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FOREWORD

This report is one of a series of reports on the low-power (up to
1 Mwt) and high-power (up to 200 Mwt) nuclear testing of the Enrico Fermi
reactor. The Nuclear Test Program is planned, directed and evaluated by
Atomic Power Development Associates, Inc. (APDA). The tests are con-
ducted by Power Reactor Development Company (PRDC). The reactor pro-
per is owned and operated by PRDC. The steam generators and electrical
generation facilities are owned by The Detroit Edison Company (DECo).

Many people have contributed to the success of the nuclear testing
of the Fermi reactor. Listed below are the names of those people, exclu-
sive of the authors, who made a significant contribution to some phase of
the work reported in this document,
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SUMMARY

The majority of the tests in which flux mapping measurements were
made in the Fermi reactor were made during the months of November and
December 1963, A few tests were also made during 1964. In the tests,
the axial distribution of the relative boron-10 (n, a) response was obtained
in all six of the neutron counter tubes which are located in the graphite
shield and which are designed to contain the permanent plant instrumenta-
tion. The axial distribution of the relative U-235 fission response in counter
tubes numbers 2, 3, and 4 was obtained as well. Measurements were also
made of the effect of wrapping the detectors with cadmium absorber mater-
ial and polyethylene moderator material. The absolute response of each
type of permanent plant neutron detector (boron-lined ion chambers and
U-235 fission counters) was then obtained at a known power level for at
least one position in the counter tubes of interest. The two sets of data
were combined and analyzed and the results were used to locate each of the
thirteen neutron detectors to be used for permanent plant opera.’cion.’;< In
addition, the data were used to determine the antimony-beryllium neutron
source size needed to produce a minimum of 10 cps at shutdown on source
range channels 1 and 2. This is the minimum count rate specified for re-
actor startup. The source size obtained was 743 curies.** Finally, the
shutdown gamma radiation level in all of the neutron counter tubes was mea-
sured following a period of short-term low-power reactor operation. These
data were extrapolated to obtain the expected shutdown gamma radiation
levels following long~term operation at full power, and it was verified that
neither the source range or intermediate range channels would be adversely
affected by gamma interference during reactor startup. A similar analysis
was also made of the effect of gammma radiation on the operation of the Power
Range channels using operational gamma radiation data which had been de-
termined as part of the shield test program.

The measured results of the flux mapping tests agreed with predic-
tions to within the accuracy expected, although the predictions did have a
rather large uncertainty to them because they were based on shielding type
calculations. Nevertheless, the only major consequence of this was that
the measured neutron detector sensitivities in counter tubes 1 and 6 were
sufficiently below the predicted values to require a slight revision in the
original design of the power range channel electronics.

* Since the completion of the analyses reported here, two additional source
range detectors and two absolute fission counters have been added to the
permanent plant instrumentation system,

*% Since the completion of the analyses reported here, the minimum specified
count rate was changed to 5 cps resulting in a corresponding change in
minimum source size to 371 curies,
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I. PURPOSE OF TEST

The primary purpose of the flux mapping tests was to obtain the per-
manent plant neutron detector responses as a function of axial position in
the six neutron counter tubes. This information was then used to determine
the proper placement of the detectors in the permanent instrument racks
such that the desired response over the full power range of reactor opera-
tion would be achieved, The data were also used to determine the neutron
source strength required for safe reactor startup. In addition, the gamma
radiation levels in the counter tubes both during and following reactor opera-
tion were analyzed to insure that the positions chosen for the neutron detec-
tors would allow operation without significant interference by gamma radia-
tion.
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II. DESCRIPTION OF THE ENRICO FERMI REACTOR

A. GENERAL DESCRIPTION

The Fermi reactor and its associated structures are shown in per=-
spective in Figure 1. The reactor is contained in a stainless steel reactor
vessel sealed at the top by a rotating shield plug which supports the control
mechanisms, the fuel subassembly hold-down mechanism, and the fuel sub-
assembly handling mechanism. The reactor vessel is surrounded by borated
and plain graphite neutron shielding material which is contained inside the
primary shield tank. The reactor is of the fast-breeder type, cooled by
sodium, and it is operated at essentially atmospheric pressure. The maxi-
mum reactor power obtainable with the first core loading (Core A) is 200 Mwt.

The core and blanket are located in the lower reactor vessel and con-
sist of 2. 65-inch square subassemblies containing the fuel pins and blanket
rods. The core and blanket subassemblies are arranged to approximate a
cylinder about 80 inches in diameter and 70 inches high. The core, which
is contained in the central portion of the core subassemblies, approximates
a right cylinder 31 inches in diameter and 31 inches high; it is axially and
radially surrounded by the breeder blankets. The fuel in the first core load-
ing consists of zirconium-clad pins containing U-10 w/o molybdenum alloy
with the uranium enriched to 25. 6 w/o U-235, The blanket is depleted U-3
w/o molybdenum alloy,

The reactor cross section, shown in Figure 2, indicates the place-
ment of individual components within the lower reactor vessel. There is a
total of 149 central lattice positions that are occupied by core and inner
radial blanket subassemblies, the antimony-beryllium (Sb-Be) neutron
source, and the 10 operating control and safety rod channels. All of these
positions are supplied with sodium coolant flowing upwards from a high pres-
sure plenum which is connected to the discharge lines of the three primary
sodium pumps. The coolant flows upward through the individual core and
inner radial blanket subassemblies and into a large upper plenum. From
there it flows by gravity to the three intermediate heat exchangers and then
to the suction side of the primary pumps. Sodium also is used in the secon-
dary cooling system.

