stopping power as the tissue-equivalent gas in the 
cavity 
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y = the lineal energy; the quotient of the mean energy 
imparted to the volume divided by the mean chord length in 
the cavity, also referred to as the mean event size 

N(y) = the event-size distribution as a function of lineal energy 

~ = the derivative of the event-size distribution evaluated at 
the point where LET and lineal energy are equal (y = L). 

A computer code, 11TEPC, 11 performs the above calculations by evaluating 
the derivative using digital filter techniques to smooth the data and compute 
a Q. 

The present values for quality factors were derived from complex Monte 
Carlo computer code calculations that determined quality factors from the 
ratios of the dose equivalent to absorbed dose at the depth where the dose 
equivalent is maximum in a cylindrical phantom. These Monte Carlo calcula
tions include the contributions from elastic scattering of hydrogen, charged 
particle reactions and H(n,y)D reactions. At low neutron energies (approxi
mately 10 keV or lower) the contribution to dose equivalent from gamma rays 
produced by the absorption of neutrons by hydrogen becomes significant. In 
fact the contribution to dose equivalent from the induced gamma-ray reactions 
is significant for any neutron energy below about 100 keV. In the Monte Carlo 
computer code calculations, the dose equivalent attributable to the gamma rays 
from H{n,y)D reactions is included as part of the neutron dose equivalent. 

In a tissue-equivalent proportional counter (TEPC), it is not possible 
to distinguish between photons originating from H(n,y)D reactions in a phantom 
or the walls of the tissue-equivalent proportional counter and photons from 
external gamma sources. Therefore, all low-energy photon events are excluded 
from-our analysis of the TEPC data. This procedure makes it impossible to 
directly compare quality factors from TEPC measurements with those based on 
the Monte Carlo computer code calculations for low-energy neutrons. Above 
200 keV, the contribution from H(n,y}D reactions becomes negligible, and the 
TEPC measurements agree quite well with the Monte Carlo calculations (Bracken
bush, Endres and Faust 1979). The Rossi analysis can be applied to the TEPC 

2.14 



data to determine the effective quality factors for neutron and ganma-ray 
fields, but the relative contributions from H(n,y)D reactions cannot be deter
mined from a single TEPC measurement. 

Since all photon events are excluded from our analysis of TEPC data, the 
resulting quality factors derived from TEPC data tend to have higher values 
than those calculated by Monte Carlo computer programs. However, multiplying 
these quality factors by the measured absorbed neutron dose, which also has 
all photon contributions excluded, gives a dose-equivalent value that is 
reasonably close to the dose-equivalent value derived from the Monte Carlo 
computer calculations and multisphere spectrometer measurements. 

2.1.4 Data Collection 

Prior to making entries into containment at each reactor site, the mea
surement locations were determined by reviewing site-specific routine surveys 
of the operating decks, taking into account the capabilities and responses of 
the equipment as well as the potential exposure to personnel. To prevent 
unnecessary contamination of the equipment, it was wrapped in plastic prior to 
entry into radiation zones. Once inside containment, the detectors were posi
tioned and the plastic surrounding the analyzers was opened sufficiently to 
prevent overheating of the electronics. The analyzers, power supplies, and 
nim-bins (electrical power supply racks containing high-voltage power supply 
modules and amplifiers) were kept near the outer containment wall in the areas 
with lower dose-equivalent rates. Since the detectors were connected to cables 
approximately 15 m long, they were repositioned at the end of each measurement • 

• The time consumed collecting data at each individual measurement location 
was directly dependent on the dose-equivalent rate at that location and the 
amount of stay time allowed for the personnel. To obtain more than one or two 
measurements at each reactor site, the total counting time per measurement 
location was reduced slightly, but sufficient counts were obtained in the 
unanalyzed spectral data for adequate computer analysis. 
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2.2 RESULTS 

This section describes the results obtained from the dose, dose equival
ent, and spectrum measurements at all six reactor sites. The information is 
presented in chronological order as the work was conducted. Tables 2.2 and 
2.3 show summaries of the multisphere and TEPC data for all sites visited, and 
will be referred to throughout the following discussion. 

TABLE 2.2. Multisphere Data for All Sites 

Location 

Site E 1 
2 
3 

Site F 5 
10 
11 

Site G 2 
3 
9 

Site H 12 
14 

1 
2 

Site I 
(initial 
visit) 3 

Interlock 

Site I 1 
(second 4 
visit) 7 

Site J 3 

Quality 
Factor 

7.2 
7.5 
7.2 

5.0 
2.9 
2.5 

4.8 
5.0 
4.3 

4.6 
4.7 

5.8 
6.2 
5.1 
5.5 

4.9 
5.2 
4.1 

5.8 

Average Neutron Dose-Equivalent 
Energy {keV) Rate {mrem/hr) 

155 0.9 
317 2.4 
157 0.9 

52 5 
10 2.4 
1 0.9 

50 16 
62 19 
65 98 

51 32 
87 30 

77 45 
90 24 
53 8.6 
63 1.5 

50 0.9 
56 17 
30 3.5 

79 7.6 
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TABLE 2.3. TEPC Data for All Sites 

Quality Absorbed Dose Dose Equivalent 
Location Factor Rate {mrad/hr} Rate {mrem/hr} 

Site F 1 10 0.12 1.2 
10 10 0.36 3.6 
11 10 0.17 1.7 
13 10 0.03 0.3 

Site G 2 11 1 11 
A' 11 77 851 

Site H 2 11 540 6000 
3 11 18 200 
4 11 17 185 
5 11 45 495 

Site I 1 Run 1 11 3.5 41 
(initial 1 Run 2 11 5 55 
visit) 3 11 0.9 10 

4 11 51 560 
5 11 26 290 

12 11 ., 280 3080 

Site I . 4 11 1.4 16 
(second 7 11 0.3 3.6 
visit) 8 11 1.7 29 

12A 11 9.1 100 
13 11 0.004 0.05 

2.2.l Site E 

At Site E, a boiling water reactor (BWR), three multisphere measurements 
were taken near sample line pipe penetrations exiting from the containment 
building. These pipe penetrations are identified as measurement Locations 
1-X29, 2-X29, and 3-X29. Figure 2.7 shows a simplified drawing of the 
30.5-cm-dia sphere and multisphere stand with respect to the pipe penetra
tions. Figure 2.8 is a graphical representation of the flux-versus-energy 
spectra measured at the three locations. Although there are some differences 
among the spectra, these differences are primarily changes in amplitutude. 
Tables 2.4, 2.5, and 2.6 are multisphere data tables from each measurement 
location, representing the 26 points used for plotting each spectnum. The 
compiled results of total flux, dose equivalent rate, kerma rate, Element 57 
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TABLE 2.4. Multisphere Spectrometer Data from Site E, Location l-X29 

E(I) Differential Flux Integral Energy Band Flux 
(MeV} (n/cm2·MeV·s) Integral Flux Dose Equivalent _(MeV) (n/C~·S} 

1 2.07E-07 2.27E+o7 l.OOE+oO l .OOE+OO 3.89E-07 8.83E+OO 
2 5.32E-07 5.90E+06 7 .84E-01 9.62E-Ol 2.69E-07 l.59E+OO 
3 9.93E-07 1.60E+o6 7.45E-Ol 9.54E-01 7.63E-07 1.22E+OO 
4 2. lOE-06 4.70E+05 7. l SE-01 9.49E-01 l .61E-06 7 .57E•Ol 
5 4.45E-06 1.50E+05 6. 96E-01 9 .45E-01 3.42E-06 5.13E-Ol 

6 9.42E-06 5.20E+o4 6.84E-01 9 .43E-01 7.22E-06 3. 75E-Ol 
7 2.00E-05 1.97E+o4 6.75E-Ol 9 .41 E-01 1.53E-05 3.0lE-01 
8 4.22E-05 8.18E+o3 6.67E-Ol 9.40E-01 3.23E-05 2.64E-01 
9 8.94E-05 3.70E+o3 6.61E-01 9.39E-01 6.89E-05 2.SSE-01 

10 1.89E-04 1.82E+o3 6.54E-01 9.38E-01 1.45E-04 2.64E-01 

11 4.04E-04 9.74E+o2 6.48E-Ol 9.37E-01 3.1 BE-04 3. lOE-01 
12 S .• 55E-04 5.67E+o2 6.40E-01 9.36E-01 6.40E-04 3.63E-Ol N 13 1.SOE-03 3.57E+o2 6.32E-Ol 9 .34E-Ol l.38E-03 4.93E-Ol . 

...... 14 3.BOE-03 2.42E+02 6.l9E-01 9. 32E-Ol 2.91E-03 \0 7 .04E-01 
15 8.0SE-03 1. 75E+02 6.02E-Ol 9.30E-01 6.20E-03 1.09E+OO 

16 1.70E-02 1.33E+o2 5.76E-01 9. 26E-01 1 . 30E-02 1.73E+OO 
17 3.6lE-02 1.03E+02 5.33E-Ol 9.16E-01 2.77E-02 2.85E+OO 
18 7.64E-02 7.59E+o1 4.64E-01 8.87E-01 5.86E-02 4.45E+o0 
19 1 .58E-01 4.86E+ol 3.SSE-01 8.09E-01 1.l3E-01 5.49E+o0 
20 3.1 BE-01 2 .27E+Ol 2.21 E-01 6.44E-01 2 .27E-Ol 5.lSE+oO 

21 6.40E-Ol 6.30E+OO 9.45E-02 3. 79E-01 4.56E-Ol 2.87E+o0 
22 1 .29E+o0 9.14E-01 2.43E-02 1 . 31 E-01 9.20E-01 8.41 E-01 
23 2.59E+OO 7.35E-02 3.70E-03 2. lOE-02 1 .85E+o0 1 .36E-01 
24 5.22E+oo 3.77E-03 3.72E-04 2.22E-03 3.73E+OO 1.41E-02 
25 1 .OSE+ol 1.44E-04 2.76E-05 1. 74E-04 7.SOE+OO 1.08E-03 
26 1. 96E+01 4.71E-06 1.26E-06 8.28E-06 1 .09E+ol 5.13E-05 

Total flux = 4.0870E+Ol n/cm2•s Element 57 dose rate= l.3545E-04 rad/hr 
Dose-equivalent rate = 9.7567E-Ol mrem/hr Average energy= l.5525E-Ol MeV 
Kerma rate • 8.2339E-03 erg/g 0 hr 



TABLE 2.5. Multisphere Spectrometer Data from Site E, Location 2-X29 

E(I) Differential Flux Integral Energy Band Flux 
(MeV_) (n/cm2•.MeV·s) Integral Flux Dose Equivalent (MeV) (n/cm2•s) 

1 2.07E-07 2.96E+07 1.00E+OO l .OOE+OO 3.89E-07 l .15E+Ol 
2 5.32E-07 l .06E+07 8 .59E-Ol 9 .BOE-01 2.69E-07 2.85E+OO 
3 9.93E-07 3.67E+06 8.25E-01 9.75E-Ol 7.63E-07 2.BOE+OO 
4 2. lOE-06 l.22E+06 7.90E-01 9. 70E-01 1 .61E-06 l .96E+OO 
5 4.45E-06 3.98E+05 7.66E-01 9.66E-01 3.42E-06 1 .36E+OO 

6 9.42E-06 1.32E+05 7.SOE-01 9.64E-Ol 7.22E-06 9 .53E-01 
7 2.00E-05 4.57E+04 7. 38E-01 9.62E-01 1. 53E-05 6.99E-01 
8 4.22E-05 l .71E+04 7 .30E-01 9.~lE-01 3.23E-05 5.52E-01 
9 8.94E-05 7.00E+o3 7 .23E-01 9 .60E-01 6.89E-05 4.82E-01 

10 l.89E-04 3.20E+03 7. l 7E-01 9.59E-Ol l .45E-04 4.64E-01 

11 4.04E-04 1.65E+03 7.llE-01 9. 58E-Ol 3. lBE-04 5 .25E-01 
12 a.ssE .. 04 9.53E+02 7. OSE-01 9.57E-01 6.40E-04 6.1 OE-01 N 13 . 1 .SOE-03 6.20E+02 6.97E-01 9 .57E-Ol 1 .38E-03 8.56E-Ol N 

0 14 3.SOE-03 4.47E+02 6.87E-01 9.55E-01 2.9lE-03 . l .30E+OO 
15 8.0SE-03 3.48E+02 6. 71 E-01 9.53E-Ol 6.20E-03 2.16E+OO 

16 1. 70E-02 t.85E+02 6.45E-01 9. SOE-01 ~ . 30E-02 3.69E+OO 
17 3.61E-02 2.29E+02 6.00E-01 9 .42E-01 2.77E-02 6.34E+OO 
18 7.64E-02 1 .68E+o2 5.22E-Ol 9.16E-Ol 5.86E-02 9.84E+OO 
19 l. 58E-01 1 .01 E+02 4.02E-Ol 8.48E-01 1 • l 3E-Ol 1.14E+Ol 
20 3.18E-01 4.43E+Ol 2.64E-01 7. 11 E-01 2. 27E-01 1 .01 E+Ol 

21 6 .40E-01 l .37E+01 1.41E-Ol 5 .OSE-01 4.56E-01 6.25E+OO 
22 1.29E+OO 3.26E+o0 6.SlE-02 2.90E-01 9 .20E-01 3.00E+OO 
23 2.59E+OO 7.llE-01 2.86E-02 l .34E-01 1 .85E+OO 1.32E+OO 
24 5.22E+OO 1.62E-Ol l.25E-02 6. l 3E-02 3.73E+OO 6.04E•Ol 
25 1.0SE+Ol 4.04E-02 5.12E-03 2.61E-02 7.SOE+OO 3.03E-01 
26 l . 96E+01 l • 07E-02 1. 42E-03 7.SOE-03 l .09E+Ol 1 . 17E-Ol 

Total flux= 8. 1911E+Ol n/cm2·s Element 57 dose rate = 3.2548E-04 rad/hr 
Dose-equivalent rate = 2.4438E+OO mrem/hr Average energy= 3.l658E-Ol MeV 
Kerma rate= 2.1338E-02 erg/g·hr 



TABLE 2.6. Multisphere Spectrometer Data from Site E, Location 3-X29 

E( l) Differential Flux Integral Energy Band Flux 
(MeV} (n/cm2·MeV·s) Integral Flux Dose Equivalent (MeV) (n/cm2·s) 

1 2.07E-07 2.04E+o7 l .OOE+OO 1.00E+OO 3.89E-07 7.94E+OO 
2 5.32E-07 5.96E+06 7 .85E-01 9.62E-01 2.69E-07 1.60E+OO 
3 9.93E-07 1. 79E.+06 7 .42E-01 9.54E-Ol 7.63E-07 . 1.37E+OO 
4 2. lOE-06 5.64E+05 7.0SE-01 9.47E-01 1.61 E-06 9.0BE-01 
5 4.45E-06 1.87E+05 6.SOE-01 9.42E-01 3.42E-06 6.40E-Ol 

6 9.42E-06 6.58E+o4 6.63E-Ol 9.39E-01 7.22E-06 4.75E-01 
7 2.00E-05 2.47E+04 6.SOE-01 9.36E-Ol 1.53E-05 3.78E-01 
8 4.22E-05 9.90E+03 6.40E-01 9.35E-Ol 3.23E-05 3.20E-Ol 
9 8.94E-05 4.27E+03 6.31E-01 9.33E-01 6.89E-05 2.94£-01 

10 l.89E-04 1.99E+03 6.23E-Ol 9.32E-Ol 1.45E-04 2 .89E-Ol 

11 4.04E-04 1.00E+03 6.lSE-01 9.31E-Ol 3.18E-04 3.18E-Ol 
12 8.SSE-04 5.5TE+02 6.07E-01 9.29E-01 6.40E-04 3.53E-Ol 

N 13 1 .SOE-03 3.29E+02 5.97E-Ol 9~.28E-Ol l.38E-03 4 ;54E-Ol · . 
N 14 3.SOE-03 2.13E+02 5.85E-Ol 9 •. 26E-Ol 2.91E-03 6.20£-01 ..... 

15 a.OSE-03 1.48E+o2 5.68E-Ol 9.23E-Ol 6.20E-03 9. lSE-01 

16 1. 70E-02 l.09E+02 5.43E.-Ol 9.19E-Ol 1 .30E-02 l .42E+OO 
17 3.61E-02 8.30E+Ol 5.04E-Ol 9.1 OE-01 2.77E-02 2.30E+OO 
18 7.64E-02 6.14E+Ol 4.42E-Ol 8.85E-Ol 5.86E-02 3.60E+OO 
19 1 .58E-Ol 4.02E+Ol 3.45E-Ol 8.14E-Ol 1. l 3E-Ol 4.54E+OO 
20 3. lSE-01 1.98E+Ol 2. 22E-Ol 6.62E-01 2 ~27E-01 4.49E+OO 

21 6.40E-01 5.91E+OO 1. OOE-01 4.06E-01 4.56E-Ol 2.69E+OO 
22 1 .29E+o0 9.18E=Ol 2.71E-02 1 .47E-Ol 9.20E-01 8.45E-Ol 
23 2.59E+OO 7.57E-02 4.21E-03 2.40E-02 1 .85E+OO 1.40E-Ol 
24 5.22E+OO 3.81£-03 4.14E-04 2.49E-03 3.73E+OO l .42E-02 
25 1 . OSE+Ol 1.38E-04 2.92E-05 1 .SSE-04 7.SOE+OO l .04E-03 
26 1 • 96E+Ol 4.22E-06 1. 25E-06 8.25E-06 1 .09E+Ol 4.60E-05 

Total flux = 3.6898E+Ol n/cm2•s Element 57 dose rate= 1.2239E-04 rad/hr 
Dose-equivalent rate = 8.7678~01 mrem/hr Average energy= 1.5699E-Ol MeV 
Kerma rate= 7.2876£-03 erg/g•hr 



dose rate, and average energy are located at the bottom of each table. Dose
equivalent rates ranged from 0.9 to 2.4 mrem/hr while the average neutron 
energy ranged from 155 to 317 keV. Quality factors ranged from 7.2 to 7.5, 
which is 'in agreement with the average neutron energies found streaming 
through the pipe penetrations. 

2.2.2 Site F 

Site F was the first in a series of five pressurized water reactors 
(PWRs) visited. Four multisphere measurements were taken at Site F. Later, 
during the data analysis, it was determined that the data collected at Loca
tion 1 were insufficient for adequate interpretation. Consequently, Figure 2.9 
shows flux-versus-energy plots for three measurement locations. Location 5 
(see Figure 2.10) is on the operating deck opposite the personnel hatch, in an 
open unimpeded area adjacent to the reactor cavity. Location 10 is directly 
below the entryway platform with an unrestricted view of the reactor cavity. 
Tables 2.7, 2.8, and 2.9 are the respective data tables for the spectral 
plots. The reason for the shifted spectrum at Location 11 is still undeter
mined. It is thought to be from either a bad cable connector or an actual 
shifting of the spectrum caused by the iron wall immediately in front of the 
detector (between it and the reactor cavity). However, the 3He spectrometer 

. ' 

data did not indicate this shift in energy (see Figure 3.6). The multisphere 
dose-equivalent rates ranged from 0.9 to 5 mrem/hr and the average neutron 
energies ranged from 1 to 52 keV. 

The multisphere data used to determine Q indicated a large spread in 
values between measurement locations at Site F. Quality factors ranged from 
2.5 to 5 (see Table 2.2). Even though the dose equivalents were similar to 
those at Site E, the average energies were much lower. The lower neutron 
energies give rise to a lower Q when using the multisphere technique. The 
lower Q appears to be more realistic than those determined by the TEPC. 

2.22 



1o3 

1o2 

1ol 

u; 1oO 
I 

N 
E 
u -.5 

N x . 
3 10-1 N 

w LL 

10-2 

10-3 

10-4 I I I I I I I Ill I 10-7 I I I !!Ill ! 
I I I I 1111 I I I I I I Ill I I I I I I I II I 11111111 I 11111111 I 

1o-6 10-5 10-4 10-3 10-2 10-1 

ENERGY(MeV) 
FIGURE 2.9. Site F, Neutron Flux Versus Energy Measured 

by Multisphere Spectrometer 

1QO 
11111111 I I I I I !U 

1ol 1o2 



f 5 

/ 
CONTAINMENT 

WALL 

*LOCATION# 
FIGURE 2.10. Site F, Measurement Locations 

2.24 



TABLE 2.7. Multisphere Spectrometer Data from Site F, Location 5 

E(I} Differential Flux Integral Energy Band Flux 
(MeV} (n/cm2·MeV•s} Integral Flux Dose Equivalent (MeV) (n/cm2.s) 

1 2.07E-07 2.18E+08 1.00E+OO l.OOE+OO 3.98E-07 8.48~+01 
2 5.32E-07 8.40E+o7 8.lOE-01 9.29E-01 2.'69E-07 2~26E+Ol 
3 9.93E-07 3.10E+07 7 .60E-01 9.1 OE-01 7.63E-07 2.37E+Ol 
4 2 .1 OE-06 1.08E+07 7 .07E-01 8.89E-01 l.61E-06 1. 74E+Ol 
5 4.45E-06 3.68E+06 6.68E-01 8. 73E-01 3.42E-06 1.26E+Ol 

6 9.42E-06 1.26E+06 6.39E-Ol 8.63E-01 7.22E-06 9. lOE+OO 
7 2.00E-05 4.53E+05 6. l 9E-01 8.SSE-01 l.53E-05 6.93E+OO 
8 4.22E-05 1.75E+05 6 .04E-<n 8.49E-Ol 3.23E-05 5.65E+OO 
9 8.94E-05 7.49E+04 5. 91 E-01 8.45E-01 6.89E-05 5.16E+OO 

10 l .89t-04 3.57E+04 5. 79E-Ol 8.41 E-01 l .45E-04 5~18E+OO 

11 4~04E-04 1. 91 E+04 5.68E-Ol 8.37E-Ol 3. 18E-04 6:07E+OO 
12 8.SSE-04 1.15E+04 5.54E-Ol 8. 32E-01 6.40E-04 7.36E+OO 

N l3 1.80E-03 7.57E+03 5.38E-Ol 8.26E-01 l.38E-03 1.04E.+01 . 
N 14 J:BOE-03 5.35E+03 5.14E-01 8.19E-01 2.91E-03 1 .56E+Ol 0'1 

15 8.0SE-03 3.88E+03 4. 79E-Ol 8.08E-O.l 6.20E-03 2.41 E+Ol 

16 1 .70E-02 2.72E+03 4.25E-01 7 .91 E-01 1.30E-02 3.54E+Ol 
17 3~61E .. 02 1 .69E+o3 3.46E-01 7.52E-01 2.77E-02 4.68E+Ol 
18 7.64E-02 8.43E+02 2.40E-Ol 6.61E-01 5.86E-02 4.94E+Ol 
19 1 .SSE-01 3.03E+02 1. 30E-01 4.95E-01 1. l3E-Ol 3.42E+Ol 
20 3. lSE-01 7 .34E+Ol 5.34E-02 2.97E-Ol 2.27E-Ol L67E+Ol 

21 6.40E-01 1 .21 E+Ol 1.60E-02 1. 33E-01 4.56E-Ol 5~52E+OO 
22 1.29E+OO 1.45E+OO 3.65E-03 4. l 3E-02 9.20E-Ol l.33E+OO 
23 2.59E+OO -1.35E-Ol 6.64E-04 7.93E-03 l .85E+OO 2.50E-Ol 
24 5.22E+OO 1.06E-02 1.02E-04 1.29E-03 3.73E+OO 3.95E~02 

25 1 .05E+dl 7.40E-04 l .36E-05 1.SOE-04 7.SOE+OQ 5.55E-03 
26 1 .96E+Ol 4.87E-05 1.19E-06 l .64E-05 l .09E+Ol 5.31E-04 

Total flux= 4.4611£+02 n/cnll-·s Element 57 dose rate= l.0243E-03 rad/hr 
Dose-equivalent rate = 5.0804+00 mrem/hr Average energy= 5.1972E-02 MeV 
Kenna rate s 4.0678£-02 erg/g•hr 



TABLE 2.8. Multisphere Spectrometer Data from Site F, Location 10 

E( I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2·MeV·s) Integral Flux Dose Equivalent (MeV) (n/cm2·sl 

1 2.07E-07 2.49E+08 1.00E+OO 1 .OOE+OO 3.89E-07 9.69E+01 
2 5 .32.E-07 7 .. 72E+07. 7.93E-01 8.29E-01 2.69E-07 2 ~08E+01 
3 9.93E-07 -2.37E+07 7.48E-01 7 .91E-Ol 7.63E-07 L81E+Ol 
4 2. lOE-06 7 .43E+06 " 7 .09E-Ol 7 .56E-01 1.61E-06 l.20E+01 
5 4.45E-06 2.47E+06 6.84E-01 7.34E-01 3.42E-06 8.45E+OO 

