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SUMMARY

Neutron dose equivalent rates and spectra were measured inside contain-
ment of two pressurized water reactors operating at full power. Dose equiva-
lent rates were measured by a tissue equivalent proportional counter and the
neutron spectra by a multisphere (3onner sphere) spectrometer.

There were significant variations in dose equivalent rates and spectra
among various locations on the reactor operating deck, dependent on the amount
of neutron streaming. Spectral results revealed "soft" neutron spectra with
almost all of the neutrons having energies below 1 MeV.

Measured dose equivalent rates ranged from 0.05 to 3080 mrem/hr and the
average neutron energies ranged from 0.9 to 90 keV. After significant neutron
shielding modification at one reactor, the dose equivalent rates were reduced
by a factor of about 30 and the average neutron energies were reduced by a
factor of 1.5.
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NEUTRON SPECTRA AND DOSE EQUIVALENT INSIDE
NUCLEAR POWER REACTOR CONTAINMENT

INTRODUCT ION

Throughout the history of commercial nuclear power reactors in the United
States, the philosophy has been to overdesign and overbuild to ensure safety.
In recent years, in particular, increased demands have been placed on the
nuclear industry to provide additional protection for the public and opera-
tions personnel. Moreover, recent studies by Rossi and Mays (1978) suggest
that quality factors for fast neutrons should be increased by approximately
a factor of 10. The quality factor is a value based on linear energy transfer
(LET), by which the absorbed dose is multiplied to obtain the dose equivalent.

The ener~ ...~ted to tissue has been adopted as a principal physical
basis of quantitative correlation between irradiation and biological effect.
The energy per unit mass that is imparted to matter by ionizing radiation is
the absorbed dose. Its special unii is the rad (100 ergs/gm). Dose equi-
valent ‘5 based on the assumption that differences in biological effects of
radiations are related to differences in linear energy transfer of the charged
particles that deliver the absorbed dose. Consequently, the limits of radia-
tion exposure of personnel are expressed in terms of the dose equivalent,
which has the special unit rem. The quality factor is specific as a factor
f linear energy transfer and has a numerical value of 1 of x- and gamma-
rays. In all practical cases involving more densely ionizing particles, such
as neutron recoils, the values of quality factor change ror various neutron
energies. Hence, the dose equivalent is equal to the absorbed dose times the
applicable quality factor (Brackenbush, Endres, and Faust 1973).

The impact of Rossi's studies could result in more stringent operational
controls which in effect reduce the allc ‘able absorbed dose from neutrons.
This potential reduction in allowable neutron exposure has motivated the
nuclear industry tc strive for better shielding, improved neutron monitoring
instrumentation, and more accurate personnel neuiron dosimeters.



In addition, the nuclear industry has instituted an operational program
known as "As Low As Reasonably Achievable" (ALARA), which, simply stated,
means no single individual should receive any more exposure than is absolutely
necessary to perform a job. Thus, in many cases, it is necessary to measure
accurately relatively low dose-equivalent rates from neutrons (0-50 mrem/hr).
The tedious dosimetry method by which this is accomplished depends on knowl-
edge of the neutron-to-gamma dose-equivalent rate ratio at every work location
inside reactor containment, or by ad hoc measurements with portable instru-
ments which are used to establish the stay time. Stay time is the amount of
time permitted in a specific dose-equivalent rate area such that a predeter-
mined dose equivalent will not be exceeded. Minor maintenance, valve adjust-
ments, and semi-routine surveys in containment during full power operations
are some of the situations requiring this type of dosimeter.

There have been few systematic investigations of the stray neutron radia-
tion fields to which workers and instruments inside containments of nuclear
power reactors may be exposed (Hajnal 1979; Hankins and Griffith 1978).

Hence, neutron spectra and dose-equivalent rates to workers at power reactors
are not well known. Recent concern about personnel exposure to neutrons,
personnel neutron dosimeter respoase, and in particular the concept of ALARA,
has motivated the development of better measurements and data. 1..; new

data will be used to evaluate the distribution of dose equivalents to workers
and to determine operational levels of exposure.

Determination of neutron dose or dose-equivalent values and their
distributions with neutron energy in the presence of significant gamma-ray
levels inside the containments of pressurized water reactors (PWR's) with
available instrumentation is much more difficult than similar measurements
outside containments., The unpleasant, if not hostile conditions of high
ambient temperature, humidity, possible airborne radioactivity and surface
contamination complicate the required spectrometric measurements.

The purposes of this study are 1) to measure the neutron spectra and
dose equivalents inside containment of two PWR's, and 2) to interpret thi.
data with respect to design and shielding differences. These in-containment
measurements are the first to be used for design and shielding comparisons



between individual reactors. The reacters were operating at approximately
100% power for the duration of the measurements.

For this study, a multisphere spectrometer system, as described by
Awsch2lom (1966), and a tissue equivalent proportional counter detector (TEPC)
were used (Smith et al. 1978). The multisphere system was originally
developed in the late 1950's by Bramblett, Ewing and Bonner (1960) who made
Timited application of the system around reactors. This system is commonly
known as the "Bonner spheres".