The lattice positions surrounding the inner radial blanket contain the
outer radial blanket subassemblies. Beyond the outer radial blanket are lat-
tice positions used for stainless steel-filled thermal shield bar subassem-
blies. These subassemblies provide thermal and neutron shielding for the
reactor vessel. The outer radial blanket and shielding lattice positions are
both supplied with sodium coolant from a low pressure plenum.

13
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The reactor is controlled by two operating control rods and seven
safety rods which are uniformly spaced around the center of the core. Pro-
visions have also been included in the design for an eighth safety rod. The
rods are all of the poison-type, containing boron carbide (B4C) in which the
boron is enriched in boron-10 (B-10). One operating control rod is for
regulating purposes and the other for shimming. Both rods have approxi-
mate reactivity worths of 46 cents. The seven safety rods are worth more
than $1.00 each and provide shutdown reactivity., During operation of the
reactor, they are held just above the upper axial blanket section of the core
so that they can be rapidly inserted into the core if it becomes necessary to
scram the reactor.

An antimony-beryllium (Sb-Be) neutron source is located in the reac-
tor, normally at the core-blanket interface (Figure 2), to provide a neutron
flux at the neutron detectors during reactor startup and to maintain a flux
when the reactor is shut down. The radioactive antimony portion of the
source is made as a separate piece for easy replacement and is in the form
of a cylindrical rod. The radioantimony rod fits inside a beryllium assem-
bly which is in the form of a hollow cylinder and which is placed inside a
stainless steel can having the external dimensions of a normal core subas-
sembly fuel can.

Additional information concerning the reactor design may be found
in the Enrico Fermi Hazards Summary Report.

B. DESCRIPTION OF THE NEUTRON COUNTER TUBES

The permanent neutron detectors required for normal reactor opera-
tion are to be located in six neutron counter tubes (NCT) embedded in the
graphite neutron shield surrounding the reactor vessel (Figure 3). These
tubes penetrate the reactor operating floor and primary shield tank at angles
of 6 to 8 degrees from the vertical and extend downward to below the level
of the reactor core. Penetration of the primary shield tank is just below
the bottom of the operating floor (Figure 4). Borated graphite is kept away
from the region of the counter tubes to minimize interference with the re-
sponse of the detectors. One of the counter tubes (NCT 4) is surrounded by
lead shielding over a portion of its length to reduce the gamma background
from a nearby sodium coolant pipe (Figure 3). Counter tubes 3 and 4 have
plain graphite ''neutron windows' installed opposite them in the inner 6-inch-
thick borated graphite shield layer next to the vessel. The bottom edge of
each window is located at the core midplane and they are 2 feet high. Their
purpose is to enhance the response of the source range detectors which will
be located in these two counter tubes.
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C. DESCRIPTION OF THE PERMANENT PLANT NEUTRON
DETECTION SYSTEM

To adequately cover the entire reactor power range from shutdown
source power to full power (200 Mwt), three separate ranges of power detec-
tion will be employed using a total of ten neutron detectors. The three
ranges are designated as the source range, intermediate range, and power
range. The source range system contains two detection channels, the inter-
mediate range three detection channels, and the power range five detection
channels. The two source range channels will be supplied by signals from
two two-connector Westinghouse fission chambers located in NCT 3 and are
designed to cover the power range from shutdown source power to about 12
kw. The three intermediate range channels will be supplied by signals from
three Anton B-10-lined compensated ion chambers located in NCT's 2 and 5
and are designed to operate from approximately 1.2 kw to 1200 Mw. Thus,
an overlap of one decade with the source range channels is provided. The
five power range channels, to be located in NCT's 1, 2 and 6, will consist
of five Anton B-10-lined compensated ion chambers, operated with the de-
tector compensation unconnected, and will cover the power range from ap-
proximately 2 Mw to 300 Mw (1 to 150 percent of full power),

In addition to the ten neutron detectors required for normal operation,
five other detectors are included in the design. There will be a spare ion
chamber for each of the intermediate and power ranges located in NCT's 5
and 6 respectively; there will be an additional power range ion chamber
channel located in NCT 6, connected to a monitor, which will cover the
power range from 14 Mw to 1400 Mw; and there will be two absolute fission
counters located in NCT 3 to verify the linearity of the intermediate range
detectors., NCT 4 was to remain vacant for the time being. However, plans
now include an additional source range channel located in NCT 4 to extend
the coverage to lower powers. (See Section V.B.)