6 9.42E-06 9.08E+05 6.66E-Ol 7 .19E-01 7.22E-06 6.56E+OO 
7 2.00E-05 3.81E+05 6.52E-01 7 .07E-01 l.53E-05 5.83E+OO 
8 4.22E-05 1 .·8sE+os 6.39E-01 6.97E-Ol 3.23E-05 5.98E+OO 
9 8.94E-05 1.05E+05 6.26E-Ol 6.86E-01 6.89E-05 7..23E+OO 

10 1.89E-04 6.81E+04 6.llE-01 6.74E-Ol 1 .45E-04 9.87E+OO 

11 4.04E-04 4.90E+04 5. 90E-Ol 6.58E-Ol 3. 18E-04 1.56E+Ol 
12 8.55E-04 3.71E+04 5.57E-01 6.33E-Ol 6.40E-04 2.37E+Ol 

N 13 1.80E-03 2.75E+04 5 .06E-Ol 5.95E-01 l.38E-03 3.80E+Ol . 
N 14 3.SOE-03 1 .80E+04 4.24E-01 5. 36E-01 2.91E-03 5.24E+Ol O'I 

15 8.0SE-03 9.35E+03 3.13E-01 4.56E-01 6.20E-03 5.80E+Ol 

16 1.70E-02 3.54E+03 1 .89E-01 3.69E-Ol 1.30E-02 4.60E+Ol 
17 3.61E-02 9.48E+02 8.97E-02 2 .62E-Ol 2.77E-02 2 .63E+Ol 
18 7.64E-02 1 .87E+02 3.35E-02 t.55E-Ol 5.86E-02 1. lOE+Ol 
19 1 .58E-01 2. 98E+Ol 1.00E-02 7.66E-02 1.13E-01 3.37E+OO 
20 3.18E-01 4·.23E+OO 2.85E-03 3.52£-02 2.27E-Ol 9.60E-Ol 

21 6.40E-Ol 5.SlE-01 7.97E-04 1.52E-02 4.56E-Ol 2.65E:..01 
22 1.29E+OO 8.19E.:.02 2.31E-04 5.88E-03 9.20E-Ol 7.53E-02 
23 2.59E+OO 1.22E-02 6.97E-05 1.87E-03 l .85E+OO 2.26E-02 
24 5.22E+OO 1.91 E-03 2.14E-05 6.06E-04 3.73E+OO 7 .12E-03 
25 1 .OSE+Ol 3.llE-04 6.21E-06 1 .83E-04 7.50E+OO 2.33E-03 
26 1.96E+Ol 5 .1 BE-05 1.21£-06 3.71E-05 1.09E+01 5.65£-04 

Total flux = 4.6744£+02 n/cm2·s Element 57 dose rate= 8.1504£-04 rad/hr 
Dose-equivalent rate.= 2.3966+00 mrem/hr Average energy = 9.7708£-03 MeV 
Kerma rate= 1.2ll6E-02 erg/g•hr 



TABLE 2.9. Multisphere Spectrometer Data from Site F, Location 11 

E{ I) Differential Flux Integral Energy Band Flux 
{MeV} {n/cm2·MeV·s} Integral Flux Dose Equivalent {MeV} {n/cm2.s) 

1 2.07E-07 l.64E+o8 1.00E+OO 1.00E+OO 3.89E-07 6 .. 38E+Ol 
2 5.32E-07 2.50E+07 7.37E-01 7.26E-01 2.69E-07 6.73E+OO 
3 9.93E-07 •5 .11 E+06 7 .09E-Ol 6.96E-Ol 7.63E-07 3.9oE+oo 
4 2.lOE-06 1 .56.E+06 6.93E-Ol 6.78E-Ol 1 .61 E-06. 2.51E+oo 
5 4.45E-06 7.03E+05 6.83E-01 6.67E-01 3.42E-06 2.40E+ob 

6 9.42E-06 4.46E+05 6. 73E-01 6.56E-01 7 •. 22E-06 3.22E+OO 
7 2.00E-05 3.62E+05 6.60E-01 6.43E-01 1.53E-05 5.54E+Oo 
8 4.22E-05 3.32E+05 6.37E-01 6.19E-01 3.23E-05 1.01·E+o1 
9 8.94E-05 2.96E+05 5.93E-01 5.74E-Ol 6.89£-05 2.04E+61 

10 1.89E-04 2.19E+05 5.09E-01 4.91E-01 1.45E-04 3.18£+01 

11 4.04E-04 1.17E+05 3. 78E-01 3.64E-01 3.18E-04 3. 72E+01 
12 8.55E-04 4.28E+04 2.25E-01 2.18E-01 6.40E-04 2.74E+Q1 

I'\) 13 1.80E-03 1.14E+04 1.12E-01 1.13E-01 1 .JSE-03 l ,57E+01 . 
I'\) 14 3.80E-03 2.42E+03 4.77E-02 5.39E-02 2.91E-03 7.04E+OO 
"' 15 8.05E-03 4.55E+02 1.87E-02 2.79£-02 6.20E-03 2.82E+OO 

16 1.70E-02 8.11E+ol 7 .OSE-03. 1. 76E-02 1.30E-02 1.05E+OO 
17 3.61£-02 1.44E+01 2.69E-03 1.17E-02 2.77E-02 3.99E-01 
18 7 •. 64E-02 2.63E+OO l .04E-03 7.73E-03 5.86E-02 1.54E-Ol 
19 1.58E-01 5.03E-Ol 4.11 E-04 5.06E-03 1. l 3E-Ol 5·.68E-02 
20 3. lBE-01 1 .03E-01 1. 78E-04 3.37E-03 2.27E-01 2·.34E-02 

21 6.40E-01 2.25E-02 8.23E-05 2.20E-03 4.56E-Ol l.03E-62 
22 1.29E+OO 5.30E-03 4.02E-05 l .32E-03 9.20£-01 4.sSE-03 
23 2.59E+OO 1.34E-03- 2.0lE-05 6.94£-04 l.S5E+OO 2.48£-03 
24 5.22E+OO 3.59E-04 9.91E-06 3.57E-04 3.73E+OO 1.34E-03 
25 1.05E+01 1 .01 E-04 4.39E-06 1 .64E-01 7.50E+OO 7.58E-04 
26 1. 96E+01 2.87E-05 1.29E-06 4.99E-05 l .09E+01 3.13E-04 

Total flux = 2.4292E+02 n/cm2.s 
( 

Element 57 dose rate = 4.0124E-04 rad/hr 
Dose-equivalent rate .. 9.8882E-:-·Ol mrem/hr Average energy .. 9.2799E-04 MeV 
Kerma rate .. 8~1491E-04 erg/g~hr 



The TEPC measurement locations at Site F were the same as the multi
spheres locations with the exception of Location 5. An additional TEPC mea
surement was taken outside the airlock (Location 13} with both the inner and 
outer doors closed. The measured dose-equivalent rate of 0.3 mrem/hr (see 
Table 2.3} appears to be correlated to the amount of shielding in the doors 
and the iron shielding wall inside containment between the airlock and reactor 
cavity. Dose-equivalent rates as measured by the multisphere and TEPC at 
Site F ranged from 0.3 to 5 mrem/hr. 

' 

2.2.3 Site G 

Measurements taken on the operating deck at Site G, the largest PWR at 
which measurements were taken, indicated somewhat higher dose-equivalent rates 
than those at Sites E and F. Location 2 (see Figure 2.11} is directly inside 
containment, in front of the personnel hatch, and is the only location where 
both instrument systems were used for comparisons. Location 3 is to the right 
of the entry hatch but still behind a considerable amount of shielding. Loca
tion 9 is directly across from the entry hatch with a direct view of the 
reactor cavity. Location A' is on the edge of the cavity looking directly at 
the reactor vessel and cavity. 

Neutron spectra obtained at Locations 2, 3, and 9 are shown in Fig-
ure 2.12. The reasons for the unexplained double hump in Location 9's spec
trum are still unknown; however, the spectra for Locations 2 and 3 appear very 
similar to spectra found at Sites E and F. Corresponding multisphere data 
tables are shown in Tables 2.10, 2.11, and 2.12. Tables 2.2 and 2.3 show the 
dose-equivalent rates ranging from 11 to 850 mrem/hr and the average neutron 
energy ranging from 50 to 65 keV. Quality factors derived from the multi
sphere data are about the same for the three locations and are roughly half 
those determined by the TEPC technique. 

2.2.4 Site H 

Site H provided the highest dose-equivalent rates of all the reactors 
visited. Ambient conditions. at the personnel entry hatch elevation prevented 
collection of data on the operating deck. Two multisphere measurements were 
taken on the mid-level deck to the left and right of the personnel hatch (see 
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TABLE 2.10. Multisphere Spectrometer Data from Site G, Location 2 

E( I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2•MeV-s) Integral Flux Dose Equivalent (MeV) (n/cm2.s) 

1 2 .07E-01· 1 .OOE+09 l .OOE+OO 1 .OOE+OO 3.89E-07 7.43E+02 
2 5.32E-07 3.52E+08 7.23E-01 8. 94E-01 2.69E-07 9.47E+Ol 
3 9 .. 93E-07 l.19E+08 6.-56E-01 8. 67E-01 7.63E-07 9 .08E+Ol 
4 2.1 OE-06 3.88E+07 5. 92E-Ol 8.40E-Ol 1 • 61 E-06- 6.25E+Ol 
5 4.45E~06 1 .25E+07 5.47E-Ol 8.23E-Ol 3.4ZE-06 4.28E+Ol 

6 9~42E-06 4.14E+06 5.17E-01 8.11 E-01 7.22E-06 2 .99E+Ol 
7 ~.OOE-05 1.44E+06 4. 96E-01 8.02E-Ol l .53E-05- 2 .20E+Ol 
8 4.22E-O~ 5.42E+05 4.80E-01 7. 96E-01 3.23E-05 l. 75E+Ol 
9 8.94E-05 2.23E+os 4.68E-01 7. 92E-01 6.89E-05 1. 54E+Ol 

10 1 .89E-04 1 .02E+05 4.57E-Ol 7 .88E-Ol l.45E-04 l .48E+Ol 

11 4.04E-04 5.22E+04 4.46E-01 7 .84E-Ol 3. lSE-04. 1 .66E+Ol 
12 8«.55E•04 2.96E+04 4.34E-01 7 .80E-Ol 6.40E-04 1 .89E+Ol 

N 13 l.BOE-03 1 .84E+04 4.21E-01 7. 75E-01 1 .38E--03 2 .54E+Ol . 14 3.SOE-03 1 .23E+04 4.03E-Ol 7 .69E-01 2.91E-03 3r58E+Ol w 
0 15 8.0SE-03 8.58E+03 3. 78E-01 7 .61 E-01 6.20E-03 5.32E+Ol 

16 1 • 70E-02 5.92E+03 3.40E-Ol 7.49E-Ol 1. 30E--02 7. 70E+Ol 
17 3.61E-02 3.79E+03 2.85E-Ol 7.21E-Ol 2. 77E;..02 1 .05E+02 
18 7.64E•02 2.05E+03 2. llE-01 6.SSE-01 5.86E-02 1.20E+02 
19 1 .58E-01 8.45E+02 1 .26E-01 5.23E-01 1.13E-01 9.55E+Ol 
20 3. lBE-01 2.41E+02 5.83E-02 3.43E-Ol 2. 27E-Ol 5.47E+Ol 

21 6.40E-01 4.57E+Ol l .94E-02 1 .67E-01 4.56E-01 2.08E+Ol 
22 1.29E+OQ 5.83E+OQ 4.62E-03 5.39E-02 9.20E-Ol 5.36E+OO 
23 2.59E+OQ 5.35E-01 8.16E-04 1 .OOE-02- 1.8-SE+OO 9 .90E-Ol 
24 5.22E+OQ 3.82E-02 1.14E-04 1.48E-03 3.73E+OO 1 .42E-01 
25 1.0SE+Ol 2.31E-03 l.33E-05 1 .81 E-04 7.SOE+OO 1.73E-02 
26 1 . 96E+01 1 .28E-04 9.90E-07 1.41 E-05 1 • 09E+Ol 1 .40E-03 

Total flux= l.4106E+03 n/cm2.s Element 57 dose rate = 3.2410E-03 rad/hr 
Dose-equivalent rate= 1.5570+01 mrem/hr Average energy = 5.0370E-02 MeV 
Kerma rate= l.1567E-Ol erg/g.hr 



TABLE 2.11. Multisphere Spectrometer Data from Site G, Location 3 

E(I) Differential Flux Integral Energy Band Flux (MeV) (n/cm2-Mev. s) Integral Flux Dose Equivalent (MeV) (n/cm2~ 
1 2.07E-07 l.03E+09 l.OOE+OO l.OOE+OO 3.89E-07 4.01E+02 2 5.32E-07 3.38E+08 7 .48E-Ol 9 .09E-Ol 2.69E-07 9.09E+01 3 9 •. 93E-07 1.16E+o8 6.91E-Ol 8.88E-Ol 7.63E-07 8.85E+Ol 4 2.lOE-06 4.26E+07 6.36E-Ol 8.67E-01 l .61E-06 6.86E+Ol 5 4."45E-06 l .67E+07 5.92E-Ol 8.SOE-01 3.42E-06 5.71E+Ol 
6 9 •. 42E-06 6.96E+o6 5.56E-Ol 8.37E-Ol 7.22E-06 5.03E+Ol 7 2.·ooE-05 3.03E+06 5.25E-Ol 8.25E-Ol l.53E-05 4.64E+Ol 8 4.22E-05 l .36E+06 4. 96E-Ol 8.15E-Ol 3.23E-05 4.39E+Ol 9 8.94E-05 6.27E+05 4.68E-01 8.05E-Ol 6.89E-04 4.32E+Ol 10 l.89E-04 2.94E+05 4.41E-Ol 7 .96E-01 1.45E-04 4.26E+Ol 

11 4.04E-04 .l.40E+05 4.14E-Ol 7.87E-Ol 3.18E-04 4.45E+Ol 12 8.55E-04 6.80E+04 3.86E-Ol 7. 78E-'Ol 6.40E-04 4.35E+Ol N 13 i .BOE-03 3.37E+04 3.59E-Ol 7 .69E-01 l.38E-03 4.65E+Ol . 
w 14 3.BOE-03 l. 71 E+04 3.29E-Ol 7.60E-Ol 2.91E-03 4. 98E+Ol ...... 

15 8.05E-03 8.94E+03 2.98£-01 7 .SOE-01 6.20£-03 5.54E+Ol 

16 1.70E-02 4.78£+03 2.63£-01 7 .39£-01 1. 30E-02 6.21 E+Ol 17 3.61E-02 2.60E+03 2.24£-01 7 .21 E-01 2.77E-02 7 .20E+Ol 
18 7.64E-02 l.39E+03 1. 79E-Ol 6.83E-Ol 5.86E-02 8.15E+Ol 
19 1 .58E.:.Ol 6.93E+02 1.28£-01 6·.09E-01 l.13E-Ol 7 .83E+Ol 
20 3. lBE-01 2.92E+02 7.86E-02 4.86E-Ol 2.27E-Ol 6.63E+Ol 

21 6~40E-Ol 8.87E+Ol 3.70£-02 3.09£-01 4.56E-Ol 4 .• 04E+Ol 
22 1.29E+OO 1.62E+Ol l.16E-02 l .27E-Ol 9.20E-Ol l .49E+Ol 
23 2.59E+OO 1~64E+OO 2.16£-03 2.49E-02 l.85E+OO 3.03E+OO 
24 5.22E+OO 9.98£-02 2.55E-04 3.lOE-03 3.73E+OO 3.72E .. Ol 
25 l .05E+Ol 4.30E-03 2.13£-05 2.73E-04 7.50E+OO 3.23E-02 
26 1. 96E+Ol l .56E-04 1.07E-06 1.43E-05 l .09E+01 1.70E-03 

Total flux= 1.5909£+03 n/cm2-s Element 57 dose rate= 3.7495E-03 rad/hr 
Dose-equivalent rate= l.8717E+Ol mrem/hr Average energy = 6.2392E-02 MeV 
Kerma rate. l.2994E-Ol erg/g•hr 



TABLE 2.12. Multisphere Spectrometer Data from Site G, Location 9 

E(I) Differential Flux Integral Energy Band Flux 
(MeV) {n/cm2•MeV•s) Integral Flux Dose Equivalent (MeV) (n/cm2.s) 

1 2.07E-07 8.26E+09 l.OOE+OO 1 . OOE+OO 3.89E-07 3.21E+03 
2 5.32E-07 l . 77E+09 6.84E-Ol 8.61E-Ol 2.69E-07 4.76E+02 
3 9.93E-07 4.94E+08 6. 37E-Ol 8.40E-Ol 7.63E-07 3 • .77E+02 
4 .2. 1 OE-06 1. 94E+08 6.00E-01 8.22E-Ol 1 .61E-06 3.12E+02 
5 4.45E-06 1.02E+08 5.70E-01 8.0SE-01 3.42E-06 3.49E+02 

6 9A2E-06 6.45E+07 5. 35E-Ol 7 .93E-Ol 7.22E-06 .4 .66E+02 
7 2.00E-05 4.29E+07 4.90E-Ol 7. 72E-Ol 1.53E-05 6.56E+02 
8 4.22E-05 2.61E+07 4.25E-Ol 7 .44E-01 3.23E-05 8.43E+02 
9 8.94E-05 1.30E+07 3.42E-Ol 7 .09E-Ol 6.89E-05 8.96E+02 

10 1 .89E-04 5. lOE+06 2.53E-01 6. 72E-Ol l.45E-04 7.40E+02 

11 4.04E-04 l.60E+06 l .SlE-01 6.42E-Ol 3. lSE-04 5.09E+02 
12 8.55E-04 4.38E+05 1.31E-Ol 6. 22E-Ol 6.40E-04 2.80E+02 

N . 13 1.P'lE-03 1.14E+05 1. 03E-01 6. 11 E-01 1.38E-03 l.57E+02 w 
N 14 3.flOE-03 3.10E+04 8.76E-02 6. 05E-01 2.91E-03 9.02E+Ol 

15 :a.OSE-03 9.42E+03 7.87E-02 6.01 E-01 6.20E-03 5.84E+01 

16 1.70E-02 3.38E+03 7.30E-02 5. 99E-Ol 1. 30E-02 4. 39E+Ol 
17 3.61E-02 1.49E+03 6.87E-02 5.97E-Ol 2.77E-02 4. l 3E+Ol 
18 7.64E-02 8. l 9E+02 6.46E-02 5. 93E-Ol 5.86E-02 4.BOE+Ol 
19 1 .58E-Ol 5.59E+02 5.99E-02 5.84E-Ol 1.13E-Ol 6. 32E+Ol 
20 3.18E-Ol 4.47E+02 5.37E-02 5 .65E-01 2.27E-Ol 1.01 E+02 

21 6.40E-Ol 3.61E+02 4.37E-02 5. l 3E-01 4. 56E-Ol l .65E+02 
22 1 .29E+OO 2.05E+02 2.75E-02 3. 72E-01 9. 20E-Ol l.89E+02 
23 2.59E+OO 4. 37E+Ol 9.00E-0~ l.27E-Ol 1 .85.E+OO 8.08E+Ol 
24 S.22E+OO 2.70E+OO 1.04E-03 1. 54E-02 3.73E+OO . 1 .01 E+Ol 
25 ·1.0SE+Ol 6.76E-02 5.1 OE-05 7.95E-04 7.50E+OO .5 .07E-Ol 
26 ·1. 96E+Ol ·1 .07E-03 1.15E-06 l.88E-05 1 .09E+Ol 1.17E-02 

Total flux = l.0168E+04 n/cm2· s Element 57 dose rate = 2.2559E-02 rad/hr 
Dose-equivalent rate = 9.7953E+01 mrem/hr Average energy = 6.5440E-02 MeV 
Kerma rate= 5.0311E-Ol erg/g•hr 



Figure 2.13, Locations 12 and 14). The environmental conditions here were 
harsh, with high heat (>100°F), high humidity {>90%), and high exposure rates, 
and the multisphere detector was damaged during the second measurement (Loca
tion 14). A reduction in the resolution resulted from this mishap and the 
spectrum for Location 14 in Figure 2.14 is suspect. The spectrum taken at 
Location 12 is very similar to others taken at Sites E, F, and G. Tabulated 
spectral information for Locations 12 and 14 are found in Tables 2.13 and 
2.14, respectively. On the mid-level operating deck, the multisphere's cal
culated dose-equivalent rates were 30 and 32 mrem/hr and the average neutron 
energies were 51 and 87 keV. The quality factors, Q, were in good agreement 
with the Qs determined at Site G. 

In order to operate in a more tolerable ambient environment, TEPC mea
surements were taken on the lower level (Figure 2.15) near the containment 
wall (Location 3), directly behind shielding walls (Location 4), and in the 
open with unobstructed views of the reactor primary coolant pipes (Locations 2 
and 5). Dose-equivalent rates on the lower level change quite rapidly, from 
185 to 6000 mrem/hr, between locations, as indicated in Table 2.3. 

2.2.5 Site I 

Two visits were made to Site I, before and after a major shielding change 
around the reactor vessel and the addition of some shielding inserted into 
voids or gap~ in the wall supporting the overhead crane. Consequently, the 
most comprehensive data were collected at Site I. Figure 2.16 shows each of 
the measurement locations with respect to the personnel hatch, reactor cavity, 
and crane wall. Multisphere dose-equivalent measurements were taken just 
inside containment in front of the airlock (Location 1), to the left of the 
airlock between the crane wall and containment wall (Locations 2 and 3), and 
inside the personnel airlock with the inner door closed (Interlock). Fig-
ure 2.16 also shows that Locations 2 and 3 were behind additional shielding 
which surrounds the steam generators and other primary system components. 