Analysis of the multisphere and TEPC data is accomplished with two
separate computer programs, LOUHI-78 and TEPC, respectively (Rcutti, Sandberg
1978; Brackenbush, Endres, and Faust 1979). The analyzed results from these
two prugrams are correlated with specific locations inside containment in
which operating plant personnel are semi-routinely exposed to various neutron
radiation fieids.

Although the multisphere spectrometer system has a relatively low
resolution, its wide energy range, especially at the lower end (0-50 keV),
is very useful for spectral measurements in reactor containments. When used
in conjunction with the LOUHI computer code, several other parameters including
the dose-equivalent rate can be calculated. Dose-equivalent rates obtained
with the multisphere system were found to agree within :20% of values
obtained with a calibration source (Hankins anc Griffith 1978).

The multisphere, as its name implies, uses several spheres for a
single analysis whereas the TEPC requires but a single measurement. The
TEPC is designed to measure absorbed dose with an uncertainity of +10%
(Brackenbush, Endres and Faust 1973) using a gas-filled tissue equivalent
chamber. The TEPC results are also used for the determination of the
quality factor (Q) in the unknown neutron spectrum.

The nuclear power generating statio,  2xamined in this study are
identified as Site F and Site I to prevent identification in accordance
with the agreement between the Nuclear Regulatory Commission and the
licensee regarding these measurements. Both reactors have the same pres-
surized water nuclear steam supply system with Site I producing 934 MWe and



Site F 100 MWe. The major difference between the two units is the contain-
ment structural design and associated shielding, each having been designed

by different architect-encineers. The differences in neutron spectra and

dose equivalents are related to these design configurations and characteristics.

Two trips were made to Site I in order to obtain measurements involving
a major shielding change. Between the trips a new neutron attenuating
material, a silicon-based elastomer impregnated with boron, was installed
around the inlet and outlet nozzles and around the reactor vessel. The
effects of these shielding changes on the neutron spectra and dose equiva-
lent rates are evaluated with respect to personnel protection. This is the
first time spectrometer and dose equivalent rate measurements have been made
before and after a2 significant shielding m.uification.



MATERIALS AND METHODS

The two measurement systems selected for use in this study were tne
multisphere spectrometer system (Awschalom 1966) and a tissue equivalent pro-
portional counter system (TEPC) (Smith et al. 1978). Multispheres are the
best available commercial system for measur.ng intermediate neutron energy
spectra and are also capable of detecting neutrons in the thermal to 50 keV
energy range. When the multisphere system is used with a spectrum unfolding
code such as LOUHI (Routti and Sandberg 1978), the average neutron ¢.ergy,
dose-equivalent rate, total flux, and graphical plots of differential flux
versus energy, flux per unit lethargy versus energy, and flux versus energy
can be obtained. For the purposes of this study, graphical plots of dif-
ferential flux versus energy and flux per unit lethargy versus energy wili
not be used. The multisphere system is also the best system available for
determining the intermediate neutron energy inside reactor containments in
the 1 keV and 1 MeV range (Griffith and Fisher 1976), The research-oriented
TEPC system . 2asures total absorbed dose and the TEPC computer code calculates
the dose distribution as a function ¢ event size. The TEPC computer code
also calculates a quality factor by using the Rossi analysis (1968) and
several approximations derived by Brackenbush, Endres and Faust (1973).

MULTISPHERE SPECTROMETER SYSTEM

The multisphere neutron system and specific instrument settings used
in this work are shown in block diagram in Figure 1. The detector is a
cylindrical 6LiI(Eu) scintaillation crystal, 1.27 cm in diameter by 1.27 cm
long, optically coupled to a photomultiplier tube (PMT) through a 20.3Z cm
light pipe. The detector and its intergral components were hermatically
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 cingle
cable carries both the high voltage and output signals, connecting the
detector to a preamplifier which decouples the signals and feeds them into
the multichannel analyzer (MCA). The analyzer has three built-in systems as
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thermal neutrons (945 barns) (Hughes and Harvey 1955). Thus, when a Lit
gamma spectrum is superimposed over the BLil gamma plus neutron spectrum they
are identical except at the thermal neutron peak. The background under the
peak is determined from the L1 spectrum, and is subtracted from the 6Lil
thermal neutron peak by a technique known as log background subtraction,

so named because the background counts vary logarithmically as a function

of channel number. The same results are obtained when a 5Li1 crystal is
exposed only to gamma and then to a mixed gamma plus neutron field and the
two spectra superimposed on each other and the log background subtraction
performed.

Unanalyzed data for the neutron energy spectrum is obtained by taking
counts with the scintillation crystal unshielded (bare), with the crystal
in a cadmium shell 0.051 cm thick, and 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 '.rger polyethylene spheres remove low energy neutrons by
scattering and absorption but moderate the fast neutrons to lower energies
where they are then detected with a greater prcbability by the 6LiI(Fu)
scintillator. Cadmium shelis placed around the 7.6 and 12.7 cm spheres
suppress response to external thermal 'eutron fiel's which improves the
systems' ability to detect moderated fast neutrons above the cadmium cutoff
(0.4 eV)(Hankins and Griffith 1978).