The precise power coverage and specific location of each of the per-
manent plant detectors described above were determined from the results
of this experiment,

D. DESCRIPTION OF THE TEMPORARY STARTUP
INSTRUMENTATION SYSTEM

During the majority of the low-power nuclear testing on the Fermi
reactor, the reactor employed temporary instrumentation which was desig-
nated as the temporary startup instrumentation system. It was used in place
of the permanent plant instrumentation for two reasons: (1) because the per- |
manent plant source range instrumentation could not be used during the initial
loading to criticality due to its relatively low sensitivity, and (2) because the
permanent plant instrumentation is rather inflexible and would make shifts
in detector positions and detector type a cumbersome procedure. Such
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shifts are desirable to expedite certain experiments (such as the one herein
described) and to make the most efficient use of the decaying neutron source.
A brief description of the temporary startup instrumentation system follows.

All detectors used for the temporary startup instrumentation system
were located in NCT's 3 and 4, leaving NCT's 1, 2, 5 and 6 empty. Two
high-sensitivity Twentieth Century Electronics, Ltd., BF3 proportional
counters were located in NCT 4 to provide both count rate and period signals
to the source range safety system. In addition to these two source range
channels, two high-sensitivity Reuter-Stokes, Inc., BF3 proportional coun-
ters, one each in NCT 3 and 4, were utilized to provide signals to two source
range monitoring channels with scaler outputs. These were replaced follow-
ing initial criticality by two Anton BF3 counters of lower sensitivity so as to
extend their useful range to higher powers. Neutron signals to the safety
system over the intermediate range were provided by one Anton and two
General Electric B~10-lined ion chambers. One General Electric chamber
was normally located in NCT 4 and the other two in NCT 3. Power range
coverage was accomplished by two Anton B-10-lined ion chambers, one
each in NCT 3 and 4. Although the reactor power was never allowed to ex-
ceed one megawatt during the low-power tests, these chambers were re-
quired as part of the safety system. Finally, an additional General Electric
ion chamber was located in NCT 3 and connected to a Keithley micro-micro-
ammeter recorder to provide an additional monitoring channel capable of
accurate readout at relatively high powers. Polyethylene surrounded all the
ion chambers to enhance their sensitivity., All detectors and detector eleva-
tions were easily changeable, and several changes were made both during
and subsequent to the experiments described in this report. A schematic
diagram of the positions of the temporary instrumentation as of September 11,
1963, is given in Figure 5.

E. DESCRIPTION OF THE TEST INSTRUMENTATION SYSTEM

The purpose of the present test was to obtain the permanent plant
neutron detector response as a function of axial position in the neutron coun-
ter tubes of interest. However, since most of the permanent plant detectors
were not available at the time of this experiment, it was necessary to use
additional detectors and electronics that were not part of either the perma-
nent or temporary instrumentation system. For example, most of the rela-
tive responses as a function of elevation were obtained with detectors of
types 2, 3, and 4 of Table I. Where absolute response measurements were
required, detectors were chosen that possessed approximately the same
sensitivity as expected from the corresponding permanent plant detector.
Specifically, detector types 4 and 6 in Table I were assumed to have perma-
nent plant detector sensitivity for the source range channels and intermediate
and power range channels, respectively.

Additional information on the test instrumentation system is given in
Section IIIB.
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TABLE I - NEUTRON DETECTOR CHARACTERISTICS

Dimensions, inches Published Thermal
Type Manufacturer Catalog No. A B C D Neutron Sensitivity
(1) BF3 Proportional Twentieth Century, 40EB 70/50G 20 9 2 16 73 cps/nv
Counter Ltd.
(@) BF3 Proportional Reuter-Stokes RSN-45A 22 11 2 20 52,5
Counter
3) BF3 Proportional Anton 805 10 5 1 8 4.5
Counter
(4) Fission Counter Westinghouse WX 4420 14 6 13/4 10 0.56 (550 F)
(1-connector)
(5) Fission Counter Westinghouse WX 4516 12 51/2 31/16 7 0.7 (550 F)
(2-connector)
(6) 1on Chamber Anton (Lionel) 813 13 51/4 31/8 71/2 4.4x 10" % amp/nv
(") Ton Chamber Reuter-Stokes RSN-36A 123/8 51/2 31/8 71/4 4 x10°14
(8) Compensated Ion Reuter-Stokes RSN-15A 221/8 91/2 31/8<1313/16 <4 x 10714
Chamb
amber ~ 1-1/2 in. —
(1) Type used for source range of temporary startup instrumentation Connector ﬂ {t—
(2) High sensitivity counters used for general survey in all NCT's y
(3) Used to improve spatial resolution flux mapping in NCT's 2 and 4 7//// ¥
(4) Used for flux mapping NCT's 2, 3, and 4 to obtain source range response /Sensiﬁve: D/2

(5) Permanent plant source range detector D L) A LS A
(6) Similarto originally proposed permanent plant intermediate and power range detectors "/ Volume /]
| B

(7) Permanent plant power range detector /////
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III. EXPERIMENTAL PROCEDURE

A. DESCRIPTION OF THE TEST

The test was logically divided into three parts: the first part was
the measurement of the relative and absolute neutron detector responses in
the NCT's; the second part was the determination of the shutdown power
level as a function of the neutron source strength; and the third part was the
measurement of the gamma radiation dose rates after shutdown in the NCT's.
A brief description of the test procedure used for each measurement is given
below. A detailed description can be found in Reference 2.