High dose-equivalent rates, similar to those measured at Site H, were 
measured during the initial visit to Site I. The neutron spectra obtained at 
these four measurement locations are shown in Figure 2.17. The spectra are 
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FIGURE 2.13. Site H, Mid-Level Containment Measurement Locations 
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FIGURE 2.14. Site H, Neutron Flux Versus Energy Measured 
by Multisphere Spectrometer 
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FIGURE 2.15. Site H, Lower-Level Containment Measurement Locations 
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TABLE 2.13. Multisphere Spectrometer Data from Site H, Location 12 

E(I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2·MeV·s) Integral Flux Dose Equivalent (MeV) (n/cm2·s) 

1 2.07E-07 4.02E+09 l.OOE+OO l .OOE+OO 3.89E-07 l.56E+03 
2 5.32E-07 8.91E+08 4.99E-Ol 7 .95E-Ol 2.69E~07 2.40E+02 
3 9.93E-07 2. 18E+OO 4.22E-Ol 7.62E-01 7.63E-07 l.66E+02 
4 2.·10E-06 6.07E+07 3.69E-01 7 .39E-Ol l .61 E-06 9. 77E+Ol 
5 4.45E-06 l .93E+07 3.38E-01 7 .25E-Ol 3.42E-06 6.60E+Ol 

6 9.42E-06 6.84E+06 3. l 7E-01 7.17E-Ol 7.22E-06 4.94E+Ol 
7 2.00E-05 2.66E+06 3.01 E-01 7 .1 OE-01 1.53E•05 4.07E+Ol 
8 4.22E-05 1. 11E+06 2.88E-Ol 1. 05E-Ol 3.23E-05 3.59E+Ol 
9 8.94E-05 4.90E+05 2. 76E-01 7 .OOE-01 6.89E-05 3. 38E+Ol 

10 1.89E-04 2.27E+05 2.66E-01 6.96E-Ol l .45E-04 3.29E+Ol 

11 4.04E-04 1~10E+05 2.55E-01 6.92E-Ol 3. l BE-04 3.SOE+Ol 
N 12 8.55E-04 5.52E+04 2.44E-Ol 6.88E-Ol 6.40E-04 3.53E+Ol . 13 l.BOE-03 2.89E+04 2.33E-Ol 6.84E-Ol l.38E-03 3.99E+Ol w ....... 14 3.BOE-03 l.58E+04 2. 20E-Ol 6. 79E-Ol 2.91E-03 4.60E+Ol 

15 .8.0SE-03 8.94E+03 2.05E•Ol 6.74E-Ol 6.20E-03 5. 54E+Ol 

16 l. 70E-02 5.25E+03 1 .87E-Ol 6.68E-01 l.30E..;02 6.83E+Ol 
17 3.61E-02 3.15E+03 l .66E-01 6.56E-Ol 2.77E ... Q2 8. 73E+Ol 
18 7.64E-02 l.86E+03 1. 38E-Ol 6.29E-Ol 5.86E ... 02 l.09E+02 
19 1.58E~Ol l .02E+o3 l .03E-Ol 5. 72E-Ol 1.13E-Ol 1.15E+02 
20 3.1 BE-01 4.68E+02 6.58E-02 4.66E-Ol 2.27E-Ol l.06E+02 

i 

21 6.40E-Ol l.50E+02 3. 18E-02 3.02E-Ol 4~5.6E.;.Ol 6.84E+Ol 
22 1 .• 29E+OO 2.76E+Ol 9.91E-03 1 .24E-Ol 9.20E-Ol 2 .54E+Ol 
23 2.59E+OO 2.67E+OO 1.78E-03 2.33E-02 1.85E+OO 4.94E+OO 
24 5.22E+OO 1 .SoE..:01 1. 94E-04 2.68E-03 3.73E+OO 5.60E-Ol 
25 l .OSE+Ol 5.84E-03 1 .47E-05 2. l 3E-04 7.SOE+OO 4.38E-02 
26 1.96E+Ol l.88E-04 6.57E-07 1. OOE-05 1.09E+Ol 2.0SE-03 

Total fl~x = 3.1239E+03 n/cm2•s Element. 57 dose rate= 7.0903E-03 rad/hr 
Dose-equivalent rate= 3.2311E+Ol mrem/hr Average energy = 5.0572E-02 MeV 
Kerma rate = 2.0109E-Ol erg/g•hr 



TABLE 2.14. Multisphere Spectrometer Data from Site H, Location 14 

E(I) Differential Flux Integral Energy Band Flux 
{MeV} (n/c~·-MeV• s) Integral Flux Dose Equivalent (MeV) (n/cm2·s) 

1 2.07E-07 3.68E+09 1.00E+OO l .OOE+OO 3.89E-07 l.43E+03 
2 5.32E-07 1 .83E+09 4.43E-01 7 .98E-Ol 2.69E-07 4.92E+02 
3 9.93E-07 4.16E+08 2.52E-01 7 .26E-01 7.63E-07 3.17E+02 
4 2.lOE-06 5.58E+07 1.28E-01 6. 77E-Ol 1 .61 E-06 8.98E+ol 
5 4.45E-06 6.75E+06 9.34E-02 6.64E-Ol 3.42E-06 2.31E+01 

6 9.42E-06 8.95E+05 8.44E-02 6.61 E-01 7.22E-06 6.46E+OO 
7 2.00E-05 1.40E+05 8.19E-02 6.60E-Ol 1 .53E-05 1.0lE+oO 
8 4.22E-05 2.68E+04 8.11 E-02 6.60E-Ol 3.23E-05 8.66E-01 
9 8.94E-05 6.33E+03 8.07E-02 6.59E-Ol 6.89E-05 4.36E-Ol 

10 l .89E-04 1.84E+03 8.06E-02 6.59E-Ol t.45E-04 2 .67E-01 

11 4.04E-04 6.60E+02 8.0SE-02 6.59E-Ol 3. lBE-04 2.lOE-01 
12 8.55E-04 2.90E+02 8.04E-02 6.59E-Ol 6.40E-04 1 .86E-01 

N 13 l .BOE-03 1 .55E+02 8.03E-02 6.59E-Ol 1.38E-03 2. l 4E-Ol . 
w 14 3.BOE-03 9.97E+Ol 8.02E-02 6.59E-Ol 2.91E-03 2.90E-Ol CXI 

15 8.0SE-03 7 .62E+Ol 8.0lE-02 6.59E-Ol 6.20E-03 4. 72E-Ol 

16 1.70E-02 6.83E+Ol 7.99E-02 6.59E-01 l.30E-02 7.84E-01 
17 3.61E-02 7 .04E+Ol 7.96E-02 6.59E-01 2.77E-02 l.95E+OO 
18 7.64E-02 8.13E+Ol 7.BBE-02 6.58E-01 5.86E-02 4.76E+OO 
19 1.58E-Ol . 1 .01 E+o2 7.70E-02 6.56E-Ol 1. l 3E-Ol 1 .14E+Ol 
20 3. lBE-01 l.23E+02 7.26E-02 6.44E-Ol 2 .27E-Ol 2. 79E+Ol 

21 6.40E-Ol 1.27E+02 6.17E-02 5.98E-Ol 4.56~-01 5.79E+Ol 
22 l .29E+o0 7 .75E+Ol 3.91E-02 4.34E-Ol 9.20E-Ol 7 .13E+Ol 
23 2.59E+OO 1.44E+o1 1.13E-02 1.31 E-01 1.85E+o0 .2.66E+01 
24 5.22E+OO 6.48E-Ol 9.72E-04 1.19E-02 3.73E+OO 2.42E+OO 
25 1.0SE+ol 1.06E-02 3.1 SE-05 4.0SE-04 7.50E+OO 1:9SE-02 
26 1.96E+01 1.0SE-04 4.46E-06 6.01 E-06 1.09E+01 1.14E-03 

Total flux = 2.5689E+03 n/cm2•s Element 57 dose rate = 6.3847E-03 rad/hr 
Dose-equivalent rate = 2.9970E+Ol mrem/hr Average energy = 8.6586E-02 MeV 
Kerma rate = 1.6526E-Ol erg/g·hr 
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FIGURE 2.16. Site I, Measurement Locations 
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very similar, with slight variations in their amplitudes. Corresponding spec
tral data are tabulated in Tables 2.15 through 2.18. 

Dose-equivalent rates from the multisphere system ranged from 1.5 to 
45 mrem/hr (see Table 2.2) and the effective neutron energies ranged from 
53 to 90 keV. Quality factors Q derived through the use of multisphere data 
ranged from 5.1 to 6.2, which compared very well with the Qs derived at Sites F 
and H. 

• Two TEPC measurements were taken at Location 1 for better accuracy. At 
Location 3, an instrument system comparison was performed. The other three 
TEPC measurements were at Locations 4, 5, and 12. Location 4 was opposite the 
personnel entry hatch but just inside the crane wall. Location 5 was near 
Location 4, midway between the crane wall gap and containment wall. At 
Location 12, the TEPC was situated on the edge of the reactor cavity and 
directed towards the reactor vessel. Dose-equivalent rates as derived by the 
TEPC ranged from 10 to 3080 mrem/hr. Here again, the Qs derived from the 
multisphere data were lower by roughly a factor of 2 than those determined by 
the TEPC. 

During the initial visit to Site I, standard borated polyethylene was 
wrapped around the inlet and outlet legs of the reactor vessel with no shield~ 
ing in the annulus. This material did not appear to be providing sufficient 
shielding, as is indicated at measurement Location 12 (Table 2.3). The neutron 
dose-equivalent rate was >3 rem/hr. Consequently, during an outage between 
Site I visits, the borated polyethylene was replaced with a new neutron atten
uating material, a silicon-based elastomer with a hydrogen density of approxi
mately 0.06 gm/cm3 (4.3% by weight) impregnated with boron to a density of 
0.02 gm/cm3 (1.5% by weight). The configuration of the shields is shown in 
Figure 2.18. To contain the elastomer and prevent it from creeping or crumb
ling, special containers with an outer wall of 0.95-cm-thick carbon steel and 
an inner wall of 0.02-cm-thick stainless steel were constructed. 

Another change in neutron shielding at Site I dealt with gaps in the con
crete crane wall. For routine operations between major shutdowns, the crane 
wall openings were blocked up with a new material, Permali Type JN. Permali 
is a commercially available densified beechwood laminate incorporating 6% 
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TABLE 2.15. Multisphere Spectrometer Data from Site I, Location 1, Initial Visit 

E( I) Differential Flux Integral Energy Band Flux 

(MeV) (n/cm2.MeV•s) Integral Flux Dose Equivalent (MeV) (n/cm2.s) 

1 ·2.07E-07 1.98E+09 l.OOE+OO 1 .OOE+OO 3.89E-07 T. 70E+02 · 
2 5.32E-07 1.79E+08 7.45E-01 9.27E-01 2.69E-07 4.82E+01 
3 9.93E-07 2.12£+07 ·7 .30E-01 9.22E-01 7.63E-07 l.62E+01 
4 2.10£-06 . 3.58E+06 7.24E-01 9.20E-01 1.61£ .. 06 5.76E+OO 
5 4.45E-06 8.-53£+05 7 .22E-01 9.20E-01 3.42E .. 06 2.92E+OO 

6 9.42E-06 2.82£+05 7 .21 E-01 ~:l~~:8l 
7.22E-06 2.04E+OO 

7 2.00E-05 l.24E+05 7.21£-0.l 1.53E-05 1.90E+OO 
8 4.22E-05 7.07E+04 7.20E-01 9. l 9E-Ol 3.23E-05 2.28E+OO 
9 8.94£-05 4.96E+04 7. l9E-Ol 9.19E-01 6.89E-65 3.42E+OO 

10 l .89E-04 4.10E+04 7. lSE-01 9.18E-Ol l .45E-04 5.95E+OO 

11 4.04E-04 3.81E+04 7 .16E-01 9.18E-01 3.18E-04 1.21 E+Ol 
12 8.55E-04 3.79E+04 7 .12E-01 9. l 7E-01 6.40E-04 2.43E+01 

N 13 1.80:E-03 3.82E+04 7 .04E-01 9. lSE-01 1.38E-03 5.27E+01 . 
~ 14 3.80E-03 3.70E+04 6.87E-01 9. lOE-01 2.91E-03 l.08E+02 
N 

15 8.0SE-03 3.25E+04 6 ~51 E-01 9.02E-Ol 6.20E-03 2.02E+02 

16 1.70E-02 2.47E+04 5.85E-01 8.85E-01 1.30E-02 3.21E+02 

17 3.61E-02 l.54E+04 4. 78E-01 8.45E-01 2.77E-02 4.27E+02 

18 7.64E-02 7~63E+03 3.37E-01 7 .51 E-01 5.86E-02 4.47E+02 

19 1 .58E-01 2.84E+03 1.89E-01 5.79E-01 1.13E-01 3.21E+02 

20 3. lBE-01 7.57E+02 8.38E-02 3.67E-Ol 2.27E-01 1. 72E+02 

21 6.40E-01 1.38E+02 2.70E•02 1. 74E-Ol 4.56E-Ol 6.29E+Ol 

22 l.29E+OO 1. 71 E+Ol 6,28E-03 5.51E-02 9.20E-01° l .57E+Ol 

23 2.59E+OO l.53E+OO 1.08E-03 9.96£-03 l .85E+OO 2.83E+OO 

24 5.22E+OO 1.06E-01 1.46E-04 1.42E-03 3.73E+OO 3.95E-01 

25 1.05E+01 6.16E-03 1.65E-05 1.69E-04 7.50E+OO . 4.62E-02 

26 l .96E+01 3.31E-04 1.19E-06 1.28E-05 1.09E+01 3.61E-03 
< 

Total flux = 3.0287E+03 n/cm2·s Element 57 dose rate= 7.6207E-03 rad/hr 
Dose-equivalent rate = 4.4514E+Ol mrem/hr Average energy= 7.6803E-02 MeV 
Kerma rate = 3.9232E-Ol erg/g.hr 



TABLE 2.16. Multisphere Spectrometer Data from Site I. Location 2. In1t1al V1s1t 

E(I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2-Mev.s) Integral Flux Dose Equivalent (MeV) (n/cm2.s) 

1 2.07E-07 7.59E+-08 l.OOE+OO 1.00E+OO 3.89£-07 2."95E+02 2 5.32E-07 9.94E+07 7.96E-01 9 •. 47E-01 2.69E-07 2.67E+ol 3 ·9.93E-07 1.58E+07 7.78E-01 9.42E-01 7.63E•07 1.21E+01 4 i:i.lOE.:...06 3~29E+06 7. 70E:-01 9.40E-01 1.61E•06 5.30E+OO 5 4".45E:-Q6 9.00E+OS 7 •. 66E-01 9.39E-01 3.42E•06 3.0SE+OO 
6 9 .• 42E-06 3.20E+05 7.64E-01 9.39E-01 7.22E-06 2.31E+OO 7 2.00E-05 1.44E+05 7.62E-01 9.38E-01 1.53E-OS 2.20E+OO 8 4.22E-05 7.93E+04 7.61E-01 9.38E-01 3.23E--05 2.56E+OO 9 8.94E-05 5.18E+04 7 .59E-01 9.37E-01 6.89£-05 3.57E+OO 10 l.89E"."04 3.85E+04 1·.s1E-O.l 9.37E-01 1.45E--o4 5.58E+OO 

11 4.04E-04 3.13E+O• 7.53E-Ol 9.36E-01 3.1at-04 9.95E+OO 12 8.55E~04 2.68Et04 7 .46E-OJ 9.34E-01 6.40E-04 1. 72E+01 N 13 1~80E,;.03 2.32E+o4 7.34E-Ol 9.31E-01 l.38E-03 3.20E+01 . 
..,::. 14 3.80£,..03 1.95E+04 7 .12£~01 9.26£-01 2.91E-03 5.67E+o1 w 

15 8.0SE_-03 1.54E:+04 6.73E-01 9.18E-01 6.20E--03 9.55E+01 

16 1.70E-02 1.10E+04 6.07£-01 9.03E-01 1 .30E-02 l.43E+02 
17 3.61E~02 6.96E+03 5.07E-01 8. 70E-Ol 2.77E-02 1.93E+02 
18 7.64E~02 3.69E+03 3.74E-Ol 7.90E-01 5.86E-02 2~ 16E+02 
19 l .SBE.,.01 1.53E+03 2.25E-01 6.35E-01 1.13E-Ol 1. 73E+02 
20 3. l8E~Ol 4.52E+02 l .06E-Ol 4.21E-01 2-.27E-01 1.03E+02 

21 6.40E·Ol 8.68E*01 3.SSE-02 2.0SE-01 4~56E-01 3.96E+Ol 
22 1.29E+OO 1 ~08E+01 8.21£-03 6.45E-02 9.20£-01 9.94E+OO 
23 2.59E+OO 9.30E..;01 1.36E-03 1.13£-02 l.85E+OO 1. 72E+OO 
24 5.22E+OO 6~09E-02 1.75E-04 1.53E-03 3.73E+OO 2 .27E-Ol 
25 l .OSE+Ol 3·.32E-03 1.84E-05 l.69E-04 7.SOE+OO 2.49£-02 
26 1.96E+Ol 1.66E-04 1.25£-06 1.20E-05 1 ·.09E+Ol 1 .81 E-03 

Total flux= l.4497E+03 n/cm2.s Element 57 dose rate = 3.8457E-03 rad/hr 
Dose-equivalent rate = 2.3773E+Ol mrem/hr Average energy = 9.0206£-02 MeV 
Kerma rate. 2.1067E-Ol erg/g•hr 



TABLE 2.17. Multisphere Spectrometer Data from Site I, Location 3, Initial Visit 

E( I) Differential Flux Integral Energy Band Flux 
(MeV) ~n/cm2°MeV 0 s} Integral Flux Dose Equivalent (MeV) (n/cm2.s) 

1 2.07E-07 3.77E+08 l .OOE+OO l.OOE+OO 3.89E-07 1 ~47E+02 
2 5.32E-07 5. l 6E+07 8.03E-Ol 9.28E-Ol 2.69E-07 1. 39E+Ol 
3 9.93E-07 8.52E+06 7.85E-01 9.20E-Ol 7.63E-07 6.50E+OO 
4 2 .1 OE-06 l .8.3E+06 7. 76E..;Ol 9. l 7E-Ol 1 .:61 E-06 2.95E+OO 
5 4.45E-06 5~14E+05 7~72E-01 9.15E-01 3.42E .. 06 1 . 76E+OO 

6 9.42E-06 1.88E+05 7. 70E-Ol 9.15E-01 7.22E-06 l . 36E+OO 
7 2.00E-05 8.73E+04 7 .68E-Ol 9.14E-Ol l.53E-05 l .34E+OO 
8 4.22E-05 4.99E+04 7 .66E-01 9.13E-01 3.23E-05 1.61E+OO 
9 8.94E-05 3.40E+04 7.64E-01 9.12E-Ol 6.89E-05 2.34E+OO 

10 1 .89E-04 2.65E+04 7 .61E-Ol 9 .11 E-01 l .45E-04 3.84E+OO 

11 4.04E-04 2.27E+04 7. 55E-Ol 9 .1 OE-01 3. lBE-04 7.22E+OO 
N 12 8.55E-04 2.03E+04 7 .46E-Ol 9.06E-Ol 6.40E-04 1 . 30E+Ol . 

13 l .BOE-03 1 .82E+04 7.28E-Ol 9. 01 E-01 l.38E-03 2 .51 E+Ol ~ 
~ 14 3.BOE-03 1 .54E+04 6. 95E-Ol 8.90E-01 2.91E•03 4.48E+Ol 

15 8.05E-03 l.17E+04 6.34E-Ol 8.7QE .. Ol 6.20E-03 7. 25E+Ol 

16 1. 70E-02 7.64E+03 5. 37E-01 8.40E-Ol l . 30E-02 9.93E+Ol 
17 3.61E-02 4.04E+03 4. 03E-Ol 7. 75E-Ol 2. 77E-02 l.12E+02 
18 7.64E-02 l.65E+03 2.53E-Ol 6.48E-Ol 5.86E-02 9.67E+Ol 
19 1 .58E-Ol 5.00E+02 l.23E-Ol 4 .54E-Ol 1 . l JE-01 5. 56E+Ol 
20 3.18E-Ol 1 .10E+02 4.74E-02 2 .60E-Ol 2 .27E-Ol 2.SOE+Ol 

21 6.40E-Ol 1. 75E+Ol l.39E-02 1. lSE-01 4.56E-Ol 7.98E+OO 
22 l .29E+OO 2.12E+OO 3.22E-03 3.61E-02 9.20E-:Ol l. 95E+OO 
23 2.59E+OO 2 .OSE-01 6.06E-04 7. l 7E ... 03 l.85E+OO 3. 79E-Ol 
24 5.22E+OO 1 .68E-02 9.76E-05 1.22E-03 3.73E+OO 6.27E-02 
25 l .05E+Ol 1.23E-03 l. 37E-05 1 .79E-04 7.SOE+OO 9.23E-03 
26 1 . 96E+Ol 8.56E-05 1. 25E-06 l. 72E-05 1 .09E+Ol 9.33E-04 

Total flux= 7.4477E+02 n/cm2·s Element 57 dose rate= l.6681E-03 rad/hr 
Dose-equivalent rate = 8.5643E+OO mrem/hr Average energy = 5.3385E-02 MeV 
Kerma rate= 7.4726E-02 erg/g•hr 



TABLE 2.18. Multisphere Spectrometer Data from Site I, Interlock, Initial Visit 

E( I) Differential Flux Integral Energy Band Flux 
(MeV_) (n/cm2·MeV·s) Integral Flux Dose Equivalent {MeV) (n/cm2-s) 

1 2.07E-07 5.16E+07 l .OOE+OO l.OOE+OO 3.89E-07 2 .01 E+Ol 
2 5.32E-07 9~90E+06 8.29E-Ol 9.44E-Ol 2 .69~E-07 2.66E+OO 
3 9.93E-07 2.11E+06 8.07E..;tn 9.36E-Ol 7.63E-07 l.61E+OO 
4 2. lOE-06 5.33E+o5 7.93£-01 9.31E-Ol 1.61 E-'06 8.58E .. Ol 
5 4.45E-06 l .62E+05 7 .86E-Ol 9.29E-Ol 3.4~E-06 5.54E-Ol 

6 9.42E-06 5.91E+04 7 .81 E-01 9.27E-Ol 7.22E-06 4.27E-Ol 
7 2.00E-05 2.5BE+04 7. 77E-01 9.26E-Ol 1.53E-05 3.95E-Ol 
8 4.22E-05 1.33E+04 7.74E-Ol 9.25E-Ol 3.23E-05 4.30E-Ol 
9 8.94E-05 7.95E+o3 7. 70E-01 9.24E-Ol 6.89E-05 5.48E..;01 

10 l.89E-04 5.36E+03 7.66E-01 9.22E~01 1.45E-04 7. 77E-01 

11 4.04E-04 3.98E+03 7 .59E-Ol 9.20E-Ol 3. lSE-04 l.27E+OO 
12 8.55E-04 3:.16£+03 7.48E-Ol 9. l 7E-01 6.40E•04 2.02£+00 

N 13 1.SOE-03 2:.saE+o3 7.31E-01 9.12E~01 1.38E•03 3.56E+oo . 
~ 14 3.BOE-03 2.09E+03 7.0lE-01 9.03E~01 2.91E-03 ·G.08E+OO 
<.n 

15 8.0SE-03 1.60E+03 6.49E-01 8.88E-01 6.20E-03 9.92E+OO 

16 l.70E-02 L10E+03 5.65E-01 8.65E~01 l .30~"'.'02 1.43E+o1 
17 3.61E-02 6.31E+02 4.43E-01 8.12E-Ol 2-77~-02 1. 75E+Ol 
18 7.64E-02 2.85E+o2 2.94E-01 7 .OOE-01 5.86E-02 1 .67E+01 
19 1 .58E-01 9.46E+01 1 .52E-01 5. llE-01 1.13E~01 1 .07E+01 
20 3.18E-01 2.23E+01 6.16E-02 3.03E-01 2.27E-01 5.06E+OO 

21 6.40E-01 3.69E+OO 1.86E-02 1.37E~01 4.56E-01 l.68E+OO 
22 l.29E+OO 4.49E-01 4.30E-03 4.30E-02 9~2oE~01 4 .• l 3E:.Ol 
23 2.59E+o0 4.23E-02 7.86E-04 8.29E~03 1.asE+oo 7.83E-02 
24 ·s.22E+oo 3.30E-03 1.20E-04 1.34E-03 3. 73E+OO · l.23E~02 

l .OSE+Ol 2.27E-04 1.58E-05 1.BSE-04 7.SOE+OO l.70E;..03 25 
l .96E+Ol 1.46E-05 1.36E-06 1 .66E-05 1.09E+Ol l.59E-04 26 

Total flux= l.1767E+02 n/cm2•s Element 57 dose rate = 2.7743E-04 rad/hr 
Dose-equivalent rate= l.5155E+OO mrem/hr Average energy = 6.3280E-02 MeV 
Kerma rate = l.3365E-02 erg/g•hr 



N . 
..i::
O'l 

INLET 
OUTLET ~ '..J 

FIGURE 2.18. Site I, Silicon-Based Elastomer Shielding Modification 



hydrogen and 3% boron (by weight). The combined effectiveness of Permali 
and modified space shielding is reflected by the reduction in neutron dose
equivalent rates by factors of 30 to 40 at Locations 1 and 4 (shown in 
Table 2.19}. 

The significant reduction in dose-equivalent rates after shielding modifi
cations precluded reproducing measurements at each of the initial locations. 
Therefore, additional or new locations were identified as Locations 7, 8, 12A, 
and 13. Calculated dose-equivalent rates from the multisphere system ranged 
from 0.9 to 17 mrem/hr for these locations, and the average neutron energies 
ranged from 30 to 56 keV. Quality factors ranged from 4.1 to 5.2 and compare 
well to previous multisphere-derived Qs. The neutron spectra for Locations 1, 
4, 7, and 8 are shown in Figure 2.19, and their respective data tables are 
shown in Tables 2.20 through 2.23. The spectra obtained after the shielding 
changes have lower amplitudes or intensities than the earlier ones, while 
retaining their general shape. 

The TEPC measurements taken after the shielding changes indicated a much 
lower dose-equivalent rate than before, ranging from 0.05 to 100 mrem/hr. 
Location 13 is outside the personnel airlock, with both the inner and outer 
door closed. Dose-equivalent rates taken at Location 13 are significantly 
lower than similar measurements taken at Site F. The primary difference is 
the iron shield wall at Site F and the Permali shielding at Site I. Without 
these two shields, both locations would be directly exposed to the reactor 
cavity throu§h the airlock opening. 