Using the responses from the seven detector configurations (bare,
cadmium covered, 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 non-negative solutions.

With LOUHI, the spectral solution is not dependent on the choice of initial
approximation. °y calculating the flux in a particular party of the spectrum,
based on the response of the 12.7 cm sphere, the 26th energy bin or upper
limit of the energy range over which the spectrum is to be calculated can

be "tied" to that point (Hankins and Griffith 1978). For this study, this
feature is used to place the high energy bin at a realistic value which







b
N\
)
-
5\
-
'



















——































SITE !
RETURN VISIT







The initial reactor vessel shielding and the thinner annulus walls at
Site I combined to produce dose equivalent rates that were relatively high
(see Table 3). Working in high dose equivalent rate areas places an added
stress on plant personnel performing seni-routine operations because of stay
time 1imits. As shown earlier in Table 5. the mproved shielding around the
reactor vessel and nozzles at Site I produced a significant reduction in
neutron dose equivalent rates.

Location 13, shown in Figures 5 and 6, is outside the airlocks with both
the inner and outer doors closed. TEPC measurements at this location indicate
the amount of streaming through the airiocks. Levels at this location at
Site F were higher than at Site I. The reason for this difference is that at
Site F there is an iron shield wal. between the inner door of the airlock
and the cavity wher~eas at Site I there is a Permali wall just inside the air-
lock. Clearly, the Permali is a better shield than the iron wall from the
standpoint of reducing neutron dose equivalent. Although this improvemert
was expected, it is important with respect to reduction in personnel exposure,
long-term irradiation damage to cables, and electrical instrumentation which

may be sensitive to neutrons.




CONCLUSIONS

Neutron spectra and dose equivalent rates were not constant in and
around containment as expected but, more importantly, the spectral data shows
few neutrons with energies greater than 700 keV. This finding has serious
implications for personnel neutron dosimetry and substantiates the recommen-
dation by the Nuclear Regulatory Commission to remove NTA film as a neutron
personnel dosimeter at reactors {Nuclear Regulatory Guide 8.14 1980). NTA
film is not a reliable dosimeter for use in the assessing neutron dose
equivalents when a large proportion of the neutron dose is from neutrons
with energies less than 0.7 MeV (Nuclear Regulatory Guide 8.14 1980), which
is considered the effective threshold energy of film. Track-etch neutron
dosimeters, which are based on inelastic proton recoils, are also inadequate
in this energy range.

The most widely used type of neutron personnel dosimeters sensitive to
this energy range (0-700 ke¢V) are albedo dosimeters, but they also have an
inherent problem, that of overresponse. To make the albedo system effective
in this energy range, correction factors have to be determined. One method
by which correction factors can be determined is to use the ratio of
22.8:7.6 cm sphere responses. These ratios, when applied to a response curve.
not only give approximate neutron energies at each measurement location but
also correction factors. Hence, by applying the appropriate correction factor
to the albedo response, the dose equivalent can be determined.

The shielding change at Site I showed a significant reduction in dose
equivalent rates by a factor of 30 in most locations. The combination of
elastomer-based boron loaded silicon and Permali produced a well-moderated
neutron spectrum and a reduction in average neutron energy by a factor of
1.5. By using these new shielding materials, the thinner annulus walls and
large gaps in the operating deck floor do not create as great an exposure
problem. If the floor were solid concrete there would be an additional
benefit in the reduction of dose equivalent rates. The use of boron loaded
lead bricks in ihe annul.s cavity, thicker annulus walls, and a solid
concrete floor at Site F provided a very well-moderated neutron spectra and
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and very low average neutron energies. The efferts of these shielding
materials should be taken into consideration prior to future neutron shielding
installation.

The dose equivalent rates derived by difrerent methods compare very
favorably. At the seven locations in which both instrument were used, the
calculated dose equivalent rates were within :47% of the mean of the tvo.

At the relatively low dose eguivalent rate levels in which the measurements
were made, this variation is considered well within acceptable difrerences
for operational health physics purposes. At five out of the seven measure-
ment locations the instruments produced dose equivalent ra._s differing by no
more tha. +1.5 mrem/hr; the greatest difference was 10 mrem/hr in a field of
approximately 50 mrem/hr.

The TEPC, with some miniaturization of electronics and a data input/output
mechanism, could be made into 4 useful portatlie survey instrument for field
use. By contrast, the multisphere system is somewhat awkward to use in that
several measurements are required and manipulation of bulky moderators require
additional time in high dose equivalent rcte areas; hence, greater exposure
to the operator. Moreover, reactor containment environments have unpleasant
working conditions. Also, the detector size precludes collecting spectral
data in areas of interest inside containment.
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