1. Measurement of Neutron Detector Responses

Two different sets of neutron detector responses were measured
in the test. Relative responses for the B-10 (n,a) and U-235 fission reac-
tions were first obtained in the NCT's using the special test instrumentation
and then the absolute responses of the permanent plant detectors were ob-
tained in selected NCT's,

a. Relative Detector Responses - A general survey was made
in all six NCT's of the relative boron-10 responses to the neutron flux as a
function of position using the test instrumentation's high~sensitivity Reuter-
Stokes BF3 proportional counter. The technique was to bring the reactor
critical at a steady-state low-power level, place the BF3 counter at the bot-
tom of the NCT of interest, and record the count rate. The counter was
then positioned at a number of additional elevations within the NCT and the
new count rate data recorded. Detailed monitoring of the reactor power
for reference purposes was obtained by recording the scaler output of the
several source range channels of the temporary startup instrumentation
system each time the count rate of the counter used in the traverse was re-
corded. For convenience, all the detector responses obtained were normal-
ized to detector output per watt of reactor power. Therefore, the responses
obtained using the test instrumentation were relative only in the sense that
they did not directly give the absolute B-10 responses of the permanent plant
instruments. The same mapping procedure was repeated for each of the six
NCT's. However, the mapping of NCT's 3 and 4 was additionally complicated
due to the fact that these tubes contained the temporary startup instrumenta-
tion. Therefore, a rather complex scheme was employed to expedite the
flux mapping of NCT's 3 and 4. First, to map NCT 4 the various electronic
channels required for low power operation (see SectionlIl. D)were redistri-
buted among the detectors such that they were all located in NCT 3. The
detector rack was then removed from NCT 4, placed in a decay storage tank,
and the mapping of NCT 4 proceeded as normal. Mapping of NCT 3 was
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accomplished by transferring the detectors required for operation from .
NCT 3 to NCT 4 and repeating this procedure. An absolute power calibra-

tion was maintained at all times by placing an additional detector in one of

the empty neutron counter tubes (NCT 2) and calibrating it against the nor-

mal channels prior to the transfers described above. A detailed explanation

of the procedure described above for mapping NCT's 3 and 4 is given in Re-

ference 3.

The high-sensitivity Reuter-Stokes BF3 proportional counters
used for the general survey had sensitive volumes some 20 inches long. To
find out whether these flux mappings were sensitive to the spatial resolution
of the measurement, additional traverses were made with an Anton BF3
proportional counter which had a sensitive volume only 8 inches long in
NCT's 2 and 4. The mapping technique was identical to that described above
for the Reuter-Stokes counters.

Although most of the permanent plant detectors are ion cham-
bers which will contain boron, the source range detectors which are to be
located in NCT 3 and perhaps NCT 4 are U-235 fission counters, There-
fore, traverses were also made in NCT's 3 and 4 using a one-connector

~Westinghouse fission counter and employing the techniques described earlier.

NCT 2 was also included in the fission counter traverses in order to obtain
additional basic data for comparison with the absolute responses obtained
later. In conjunction with the fission counter relative response measure-
ments, an experiment was performed to determine the effect on detector
sensitivity resulting from placing a moderating material around the detector.
Successive layers of polyethylene were wrapped completely around the full
length of the Westinghouse fission counters and the response was measured
relative to that obtained with no moderator. This measurement was made

6 inches and 30 inches above the bottom of NCT's 2 and 4, respectively, in
order to see whether the effect was strongly elevation-dependent.

Lastly, to aid in the interpretation of the measured responses,
some of the earlier B-10 and fission counter traverses were repeated with
the detectors surrounded by a cadmium can. The ratio of these results to
those obtained with the detectors bare provided the cadmium ratio, a useful
spectral index. These traverses were made with the Westinghouse fission
counter in NCT 4 and with the Anton BF3 proportional counters in NCT's 2
and 4 using a cadmium can open at the top (open cadmium can). The length
and wall thickness of the cadmium can were 14-1/4 inches and 1/16 inch,
respectively. Additional traverses with an Anton BF3 proportional counter
were made at a later date in NCT's 1 and 2 with a cadmium can somewhat
larger than specified above and closed at the top except for a small opening
for cable passage (closed cadmium can). These additional measurements
were made to reduce the thermal neutron in-leakage into the counter and
thus obtain a measure of the effect of such leakage on the previous open can
traverses. In connection with the closed cadmim can measurements, the ‘
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traverses with bare Anton BF3 counters were repeated in NCT's 1 and 2 for
comparison purposes. This repetition was done at this later date to mini-
mize artificial response differences between the bare and cadmium covered
detectors arising from long-term effects such as electronic drift.