2.2.6 Site J 

Site J proved to be the most uninhabitable reactor visited. Extremely 
high temperature (>120°F) and humidity (>95%} caused several electronic detec
tion system failures. Consequently, only one multisphere measurement was 
obtained and no TEPC measurements were possible. The single multisphere mea
surement was taken at Location 3, as shown in Figure 2.20. The deck, shown in 
Figure 2.20, is one elevation level down from the personnel entry airlock. 
Location 3 is directly below the airlock entrance to containment on the next 
level down. The neutron spectrum taken at Location 3 is shown in Figure 2.21 
and its associated data table is shown in Table 2.24. Considering the amount 
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TABLE 2.19. Site I, Comparison of TEPC and Multisphere Results for Initial and Return Visits 

Prior to Shielding Modifications 
~ 1 t R t l 7h J ~verage Energy 

Location TEPC Multi sphere (keV} 

1 Run 1 41 45 77 0.9 49 
Run 2 ·55 

2 24 90 

N 3 10 9 53 . 
4 560 4=o 16 17 56 

00 
5 290 
7 3.6 3.5 29 
8 29 23 49 

12 3080 
12A 100 

13 0.05 
Interlock 1.5 63 
Overall Average .71 46 
Energy 
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TABLE 2.20. Multisphere Spectrometer Data from Site I, Location 1, Return Visit 

E( I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2~MeV·s) Integral Flux Dose Equivalent (MeV) (n/cm2·s) 

1 2.07E-07 6.59E+07 l .OOE+OO 1 .OOE+OO 3.89E-07 2.56E+Ol 
2 5.32E-07 6.72E+06 6.87E-Ol 8. 78£-01 2.69E-07 l.81E+OO 
3 9.93£-07 8.89E+05 6.65E-01 8.69E-Ol 7.63E-07 6. 78E-01 
4 2.lOE-06 1.65E+05 6.57E-01 8.65E-01 1.61E-06 2.66E-01 
5 4.45E-06 4.;33E+04 6.54E-01 8.64E-01 3.42E-06 1.48E-Ol 

6 9.42E-06 1.56E+04 6.52E-01 8.63E-01 7.22E-06 1.13E-01 
7 2.00E-05 7.39E+03 6.51E-01 8.63E-Ol 1.53£-05 1. l 3E-Ol 
8 4.22E-05 4.44E+03 6.49£-01 8.62E-Ol 3.23£-05 1 .43E-01 
9 8.94E-05 3.21E+03 6.48£-01 8.62£-01 6.89E-05 2.21E-01 

10 1. 89E-04 2.66E+03 6.45E-01 8.60£-01 1.45E-04 3.86E-01 

11 4.04E-04 2.40E+03 6.40E-01 8. 59E-01 3.18E-04 7.63E-01 
12 8.55E-04 2.21E+03 6.31E-Ol 8.55E-Ol 6.40E-04 l.41E+OO 

N 13 1. SOE-03 1.96E+03 6. 14£.-01 8.49E-Ol l.38E-03 2.71E+OO . 
tn 14 3.80E-03 1.60E+03 5.81E-01 8.38E-Ol 2.91E-03 4.66E+OO 
0 

15 8.0SE-03 1.14E+03 5.24E-Ol 8.19E-Ol 6.20E--03 7.07E+OO 

16 1.70E-02 6.841i+02 4.38E-01 7.90£-0l 1 .30E~02 8.89E+OO 
17 3.61E-02 3.42-E+02 3.29E-Ol 7.34£-01 2.77£-02 9.47£+00 
18 7~64E-02 1.41E+02 2.14E-01 6.30E-Ol 5 .86E-02. 8.27E+OO 
19 1.58E-01 4.65E+Ol 1.13E-01 4.71E-01 1 .13E-01 5.25E+OO 
20 3. 18E-01 1.19E+Ol 4.94E-02 2.97E-01 2 .27E-01 2.70E+OO 

21 6.40E-Ol 2.23£+00 1.65E-02 1 .45E-Ol 4 .56E-Ol 1.02E+OO 
22 1.29E+OO 2.96E-01 4.09E-03 4.87E-02 9.20E-Ol 2.72E-01 
23 2.59E+o0 2.88E-02 7.62E-04 9.57E-03 1.85E+OO 5.33E"'.02 
24 5.22E+OO 2.18E-03 1.13£-04 1.49E-03 3.73£+00 8.13£-03 
25 1.05£+01 1.39E-04 1. 38E-05 1. 92E-04 7. 50£+00 l.04E-03 
26 1. 96E+Ol 8.19E-06 1.09£-06 1 .58E-05 1 .09E+Ol 8.93E-05 

Total flux = 8.2029E+Ol n/cm2.s Element 57 dose rate= 1.8082£-04 rad/hr 
Dose-equivalent rate = 8.8776£-01 mrem/hr Average energy = 4.9735£-02 MeV 
Kerma rate= 7.2136£-03 erg/g•hr 



TABLE 2.21. Multisphere Spe~trometer Data from Site I, Location 4, Return Visit 

E(I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2-MeV-s) Integral Flux Dose Equiv a lent (MeV) (n/cm2•s) 

1 2.07E-07 l.06E+09 1.00E+OO 1.00E+OO 3.89E-07 4.l2E+02 2 5. 32E-Ol 1.00E+OB 7 .15E-01 8.99E-Ol 2.63E-07 2.69E+01 3 9.93E-07: l.24E+07 6.96E-01 8.92E-Ol 7.63E-06 9.46E+OO 4 2. lOE-06: 2.16E+06 0.90E-01 8.89E-01 1.61E-06 3.48E+OO 5 4.45E-06 5.3~E+05 6.87E-01 8.BSE-01 3.42E-06 1.82E+oo 
6 9.42E-06 l.80E+05 6.86E-01 8.SBE-01 7.22E-06 1.30E+o0 
7 2.00E-05 8.14E+04 6.85E-01 8.BBE-01 1.53E-05 1.25E+OO 8 4.22E-05 4.70E+04 6.84E-01 8.87E-01 3.23E-05 1.52E+OO 
9 8.94E-05. 3.33E+04 6.83E-01 8.87E-Ol 6.89E-05 2.29E+OO 

10 l.89E-04 2.76E+04 6.82E-01 8.86£-01 1.45E-04 4.00E+OO 
11 4.04E-04 2.54E+04 6. 79E-01 8.86E-01 3. lSE-04 8.0BE+OO 12 8.SSE-04 2.48E+04 6. 73E-01 8.84E-Ol 6.40E-04 1.59E+Ot N 13 1.BOE-03 2.42E+04 6.62E-01 8.BOE-01 1.38E~03 3. 34E+01 . 

CJ1 14 3.SOE-03 2.23E+04 6.39£-01 8. 73E-Ol 2.91E-03 6 .49E+01 ..... 
15 8.0SE-03 1.83E+04 5.94£-01 8.59E .. 01 6.20E-03 1.14E+02 

16 1. 70E-02 1.28E+04 5.16E-01 8. 36E-01 1.30E-02 . 1.66E+02 
17 3.-61E-02 7.22E+o3 4.00E-01 7.82E-01 2.77E-02 l.99E+02 
18 7.64E-02 3. 16E+03 2.62E-01 6.69E-Ol 5.86E-02 l .85E+02 
19 l.SBE-01 1.03E+03 1. 34E-01 4.SSE-01 1.13E-Ol l.16E+02 
20 3. lBE-01 2.40E+02 5.39E-02 2.86E-01 2.27E-01 5.45E+01 

21 6.40E-Ol 3.96E+Ol l.62E-02 l .29E-01 4.56E-01 1.81E+01 
22 1. 29E+OO 4.77E+OO 3. 71E-03 4.0lE-02 9.20E-Ol 4.39E+OO 
23 2.59E+OO 4.45E-01 6.72E-01 7.66E-03 1.85E+OO 8.23E-01 
24 5.22E+OO 3.43£:..02 1. 02E-04 1.22E-03 3.73E+OO 1.28E-01 
25 1. OSE+Ol 2.34E-03 l. 33E-05 1.67E-04 7.SOE+OO 1.76E-02 
26 1. 96E+01 l.49E-04 1.13E-06 1.49E-05 1.09E+01 1.62E-03 

Total flux= l.4454E+03 n/cm2•s Element 57 dose rate= 3.3112E-03 rad/hr 
Dose-equivalent rate= 1.7239E-01 mrem/hr Average energy = 5.6178E-02 MeV 
Kerma rate= 1.4758E-Ol erg/g•hr 



TABLE 2.22. Multisphere Spectrometer Data from Site I, Location 7, Return Visit 

E(I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2.MeV•s) Integral Flux Dose Equivalent (MeV) (n/cm2· s) 

1 . 2.07E:-07 4.22E+08 1.00E+OO l .OOE+OO 3.89E-07 l.64E+02 2 5.32E·07 2.50E+o7 6.22E-Ol 8.04E-Ol 2.69E-07 6.73E+OO 
3 9.93E-07 2.20E+06 6.06£-01 7.96E-01 7.63E-07 1.68E+OO 
4 :2. lOE-06 3~1lE+05 6.02E-01 7 •. 94E-01 1.61E-06 5.0lE-01 
5 4.45E-06 ~.94E+04 6.0lE-01 7.93E-01 3.42E-06 2.37E-01 

6 9.42E-06 ' 2. 34E+04 6.0lE-01 7 .93E .. 01 7.22E-06 l.69E-01 
7 2.00E-05 1.13E+04 6.00E-01 7.92E-01 1. 53E-(>5 1.73E-01 
8 4.22E-05 7.44E+o3 6.00E-01 7.'92E-01 3.23£-05 2.40E-01 .. 
9 8.94E-05 6.24E+03 5.99E-01 7.92£-01 6.89E:-05 4.30E-01 

10 1.89E-05 6.25E+03 5.98E-01 7.92£-01 1.45E-04 9.06E-01 

11 4.04E-04 7.00E+03 5.96E-01 7 .90E-01 3. lSE-04 2.23E+OO 
12 S.55E-04 8.13£+03 5.91£-01 7.88E-01 6.40E-04 5.2QE+QO 

N 13 1.SOE-03 9.06E+03 5.79£-01 . 7 .82E-Ol 1.38E-03. 1 .25E+01 . 
(J'1 14 3.SOE-03 s:s9E+03 5.50£-01 7.69E-01 2.9lE-03 2.5~E+01 N 

15 8.0SE-03 7.01E+03 4.91£-01 7.43E-01 6.20E-03 4. 38E+01 

16 1. 70E-02 4.26E+03 3.90E-01 6. 98E-01 1. 30E-02 5.54E+01 
17 3.61£-02 1.88E+03 2.61E-01 6. llE-01 2~77E-02 5.21£+01 
18 7.64E-02 6.10E+02 1.41E•01 4.67E-01 5.86E-02 3.57E+01 
19 1. 58E-01 1.48E+02 5.88E-02 2.95£-01 1.13£-01 l.67E+01 
20 3.18E-01 2.18E+Ol 2.03E-02 1.56E~01 2.27E-01 6.31E+OO 

21 6.40£-01 4.::11£.+oO 5.76E-03 6·.-70E-02 4.56E-01 1.90E+OO 
22 1.29E+OO 5.15E•01 1.38E-03 2. 18E-02 9.20E-01 4.74E-01 
23 2.59£+00 5.46£-02 2.86E-04 4.77E-03 1.85E+QO 1.0lE-01 
24 5.22£+00 5.16E-03 5.31E-05 9. 32E-04 3.73E+QO 1.92E-02 
25 1. 05E+01 4.51E-04 8.76E-06 1; 62E-04 7.50E+QO 3.38E-03 
26 1. 96E+01 3.81E-05 9.57E-07 1.84E-05 1.09E+01 4.15E-04 

Total flux= 4.3388£+02 n/cm2-s Element 57 dose rate = 8.6295E-04 rad/hr 
Dose-equivalent rate = 3.5475£+00 mrem/hr Average energy = 2.9749£-02 MeV 
Kerma rate • 2.7109£-02 erg/g.hr 



TABLE 2.23. Multisphere Spectrometer Data from Site I. Location 8. Return Visit 

E(I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2•MeV•s) Integral Flux Dose Equivalent (MeV) (n/cm2!.!l 

1 2.07E-07 1. 37E+09 1.00E+OO 1.00E+OO 3~89E-07 5.33E+02 
2 5.32E-07 l.57E+08 7.47E~01 9.02E-01 2.69E-07 4.22E+Ol 
3 9.93£-07 2.23E+07 7.26E-Ol 8.94E-Ol 7 .63E-07 1. 70E+Ol 
4 2.lOE-06 4.27E+o6 ~ 7. lSE-01 8.91£-01 1.61£-06 6.87E+OO 
5 4.45E-06 1.11E+06 7.15E-Ol 8.89E-01 3.42E-06 3.79E+OO 

6 9.42E-06 3.83E+05 7.13£-01 8.89£-01 7.22£-06 2.77E+OO 
7 2.00E-05 1. 72E+05 7.12£-01 s·.s8E-01 1.53E-05 2.63E+OO 
8 4.22E-05 9.69E+04 7. 11 E-01 8.88E-Ol 3.23£..:os 3.13E+OO 
·9 8.94E-05 6.63E+04 7.09£-01 8.87E-01 6.89E-05 4.57E+OO 

10 1.89E-04 5.27E+04 7.07E-01 8.86E-Ol 1.45E-04 7.64E+OO 

11 4.04E-04 4.67E+04 7.03£-01 8.85Ee01 3.18E-04 1.48E+Ol 
12 8.55E-04 4.39E+04 6.96E-01 8.82E-01 6.40£-04 2.81E+Ol 

N 13 1. SOE-03 4.16E+04 6.83E-Ol 8. 78E-01 1.38£-03 5.74E+01 . 
U'1 14 3.80E-03 3.75E+04 6.56E-01 . 8.69£-01 ·2.91E-03 1.09E+02 w 

. 15 8.0SE-03 3.04E+04 6.04E-01 8.51E-01 6.20£-03 1.88E+02 

16 1. 70E-02 2.07E+04 5.14E-01 8.22E~Ol 1. 30E-02 2.69E+02 
17 3.61E-02 1. 12E+04 3.86E-01 5'.57E-01 2.77E-02 3.10E+02 
18 7.64E-02 4.52E+03 2.38E-01 6.25E-Ol 5.86E-02 2.65E+02 
19 1. 58E-01 1. 32E+o3 1.12E-01 4.28£-01 1.13E-01 l.49E+02 
20 3. 18E-01 2.76E+02 4.l7E-02 2.38£-01 2.27E-01 6.26E+Ol 

21 6.40E-01 4.22E+ol 1.19E-02 1.02E-01 4.56E:-01 1. 92E+Ol 
22 1.29E+OO 5.00E+OO 2.70E-03 3.18£-02 9.20£-01 4.60E+OO 
23 2.59E+OO '4.85E-Ol 5.12E-04 6.36E-03 l.85E+OO 8.97E-01 
24 5.22E+OO 4.08E-02 8.47E-05 1. llE-03 3.73E+OO 1.52£ ... 01 
25 1.05E+Ol 3.12£-03 l.23E-05 1.69£-04 7.50E+OO 2.34E-02 
26 1. 96E+Ol 2.27E-04 1. 18£-06 1.69E-05 1.09E+Ol 2.47E-03 

Total flux= 2.1022E+02 n/cm2·s Element 57 dose rate = 4.6365E-03 rad/hr 
Dose-equivalent rate = 2.3045E+Ol mrem/hr Average energy = 4.9015E-02 MeV 
Kerma rate. 1.9768E-Ol erg/g•hr 



*LOCATION I 

FIGURE 2.20. Site J, Operating Deck Measurement Locations 
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TABLE 2.24. Multisphere Spectrometer Data from Site J, Location 3 

E(I) Differential Flux Integral Energy Band Flux 
(MeV) (n/cm2·MeV·s) Integral Flux Dose Equivalent (MeV) (n/cm2•s) 

1 2.07E-07 3.lOE+OB l.OOE+OO 1.00E+OO 3.89E-07 l.21E+02 2 5.32E-07 4. 34E+07 7. 72E-Ol 9. 33E-Ol 2.69E-07 l .17E+Ol 3 9.93E-07 7.32E+06 7. 50E.;01 9.26E-Ol 7.63E-07 5.59E+OO 4 2.lOE-06 1.61E+06 7.40E-Ol 9.23E-Ol 1.61E-06 2.59E+OO 5 4.45£-06 4.65E+05 7.35E-Ol •9.21E-01 3.42£-06 l.59E+OO 
6 9.42E-06 1. 74E+05 7. 32E-Ol 9.21E-Ol 7.22E-06 1. 26E+OO 7 2.00E-05 8.23E+04 7. 30E:.Q1 9.20E-Ol 1.53E-05 l.26E+OO 8 4.22E-05 4.73E+04 7. 27E-Ol 9.19E-Ol 3.23E-05 1. 53E+OO 9 8.94E-05 3.19E+04 7 .24E-Ol 9.lBE-01 6.89E-05 2.20E+OO 10 l .89E-04 2.42E+04 7 .20E-Ol 9. l 7E-Ol l.45E-04 3.51E+OO 

11 4.04E-04 1. 96E+04 7.14E-Ol 9. l 5E-Ol 3. lBE-04 6.23E+OO 12 8.55E~04 l.63E+04 7 .02E-Ol 9.12E-Ol 6.40E-04 l .04E+Ol N 13 1.BOE-03 1. 33E+04 6.82E-Ol 9.07E-Ol 1. 38E-03 1 .84E+Ol . 
(J1 14 3.BOE-03 l.01E+04 6.47E-Ol 8.98E.-01 a.91E-03 2.94E+Ol (J1 

15 8.0SE-03 6.93E+03 5.92E-Ol 8.84E-Ol 6.20E-03 4.30E+Ol 
16 l.70E-02 4.20E+03 5. llE-01 8.64E-Ol 1.30E-02 5.46E+Ol 
17 3.61E-02 2.23E+03 4.0BE-01 8.24E-Ol 2.77E-02 6. lBE+Ol 18 7.64E-02 l .03E+03 2. 91 E-01 7. 45E-Ol 5.86E-02 6.04E+Ol 19 1. 58E-Ol 4.06E+02 1. 78E-Ol 6.09E-Ol 1. l 3E-Ol 4.59E+01 20 3.18E-Ol 1. 30E+02 9.14E-02 4. 33E-01 2.27E-Ol 2. 95E+Ol 

21 6.40E-01 3.03E+Ol 3.58E-02 2.40E-Ol 4.56E-Ol 1.38E+Ol 
22 1.29E+OO 4.61E+OO 9.75E-03 8.74E-02 9.20E-Ol 4.24E+OO 
23 2.59E+OO 4.40E-Ol l.76E-03 1.66E-02 1.85E+OO 8. 14E-Ol 
24 5.22E+OO 2.86E-02 2.22E-04 2.21E-03 3.73E+OO l.07E-Ol 
25 l.OSE+Ol 1.42E-03 2.14E-05 2.24E-04 7.SOE+OO l.07E-02 
26 1. 96E+Ol 6.22E-05 l.28E-06 l.40E-05 l .09E+Ol 6.78E-04 

Total flux = 5.3034E+02 n/cm2·s Element 57 dose rate= l.3216E-03 rad/hr 
Dose-equivalent rate= 7.6340E+OO mrem/hr Average energy= 7.9030E-02 MeV 
Kerma rate • 6.4637E-02 erg/g·hr 
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FIGURE 2.21. Site J, Location 3, Neutron Flux Versus Energy 
Measured by Multisphere Spectrometer 

of shielding between Location 3 and the reactor vessel (Figure 2.20), the 
spectral shape is consistent with those found at the previous reactors. The 
dose-equivalent rate was 7.6 mrem/hr and the average en~rgy was 79 keV. At 
Location 3, the calculated Q was 5.8 (see Table 2.2). 

At nearly every reactor, the portable survey instrument rem meters, such 
• 

as SNOOPY and RASCAL, overresponded by about a factor of 2. Further discus-
sion of these two instruments and their measured data is found in Section 4. 
In some cases, particularly at Site I, the multisphere and TEPC systems 
compared very well in their measurement of dose-equivalent rates. It would 
seem that either the multisphere or the TEPC system could be used in reactors 
with a degree of confidence in the analyzed data. 
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2.3 CONCLUSIONS 

The neutron spectra seem.to have the same characteristic form at each 
reactor, even though they were not exactly the same in and around containment. 
Flux-versus-energy plots and calculations of the average neutron energies 
indicate that few neutrons have energies greater than 700 keV. 

Quality factors derived from the multisphere data appear to be more 
realistic than the Qs derived from the TEPC. The Q value tends to increase or 
decrease as the average neutron energy increases or decreases. When used for 
the express purpose of determining the dose-equivalent rate, the multisphere 
and TEPC analyses compare very well even though the methods for determining Q 
are very different. 

The shielding modification changes installed between visits to Site I 
proved beneficial in reducing both dose equivalent rates and average neutron 
energies {see Table 2.19). 

Measurements conducted by Lawrence Livenno~e National Laboratory personnel 
with a liquid scintillor neutron spectrometer have indicated a lack of neu
trons with energies above 1 MeV. The energy threshold of this device is about 
1 MeV. This measurement was conducted at Site I where the other spectrometers 
have indicated average energies in the range of 50 to 100 keV. 
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3.0 3He NEUTRON SPECTROMETER 

This section deals with the theory of operation of the 3He neutron 
spectrometer, and its construction, calibration, and operation. Results of 
measurements of monoenergetic neutron beams and measurements inside PWR reactor 
containment are also discussed. 

3.1 THEORY OF OPERATION 

Neutrons interact with 3He to produce a triton and a proton, which are 
easily detected in a proportional counter. If the proton and triton are 
absorbed in the sensitive volume of a proportional counter, the resultant 
pulse height is proportional to the neutron energy plus 764 keV, the amount of 
energy released in the 3He(n,p)T reaction. Thermal neutrons produce events 
with an energy of 764 keV, which is convenient for energy calibration. The 
additional energy released by the reaction makes it easy to differentiate 
neutron-induced events from gamma-ray events. Unfortunately, some competing 
nuclear reactions confuse data analysis. The cross sections for these reac
tions as a function of neutron energy are shown in Figure 3.1. From conserva
tion of energy and momentum, it can be shown that an elastically scattered 
neutron [a 3He(n,n') 3He reaction] can deposit a maximum of 75% of its energy 
to the elastically scattered 3He recoil. This recoil deposits 764 keV of 
energy if the original neutron has an energy of 1.02 MeV. Hence, neutrons 
with energies above 1 MeV can produce 3He recoils that can be confused with 
events from the 3He(n,p)T reaction. Above 4 Mev, 3He(n,d)O reactions occur 
that can also be confused with the 3He(n,p)T reactions. Fortunately, many of 
these competing events can be eliminated on the basis of pulse rise time or 
pulse shape. The deuterons and 3He recoils have LET values higher than that 
of protons or tritons. Hence, for the same energy deposited in the propor
tional counter, the deuterons and 3He recoils have shorter tracks. The 
electron secondaries produced by these shorter tracks migrate to the anode of 

the proportional counter in less time and produce pulses with faster rise 
times. Unfortunately, if the tracks.are parallel to the anode wire, the pulse 
rise time discrimination technique does not work. 
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FIGURE 3.1. 3He Cross Sections for Neutron-Induced Charged Particle 
Reactions as a Function of Neutron Energy 

Several properties limit the usefulness of the 3He spectrometer: 

• The 3He(n,p)T cross section for thermal neutrons is about 
5000 barns, while that for fast neutrons is only a few barns. The 
detector is·very sensitive to low-energy neutrons, which are above 
the cadmium or boron cover cutoff (-0.4 eV). Pulse pile-up cir
cuitry must be used to prevent distortion of the measured spectra. 

• The lowest energy that can be detected is limited by the resolution 
of the proportional counter and by the peak produced by thermal neu
trons, which overlaps very-low-energy neutron events. Some commer
cial 3He proportional counters have a resolution of 2.5%, which 
corresponds to a full-width half-maximum energy of 19 keV. The 

# 

practical lower energy limit for these tubes is 25 to 30 keV. 
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• At energies above 1.02 MeV, competing nuclear reactions produce 
pulses that can be confused with the desired 3He(n,p)T reaction 
and complicate the proper interpretation of spectral data. Some of 
these competing reactions can be rejected by rise time or puls~ 
shape analysis. 

• Some neutron-induced events occur near the wall or end of the 
counter. The charged particles strike the walls and do not 
deposit all their energy in the sensitive volume of the propor
tional counter. At low neutron energies, almost all of the events 
deposit their energy within the sensitive volume of the counter. 
A serious wall-effect problem occurs at high neutron energies where 
the particle path lengths are about the same as the diameter of the 
proportional counter. A high-atomic-number inert gas that has a 
greater mass-stopping power, such as argon or krypton, is often 
added to reduce wall effects. 

In spite of these apparent limitations, the 3He proportional counter 
spectrometer offers these advantages: 

• The 3He detectors are sensitive to low-energy neutrons from 
thermal energies to 1 MeV. Few other types of spectrometers operate 
in this energy region. 

• The data analysis for the 3He proportional counter is straight
forward and much less complicated than that for other types of 
spectrometers. 

• The components necessary to construct.a 3He spectrometer are 
commercially available, only moderately expensive, and perhaps more 
rugged than those of other types of spectrometers. 

• The 3He spectrometer can be self-calibrated by using the 764-keV 
peak produced by thermal neutrons. 

• The 3He spectrometer is well suited to neutron spectrum measure
ments in containment at nuclear reactors. Since almost all of the 
neutrons have energies below 1 MeV, no competing nuclear reactions 
could interfere with the analysis and interpretation. 
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3.2 APPARATUS 

Figure 3.2 shows a block diagram of the electronics used with the neutron 
spectrometer. The neutrons are detected with a 1-in.-dia 3He proportional 
counter. Signals pass through the preamp and are split into two paths. For 
the signal path, the pulses pass through an amplifier with 2-µs time constants 
and a pulse pile-up rejector. If two pulses occur within 12 µS of one 
another, an inhibit signal is sent to a linear gate to block the signal. 
Pulses are also routed along a second path through a linear amplifier with 
0.5-µs time constants and to a pulse-shape analyzer. This analyzer is 
adjusted to accept pulses in a narrow rise time "window," which corresponds to 
3He(n,p)T reactions. A signal is sent to a second linear gate to accept 
that pulse if it has the correct rise time. In the spectrometer that is used 
for field measurements, acceptable pulses are then routed to a multichannel 
analyzer. 

Figure 3.3 shows the importance of this e1ectronic circuitry~ To demon
strate this importance, a 3He proportional counter was exposed in a high
dose-rate field from a 252cf source. The top curve shows the results 
obtained without a Cd cover to eliminate thermal neutrons. At least 2 sum 
peaks are evident. from thermal neutron events occurring almost simultaneously 
in the counter. The middle curve shows the effect of adding a 40-mil-thick 
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FIGURE 3.2. Block Diagram of the Electronic Equipment Used to Construct 
the 3He Neutron Spectrometer · 
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FIGURE 3.3. Effect of Cadmium Covering and Electronic Pulse Pile-Up 
Rejection Circuitry in Reducing the Amount of Pulse 
Pile-Up in High-Dose-Rate Neutron Fields 

cadmium cover, which eliminates almost all neutrons with energies below about 
0.4 eV. Some summing and pulse pile-up is still evident. The bottom curve 
shows the results obtained using a cadmium cover, pulse pile-up rejection, and 
pulse-shape analysis. Note the lack of sum peaks and the virtual elimination 
of pulse pile-up. 
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The resolution and sensitivity of the 3He proportional counter depend 
upon its physical size as well as the filling gas and fill pressure. Five to 
ten years ago, corrvnercially available 3He proportional counters had full
width half-maximum thermal neutron peak resolutions of 8% to 15%. At the 
present time, it is possible to purchase 3He proportional counters that have 
resolutions of 2.3% to 3% for about J300. These improvements are due to 
better gas fillings and improved construction techniques. Improved resolu
tions can be obtained with mixtures of 3He and argon gas with small amounts 
of carbon dioxide added. Companies making proportional counters are cleaning 
and outgasing the components and using center wires that are smoother, thus 
providing a more uniform gas gain along the length of the wire. 

Neutron spectrometers used for measurements inside commercial nuclear 
plants must make compromises between sensitivity, and counting times and 
energy resolution. A 1-in. (2.5-cm)-dia tube with a 12-in. (30-cm)-long 
active region filled with 4 psi 3He, 28 psi argon, and a trace of co2 seems to 
be a reasonable compromise with reasonable sensitivity and full-width half
maximum resolution of 20 keV or better. 

3.3 CALIBRATION AND TEST PERFORMANCE 

As mentioned previously, the energy calibration of the 3He spectrometer 
is very simple. Exposing the counter to thermal neutrons produces a peak that 
corresponds to 764 keV. If the multichannel analyzer used to collect data is 
adjusted so that channel zero corresponds to zero pulse height, the keV per 
channel is simply 764 keV divided by the channel number of the centroid of the 
thermal neutron peak. 

A very simple computer program called HESPEC has been written to analyze 
3He spectrometer data. Basically, the program determines the energy calibra
tion, i.e., the keV per channel, from the thermal peak. From this information, 
the program divides the raw data into energy groups that have a "bin width" 
approximately equal to the resolution of the proportional counter used. A 
correction factor is then applied for the variation in cross section with neu
tron energy to determine the relative neutron flux as a function of neutron 
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energy. At the present time, the computer program ignores wall and ~nd 
effects. This introduces little error for intermediate-energy neutrons found 
in reactor containment. 

The 3He spectrometer was tested for its ability to correctly·interpret 
a monoenergetic neutron source. The filtered neutron beam facility at the 
National Bureau of Standards was utilized for these measurements. Figure 3.4 
shows the response of the spectrometer to 144-keV neutrons. A very distinct 
peak was recorded for the 144-keV neutrons, and the small peak corresponds to 
51-keV neutrons, which are also present. The upper curve was obtained by cor
recting the data for the change in the cross section of the 3He(n,p)T reac
tion with energy. The full-width half:--maximum resolution of the spectrometer 
was determined to be about 18 keV. 

The next step was to expose the spectrometer to a 25-keV neutron beam to 
determine whether it could resolve neutrons at this lower energy. Figure 3.5 
shows that the detector successfully resolved 25-keV neutrons with a full
width half-maximum resolution of about 20 keV under ideal conditions in the 
laboratory. 

3.4 NEUTRON SPECTRUM MEASUREMENTS AT COMMERCIAL NUCLEAR PLANTS 

One application for which the 3He spectrometer is ideally suited is the 
measurement of neutron spectra inside reactor containment where most of the 
neutrons are moderated (energies below 1 MeV). Dosimeter results and measure
ments with other spectral devices have indicated a lack of neutrons above 1 MeV 
at most locations inside reactor containment. For these energies, it was not 
necessary to make corrections for 3He recoils in the measured spectrum. 

Neutron spectra were measured with the 3tte spectrometer at three reactor 
sites: Site F, Site I, and Site J. The results of these measurements are 
shown in Figures 3.6, 3.7, and 3.8. In each figure, the relative neutron flux 
is plotted as a fu.nction of neutron energy in keV on log-log graphs. Mea
surements at all three sites show remarkable similarity. All spectra show a 
sharp reduction in the neutron flux at energies between 200 and 300 keV, and 
there are virtually no neutrons with energies above 300 keV. The spectrum 
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FIGURE 3.4. Results Obtained by Exposing the 3He Neutron Spectrometer to 
144-keV Monoenergetic Neutrons at the Filtered Neutron Beam 
Facility at the U.S. National Bureau of Standards 
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FIGURE 3.6. Neutron Energy Spectra Measured by the 3He Spectrometer 
Inside the Containment Vessel of a Pressurized Water 
Reactor at Site F 
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Inside the Containment Vessel of a Pressurized Water 
Reactor at Site J 

below 25 keV is not shown on the graphs. Most of the events below this energy 
are due to thermal neutron interactions, which appear in the upper tail of the 
thermal peak. The finite resolution of the 3He counters causes this 
broadening. 

Four measurements were made at reactor Site F (Figure 3.6). The dose
equivalent rates measured by rem meters and the TEPC varied between 0.3 and 
3.6 mrem/hr at these locations. Location 1 was on the operating deck on an 
open grating.adjacent to the stairs leading to the entry hatch. This location 
is frequently visited by personnel who enter containment to check the 
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instrumentation. The other three locations were near the airlock used for 
entry into containment. Location 10 was near the edge of the reactor cavity 
on the operating deck, Location 11 was behind a steel shield/missile barrier 
just inside the airlock at the top of the stairs leading to the operating 
deck, and Location 13 was beside the personnel hatch of the airlock on the 
outside of containment. 

At Location 13, the neutron dose-equivalent rate was only 0.3 mrem/hr. 
It is interesting to note that the neutrons streaming out of the airlock had 
about the same spectral qualities as those inside the containment vessel. 

Four 3He spectrometer measurements were taken on the operating deck 
during the return visit to Site I (Figure 3.7). The neutron dose-equivalent 
rates were much higher at Site I than at Site F. Jhey ranged from 1 to 
1000 mrem/hr as measured by portable rem meters. At Site I, the operating 
deck consists of an open metal grating between the crane wall and the contain
ment wall. A thick concrete wall (with several openings in it) is located 
between the containment wall and the central reactor cavity. Location 7 was 
behind this concrete wall, and Locations 4 arid 8 were at openings in the 
concrete wall on the edge of the metal grating. Location 12 was on a concrete 
floor quite near the edge of the reactor cavity. Location 12 is the only 
position where there was a significant difference in the neutron spectrum 
measured by the 3He spectrometer. Here the dose-equivalent rate was much 
higher (1000 mrem/hr) than at the other measurement points because of the 
nearness to the reactor cavity. 

Only one 3He measurement was made at Site J. The location was on the 
open metal grating at the foot of the stairs leading to the mid-level operat
ing deck. At this location, there is a thick concrete shielding wall between 
the reactor cavity and the operating deck that is accessible to reactor 
personnel, and the dose-equivalent rate was only about 15 mrem/hr. The neu
tron spectrum measured by the 3He spectrometer has the same general shape as 
those measured at the other reactor sites. 

The authors were somewhat surprised at the unique spectral shapes mea
sured at the reactors by the 3He spectrometer, and at the consistency of the 
shape of the spectra at similar locations in each of the reactors with widely 
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varying dose-equivalent rates (between 0.3 and 3000 mrem/hr). These spectra 
are in general agreement with the neutron spectra generated by the multisphere 
spectrometer in that peaks seem to occur at about 100 keV. However, the 3He 
spectrometer has much better resolution than the multisphere spectrometer and 
shows a sharp drop in flux between 200 to 300 keV. This sharp drop in flux is 
not understood at present, although the response of several types of neutron 
dosimeters seems to indicate a fairly sharp decrease in the number of neutrons 
above 500 keV. 

The 3He spectrometer seems to be operating properly inside reactor 
containment. The spectra measured inside reactor containment under harsh 
environmental conditions (95° to 120°F, high relative humidity) were similar 
to those measured outside containment at the airlock. It was necessary to 
operate the spectrometer for a short while to allow the temperature of the 
equipment to stabilize; otherwise, some gain shift problems were noted. 
Exposures to monoenergetic neutron beams were made at the National Bureau of 
Standards' Neutron Beam Facility before and after the reactor measurements 
were made, and no changes in the performance of the 3He spectrometer were 
noticed. 

3.5 CONCLUSIONS 

Spectral information is required for accurate interpretation of personnel 
dosimeters. The 3He spectrometer system is a useful instrument for measur
ing neutron spectra between 25 keV and 1 MeV. It is a simple device that 
requires relatively simple analysis to obtain spectral data. In fact, the 
analysis can easily be done by hand. It is recommended that further work be 
done to optimize this instrument and measurement parameters with the objective 
of providing reactor health physicists with a reliable method of characteriz
ing neutron radiation fields at work locations in commercial nuclear plants. 
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4.0 DOSIMETER RESPONSE MEASUREMENTS AND COMPARISONS 
WITH INSTRUMENT READINGS 

This phase of the program was conducted to investigate the response of 
several types of personnel neutron dosimeters to neutrons in and around 
commercial nuclear plants. Prior to this study, very little was known about 
the neutron spectra inside reactor containment. Therefore, the true response 
of the personnel dosimeters and instruments used was also unknown. Most of 
the available response data for the dosimeters is related to readings taken 
from two types of neutron monitoring instruments: the SNOOPY and the RASCAL. 
These instruments, which are discussed in a later section of this report, are 
accurate to within 50% to 100% and usually respond high by factors of 1.5 to 2 
in reactor containment neutron spectra, as compared to more sophisticated 
instruments. 

A number of measurements were made at locations outside containment. 
These data indicated neutron dose-equivalent rates that were detectable but 
very low (usually well below 1 mrem/hr). The sensitivity of the personnel 
dosimeters was such that it was impractical to expose them in these fields, so 
the decision was made to conduct dosimeter exposures only inside containment 
where dose-equivalent rates were high enough to expose dosimeters in a reason
able length of time. The only places outside containment where significant or 
measurable neutron fields were found were near the personnel entry hatches, 
equipment hatches, and containment penetrations {in the case of the BWR 
plant), and in the calibration areas • 

• 
Preliminary spectral information at the start of the project was rather 

sketchy, but estimates of the fast-neutron spectra inside containment at the 
PWR plants indicated average neutron energies less than 500 keV. This esti
mate was reasonable because the NTA film dosimeters used at the reactors seldom 
detected any fast neutrons. 

The personnel dosimeter section of the project was designed to study the 
response to intermediate-energy neutrons of several types of commercially 
available personnel neutron dosimeters as well as two types of dosimeters used 
by Department of Energy (DOE) contractors. Nuclear track emulsion dosimeters 
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were exposed inside containment at all five PWR plants. In all cases, the NTA 
dosimeters did not detect the presence of neutrons. The same result was 
obtained at the BWR plant near containment penetrations. 

Two types of TLD-albedo dosimeters and two types of track-etch dosimeters 
were obtained from commercial suppliers. These dosimeters, along with two 
types of TLD-albedo and two types of track-etch dosimeters obtained from DOE 
facilities, were exposed together on the same water phantoms at the same time. 
Thus, a comparison is provided not only between TLD-albedo and track-etch 
dosimeters but also between some DOE processors and some comnercial vendors. 

4.1 THERMOLUMINESCENCE-ALBEDO DOSIMETERS 

The dosimeter most widely favored for use at NRC facilities is the TLD
albedo dosimeter, which uses the 6Li(n,y)3H reaction in thermoluminescent 
materials to detect neutrons. Thermoluminescence-albedo dosimeters must be 
worn on the body. Incident fast neutrons enter the body and are moderated, 
and slow neutrons are reflected back to the dosimeter (hence the term albedo, 
from the reflected neutrons). Slow neutrons interact with the thermolumines
cent (TL) material, usually through 6Li(n,y)3H reactions, and the charged 
particle reaction products excite the TL material. When heated, the TL phos
phor emits light in quantities proportional to the energy deposited in the 
material. 

The TL material is sensitive to both neutrons and photons, so a correction 
must be made for gamna exposures by using matched pairs of TL chips. One pair 
is made from 6Lif, which detects neutrons and photons, and the other is made 
from fully enriched 7Lif, which detects mostly photons. The neutron response 
is found by subtracting the 7Lif response from the 6Lif response. 

The basic concepts of the TLD-albedo dosimeter are shown in Figure 4.1. 
Pairs of 6Lif and 7Lif TL chips are placed on each side of a cadmium shield, 
which is used to differentiate incident thermal neutrons from the albedo neu
trons reflected from the body. The top pair measure the incident thermal 
neutron dose; the bottom pair measure the albedo neutrons from which the 
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FIGURE 4.1. Basic Concept of TLD-Albedo Dosimeter 

incident fast-neutron dose is inferred. The cadmium foil is usually between 
0.4 and 1.5 mm (0.015 and 0.060 in.) thick. Thinner foils allow too many 
thermal neutrons to pass through. The cadmium foil should be as large as 
practical to prevent thermal neutrons from diffusing around the foil to the 
bottom TL chips. The smallest useful diameter for the cadmium foil is about 
1 cm (0.39 in.) (Hankins 1973). Cadmium emits ganrna rays when it captures a 
neutron, so shields are sometimes placed between the cadmium and the TL chips 
to reduce TL response to the gamma secondaries. 

The TLD-albedo dosimeter must be worn close to the body to function prop
erly. As it is moved away from the body, its sensitivity to fast neutrons 
decreases and its sensitivity to thermal neutrons increases. The conman prac
tice of wearing a dosimeter loosely clipped on a pocket containing a pack of 
cigarettes can cause inaccurate readings. Some TLD-albedo dosimeters will not 
function at all if they are worn backwards clipped to the inside of a pocket 
or loosely held on a necklace. Hankins has developed a symmetric dosimeter 
that can be worn .in either direction (Hankins 1973). It also contains a poly
ethylene moderator inside the cadmium shield, so it does not have to be worn 
next to the body to respond to neutrons. 
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4.1.1 Advantages and Disadvantages of Thermoluminescence-Albedo Dosimeters 

There are several advantages to TLD-albedo dosimeters: 

1. They always give some indication when exposed to a significant 
neutron dose. 

2. They are relatively inexpensive and can be reused. 

3. They are easily fabricated. 

4. They are usually lightweight and easy to wear. 

5. Readout is simple and can be automated. It is possible to process 
several thousand dosimeters with relative ease. 

6. They are insensitive to humidity and moderate mechanical shock. 

Unfortunately, there are also several disadvantages to using TLD-albedo 
dosimeters: 

1. The single most important disadvantage of TLD-albedo dosimeters is 
that their sensitivity is highly dependent upon the energy of the 
incident neutron. The dose equivalent indicated by the dosimeter 
can be .in error by an order of magnitude if the dosimeter is not 
properly calibrated. 

2. The TLD-albedo dosimeter is also gamma sensitive. In mixed radia
tion fields, care must be taken to properly subtract out the photon 
response of the neutron-sensitive TLD. 

3. Many TLD-albedo dosimeters must be worn properly (i.e., close to the 
body), or serious errors can result. To overcome this difficulty, 
some dosimeters are worn on belts or in special pockets sewn into 
protective clothing. 

4. Most TLD-albedo dosimeters worn flat against the body exhibit some 
angular dependence, but the effect is small compared to that for y-B 

dosimeters. The hemispherical design of Korba and Hoy (1969) seems 
to overcome some of these problems. 
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s. Thermoluminescence dosimeters do not give a permanent record, as 
film or track-etch dosimeters do. If the TLD reader malfunctions, 
the reading may be lost. 

6. Thermoluminescence dosimeters must be carefully annealed to preserve 
the accuracy of their calibration. 

7. Some TLDs exhibit fading. The rapid fading problem in TLD-600s and 
TLD-700s can be overcome by waiting ·1 day before reading the TLDs 
out and by various preread annealing techniques. High temperatures 
cause fading problems; 20% to 40% fading of TLDs has been found for 
dosimeters left on the dashboard of cars in the sun. 

4.1.2 Energy Response Problems of Thermoluminescence-Albedo Dosimeters 

Thermoluminescence-albedo dosimeters have a severe energy response prob
lem, as demonstrated in Figure 4.2. A simplistic explanation of this variation 
in the response to neutrons of various energies is that the mean free path for 
high-energy neutrons is greater than that for low-energy neutrons. The fast 
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neutrons penetrate farther into the body before interacting and becoming 
thermalized because cross sections are small. The thermal neutrons must then 
migrate a farther distance back to the surf ace of the body, and many are 
absorbed before reaching the TLDs on the surface. Thus the sensitivity of the 
TLD-albedo dosimeter decreases with increasing neutron energy. 

Several methods can be used to overcome the energy dependence problem. 
First, TLD-albedo dosimeters can be used in facilities in which the neutron 
energy spectrum is almost constant. Second, the TLD-albedo dosimeter can be 
designed to compensate for spectral differences. However, this solution is 
difficult to achieve in practice. 

A third method of correcting for energy response (Hankins 1975) uses the 
ratio of the thermal neutron flux inside a 23-cm-dia (9-in.-dia) spherical 
"rem meter" to the flux inside a 7.6-cm-dia {3-in.-dia) sphere covered with a 
0.025-cm (0.010-in.) layer of cadmium. Measurements are usually made with a 
small BF3 counter inside the polyethylene spheres, and a calibration factor 
is determined from the ratio of the spheres' responses, using a graph similar 
to that shown in Figure 4.3. The calibration factor will vary depending upon 
the sensitivity of the 6LiF TL chips and ~he type of albedo dosimeter used, 
but the data will plot out to a straight line over most of the energy range 
and have the same slope on log-log graphs. This method can be somewhat cumber
some because measurements must be made at several work locattons and records 
kept of which dosimeters were used at these work locations. In many instances, 
the calibration factors for a single facility may not vary by more than 20% to 
30% (Hankins 1975). Similar calibration factors have been obtained using the 
ratio of Bonner sphere measurements. The ratio of 30-cm to 5-cm (12-in. to 
2-in.) spheres has been used (Piesch and Burgkhardt 1978), as has the ratio of 
25-cm to 7.6-cm (10-in. to 3-in.) spheres (Anderson and Crain 1977). The 
7.6-cm to 23-cm ratio method of calibration was used at all reactor sites 
studied on this program. 

Finally, TLD-albedo dosimeters can be exposed on phantoms in work loca
tions where the dose equivalent or neutron spectrum has been measured to 
determine the calibration factors. This method of calibration is useful in 
facilities where the spectrum does not change, and is currently being used at 
some DOE facilities. 
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4.2 LET-DEPENDENT GLOW PEAKS - DEEP-TRAP TLDs 

Fast neutrons also interact directly with TL material (Endres 1975). 
Calcium fluoride doped with thulium (CaF2:Tm, TLD-300) produces two glow 
peaks: one at 150°C and one at 240°C. The high-temperature glow peak shows 
a direct response to fast neutrons or other high-LET radiations, as well as 
ganma rays.(a) In a ganma field, the ratio of the 1S0°C peak to the 240°C 

(a) According to one theory for thermoluminescence in crystalline lattices, 
impurity atoms in the lattice cause energy levels or energy states called 
traps, which have energies slightly less than that of a conduction band. 
Heating the crystal supplies enough energy for electrons to vacate these 
traps and escap·e to the conduction band. Electrons repopulating the traps 
produce the emission of light (luminescence). Some of the energy levels 
are farther removed from the conduction band than others and require more 
energy, i.e., higher temperatures, for the electrons to escape. these are 
the "deep..;trap" energy levels. The electron population of these levels 
seems to be dependent on the LET of the ionizing radiation striking the 
crystal, in this case the high LET of the alpha and triton reaction 
products. 
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peak is 2 to 1; in a high-energy neutron field, this ratio becomes almost 
1 to 1. Inconsistent results in early studies were traced to fading of the 
150°C peak. This problem can be eliminated by using CaF2:Mn (TLD-400) to 
determine the gamma dose, since TLD-400s do not exhibit the fast fading that 
is characteristic of TLD-300s. 

Natural LiF also exhibits this effect. The glow peaks are at different 
temperatures (200°C and 260°C) and the sensitivity to gamma radiation for the 
two peaks is also different. Natural LiF (TLD-100} may be used as an albedo 
neutron dosimeter by reading out the higher-temperature {260°C} peak and using 
that response to determine neutron exposure. This technique has the same 
energy response problems as the ordinary TLD-albedo system but has the 
advantage of being simpler and less expensive. This technique is used by 
Vendor A in the studies for this program. 

4.3 NUCLEAR TRACK EMULSION (NTA FILM) DOSIMETERS 

The oldest type of neutron dosimeter still in use by NRC licensees is the 
nuclear track emulsion (NTA film) dosimeter, which consists of a thin layer of 
emulsion on a plastic base. Neutrons interact with hydrogen in the dosimeter 
to produce tracks in the emulsion, which are made visible by developing the 
film. The neutron dose equivalent is calculated by counting the tracks with a 
microscope or other optical device, and comparing the count with a calibration 
curve. 

The main advantages of the NTA film dosimeter are that the film is inex
pensive and responds to high-energy neutrons. However, NTA film also suffers 
from several disadvantages. One of the first problems recognized was track or 
latent image fading caused by oxidation by atmospheric oxygen in the presence 
of water vapor (Knight 1974; Sayed and Piesch 1974; Becker 1973). The amount 
of fading can be reduced by sealing the NTA film in moisture-proof packages 
with or without desiccants. It is possible to almost eliminate fading by 
using nitrogen desiccation and sealing the film in moisture-proof pouches 
(Bartlett 1978}. Another technique for handling the problem of fading is to 
expose calibration films to the same environmental conditions as the field 
dosimeters, so that similar amounts of fading occur. 
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If track fading is controlled, the major disadvantages of NTA film are 
its energy response and statistical problems at low neutron doses. The NTA 
film dosimeter is sensitive to fast neutrons above about 0.7 MeV. Tnis low
energy threshold varies somewhat depending upon the criterion used for deter
mining what constitutes a proton recoil track. The response (tracks/rem) 
varies by a factor of three from 0.7 MeV to 14 MeV (Barton and Easterly 1979). 
Nuclear track emulsion film is also sensitive to thermal neutrons, which inter
act with nitrogen in the emulsion to produce protons by an N(n,p) reaction. 
On a dose-equivalent basis, the NTA dosimeter has about the same sensitivity 
to 15-MeV neutrons and thermal neutrons (Bartlett 1978). At low neutron expo
sures, the statistical accuracy of NTA film is poor; few tracks are produced 
for dose equivalents in the millirem range. 

There are several other disadvantages of NTA film dosimeters. High tem
peratures darken the film so that the tracks cannot be read (e.g., if someone 
leaves a dosimeter in a parked car exposed to the, sun). About 1 rem of low
energy photons can also darken the film to the point where tracks cannot be 
counted. In addition, optical counting of the proton recoil tracks is tedious 
work. It may be possible to automate the track-reading process, but this 
change may not be cost effective. 