b. Absolute Detector Responses - After the relative B-10 (n,a)
and U-235 fission responses were obtained in the counter tubes of interest
using the test instrumentation, an absolute calibration of detector response
versus reactor power was made for each type of detector to be used in the
permanent plant instrumentation system. This included a one-connector
Westinghouse fission counter similar, but not exactly identical, to the two-
connector Westinghouse fission counters to be used for the permanent plant
source range channels and an Anton B-10-lined ion chamber similar to that
to be used for both the permanent plant intermediate range and power range
channels. These detectors are types 4 and 6, respectively, in Table I. The
absolute calibrations were all made in NCT 2, and this NCT was included in
all of the relative mappings made previously. This made it possible to re~
late all of the responses obtained in the relative flux mappings to the absolute
responses of the permanent instruments. The measurements were made by
individually placing each detector at a known elevation in NCT 2 and record-
ing its output at a known power level. The data were then normalized to the
detector output per watt of reactor power. Electronic conditions for the
permanent-plant-type detectors were chosen to correspond to those planned
for permanent plant operation. These conditions included the input imped-
ance to the preamplifier, the amplifier gain, the high voltage level, and the
discriminator level setting.

Formal calibration checks were also made at this time for
most of the detectors used in the relative flux mappings. These data were
not needed to determine the final placement of the permanent plant detectors
but they did provide a convenient tool for checking the previous measurements.

Following the absolute calibration measurements described
above, a preliminary evaluation was made of the performance of the Anton
ion chambers to be used in the permanent plant instrumentation. The evalua-
tion indicated that they would give unsatisfactory operation, mainly because
of the failure of the insulation in the associated cable to provide a sufficiently
high resistance between signal and ground. Because of this, the original
concept of using compensated Anton B-10-lined ion chambers for both the
intermediate and power range channels (with the power range detector com-
pensation unconnected) was abandoned, and it was decided to replace these
detectors with Reuter-Stokes compensated and uncompensated B-10-lined
ion chambers for coverage in the intermediate and power ranges, respec-
tively. A cross-calibration was therefore made between the Reuter-Stokes
chambers and the Anton chambers to assure that their sensitivities were
essentially the same since the position specifications for the permanent
plant detectors had to be, of necessity, based on the more complete Anton
ion chamber flux mapping results.
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A similar cross calibration was also made at a later date
between a two-connector Westinghouse fission counter identical to those
specified for the permanent plant instrumentation and the one-connector
Westinghouse fission counter used in the initial absolute detector response
measurements described above.

2. Shutdown Power Level Determination

One of the purposes of the test was to determine the neutron
source strength required to produce 10 cps at shutdown on the permanent
source range channels, This was the minimum count rate specified for re-
actor sta.rtu.p.1 Since all of the absolute detector responses obtained were
normalized to detector output per watt of reactor power, the required neu-
tron source strength could be found simply by determining the ratio of the
source strength to shutdown power (S/P). This was done by measuring the
shutdown power, using the source range channels of the temporary startup
instrumentation, and making, at the same time, a careful determination of
the decaying Sb-Be source strength. The excess reactivity existing at this
time was also noted since the shutdown count rate (source multiplication for
a given source)is a function of the shutdown reactivity of the system. The
determination made of S/P was based on reactor and source conditions exist-
ing on October 15, 1963,

3. Shutdown Gamma Dose Determination

The gamma dose rates in the NCT's during reactor operation
were measured as part of the shield test program. The gamma dose rates
in all six NCT's following reactor operation were measured in this test for
use in the detector placement analysis in the following manner. The reactor
was brought to criticality at a steady-state power level and operated for a
fixed length of time. The power level chosen was high in relation to the
power level at which the reactor had been operated during recent previous
testing so that background gamma radiation from previous operation would
be minimized during the measurements. Following scram, the detector
portion of a disassembled Jordan Radgun mounted on a special carrier was
lowered into the first NCT. The gamma dose rate and time after scram were
recorded. TheRagdun was then repositioned at approximately one-foot in-
tervals throughout most of the tube length and the corresponding dose rates
and times after scram were recorded. This procedure was followed for all
six NCT's. The temporary startup instrumentation was temporarily removed
from NCT's 3 and 4 to allow passage of the Radgun., The removal of this
instrumentation posed no hazard since the reactor was shut down and neutron
detection was not required for the safety system. In addition to the spatial
traverses described above, measurements were also made of the rate of
decay of the gamma dose rates in NCT's 1 and 2 by making traverses at
several subsequent times. The measurements of the gamma dose decay
rate were required in order that a meaningful extrapolation could be made
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of the measured dose rates to those that would be obtained following long-
term reactor operation, Temperature monitoring of the Radgun was accom-
plished through a thermocouple mounted on the carrier to assure that its

150 F operating limit was not exceeded.

The foregoing measurements were accomplished following two
separate reactor runs, The nominal traverses of all six NCT's followed a
power run of 149 kw for 2. 82 hours. The decay rate measurements followed
a power run of 750 kw for 1.25 hours.

B. EXPERIMENTAL EQUIPMENT

The principal experimental equipment required for the neutron and
gamma response measurements in the NCT's consisted of the appropriate
detectors, their associated electronics, the special carriages for detector
mounting, the specially constructed cadmium cans, and the polyethylene
moderator material. A brief description of each is given below.

Neutron Detectors - A listing of the neutron detectors pertinent to
this experiment together with a brief listing of their characteristics is given
‘in Table I. The table does not include the types used in the temporary startup
instrumentation system except where noted.