NTA film is used by a number of NRC licensees at this time. However, 
changes in Regulatory Guide 8.14 (NRC 1980) are in process to disallow NTA use 
in locations where the neutron spectra are known to be below the lower-energy 
cutoff of the film. 

4.3.l Track-Etch Dosimeters 

Track-etch detectors can also be used to determine neutron doses. This 
technique is currently being studied by many investigators because of its 
simplicity. Griffith has published reviews of the techniques used (Griffith 
1974; Griffith et al. 1979). A journal, Nuclear Track Detection, was started 
recently because of the great interest in track-etch· techniques. 

When charged particles pass through insulators, they produce damaged areas 
that can be preferentially etched by a suitable solvent to produce a track that 
is readily visible under a microscope or microfiche reader. The charged 
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particles can be produced by neutrons interacting to produce charged particles 
in an adjacent foil or by neutron interactions in the material itself. Fission 
fragment track-etch dosimeters are discussed in detail by Griffith {1974) and 
will not be discussed in this report since they are not used routinely by NRC 
licensees nor in the dosimetry exposures for this study. However, a fission 
track-etch dosimeter using a 237Np foil would probably provide a technically 
improved personnel neutron dosimeter. 

4.3.2 Recoil Track-Etch Dosimeters 

Neutrons interact directly in plastic to produce carbon or proton recoils. 
However, because of the lower-LET carbon and hydrogen recoils, the tracks are 
more difficult to observe than fission tracks. Sohrabi (1974) recently demon
strated that recoil tracks could be enhanced by the electrochemical etching 
technique introduced by Tonunasino {1970). High electric fields at high fre
quencies cause electrical breakdown at the tips of the tracks, and very vigor
ous etching occurs {Tommasino and Armellini 1974). The relatively large tracks 
formed are visible with a microfiche reader or microscope. The technique is 
sufficiently accurate that one laboratory and a commercial dosimetry service 
are using this technique with polycarbonate plastic for neutron dosimetry 
(Griffith, Fisher and Harder 1977; Oswald and Wheeler 1977). Unfortunately, 
the electrochemical etch technique used on polycarbonate plastic has an energy 
response threshold of about 1.5 MeV (Figure 4.4). Other materials are being 
tested in a search for lower energy thresholds (Gammage and Cotter 1977). The 
monomer allyl diglycol carbonate (trade name CR-39®) has an energy threshold 
below 200 keV and is being used by a commercial dosimeter laboratory. The 
dosimeter that uses this material produces tracks from proton recoils. The 
energy responses of electrochemically etched polycarbonate and CR-39 is shown 
in Figure 4.4. This dosimeter appears to be quite useful for fast-neutron 
dosimetry. 

Track-etch detectors {which detect carbon or proton recoils in the 
detector m4terial) offer several advantages: 

~ Registered trademark of Pittsburg Plate Glass. 
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1. accuracy - Fast-neutron dose equivalents of 1 rem from unmoderated 
sources can be measured to within about 15%. 

2. interference - Recoil detectors are insensitive to gamma rays and 
beta particles to doses below 10,000 rads in polycarbonate plastic. 

3. stability - Recoil detectors using polycarbonate plastic exhibit 
virtually no fading at temperatures below 50°C. 

4. environmental factors - Recoil detectors are unaffected by humidity, 
mechanical shock, or temperatures below 50°C. 

Recoil track-etch detectors have all of the advantages listed for fission 
fragment track-etch detectors with none of the attendant problems of fission 
foils. They do have some other disadvantages, however: 

1. They exhibit a background that corresponds to 20 to 60 mrem, depend
ing upon the calibration used (Griffith et al. 1979). 

2. They exhibit energy thresholds of about 200 keV for CR-39 and 
1.5 MeV for polycarbonate plastic. 

Both polycarbonate and CR-39 track-etch dosimeters are available commer
cially (Vendor B) and were used for measurements at all PWR reactor sites. 
Dosimeters furnished by Lawrence Livermore Laboratory also included both types 
of track-etch dosimeters. 

4.4 SURVEY INSTRUMENTS 

All the gamma instrument readings were taken with a standard Hanford 
Cutie Pie (CP) instrument with no phantom present. The Hanford CP is an 
ion-chamber instrument calibrated with a Ray source. The neutron monitoring 
instruments used were the SNOOPY and the RASCAL, both of whicW are moderated 
BF3 detectors. Both instruments are calibrated with relatively high-energy 
unmoderated fast-neutron sources. The SNOOPY provides a simple dial readout 
for dose equivalent, with four ranges up to 2 rem/hr full scale. The RASCAL 
system is more sophisticated and actually analyzes the counting data to 
provide either a dose-equivalent rate or count rate reading. Dose equivalent 
may be determined on the basis of 10, 100, 1000 or 10,000 events as selected 
on the front panel. Even though the instrument is quite complex compared to 
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most survey instruments, its accuracy is limited by the response of the BF3 
counter inside the polyethylene moderator. In most cases throughout this 
study, the RASCAL gave somewhat higher readings for the dose equivalent than 
did the SNOOPY. The higher response reading of the RASCAL may be at least 
partially caused by a somewhat smaller amount of moderator surrounding the 
BF3 tube. This was the case at Site E (BWR), ev:n though the neutron 
spectra seemed to be somewhat higher in energy (E >150 kev) than at most 
locations inside PWR containment (E <100 kev). 

4.5 DOSlMETER AND PORTABLE INSTRUMENT MEASUREMENTS ON SITE 

Similar measurements with dosimeters and instruments were made at all six 
reactor sites. The dose and dose-equivalent rates were measured at selected 
locations inside reactor containment at the PWR plants and near sample line 
pipe penetrations at the BWR plants, using the multisphere spectrometer system 
and the TEPC described in Section 2. 

This section describes the results of the dosimeter exposures and moni
toring instrument measurements. The results are discussed in chronological 
order by site visits. 

4.5.1 Measurements at Site E 

Site E is a BWR; consequently, containment could not be entered during 
operation due to the inert atmosphere. The only qccessible neutron fields 
were those caused by streaming through sample line pipe penetrations in the 
biological shield. Measurements were conducted at three locations where the . 
shielding and streaming conditions were similar. These were the only known 
accessible locations where neutron exposure might be a problem. A diagram of 
pipe penetrations at the X29 location and the multisphere stand position at 
this location was shown in Figure 2.7. 

The multisphere spectrometer system and portable monitoring instruments 
were used for active dose-equivalent measurements at each location. The 
measured dose-equivalent rates were quite low; therefore, because of the long 
exposure times required to accumulate response on the passive dosimeters, 
dosimeters were exposed at only two locations. 
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The three locations where instrument readings were taken are designated 
l-X29, 2-X29 and 3-X29. Data collected with the portable survey instruments 
are tabulated in Table 4.1. 

TABLE 4.1. Site E, Portable Instrument Measurements 

Neutron Dose-Equivalent CP Gamma n/y Dose-
Rate (mrem/hr~ Exposure· Equivalent 3- to 9-in. 

Location RASCAL SNO Y Rate {mR/hr) Rate ·Ratio S~here Ratios 

l-X29 1.4 0.85 0.8 1.1/l 4.6 

2-X29 2.8 1.9 2.5 0.8/1 3.9 
Gate 3.0 

3-X29 1.2 0.75 1.1 0.7/1 2.1 

Neutron dose-equivalent rates vary from about 1 mrem/hr at Location l-X29 
to about 3 mrem/hr at Location 2-X29. Gamma exposure rates range from about 
1 to 2.5 mR/hr at the same locations. As an indication of effective neutron 
energy, ratios of the neutron count rate of 3- and 9-in. polyethylene spheres 
were taken at each location. These ratios varied from 2 to 4.6. According to 
data from Hankins (1975), these ratios indicate effective neutron energies of 
about 80 keV at Location l-X29, 100 keV at Location 2-X29 and 200 keV at Loca
tion 3-X29 (see Figure 4.3). 

Dosimeters from Vendor A, Lawrence Livermore Laboratory (LLL), and Pacific 
Northwest Laboratory (PNL) were placed on two phantoms which were then placed 
at Locations l-X29 and 2-X29, with the front of the dosimeters facing the pipe 
penetrations. The results of the dosimeter exposures (see Table 4.2) show a 
gamma exposure somewhat higher than the instrument reading multiplied by the 
exposure time. This is probably due to difficulty in reading the CP instrument 
in a field with a very low exposure rate. 

The dosimeters from Vendor A showed a response to the neutron spectrum at 
both locations~ These dosimeters use the response of deep traps in LiF 
thermoluminescent material to show the presence of fast neutrons. In the 
neutron spectra at both the l-X29 and 2-X29 locations, the net response of the 
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TABLE 4.2. Site E, Personnel Dosimeter Measurements 

Neutron D?se Time-Calculated 
Gamma Equivalent a,b) Exposure and 

Location Dosimeters Ex~osure {mR} {mreml Dose Eguivalent(c) 

1-X29. Vendor A 1014 40 20 13 mR y 
Vendor A 1015 20 0 11-16 mrem n 
LLL EHF-l(d) 20 20 
LLL EHR-2 10 3 
PNL E-1 30 10 (1) 
PNL E-2 30 0 

2-X29 Vendor A 1012 60 30 41 mR y 

(a) 

( b) 

(c) 

(d) 

Vendor A 1013 60 35 30-33 mrem n 
LLL EHF-3 40 40 
LLL EHR-4 10 10 
PNL E-3 50 390 (60) 
PNL E-4 40 190 (30) 

The Vendor A dosimeters have not been calibrated to read in terms 
of dose equivalent. Values shown in the table are net responses 
of the TLDs only. 
Numbers in parentheses for the PNL dosimeters represent the dose 
equivalent corrected for spectral response. 
Dose equivalent calculated by multiplying survey instrument 
reading by exposure time. 
LLL dosimeters were placed on front (F) and rear (R) of phantom. 

Vendor A dosimeters (after background was subtracted) was equivalent to about 
one net count per 1 mrem neutron dose equivalent. However, at other sites 
where the neutron spectra are lower in average energy, the Vendor A dosimeters 
generally responded with a higher net count per mrem exposure than at Site E. 
The gamma responses of the Vendor A dosimeters were about a factor of 2 higher 
than the time-calculated dose. 

The LLL dosimeters were placed on both front and back of the phantoms at 
Locations l-X29 and 2-X29. These dosimeters consist of both TLD-albedo and 
track-etch detectors. The neutron results for these dosimeters, shown in 
Table 4.2, were from the TLD-albedo system and were corrected using the 3- to 
9-in. sphere ratio measurement (Figure 4.3). The dQ.se equivalent determined 
by the LLL dosimeters was slightly higher than the integrated instrument dose 
equivalent. This difference was probably due to a combination of two errors, 
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uncertainty in the reading of the survey instruments and unaccuracies in the 
determination of the correction factors. The Lll dosimeters also showed the 
shielding effect of the phantom, since the neutrons from the penetration were 
incident to the phantom from one direction. This was not observed, however, 
at other locations inside containment of PWR plants. At Site E, the dose 
equivalent at the rear of the phantom was nearly a factor of 10 less than at 
the front of the phantom. The attenuation of photons by the phantom was about 
a factor of 2 at Location l-X29 and about a factor of 4 at location 2-X29. At 
Site E, the track-etch dosimeters did not detect any neutrons. 

The dosimeters from PNL are a different version of the TLD-albedo system. 
The same type of response corrections as is used for the lll dosimeters must 
be used with the PNL dosimeters to interpret the fast-neutron response. The 
PNL dosimeters were placed on the front of the phantoms at both locations 
(1-X29 and 2-X29). The PNL dosimeters also respond high to photons when com
pared with the integrated survey instrument readings. This may be due to a 
combination of errors in reading instruments at low exposure rates and in 
interpreting dosimeters at low exposure rates in an unknown photon spectrum. 

Only one of two PNL dosimeters at Location 1-X29 responded to the neutron 
exposure. The reason for the nonresponse of the other dosimeter has not been 
determined. After correction for spectral response, the dose equivalent was 
much lower than the integrated reading. At Location 2-X29, however, the 
uncorrected response of the PNL dosimeters was high by a factor of 10. After 
the spectral correction, the results from both dosimeters were slightly higher 
than the integrated readings. 

The unusual geometry of the neutron beams at Site E made the dosimeter 
results difficult to interpret at best. The dose-equivalent rates were quite 
low and the beams were nonuniform, especially at the access points where the 
dosimeter exposures were conducted. Nevertheless, most of the TLD-albedo 
systems measured the neutron dose equivalent within a factor of two of the 
survey instruments. 
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4.5.2 Measurements at Site F 

Site F was the first PWR visited for this neutron dosimetry study. 
Containment entry was made with the reactor at 98% power. Most of the dosim
eter exposures were conducted on the operating deck, where the gamma exposure 
rate and neutron dose-equivalent rate were quite low (generally less than 
12 mrem/hr). The neutron spectra at all measurement.locations were found to 
be degraded by scatter to average energies below 100 keV. 

Portable instrument surveys were conducted at several locations on the 
operating deck. This information was used to help choose the best locations 
for spectrometer measurements. Portable instrument measurement locations are 
shown for the operating deck in Figure 4.5 and for the pump deck in Figure 4.6. 

The SNOOPY and RASCAL were used to conduct neutron surveys and also to 
read dose-equivalent rates at locations where phantoms with dosimeters were 
exposed. Dose-equivalent rates taken with the SNOOPY were used to calculate 
the integrated dose equivalent, for comparison with the passive dosimeter 
results. The results of the portable instrument surveys are given in 
Table 4.3. In many cases, several readings were taken with the RASCAL because 
of the nature of the readout from that instrument. For most readings, the 
dose-equivalent rate was based on a statistical sample of 100 events. At 
Location F-1 (Table 4.3 Part D), a number of readings were taken with the 
RASCAL near the multisphere stand, including a reading with the moderator 
sphere at arm's length overhead. These readings varied about •1 mrem/hr 
around an average but seem to be a little higher than the SNOOPY readings. On 
the operating qeck (Table 4.3 Part A), the RASCAL again read slightly higher 
than the SNOOPY. At the pump deck (Table 4.3 Part C), however, where the 
gamma exposure rate was quite high (3 to 4 R/hr), the RASCAL read generally 
lower than the SNOOPY. This difference in readings is probably due to the 
effect of the larger amount of moderator in the SNOOPY instrument. 

A traverse set of measurements was taken radially on the operating deck 
at Location 2 to investigate any variation in neutron dose-equivalent rate 
(Table 4.3 Part B). The dose-equivalent rate was just slightly higher at 4 ft 
from the containment wall than it was at 20 ft from the containment wall next 
to the crane wall. The crane wall helps shield out some of the neutrons from 
the reactor cavity. 
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A. 

B. 

TABLE 4.3. Site F, Portable Instrument Measurements 

Operating Deck Survey Clockwise from Entry Hatch 

CP Gamma Neutron Dose-Equivalent n/y Dose-
Exposure Rate (mrem/hr) Equivalent 

.Location Rate (mR/hr) SNOOPY RASCAL Rate Ratio 

1 4.8 2-4 2.2 0.6/1 
2 9 2-3 3.5 0.3/1 
3 8.9 2-3 2.5 0.3/1 
4 4 3 2.8 0.3/1 
5 6-7 6-7 7.6 1/1 

7.1 
6 3 2 7.0 0.7/1 
7 12 1..6 2.3 0.1/1 

(on floor) 6 
8 5 1.3 1.7 0.3/1 
9 3 4 5.2 0.8/1 

10 8 8 9.1 1/1 
11 4 3 5.7 0.8/1 

Radiation Survey from the Containment Wall Towards Reactor At Location 2 

Distance from Neutron Dose-Equivalent Rate (mrem/hr) 
Containment (ft) SNOOPY RASCAL 

4 3-3.5 

8 3.0 

12 3.0 

16 3.0 

20 2.0 

4.20 

3.9 
3.0 
3.2 
3.0 
3.0 
4.2 
3.4 
3.5 
3.0 
2.3 
2.5 
3.2 
2.3 
2.3 
2.1 



c. 

D. 

TABLE 4.3. (Contd) 

Pume Deck Surve~ 

CP Gamma 
Exposure 

Location Rate (mR/hr} 

560-ft level 6 
(outside 
shielding) 
Pump 10 3500 
Pump lB 4000 
Stairs 500 
Pump lC 3750 
Pump lA 3500 

Between steam 
generators A 500 
and B by pump lC 

Instrument Comearison 

Location 

1, at 617-ft level 
(away from multi
sphere stand) 

(overhead) 
(on multisphere 
stand) 

Neutron Dose-Equivalent n/y Dose-
Rate (mrem/hr) Equivalent 

RASCAL SNOOPY 

0.1 

50 
60 
6 

45 
45 

30 

CP Gamma 
Exposure 

Rate ( mR/ hr) 

4.8 

Rate Ratio 

0.02/1 

44 0.01/1 
40 0.01/1 
5 0.01/1 
8 0.01/1 

41 0.01/1 
35 
39 

28 0.06/1 

Neutron Dose-Equivalent 
Rate (mrem/hr) 

SNOOPY RASCAL 

3-4 
3.4 
4.8 
3.7 
3.4 
5.3 
5.6 
4.5 
4.7 

E. 3- to 9-in. Sehere Ratios 

Location Ratio 

1 8.5 
5 8.4 

10 8.9 
11 4.2 
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Both neutron survey instruments appear to respond about a factor of 
2 high when compared to the multisphere spectrometer, although at the low 
dose-equivalent rates encountered at Site F it is very difficult to get 
accurate instrument readings. The high response of the instruments is more 
apparent at the reactor plants where the dose-equivalent rates are higher than 
at Site F. 

The results of personnel dosimeter exposures on phantoms are given in 
Table 4.4. Locations 1, 5, 10 and 11 are on the operating deck away from the 
reactor cavity (see Figure 4.5). Most gamma exposures and neutron dose equiv
alents for the phantom exposures are quite low (less than 20 mR gamma and 
35 mrem neutrons). Location 12 is in front of one of the steam generators in 
a much higher radiation field than that of the operating deck. One phantom 
was placed in front of a primary coolant pump for about 10 min to see if the 
dosimeters could detect a very low level of neutrons in a very high gamma 
field {see Table 4.4, Location 1 on the pump deck). 

Dosimeters used as part of the routine program at Site F (labelled F-1 
through F~6} were placed on each of the phantoms along with the dosimeters 
used in this study. These dosimeters are supplied by a commercial vendor. 
Generally, the Site F dosimeters measured the gamma exposure reasonably well, 
although they missed the gamma exposure at Location 11 and responded low at 
Location 12 and on the pump deck. At all locations, the Site F personnel 
neutron dosimeters detected only minimal response. These dosimeters were of 
NTA emulsion with a neutron energy threshold of about 0.7 MeV. The NTA film 
included in the Vendor B dosimeters also failed to respond to the neutron 
spectrum inside containment. 

Dosimeters supplied by Vendor A use deep traps in LiF to measure response 
to neutrons. The system is sensitive to thermalized neutrons reflected from 
the human body. Thus, it has an energy response similar to that of all albedo 
dosimeters. R~sponses shown in Table 4.4 for the Vendor A dosimeters were net 
responses and were not calibrated in term~ of dose equivalent. However, at 
Site E, it appeared that the Vendor A dosimeters had a response of about 1 net 
count per mrem. At Site F, Locations 5, 10 and 11, this also appears to be 
the case. The Vendor A dosimeters were not able to detect a relatively small 
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TABLE 4.4. Site F, Personnel Dosimeter Measurements 

Neutron Dre Time-Calculated 
Gamma Equivalent a,b) Exposure and 

Location Dosimeters Exposure (mR) (mrem} Dose Eguivalent(c) 

1 Site F-1 30 (d) 13 mR y 
Vendor A 1008F 20 0 11 mrem n 
Vendor A 1009F 30 0 
Vendor B 010 F 330 
LLL HFF-1 10 10 
LLL HFR-2 10 10 
PNL F-1 20 90 ( 4) 
PNL R-2 20 50 (2) 

5 Site F-2 20 (d) 18 mR y 
Vendor A lOlOF 20 30 22-26 mrem n 
Vendor A lOllF 20 30 
Vendor B 011 F 600 
LLL HFF-3 20 20 
LLL HFR-4 10 10 
PNL F-3 20 150 (10) 
PNL R-2 20 30 (2) 

10 Site F-3 20 (d) 17 mR y 
Vendor A lOlOF 50 40 30-34 mrem n 
Vendor A lOllF 30 40 
Vendor B 012 F 800 
LLL HFF-5 20 30 
LLL HFR-6 10 20 
PNL F-5 30 200 (10) 
PNL R-6 20 50 (2) 

11 Site F-4 (d) ( d) 11 mR y 
Vendor A· 1003F 20 10 11 mrem n 
Vendor A 1004F 20 20 
Vendor B 013 F 700 
LLL HFF-7 10 20 
Lll HFR-8 10 20 
PNL F-7 20 50 (2) 
PNL R-8 20 110 (5) 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 

(d) Minimal response. 
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TABLE 4.4. (Contd) 

Neutron Dose Time-Calculated 
Gamma Equivalent(a,b) Exposure and 

Location Dosimeters Exposure (mR) (mrem) Dose Equivalent(c) 

12, in Site F-5 1,550 (d) 2,424 mR y 
front of Vendor A 1005F 1,000 0 56-74 mrem n 
steam Vendor A 1006F 850 0 
generator Vendor B 014 1,930 

LLL HFF-9 690 20 
LLL HFR-10 1,640 
PNL F-9 1,040 610 (30) 
PNL R-10 2,280 

1, pump Site F-6 380 (d) 640 mR y 
deck Vendor A OOlF 250 0 3 mrem n 

Vendor A 1007F 170 0 
Vendor B 015 F 400 
LLL HFF-11 190 4 
LLL HFR-12 190 4 
PNL F-11 220 40 (3) 
PNL R-12 220 220 (10) 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 

(d) Minimal response. 

neutron dose equivalent combined with a high gamma exposure at Location 12 and 
on the pump deck. This is probably due to difficulty in subtracting out the 
gamma part of the deep-trap response. The Vendor A dosimeters are about a 
factor of three low in gamma response at both Location 12 and the pump deck 
locations, where there are large contributions of 16N (6.1 MeV) to the gamma 
radiation field. Most of the other dosimeters (TLDs) also read low at these 
locations. These results indicate problems in locations where high-energy 
gamma is present. These problems may include both calibration and dosimeter 
design. 
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The TLD-albedo system included in the Vendor B dosimeters responded at 
all locations. This system is calibrated with a bare 252cf neutron exposure 
and is not corrected for the moderated spectrum at Site F. Net responses 
related to a bare 252cf neutron spectrum are about a factor of 30 high com
pared to the integrated instrument readings. This high response is character
istic of TLD-albedo systems, although the factor of 30 is larger than factors 
for other TLD-albedo designs. No gamma exposure evaluation was obtained with 
the Vendor B dosimeters. 

The Vendor B dosimeters also included two types of track-etch systems: 
polycarbonate film, which has a neutron energy threshold of about 1.5 MeV, and 
CR-39 film, which has a threshold of <200 keV. These track-etch dosimeters 
did not detect the presence of neutrons at any of the locations where they 

were exposed at Site F. 

Ratios of the response of BF3 detectors inside 3- and 9-in. polyethylene 
spheres are shown in Table 4.3 and were used to correct the neutron results 
for both the LLL and the PNL dosimeters. Dosimeters from LLL were placed on 
both the front and rear of the water phantoms to determine whether or not the 
radiation field was directional. In most cases, within the uncertainties 
involved, the radiation field was not directional on the operating deck at the 
exposure locations. Results shown in Table 4.4 for the LLL dosimeters include 
neutron response corrections based on the 3- to 9-in. sphere ratios. In most 
cases, these corrections, when applied to the uncorrected dosimeter response, 
.Yielded quite reasonable agreement between the dosimeter results and estimates 
of the integrated dose equivalent obtained from instrument readings. Readings 
from the SNOOPY instrument were used to estimate the dose equivalent at the 
exposure locations. One of the LLL albedo dosimeters failed to detect the 
neutrons at Location 12, where the gamma exposure is very high {about a factor 
of 40 higher than the neutron dose equivalent), because of difficulty in 
subtracting out the gamma response of the albedo system. At Location 12, 
there is some directionality to the radiation field. The rear of the phantom 

was placed toward the steam generator, and the LLL and PNL dosimeters indicate 
that the radiation field was higher in that direction. The front of the 
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phantom was facing the reactor cavity. On the pump deck, the LLL dosimeters 
were able to detect the small neutron dose equivalent mixed with a much higher 
gamma exposure. 

The PNL dosimeters were also placed on the front and rear of the phantoms 
at each exposure location at Site F. The gamma exposure results are in rea
sonable agreement with the instrument readings, except at locations where 
high-energy ganuna rays from 16N are known to be present (Location 12 and on 
the pump deck). Uncorrected neutron dose equivalents range up to a factor of 
10 higher than the estimates from SNOOPY instrument readings. Corrections 
derived from the 3- to 9-in. sphere ratios result in dose equivalents generally 
about a factor of 2 lower than the instrument readings. The uncertainty in 
the albedo response correction factors still seems to be higher than desirable. 
The LLL corrected results tend to be low. The problem is due to uncertainties 
in the instrument readings and integration over the time of the dosimeter expo
sure and to uncertainties in both dosimeter response and 3- to 9-in. sphere 
ratios at energies between 1 and 500 keV. 

4.5.3 Measurements at Site G 

Site G was the second PWR site visited and also the largest unit studied 
in terms of electrical power output. All measurements and exposures were 
conducted on or just above the operating deck inside containment. Portable 
monitoring instruments were used for preliminary surveys to help determine the 
locations for spectrometer measurements and dosimeter exposures. 

Instrument readings at the various locations shown in Figure 4.7 and 
Table 4.5 ranged from 5 to 400 ~/hr gamma and from 0.2 to 500 mrem/hr neu
trons. As at the other sites, the CP readings were used to estimate total 
gamma exposure at each phantom location, and the SNOOPY readings were used to 
estimate total neutron dose equivalent. Phantoms with dosimeters were placed 
at seven locations for varying amounts of time, depending on the radiation 
levels at those points. Results from 3- to 9-in. sphere ratio measurements 
(shown in Table 4.5 Part B) were used to correct the LLL and PNL dosimeters. 
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*LOCATION I 

FIGURE 4.7. Site G, Operating Deck Measurement Locations 

During all measurements, reactor power level remained at 98% to 100%. Neutron
to-gamma dose-equivalent rate ratios varied from about 1/1 to as high as 5/1 
at various locations. Gamma exposure rates were measured using a Hanford CP 
ion chamber. 

Phantoms loaded with dosimeters were exposed at six locations on the 
operating deck and one location on top of a shield wall 13 ft above the operat
ing deck (Location 41). At Site G, plant personnel also exposed some of their 
vendor dosimeters (identified as Types GJ, GK, and GL) on the phantoms. Type 
GJ is a gamma-only dosimeter; Type GK is gamma and TLD-albedo; and Type GL is 
gamma and NTA film. All the dosimeter results are listed in Table 4.6. 
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TABLE 4.5. Site G, Portable Instrument Measurements 

A. Survey of Operating Deck and Other Levels 

CP Gamma n/y Dose-
Exposure Neutron Dose-Equivalent Rate (mrem/hr~ Equivalent 

Location Rate ~mR/hr~ SNOOPY RASCAL PNR-4 Rate Ratio 

9 44 140 3.2/1 

3 7 20 2.8/1 

(at 19 
phantom) 18 

20 

(at multi- 24 
sphere) 22 

25 

4, at analyzer\ 10 30 3.0/1 
31 
31 
27 

2 13 16 1.2/1 

2 12 12 14 1/1 
16 
14 
16 

22 6-7 2 0.3/1 

15, at 93-ft 
level 

35 5.6/1 

(at hoist) 200 

(at jug) 175 

15, at 93-ft 35 162 4.2/1 
level 124 

154 
154 
144 
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TABLE 4.5. (Contd) 

CP Gama n/y Dose-
Exposure Neutron Dose-Equivalent Rate (mrem/hr) Equivalent 

Location Rate (mR/hr) ·SNOOPY RASCAL · PNR-4 Rate Ratio 

A, -6 ft 400 27 275 0.67/1 
froni cavity 19 
on grating 

(analyzer) 22 

22, at 77-ft 5-6 0.3 0.045/1 
level 0.2 

A', -2 ft 200 500 2.5/l 
from cavity 

17, at switch- 14 30 2.1/1 
board 

8. 3- to 9-in. S~here Ratios 

Location Ratio Location Ratio 

9 8.3 15, at 93-ft level 8.4 

3 9.8 A', -2 ft from 8.7 
cavity 

3, on multisphere 9.7 17, at switchboard 9.0 

4, at analyzer 8.9 2, at entry, on 9.7 
2/28/80 

2, at entry, on 10.0 18, at equipment 18.0 
3/1/80 hatch, outside 

containment 

22, at 77-ft level 10.8 
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TABLE 4.6. Site G, Personnel Dosimeter Measurements 

Neutron Dose Time-Ca lcu 1 ated 
Gamma Equivalent(a,b) Exposure and 

Location Dosimeters Exposure (mR) ~mrem~ Dose Equivalent(c) 

2 Site GJ-1-27920 190 270 mR y 
Site GK-1-01001 180 930 210 mrem n 
Site GK-2-00009 180 50 
Site GL-1-1645 740 0 
Vendor A 0002 210 550 
Vendor A 0003 210 690 
Vendor B 004 6,380 
LLL HGR-1 130 230 
LLL HGF-2 160 250 
PNL G-1 210 550 (20) 

3 Site GJ-2-28073 110 210 mR y 
Site GK-3-01002 110 2,540 210 mrem n 
Site GL-2-1647 920 0 
V~ndor A 0004 110 790 
Vendor A 0005 0 1,031 
Vendor B 005 9,910 
LLL HGR-3 90 220 
LLL HGF-4 100 310 
PNL G-2 140 3,050 (130) 

41, at Site GJ-3-27938 80 104 mR y 
106-ft Site GK-4-01003 80 940 140 mrem n 
leve1 Site GL-3-1648 757 0 

Vendor A 0006 100 560 
Vendor A 0007 100 620 
Vendor B 006 6,580 
LLL HGR-5 50 60 
LLL HGF-6 70 200 
PNL G-3 100 1,700 (70) 

9 Site GJ-4-28041 40 62 mR y 
Site GK-5-01004 40 710 194 mrem n 
Site GL-4-1632 570 0 
Vendor A 0008 60 550 
Vendor A 0009 10 550 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 
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TABLE 4.6. (Contd) 

Neutron ore Time-Calculated 
Gamma Equivalent a,b) Exposure and 

Location Dosimeters Exposure (mR) (mrem) Dose Equivalent(c) 

9 (contd) Vendor B 007 5,790 
LLL HGR-7 30 BO 
LLL HGF-B 40 200 
PNL G-4 60 1,100 (50) 
PNL G-5 60 1,B20 (BO) 

A, at Site GJ-5-27941 260 347 mR y 
93-ft Site GK-6-01005 240 1,320 23B mrem n 
level Site GL-5-1591 1,350 0 

Vendor A 3001 220 1,150 
Vendor A 0014 220 1,150 
Vendor B OOB 9,B40 
LLL HGR-9 150 180 
LLL HGF-10 200 340 
PNL G-6 260 340 (20) 
PNL G-7 240 5,170 (230) 

15, at Site GJ-6-2B106 470 752 mR y 
93-ft Site GK-7-01007 500 4,070 3,763 mrem n 
level Site GL-6-1593 9,520 0 

Vendor A 0012 260 B,BlO 
Vendor A 0013 70 7,B50 
Vendor B 003 73,200 
LLL HGR-11 330 1,310 
LLL HGF-12 520 2,660 
PNL G-B 550 19,lBO (B40) 
PNL G-9 600 20,4BO (B90) 

22, at Site GJ-7-27772 BO 150 mR y 
77-ft Site GK-B-01006 60 90 43 mrem n 
level Site GL-1592 160 0 

Vendor A 0010 70 50 
Vendor A 0011 BO 70 
Vendor B 002 470 
LLL HGR-13 30 10 
LLL HGF-14 60 20 
PNL G-10 90 190 (10) 
PNL G-11 90 320 (10) 

(a) The Vendor.A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva-
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 
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The GL dosimeter appears to have a calibration problem. This dosimeter 
read consistently higher than the instrument estimates by factors of 5 to 10. 
The GK and GJ dosimeters consistently underestimated the gamma exposure. Only 
the GK dosimeters, which are TLD-albedo, showed a response to the neutron 
exposures. The neutron response is quite high because the vendor has not 
corrected the dosimeter results for albedo spectral response. 

The Vendor A dosimeters, which use deeP-trap TLD readout, responded at all 
locations inside containment. Their response in net counts per mrem is about 
three at Site G, which does not agree with the response of one net count per 
mrem observed at Sites E and F, even though the spectral corrections derived 
for Sites F and G are about the same. This variability indicates that there 
may be some inconsistency in the deep-trap readout process. The gamma 
responses of the Vendor A dosimeters seem to be consistently low at Site G 
compared to the integrated instrument readings. 

Dosimeters supplied by Vendor B include NTA film, TLD-albedo, and two 
track-etch systems, polycarbonate and CR-39. At Site G, the NTA and the 
polycarbonate track-etch. system gave minimal response at all exposure 
locations. The CR-39 track-etch system recorded minimal response except at 
Location 15, where a dose equivalent of 230 mrem was measured compared to an 
estimated 3760 mrem fromthe instrument readings. No gamma exposure readings 
were reported by Vendor B. The Vendor B TLD-albedo results showed a response 
that was high by factors ranging from 10 to 30. 

Dosimeters obtained from LLL were exposed at all seven locations on the 
front and rear of the phantoms. Phantoms were placed so that the front always 
faced toward the reactor cavity. All LLL dosimeter results are corrected for 
neutron spectral response. Most of the LLL dosimeters show a response that is 
higher on the front of the phantoms than on the rear. In several cases the 
measured dose equivalent is a factor of 2 or more higher on the front (facing 
the ~avity). Some locations show the front dosimeter matching the integrated 
instrument reading quite well, but a few show the rear dosimeter matching the 
instrument reading (Locations 2 and 3). Most of the LLL dosimeters under
estimated the gamma exposure by 50% to 100% when compared to the integrated 
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instrument readings. In fact, all the ganma exposure results from the dosim
eters seem to be low except for the GL dosimeters results. 

Dosimeters from PNL were placed only on the front of the phantoms. They 
. too responded low to the gamma exposures, perhaps becaus.e of high-energy 16N 
gamma or errors in taking the instrument readings. After the neutron spectral 
corrections were made, the PNL albedo results were a factor of 2 or more lower 
than the integrated instrument readings. Again, this discrepancy is due partly 
to the high response of the SNOOPY at these neutron energies and partly to the 
uncertainties of the TLD-albedo correction factors. The uncorrected responses 
are very high because they are related to a calibration with bare 252cf. 

At Site G, the only type of dosimeter that appears to be suitable for 
neutron dosimetry is the TLD-albedo with appropriate spectral corrections. 

4.5.4 Measurements at Site H 

Site H was the third PWR visited in this study. It was the first site 
where high temperature and humidity were factors in planning for the measure
ments. Temperatures inside containment were up to 120°F and the humidity was 
veryhigh. Three hours inside containment was the limit of endurance for 
personnel and equipment. Temperatures were too high on the operating deck to 
conduct measurements; therefore, all work was done on the first and second 
levels below the operating deck. Locations chosen were in areas where plant 
personnel may be required to work during reactor operation. Reactor power 
leve~ was maintained at 98% to 100% during the time the measurements were 
conducted. 

As at the other sites, the SNOOPY and RASCAL were used to make a prelimi
nary survey. Measurement locations (see Figures 4.8 and 4.9) were chosen on 
the basis of those surveys. Locations on the lowest level had relatively high 
dose-equivalent rates. Time spent at those places was kept as short as pos
sible. The results of the portable instrument surveys are shown in Table 4.7. 
A Hanford CP was used to conduct the ganma exposure survey. Neutron dose
equivalent rates ranged as high as 30 rem/hr (taken with a modified PNR-4, 
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*LOCATION I 

FIGURE 4.8. Site H, Lower-Level Containment Measurement Locations 
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*LOCATION I 

FIGURE 4.9. Site H. Mid-Level Containment Measurement Locations 
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TABLE 4.7. Site H, Portable Instrument Measurements 

A. Survey at Measurement Locations 

CP Gamma 
Exposure Neutron Dose-Equivalent Rate (rem/hr} 

Rate (R/hr} SNOOPY RAS~AL PNR-4 Location 

1 0.022 0.015 0.02 

2 4 30 

3(a) 0.1 0.45 
0.36 0.50 

4 0.7 1.2 

5 1 2 

6 0.6 1 

4, at TEPC 0.42 1 

21 (not 0.022 0.01 
shown) 

a(b) 0.06 

(a) Radiation levels at this locoation were very position-dependent. 
(b) Water phantom, at 357-ft level at bottom of stairs. 

B. 3- to 9-in. Sphere Ratios 

Effective 
Location Ratio Energy" (keV) 

1 11.1 >2 
2 1.4 -350 
3 8.5 -2 
4 6.6 -15 
5 4.0 -90 
7 10.l <2 
8 7.1 -15 

4.36 

n/y Dose-
Equivale11t 
Rate Ratio 

0.68/1 

7.5/1 

4.5/1 
1.4/1 

1. 7 /1 

2/1 

1.7 /1 

2.4/1 

0.45/1 



the plant's neutron survey instrument), and gan111a exposure rates were as hj__gh 
as 4 R/hr. Measurements of the 3- to 9-in. sphere ratios at the various 
locations show more varied neutron spectra than at other sites. The ratios 
vary from 1.4 to 11.1 at the eight locations chosen for dosimeter exposures. 

Site H personnel placed their vendor's dosimeters on the phantoms at all 
locations. The phantoms were plastic jugs filled with water; the front of the 
phantom was toward the reactor cavity. Dosimeters labeled HA were track-etch 
devices; those labeled HB used an albedo technique. The track-etch detectors 
in the HA dosimeters did not respond to the neutron spectra at Site H, even 
though the spectrum at Location 2 in particular was fairly high in energy com
pared to those at other locations. At all locations, the dosimeters labeled 
HB gave a positive response to the neutrons. Since HB dosimeters were TLD
albedo systems, they responded high to the neutron spectra. No spectral 
correction was available for these dosimeters, but the best correction appears 
to be in the range of 3 to 5 except at Location 2 (Table 4.8), where the 
correction should be about 1.2. Correlation of the gan111a results from both 
the HA and HB dosimeters to the integrated instrument readings is rather 
poor and scattered: some results are high and some are low. At Location 3 
(Table 4.8), the radiation levels were quite position-sensitive, which helps 
to explain the poor results. 

The Vendor A dosimeters also responded to neutrons at all exposure 
locations. Correction factors required to bring the Vendor A neutron results 
into agreement with the integrated instrument readings range from about 2 to 
10. These corrections appear to follow the same kind of curve as a function 
of energy as the correction used for the LLL and PNL dosimeters. For some 
reason, the gamma response of these dosimeters is very low, and in several 
cases the dosimeter missed a significant exposure. 

The Vendor B dosimeters, as before, were not evaluated for gan111a 
exposure. The NTA film and polycarbonate dosimeters did not respond to the 
fast neutrons at· any of the exposure locations. The CR-39 dosimeters, 
however, did respond at several locations. These responses, evaluated by the 
vendor in terms of dose equivalent, ranged from 10% to 25% of the integrated 
instrument readings. At all locations where the integrated dose equivalent 
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TABLE 4.8. Site H; Personnel Dosimetry Data 

Neutron D(se Time-Calculated 
Gamma Equivalent a,b) Exposure and 

Location Dosimeters Exposure (mR}. ~mrern} Dose Equivalent(c) 

1 Site HA-1 1,060 (d) 532 mR y 
Site HA-2 850 (d) '363-484 mrem n 
Site HB-1 410 1,580 
Site HB-2 350 1,380 
Vendor A 3003 0 3,190 
Vendor A 3004 0 3,900 
Vendor B 001 13,900 
LLL HF-1 300 600 
LLL HR-2 340 3,900 (170) 
PNL H-1 340 3,900 
PNL H-2 340 3,780 (160) 

2 Site HA-3 4,630 {d} 2,733 mR y 
Site HA-4 4,650 (d) 20,500 mrem n 
Site HB-3 3,640 25,200 
Site HB-4 3,190 25,900 
Vendor A 3005 0 40,700 
Vendor A 3006 360 46,400 
Vendor B 002 336,600 
LLL HF-3 2,720 14,700 
LLL HF-4 1,250 3,500 
PNL H-3 2,800 75,500 (30,000) 
PNL H-4 3,050 78,970 (30,000} 

3 Site HA-5 740 (d) 540/100 mR y 
Site HA-6 760 {d} 750/675 mrem n 
Site HB-5 340 1,790 
Site HB-6 350 1,880 
Vendor A 3007 20 3,100 
Vendor A 3008 10 3,100 
Vendor B 003 16,350 
LLL HF-5 260 830 
LLL HR-6 160 180 
PNL H-5 290 5,000 (220) 
PNL H-6 290 1,610 (70) 

(a) The Vendor A dos·imeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 

(d) Minimal response. 
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TABLE 4.8. (Contd) 

Neutron Dise Time-Calculated 
Gamma Equiva'J.ent a,b) Exposure and 

Location Dosimeters Ex~osure {mR} {mrem} Dose Equivalent(c) 

4 Site HA-7 1,380 {d) 1869 mR y 
Site HA-8 1,350 {d) 3200 mrem n 
Site HB-7 940 6,600 
Site HB-8 870 6,110 
Vendor A 3009 360 11,100 
Vendor A 3010 470 11,240 
Vendor B 004 62,970 
LLL HF-7 660 2,800 
LLL HR-8 430 650 
PNL H-7 820 11,990 {520) 
PNL H-8 790 

5 Site HA-9 3,150 {d) 1,550 mR y 
Site HA-10 3,310 {d) 3,100 mrem n 
Site HB-9 2,310 ·15,230 
Site HB-10 2,590 19,550 
Vendor A 3011 2,080 30,300 
Vendor A 3012 120 35,300 
Vendor B 005 34,720 
LLL HF-9 1,710 7,180 
LLL HR-10 580 1,200 
PNL H-9 2,090 19,160 (2,400) 
PNL H-10 1,880 54,280 {6,800) 

6 Site HA-11 660 {d) 870 mR y 
Site HA-12 700 {d) 1,450 mrem n 
Site HB-11 360 2,640 
Site HB-12 320 1,820 
Vendor A 3013 410 3,410 
Vendor A 3014 0 3,920 
Vendor B 006 23,950 
LLL HF-11 270 1,050 
LLL HR-12 120 90 
PNL H-11 130 3,180 (500) 
PNL H-12 310 3,060 {430) 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent cor~ected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 

(d) Minimal response. 

4.39 



TABLE 4.8. (Contd) 

Neutron D{se Time-Calculated 
Gamma Equivalent a,b} Exposure and 

Location Dosimeters Exposure (mR) (mrem~ Dose Equivalent(c) 

7 Vendor A 2001 10 130 32 mR y 
Vendor A 2002 20 140 15 mrem n 
Vendor B 007 640 
LLL HF-13 20 30 
LLl HF-14 10 10 
PNL H-13 30 92 (4) 
PNL H-14 30 110 (5) 

8 Vendor A 2003 30 430 73 mR y 
Vendor A 2004 0 480 81 mrem n 
Vendor B 008 2,380 
LLL HF-15 60 120 
LLL HR-16 70 110 
PNL H-15 80 390 (20} 
PNL H-16 70 1,460 (60) 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 

(d) Minimal response. 

was less than 500 mrem, the CR-39 did not respond, indicating that most of the 
neutrons in.these spectra are below the threshold for CR-39, which is less 
than 200 keV. 

The Vendor B TLD-albedo systems responded at all measurement locations. 
The response again is quite high, since the dose equivalent quoted is related 
to a 252cf unmoderated neutron source. At most of the locations, these 
dosimeters had a response about a factor of 20 high when compared to the inte~ 
grated instrument readings. It appears that these dosimeters would also work 
satisfactorily if properly calibrated and used with spectral correction 
factors. 

Dosimeters from LLL were placed on the front and rear of phantoms at all 
eight exposure locations. Dose equivalents listed in Table 4.8 for the LLL 
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dosimeters have been corrected for spectral response. There is generally good 
agreement between the dosimeter results on the front of the phantom and the 
integrated instrument readings. Again, several of the garrma exposure results 
from the LLL dosimeters are low compared to the instrument readings, but it is 
difficult if not impossible to determine the reason for this without further 
investigation. 

The PNL dosimeters were placed on the front of the phantoms {facing 
toward the reactor cavity) at all exposure locations. The garrma exposure as 
measured by the TLDs is low compared to the integrated instrument readings at 
most of the locations, as was the case with the LLL dosimeters, except in the 
very high radiation area (Location 2). Neutron dose equivalents determined 
from the PNL dosimeters after spectral correction were low compared to the 
integrated instrument readings. In several cases the dosimeters are a factor 
of 2 to 3 lower than the instrument readings, but some of the multisphere 
spectrometer data indicate that the SNOOPY and RASCAL instruments are 
responding high by a factor of 2 or so (see Section 2 of this report) in the 
well-moderated neutron spectra. The neutron spectrum at Location 2, as 
indicated by the 3- to 9-in. sphere ratio in Table 4.7, is much higher in 
energy than at most of the other locations. At Location 2, the PNL-corrected 
dose equivalent is higher than the integrated instrument reading. 

More variability was observed in both the spectra and the dose
equivalent rates at Site H than at the previous sites visited. Accurate 
dosimetry obviously is more difficult to accomplish under such conditions. 
A good deal of care must be taken in reading, calibrating and correcting the 
TLD-albedo dosimeters. Again, it appears that the spectral correction factors 
are not adequately known. Generally, the neutron dose equivalent can be deter
mined to within about a factor of 2 with the present state of knowledge. It 
also appears that in some cases, the situation is almost the same with garrma 
exposure measurements. 

4.5.5 Measurements at Site I 

Two visits were made to Site I, the fourth PWR in the study. Between the 
two visits, the original shielding was removed and a newer type of shielding 
was placed around the inlet and outlet nozzles of the reactor to reduce 
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neutron dose rates inside containment. The measurements helped to determine 
the effectiveness of the newer shielding. More details of the shield and its 
effect on dose rates and spectra are given in Section 2 of this report. 

At Site I, containment atmosphere is held at a pressure equivalent to 
-13,000 ft altitude. This low pressure did not seem to affect the equipment 
during the measurements, but it did limit to 3 or 4 hr the amount of time 
personnel could spend inside containment. During the measurements, the tem
perature was 90° to 95°F and reactor power level was maintained at approxi
mately 100%. 

Portable instruments were used to conduct a survey inside containment, 
and the locations for dosimeter exposure were chosen from that information. 
Survey locations are shown in Figure 4.10. All locations except Location 13, 
which is outside the airlock, are on the operating deck. Ganma exposure rates 
varied from 10 to 600 mR/nr (Table 4.9). Neutron dose-equivalent rates varied 
from 20 to 7700 mrem/hr. The highest dose-equivalent rates were measured at 
Location 12 at the edge of the reactor cavity. Exposure times for the 
dosimeters on the phantoms were adjusted to take into account as much as 
possible the dose rates at the particular locations. The neutron-to-ganma 
dose-equivalent rate ratios varied from about 2/1 to about 14/1 at the various 
locations for the initial visit to Site I. The 3- to 9-in. sphere response 
ratios varied from 3.3 to about 8.3. These ratios were used to correct both 
the LLL and the PNL TLD-albedo systems for neutron energy response. 