Gamma Detector - The gamma dose rate mapping was done with a
Jordan Radgun. This is a battery powered portable ionization chamber with
a range of .01 mr/hr to 104 R/hr. There are provisions for separating the
chamber portion from the readout portion and connecting the two with a cable.
This mode of operation was used in the present experiment to allow remote
monitoring of the gamma level in the NCT's.

Detector Electronics - The electronics required to operate the de-~
tectors and read out their responses generally consisted of standard off-the-
shelf items. A general listing of the equipment used is given in Table II.
The specific values of the highvoltages supplied to the detectors, the ampli-
fier gains, the discriminator settings, and the input impedances to the pre-
amps used in the testing are not given in Table II. Instead, they are given
later in conjunction with the results of the runs,since their values varied
somewhat throughout the test.

Carriages - Wire frame carriages made of stainless steel were
constructed in such a manner that any given detector could be positioned
near the center of the neutron counter tube. A steel measuring tape was
attached to the carriage to provide a means of determining elevation and to
support most of the detector weight. The carriage also provided a conven-
ient framework for the attachment of a thermocouple when the ambient tem-
perature was expected to be near the upper operating temperature limit of
the detector.
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TABLE II - NEUTRON DETECTOR ELECTRONICS

Detector Preamplifier Amplifier Readout
Proportional Stromberg-Carlson Hamner N-301 RIDL 49-51 Scaler
Counters (Modified)

Fission Stromberg-Carlson Hamner M-302 RIDL 49-51 Scaler

Counters (Modified)

Ion Chambers - (Keithly Micromicroammeter)

P
Counter Preamplifier Amplifier Readout
Power
Supply
- Amplifier Readout

lon Chamber

Power
Supply

Cadmium Cans - To obtain neutron spectrum information, some
detectors were enclosed in cadmium cans. The nominal can was in the form
of a hollow cylinder 14-1/4 inches long with 1/16-inch wall thickness. The
cylinder was closed at the bottom, but completely open at the top to allow
cable passage. Later measurements were made with a somewhat longer
can with the open end partially closed, allowing minimal space for cable
passage.

C. REACTOR PLANT CONDITIONS

The experiments took place over a long period of time so that the
reactor plant conditions changed somewhat during the course of the experi-
ment. However, the majority of the neutron response measurements took
place during November and December of 1963 when the retractable source ‘
was located in safety rod position 5. For this condition the core loading
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was 98 full core subassemblies and one core shim subassembly, providing
an excess reactivity of about 38 cents with the primary sodium temperature
at 517 F. Though the core configuration did vary slightly for later measure-
ments, the primary sodium temperature was maintained near 517 F for all
neutron response measurements, since the external neutron detector re-
sponses depend on the system temperatures.

Most of the neutron response measurements were performed at

power levels between 100 watts and 1 kilowatt. Gamma ray measurements
were performed at powers between 100 kw and 1 Mw.
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Iv. EXPERIMENTAL RESULTS AND DATA REDUCTION

A. NEUTRON DETECTOR RESPONSE MEASUREMENTS

The results of the relative and absolute neutron detector response
measurements in the NCT's are presented below. The data have been re-
duced to a form suitable for use in determining the final positions of the
permanent plant detectors. A correction factor for calculating the effective
shadowed response of the intermediate range ion chambers is also given.

1. Relative Detector Responses

The raw data obtained in the relative detector response mappings
consisted of the response of a given test detector at a given elevation in a
given NCT and the output of one or more of the temporary startup instru-
mentation detectors being used for monitoring the reactor power for refer-
ence purposes. Use of the latter data and the reactor power calibration
data gave the reactor power. The desired normalized detector output was
then obtained by dividing the output of the detector by the reactor power.

The detector elevations in the NCT's were originally specified
in the test by measuring the distance between the bottom of the NCT and the
bottom of the detector. However, because the sensitive volumes of the
various detectors varied from several inches to almost 2 feet in length, it
was later decided that it would be more meaningful to assign the detector
response obtained to a position corresponding to the midplane of its sensitive
volume rather than to the bottom of the detector. The translations of the
position measurements from the bottom of the detectors to their sensitive
volume midplanes were made using the appropriate detector dimensions
given in Table I.

The results of the general traverses made with the Reuter-Stokes
BF3 proportional counter in all six NCT's are given in Figure 6. The re-
sults of the traverses made with the shorter Anton BF3 proportional counter
in NCT's 2 and 4 are given in Figure 7. Also included in Figure 7 are the
same traverses made with the detector inside the open cadmium can. Fig-
ure 8 gives the results of the additional traverses made at a later date in
NCT's 1 and 2 with the Anton BF3 counter enclosed inside the closed cad-
mium can and it gives the results of the bare traverses made at this time
for comparison purposes. The results of the traverses made with the bare
U-235 Westinghouse fission counter in NCT's 2, 3, and 4 are given in Fig-
ure 9, as are the results of the fission counter traverse made in NCT 4 with
the detector inside the open cadmium can. The pertinent electronic settings
and input impedances to the preamplifiers for all of the above traverses are
also given in the figures.
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The fission counter measurements made in NCT's 2 and 4 which ‘
studied the effect of the polyethylene moderator were also made in this part
of the test,but the results are not reported here. The results of these mea-
surements and also the cadmium ratio measurements are discussed sepa-
rately in detail in Section IV. B.

The position specifications in Figures 6 through 9 are given in
terms of the distance, L, from the bottom of the neutron counter tube to the
midplane of the sensitive volume of the detector. As mentioned, the positions
were specified in this way in order to eliminate differences arising from dif-
ferent detector geometries. It was also of interest to know the absolute de-
tector elevations above sea level so that the data could be used in conjunction
with the reactor construction drawings which have all elevations specified in
this manner. To translate the position specifications given in Figures 6
through 9 to absolute elevations above sea level, it is necessary to know the
elevation above sea level of the bottom of each of the NCT's and the angle
they make with the vertical, since the NCT's are not absolutely perpendicular.
This information is given in Table III. As seen, these are not the same for
each NCT. However, using the average value of the NCT angle from the ver-
tical, 8 , and the average elevation of the bottom of the NCT's above sea level,
ﬁ, the absolute detector elevation, E, above sea level becomes,

H + L Cos 6 (1)
562,33 + 0.9936 L

E

TABLE III - ELEVATION AND ANGLE OF
NEUTRON COUNTER TUBES

Elevation Angle
Neutron Counter Tube (feet above sea level)™ (degrees from vertical)

1 562.36 7.2

2 562.29 6.3

3 562.36 6.0

4 562. 33 5.4

5 562. 30 6.4

6 562.34 7.7

Average 562,33 6.5
Maximum Deviation

from Average 0.04 1.2

* Elevation of Core Midplane: 564, 77 feet
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The error incurred by using the average values of 6 and H in this formula
is less than + 0.1 feet for traverses of less than 20 feet from the bottom of
any neutron counter tube.

2. Absolute Detector Responses

Two sets of absolute detector response measurements were made
in the test. An absolute calibration of detector response versus reactor
power was first made for all of the permanent plant detectors, and most of
the test instrumentation detectors, listed in Table I. This initial set of cali-
bration measurements did not include, however, the calibration of the two-
connector Westinghouse fission counter and the Reuter-Stokes ion chamber
detector types specified for use in the revised permanent plant instrumenta-
tion system since they were either not available or else nonoperational at
this time. (See Section III, Alb.) They were therefore calibrated in the
second set of cross-calibration measurements.

The purpose of the absolute calibrations was twofold. First, a
calibration of the two detector types to be used in the permanent plant in-
strumentation system was required to relate the relative response data to
the permanent instruments and to allow the final placement of these detectors
to be determined. Second, a formal calibration of the detectors used in the
mapping provided a convenient tool for checking the previous measurements.
All of the detectors were calibrated at the bottom of NCT 2 except for the
high sensitivity Reuter-Stokes BF3 detectors which were elevated somewhat
in NCT 2, in order to decrease the count rate and prevent saturation. The
raw data obtained in the first set of absolute calibrations was the response
of a given detector and the output of the three temporary startup instrumenta-
tion system channels used for power monitoring. The raw data from the first
set of measurements are given in Table IV,

To convert the raw data to the desired normalized output of de-
tector response per watt of reactor power, the output of the three power
monitoring channels was converted to reactor power using the power calibra-
tion data; the detector responses were then divided by the power. When
there was a discrepancy among the three power monitoring channels, the
best value was chosen based on examination of the data and the previous
stability experience of the channels. When there was more than one count
rate taken per channel, the average value was usually used. The resulting
normalized detector absolute calibration data are given in Table V, It will
be noted that detector responses are given at two different positions in NCT
2 in Table V. In order to facilitate intercomparison among the counters,
the calibration data obtained at the bottom of NCT 2 were all extrapolated to
a common elevation in the neutron counter tube. The position chosen was
such that the midplane of the sensitive volume of each detector was located
at the elevation of the core midplane. The extrapolation to this position was
accomplished by using the relative response distribution curves for NCT 2
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TABLE IV - ABSOLUTE DETECTOR CALIBRATION DATA OBTAINED AT
BOTTOM OF NCT 2 (OCTOBER 31, 1963)

Hamner Power Monitors
Hamner High Amplifier Detector Source Source
Preamplifier, Amplifier Voltage, Discriminator, Output, cpm Range 1, Range 2, Keithley,
Detector Ohms Input Gain Volts Volts Time (Channel A) cpm cpm amps
1. Westinghouse 1000 1x16x2 400 12 1347 133,496 761,427 .33 x10-8
Fission Counter 1349 145,068 764,018 .33 x10-8
(one-connector) 1350 : 765,327 812,775
1351 764,444 812,492
1
2. Anton Ion Chamber 800 1410 763,814 810,096 .195 x 10-9)
3. Reuter-Stokes 75 15x16x1 3300 10 1432 598,713 750,538 793,355 .325x 10-9
BF3 Progortional 1433 596,573 749,071 793,057
Counter(2)
4. Anton BF3 75 15x16x1 2600 5 1453 578,543 750,968 794,996 325 x 10-8
Proportional 1454 587,698 751,829 794,617
Counter 1505 156,344 199,385 210,364 805 x 10-9
1508 154,387 196,529 207,717
5. 20th Century BF3 75 15x8x1.5 4700 6.3 1538 1,640,760 191,053 201,700 .77 x10-9
Proportional 1539 1,653,230 191,767 201,772
Counter(3)
6. Reuter-Stokes 1000 1x16x2 3100 12 1559 1,089,871 194,857 205,025 .79 x 1079
BF3 Proportional 1600 1,084,328 195,304 205,772
Counter(4)
7. Reuter-Stokes 1000 1x16x2 3100 12 1607 1,012,535 194,179 205,237
BFj Progortional 1609 1,006,324 193,471 204,390 .78 x 1079
Counter() ’