Portable instrument data is given in Table 4.10 for the return visit to 
Site I after the addition of new neutron shielding on the nozzles. On the 
second visit, the neutron dose equivalent ranged from about 0.8 mrem/hr to 
1000 mrem/hr and gamma exposure ranges from 2 to 825 mR/hr. Addition of the 
shielding rather dramatically reduced both neutron and gamma dose rates. The 
3- to 9-in. sphere response ratios varied from 7.1 to 11.2 at the various 
exposure locations, showing a shift of the neutron spectrum to lower energies. 
The sphere response ratios definitely show changes in spectrum but are not 
very accur~te for predicting average energies. They do seem to work 
reasonably well for spectral corrections to the TLO-albedo system. 
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FIGURE 4.10. Site I, Operating Deck Measurement Locations 
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TABLE 4.9. Site I, Inithl Visit, Portable Instrument Measurements 

A. Survel of O~erating Deck 

CP Ganma· Neutron Dose-Equivalent n/y Dose-
Exposure Rate {mrem/hr~ Equivalent 

Location Rate {mR/hrl SNOOPY R SCAL Rate Ratio 

1 40 80 120 2.0/l 
2 10 30 60 3.0/l 
3 10 20 20 2.0/l 
4 160 1,300 1,600 8.2/1 
5 160 650 960 4.1/1 
6 400 4,510 4,540 11.3/l 
7 so 370 7.4/1 
8 230 2,860 3,410 12.4/1 
10 500 6,910 3,910 13.8/l 
12 550/600 7,700 7,350 14.0/1 

B. 3- to 9-in. S~here Ratios 

Effective 
Location Ratio Energl (keV} 

1 6.7 15 
2 7.7 3 
3 8.3 3 
4 ?·6 20 
5 6.3 15 
6 4.4 50 
7 6.3 15 
8 4.8 60 
10 3.3 130 
12 3.3 130 

Near containment 6.3 15 
airlock door 

Middle of 7.7 3 
airlock 

Near cont.ainment 8.3 3 
entrance door 
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TABLE 4.10. Site I, Second Visit, Portable Instrument Measurements 

A. Survey of Operating Deck 

CP Gamma n/y Dose-
Exposure Neutron Dose-Equivalent Rate (mrem/hr~ Equivalent 

Location Rate (R/hr) SNOOPY RASCAL PNR-~ Rate Ratio 

1 6 1.3 3.4 0.22/1 
3.0 
3.9 

2 2 0.8 0.4/1 

3 0.8 

4 (3 ft high) 60 40 89 75 0.70/1 
30-35 90 

93 

(at jug) 30 35 84 1.2/1 
87 
86 

5 60 20 0.33/1 

6 (3-ft high) 60 92 3.1/1 
90 

(at jug) 30 

7 5 8.5 22 1.7 /l 
12 22 

21 

8 (3 ft high) 35 50 121 1.5/1 
60 130 

102 

(at jug) 30 45 

10 (3 ft high) 75 130 1. 7 /1 
150-200 2/1 

(at jug) 65 

12 (3 ft high) 825 700 0.85/1 
1000 

(at jug) 120 344 475 2.9/l 
400 
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TABLE 4.10. (Contd) 

B. 3- to 9-in. Sphere Ratios 

Location Rati-0 

1 7.1 

4, 3 ft high 8.7 
at jug 9.2 

6 8.6 

7, 3 ft high 9.8 

8, 3 ft high 9.3 
at jug 8.8 
at NE213 detector 7.6 

10 11.2 

Some of the Site I vendor dosimeters were placed on water phantoms at 
five exposure locations during the initial visit. These dosimeters were a 
TLD-albedo type that uses a TL phosphor impregnated in teflon tape. The 
results shown in Table 4.11 are low by about a factor of two in most cases, 
compared to the integrated instrument readings. No gamma exposure was 
obtained from these dosimeters. 

The Vendor A dosimeters were placed on phantoms at all locations. Their 
net response indicates that the calibration factor should be between 1.5 and 
3.0 net counts per mrem for these exposure locations. Again the Vendor A 
ganuna response appears to be inadequate at several locations and the dosim
eters did not detect a 280-mR exposure at Location 8. 

The Vendor B albedo dosimeters again show a large response to neutrons 
but are not corrected for spectral differences. The numbers shown in 
Table 4.12 are relative to a bare 252cf source calibration. Neither NTA nor 
polycarbonate films from Vendor B detected any neutron dose; however, the 
CR-39 film did show some response. Because of the energy response of CR-39, 
these detecto~s showed only a small fraction of the dose equivalent estimated 
by the integrated instrument readings. No gamma results were reported by 
Vendor B. The Vendor B dosimeters included NTA and polycarbonate films, which 
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TABLE 4.11. Site I, Initial Visit, Personnel Dosimetry Data 

Neutron Dose Time-Calculated 
. Gama Equivalent(a,b) Exposure and · 

Location Dosimeters Ex~osure ~mR) {mrem) Dose Equivalent(c) 

1 Site I-1 60 47 mR y 
Vendor A 2005 30 240 104 mrem n 
Vendor A 2006 40 270 
Vendor B 009 2,590 
LLL IF 205 60 130 
LLL IR 211 50 150 
PNL 1 80 560 (20) 
PNL 2 80 760 (30) 

2 Site I-2 20 10 mR y 
Vendor A 2007 20 100 38. mrem n 
Vendor A 2008 10 110 
Vendor B 010 1,590 
LLL IF 206 20 70 
LLL IR 212 20 50 
PNL 3 30 480 (20) 
PNL 4 30 470 (20) 

3 Vendor A 5005 10 70 15 mR y 
Vendor A 5006 20 60 33 mrem n 
LLL IF-102 10 40 
LLL IR-106 10 50 
PNL 15 20 190 (10) 
PNL 16 20 210 ( 5) 

4 Site I-3 1,280 200 mR y 
Vendor A 2011 50 3,850 1,630 mrem n 
Vendor A 2012 80 3,930 
Vendor B 012 48,350 
LLL IF-210 310 2,310 
LLL IR-214 150 660 
PNL 7 300 10,240 (490) 
PNL 8 320 11,570 (550) 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instru~nt reading by 
exposure time. 
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TABLE 4.11. (Contd) 

Neutron D(se Time-Calculated 
Gamma Equivalent a,b) Exposure and 

Location Dosimeters Exposure (mR) (mrem) Dose Equivalent(c) 

5 Site I-4 0 327 197 mR y 
Vendor A 2013 0 2,560 800 mrem n 
Vendor A 2014 0 1,780 
Vendor B 013 21,280 
LLL IF-215 120 1,150 
LLL IF-217 120 560 
PNL 9 200 6,940 (300) 
PNL 10 200 6,550 (290) 

6 Site I-5 1,580 510 mR y 
Vendor A 2009 0 10,700 5730 mrem n . 
Vendor A 2010 50 9,920 
Vendor B 011 96,200 
LLL IF-209 590 5,180 
LLL IR-213 350 2,140 
PNL 5 670 22,700 (2,520) 
PNL 6 600 19,700 (2,190) 

8 Vendor A 5001 0 6,020 280 mR y 
Vendor A 5002 0 6,570 3490 mrem n 
Vendor B 014 79,700 
LLL IF-023 480 3,980 
LLL IR-024 260 1,350 
PNL 11 490 27 ,040 (2,000} 
PNL 12 530 23,700 (1,750) 

10 Vendor A 5003 350 9,540 600 mR y 
Vendor A 5004 0 11,610 8290 mrem n 
Vendor B 015 115,050 
LLL IF-092 670 6,110 
LLL IR-096 3,370 
PNL 13 790 26,500 (5,090) 
PNL 14 780 36,300 {6,980) 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c} Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 
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. TABLE 4.12. Site I, Second Visit, Personnel Dosimetry Data 

Gama 
Location Dosimeters Exposure (mR) 

1 PNL 9F 20 
PNL lOF 20 
PNL llF 20 
PNL 12F 20 
Vendor A 4009F 
Vendor A 4010F 

4 PNL SF 70 
2/12/SO PNL 6F SO 

LLL llF 100 
LLL 128 30 
Vendor A 400SF 
Vendor A 4006F 

4 PNL 13F 70 
2/13/SO PNL 14F SO 

6 

s 
2/12/SO 

s 
2/13/SO 

LLL lSF 100 
Vendor A 4011F 
Vendor A 4012F 

PNL lF 
PNL 2F 
LLL 7F 
LLL SF 
Vendor A 4001F 
Vendor A 4002F 

PNL 7F 
PNL SF 
LLL 13F 
LLL 148 
Vendor A 4007F 
Vendor A 400SF 

PNL lSF 
PNL 16F 
Vendor A 0013F 
Vendor A 0014F 

110 
100 
100 
so 

so 
so 
so 
40 

so 
60 

Neutron Dqse 
Equ1valent(a,b) 

(mrem) 

20 (1) 
30 (1) 
20 (1) 
so (2) 
0 

lS 

1,S70 (70) 
1,220 (SO) 

90 
90 

390 
390 

S40 (40) 
1,190 (SO) 

110 
so 

S20 

2,630 (110) 
2,640 (120) 

260 
2SO 
SlO 
730 

1,3SO (60) 
2,3SO (100) 

120 
120 
390 
360 

3,130 (140) 
1,640 (70) 

S30 
740 

T1me-Ca1cu1 a ted 
.Exposure and 
Dose Equivalent(c) 

21 mR y 
S mrem n 

S3 mR y 
96 mrem n 

99 mR y 
115 mrem n 

S4 mR y 
256 mrem n 

79 mR y 
llS mrem n 

98 mR y 
146 mrem n 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. . 
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TABLE 4.12. (Contd) 

Neutron O~se Time-Calculated 
Gamma Equivalent a,1>) Exposure and 

Location Dosimeters Exposure (mR) (mrem} Dose Equivalent(c) 

10 PNL 3F 120 3,370 (150) 211 mR y 
PNL 4F 140 2,950 (130) 423 mrem n 
LLL 9F 130 430 
LLL lOB 90 430 
Vendor A 4003F 1,060 
Vendor A 4004F 1,170 

12 PNL 17F 430 17,000 (760) 440 mR y 
PNL 18F 430 16,690 (730) 1,250 mrem n 
LLL 16F 450 1,570 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLOs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose equiva
lent corrected for spectral response. 

(c) Dose equivalent calculated l>y multiplying survey instrument reading by 
exposure time. 

did not detect the neutron radiation. The CR-39 film did detect neutrons but 
showed only about 2.5% of the integrated instrument readings. 

Dosimeters from LLL were placed on the front and rear of each phantom at 
all exposure locations. The front of the phantom was always facing the reactor 
cavity. In most cases the corrected LLL TLD-albedo system shows neutron dose 
equivalent on the front of the phantom a bit higher than the integrated instru
ment readings. At Locations 6 and 10, the corrected responses from the LLL 
dosimeters is lower than the integrated instrument readings. Gamma exposure 
results are generally in acceptable agreement with the instrument readings at 
Site I. 

The PNL dosimeters were also placed on all phantoms. The TLD-albedo 
responses, corrected for the low-energy spectrum, are generally between a 
factor of 2 and 3 lower than the integrated instrument readings. This dis
crepancy is fairly consistent at all the PWR sites studied and again seems to 
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support the contention that the instruments are roughly a factor of 2 high. In 
most cases the PNL gamma exposures. are higher than the integrated instrument 
readings. 

During the return visit to Site I, only PNL, LLL, and Vendor A dosimeters 
were placed on the water phantoms at several of the same exposure locations 
used during the initial visit. The Vendor A dosimeters generally show a net 
count that should be corrected by a factor of 2 to 3 for agreement with the 
integrated instrument readings. No gamma exposures were reported by Vendor A 
for this set of measurements. 

LLL dosimeters agree very well with the instrument readings. The PNL 
TLD-albedo dosimeters, after correction with the 3- to 9-in. sphere response 
ratios, again show neutron dose equivalents a factor of 2 or so below the 
instrument results. In some cases there is a large difference in response 
between two dosimeters on the same phantom. This is attributed either to a 
neutron field that is not uniform over the dimensions of the phantom or to 
serious readout errors during analysis of the dosimeters. 

Measurements at Site I were probably of more interest than those at the 
other sites because of the shielding changes made during the outage between 
the two visits. 

4.5.6 Measurements at Site J 

Site J was the fifth PWR site and also the final site visited in this 
study. In reviewing surveys provided by Site,J health physics personnel, 
moderate to high dose-equivalent rates were noted. When the measurements were 
taken at the locations decided upon prior to entry (see Figures 4.11 and 4.12), 
low to moderate dose-equivalent rates were found, as shown in Table 4.13. 
Atmospheric conditions inside containment at Site J were the most severe of 
all the sites visited. Temperatures ranged from approximately 100° to 120°F 
and the humidity ranged from 85% to 90%. These conditions caused adverse 
effects on both personnel and equipment. During initial entries, the physical 
endurance limits were reached in about 20 to 40 min. In.the time required to 
position all the instrumentation and get it operating, some units had already 
failed. This necessitated switching electronics and cables to different 
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FIGURE 4.11. Site J, Operating Deck, Med-Level Measurement Locations 
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FIGURE 4.12. 
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Site J, Operating Deck, Airlock Entry-Level 
Measurement Locations 
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TABLE 4.13. Site J, Portable Instrument Measurements 

CP Gamma Neutron Dose-Equivalent .n/y Dose-
Exposure Rate {mrem/hr~ Equivalent 

Location Rate {~/hr) SNOOPY R SCAL Rate Ratio 

1 7-s· 14 17.9 2.0/1 
13.5 
18.8 

lA 7 13 1.9/1 
2 14 30 2.1/1 
3 8 12 1.5/1 
4 46 170 3.7/1 

analyzers and power supplies while inside containment. This exchange did not 
resolve the problems because, after the first series of measurements were 
completed and the second series started, the equipment failed again. The 
SNOOPY and CP were the only two measurement devices that did not fail during 
the time in which measurements were taken. Reactor power levels were main
tained at approximately 99% to 100% during containment entries. 

Dose-equivalent surveys were taken with two portable survey instruments, 
the SNOOPY and the RASCAL. The RASCAL was used to obtain 3- to 9-in. polyethy-

' lene sphere ratios and, as mentioned earlier, the 9-in. dose-equivalent mea-
surements at the water phantoms. These data and other portable instrument 
survey data are shown in Table 4.13. All of the gamma readings were taken with 
a standard Hanford CP. The gamma readings were taken at the water phantoms and 
these data are also shown in Table 4.13. 

Because .the extreme temperatures and ·humidity resulted in several equip
ment failures, the phantom and dosimeters intended for Location 4 {Figure 4.12) 
were not positioned there. All phantoms were placed on the lower operating 
deck (Figure 4.11), where radiation levels were lower. Radiation levels on 
the entry-le~el deck were 6 to 10 times higher at various points. 

The PNL, Vendor A and Vendor B personnel dosimeters were on the phantoms 
placed at the four exposure locations. Results of those exposures are given 
1n Table 4.14. The PNL dosimeters were placed on the front and rear of all 
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TABLE 4.14. Site J, Personnel Dosimeter Measurements 

Neutron ~se Time-Calculated 
Gamma Equivalent a,b} Exposure and 

Location Dosimeters Exl!osure {mR} {mrem} Dose Equivalent(c) 

1 PNL J-lF 30 290 (10) 18 mR y 
PNL J-2F 30 290 (10) 36 mrem n 
PNL J-9R 30 410 (20). 
Vendor A 6001 40 80 
Vendor A 6002 60 80 
Vendor B 001 1,760 

lA PNL J-7F (d) (d} 14 mR y 
PNL J-SF 20 150 (70) 25 mrem n 
PNL J-12R 20 170 (70) 
Vendor A 6007 50 60 
Vendor A 6008 30 60 
Vendor B 004 950 

2 PNL J-3F 40 390 (20) 36 mR y 
PNL J-4F 40 430 (20) 78 mrem n 
PNL J-lOR 40 460 (20) 
Vendor A 6003 70 170 
Vendor A 6004 60 170 
Vendor B 002 2,750 

3 PNL J-5F 30 240 (10) 21 mR y 
PNL J-6F 30 400 (20) 31 mrem n 
PNL J-llR 30 320 (14) 
Vendor A 6005 40 70 
Vendor A 6006 30 110 
Vendor B 003 1,680 

(a) The Vendor A dosimeters have not been calibrated to read in terms of dose 
equivalent. Values shown in the table are net responses of the TLDs only. 

(b) Numbers in parentheses for the PNL dosimeters represent the dose 
equivalent corrected for spectral response. 

(c) Dose equivalent calculated by multiplying survey instrument reading by 
exposure time. 

(d) Dosimeter lost. 
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four phantoms. As at the other PWR sites, the PNL dosimeters when corrected 
for spectral response are a factor of 2 to 3 low compared to the integrated 
instrument readings. Dosimeters on the rear of the phantoms do not show a 
significantly different neutron dose equivalent from those on the front. The 
front of the phantoms were facing the reactor cavity. All of the gamma 
exposures derived from PNL dosimeters seem to be somewhat higher than the 
instrument readings. At the low exposures encountered, differences of 25% to 
50% are to be expected. 

The Vendor A dosimeters were exposed on the front of the four phantoms; 
they too showed a high gamma exposure compared to the instrument readings. At 
least part of the differences is due to the necessity of carrying the dosim
eter through a high radiation field to reach the exposure locations. The 
Vendor A neutron response indicates that a conversion factor of about 2 is 
needed to convert net response to mrem. 

The Vendor B dosimeters included NTA and polycarbonate films, CR-39 film, 
and TLD-albedo systems. At Site J, only the TLD-albedo showed a positive 
response, as shown in Table 4.14. 
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5.0 CONCLUSIONS 

This study is one of the first attempts to accurately determine the 
response of personnel neutron dosimeters used by NRC licensees. The study also 
involved measurements of neutron spectra with rather sophisticated equipment 
to help understand the dosimeter responses. As indicated in the following con
clusions, a number of areas need further investigation. 

The track-etch dosimeters, polycarbonate and CR-39, and NTA ,film showed 
virtually no response at all measurement locations. In the locations where 
there were responses, they were quite varied and in most cases were very low 
in comparison with the calculated dose. The dosimeters that responded to the 
neutrons, even though they could not all be corrected for spectral response, 
were those using some variation of the TLD-aloedo system. These TLD-albedo 
systems require adequate calibration for proper interpretation and the devel
opment of a correction factor curve for each type of dosimeter. Also, some 
knowledge of the neutron energy,spectrum at each measurement location is 
required. 

A practical method of determining a correction factor for albedo neutron 
dosimeters is through the use of 3- to 9-in. sphere ratio measurements. The 
ratio of the responses of thermal neutron detectors inside the 3- and 9-in. 
polyethylene spheres can be used to determine a correction factor from an 
energy response curve similar to that developed by Hankins for the Lawrence 
Livermore Laboratory dosimeters (see Figure 4.3). The correction can then be 
applied to th~ TLD response. These correction factors are not precisely known 
at this time and should be measured more accurately for each licensee's dosim
eter type, with particular attention given to the intermediate neutron energy 
region (1 keV to 500 keV). 

Both vendor dosimeter types used in this study had albedo systems, which 
have a large response to the neutron fields inside containment. For the Ven
dor A dosimeters, a relatively small correction is needed to bring the dosim
eter results into agreement with the integrated instrument readings. Vendor B 
albedo dosimeters require a much larger correction to achieve agreement. At 
this time these corrections are quite variable and their relationship to the 
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neutron spectra is poorly known. It does, however, appear that the correction 
technique described above will work if more is known about the dosimeter 
response. 

After spectral corrections, PNL dosimeters showed a dose equivalent 
usually a factor of 1.5 to 2.0 below the integrated instrument readings. They 
seem to agree with the multisphere and TEPC better than with the SNOOPY and 
RASCAL instruments. Dosimeters from LLL seem to agree better with the inte
grated instrume~t readings. This is probably due to the differences in cali
bration of the two and the method used to evaluate dose equivalent. 

The shielding changes at Site I resulted in a significant reduction in 
the dose-equivalent rates inside containment {by factors of 10 to 30) and also 
reduced the effective neutron energies to approximately one-half the average 
energy present before the shielding was added. This improved shielding com
bination greatly improved personnel exposure conditions inside containment. 

The SNOOPY and RASCAL instrument responses are usually higher than the 
dose-equivalent rate obtained from the multisphere system and TEPC by a factor 
of 1.5 to 2.0. The size or diameter of polyethylene moderators surrounding 
the SNOOPY and RASCAL detectors are optimized for broad energy ranges. They 
are also routinely calibrated to either a bare 252cf source or a PuBe neutron 
source. Both of these sources produce neutrons with energies that are as much 
as two orders of magnitude higher than the neutron energies found in and around 
reactor containment. It is suggested that these two characteristics, physical, 
size of the moderator limiting the range of accuracy, and calibration sources 
in use today, cause the apparently high response of the SNOOPY and RASCAL sur
vey instruments to the neutron field inside containment. 

Neutron spectra, as determined by the multisphere spectrometer system, 
were quite similar in shape at all reactors. The two most significant spectral 
variations were caused by changes in flux level, and by spectral shifting 
because of measurement difficulties. Flux changes and minor spectral shifts 
were characteristic of certain measurement locations, such as behind signifi
cant shielding (i.e., steam generators and crane support walls), in locations 

I 

with unobstructed views of the reactor cavity, and on elevated platforms (i.e., 
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the personnel entry platform at Site F). The most dramatic spectral shifts 
resulted from measurement difficulties caused by harsh environmental condi
tions, which adversely affected both personnel and equipment. 

The spectral representations at each reactor indicated a much larger con
tribution of thermal and low-energy neutrons than was first thought. In fact, 
there are few neutrons with energies above 500 keV. Average neutron energies 
calculated from each measurement spectrum were below 100 keV at all the PWR 

· plants. The three measurements at Site E (a BWR) were the only measurements 
where average neutron energies were above 100 keV. 

The TEPC does not measure the incident neutron energy spectrum but rather 
provides a direct measurement of the amount of energy deposited in a tissue
equivalent microscopic cavity. The energy deposited in the sensitive volume 
of the detector is converted directly to the absorbed dose rate and dose dis
tribution in event size. Then with the use of quality factors (Q), the 
absorbed dose distribution is converted to a dose equivalent through LET ana
lysis. Event size data from the TEPC provide a spectrum of the ganma, proton, 
and heavy recoil interaction events contributing to absorbed dose. Analysis 
of each measured event-size spectrum produced dose-equivalent rates that were 
lower, by a factor of 1.5 to 2, than the dose-equivalent rates measured by the 
portable survey instruments. 

Dose-equivalent rates as determined by both the multisphere and TEPC were 
within =30% of each other at nearly every location where a significant dose 
rate was found. In the low (5 to 20 mrem/hr) to very low (<5 mrem/hr} neutron 
fields, agreement between the instruments was 50% to 100%. Even though sta
tistically this represents poor agreement, the calculated dose-equivalent 
rates for a specific measurement location were, for example, 1 mrem/hr for the 
multisphere and 2 mrem/hr for the TEPC or 2 mrem/hr for the multisphere and 
4 mrem/hr for the TEPC. In areas where the dose-equivalent rates were higher, 
the instruments were in better agreement. 

Event sizes less than about 5 keV/µm that are detected by the TEPC are 
not included with the TEPC quality factor analysis. Thus, events caused by 
low-energy electrons and protons are not used to determine the average quality 
factors. In the case of reactor containment neutron spectra, the average 
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i factors derived from all events with energy depositions greater than 
secondaries range between 10 and 11. This is what one would expect 

ysis of only the high-LET events. 

ause all low-LET events are excluded from the TEPC analysis, the qual
ity factors generated from the analysis of TEPC data cannot be compared with 
those calculated by Monte Carlo computer programs. The calculated values 
include low-LET contributions from H(n,y)D reactions that result from the 
absorption of neutrons in a phantom. These gamma-ray events are excluded from 
the TEPC analysis, since it is not possible to differentiate between external 
gamma rays and those generated by the H(n,y)D reactions. 

Average quality factors derived from the multisphere computer program 
(LOUHI-78) are closer to values generally accepted for moderated neutron 
spectra (between 2.5 and 6). These values are derived from the full neutron 
energy spectra as determined by the multisphere system. Thus, many neutron 
events that produce secondaries with low LET values (<3.5 keV/µm) are included 
in the average quality factor. 

The 3He spectrometer was very useful in the low-energy neutron spectra 
. found inside containment. Spectral data showed a fine structure and a sharp 

cutoff or drop in neutron flux at 250 to 350 keV. Spectra derived from the 
multisphere system do not show this structure. Variations in the shape of 
these spectra are also somewhat related to the amount of shielding between the 
detector and the reactor cavity. More study needs to be applied to the unfold
i and evaluation of the 3He data and to optimizing the operation of this 
system, which seems to be uniquely suited to measuring the containment spectra. 

The 3He system would provide a third mechanism by which dose-equivalent 
rates could be determined. The 3He spectra support the dosimeter data, 
indicating that few neutrons in or around containment have energies greater 
than 500 keV. The sharp cutoff in neutron flux at about 300 keV, if proven to 
be real, explains why the NTA and polycarbonate track-etch dosimeters failed 

to detect the presence of neutrons at all measurements locations. Since these 
measurements are the first to indicate a sharp drop at about 300 keV in neu
tron spectra inside containment, we recorrmend further study to more precisely 
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calibrate and optimize the spectrometer system. Computer calculations have 
generally not shown the sharp drop indicated by the 3He measurements. 

Some of the dosimeters used in this study evaluate the thermal neutron 
dose equivalent and some do not. The PNL dosimeter does attempt to determine 
a thermal neutron dose equivalent through a thermal neutron pile calibration. 
In some cases, especially at Site H, significant thermal neutron exposures 
were observed. Many of the neutron dosimeters used by NRC licensees do not 
make a determination of thermal neutron dose equivalent. The proper calibra
tion and interpretation of thermal neutron exposures should be investigated 
further. In particular, a standard pile calibration may not be realistic for 
in-containment measurement. The NRC may want to consider a requirement that 
licensees' dosimeters evaluate thermal neutron dose equivalent. 
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