(1) Keithley channel transferred to Anton ion chamber for this one run.
(2) Electronics chosen to correspond to those used for traverse in Figure 6,

(3) Electronics chosen to mock up conditions of source range channel for startup instrumentation,
(4) Bottom of detector located 6 feet above bottom of NCT 2. Electronics optimized,

(5) One of a cluster of 3 identical detectors located 6 feet above bottom of NCT 2. Electronics optimized.




TABLE V - ABSOLUTE DETECTOR RESPONSE IN NcT 2(!)

Response at Response Scaled to
Reactor Position of Core Midplane
Power, Measurement, Elevation
Detector watts cpm/watt cpm/watt
1. Westinghouse 564 247 175
Fission Counter
(one connector)
2. Anton Ion Chamber 568  0.343 x 10712 0.249 x 10-12
(amps /watt) (amps /watt)
3. Reuter-Stokes BF3
Proportional Counter(2) 553 850 1570
4. Anton BF3
Proportional Counter 146 1065 774
5. 20th Century BF3
Proportional Counter(3) 142 11599 9073
6. Reuter-Stokes BF3
Proportional Counter(4) 144 7549 13943
7. Reuter-Stokes BF'3
Proportional Counter(5) 142 7123 13178

(1) Detector measurement numbers correspond to those of Table IV,
(2)-(5) See footnotes with corresponding numbers in Table IV.

given in Figures 6 through 8. TFigures 6 and 7 were used for the boron de-
tector extrapolations and Figure 8 was used for the fission counter extrapo-
lations.

Later, additional absolute calibration measurements were made
for the two-connector Westinghouse fission counter and the Reuter-Stokes
B-10-lined ion chamber (the actual permanent plant detectors finally decided
on) when these detectors were available and operational. The results of this
second set of measurements indicated that these detectors were similar in
response characteristics to their earlier counterparts, i.e., the one-con-
nector Westinghouse fission counter and the Anton B-10-lined ion chamber.
It was found that any discrepancies which did exist could be compensated
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for by making gain adjustments in the permanent plant amplifiers. Thus,
although all the analysis leading to permanent plant detector placement was
based on the first set of absolute calibration measurements, the results are
equally valid for the revised permanent plant detectors. For this reason,
all later references to the permanent plant instrumentation will refer just

to the one-connector Westinghouse fission chamber and the Anton B-10-lined
ion chambers.

3. Shadowed Response of Permanent Plant Intermediate
Range Ion Chambers

Analysis of the neutron detector response data and gamma ray
dose rate data in the NCT's (see Section V. AZa) indicated that the three per-
manent plant intermediate range ion chambers should all be placed at the
position of maximum sensitivity in their respective counter tubes (NCT's 2
and 5). Furthermore, it was decided that because of the design of the de-
tectors and their mounting racks, the two detectors to be located in one
neutron counter tube would be placed side by side at this position, thus
causing a slight shadowing effect of one detector on the other. A reduction
in absolute response of 10 percent was measured for this effect. This is a
conservative value. It is based on a comparison of the measured responses
of the shadowed and unshadowed Reuter-Stokes BF3 proportional counters,
shown in Items 6 and 7 of Tables IV and V.

4. Power Calibration Data

The measurements of the detector responses in the test required
that the reactor power be known. The reactor power was monitored using
the two source range channels, and one intermediate range Keithley channel
of the temporary startup instrumentation (Section II. D). Calibration of these
detectors against reactor power had been done early in the nuclear test pro-
gram.4 However, subsequent revisions in the channel electronics, detector
types, detector positions, and moderator geometry within NCT's 3 and 4
during this test resulted in corresponding changes in the power calibration.
Therefore, since the neutron counter tube flux mapping experiments spanned
a considerable length of time, careful attention was paid to variations in the
power calibrations of the temporary startup instrumentation during the test,

The power calibrations that existed during two phases of the test
are given in Table VI. The phases given are: (1) the phase when the (S/P)
shutdown power level determinations were being made (October 10, 1963),
and (2) the phase when the absolute detector response measurements were
being made at the bottom of NCT 2 (October 31, 1963).
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TABLE VI - REACTOR POWER CALIBRATION DATA FOR
TEMPORARY STARTUP INSTRUMENTATION

(Valid October 3, 1963 to October 22, 1963)

Channel Scaler, cpm/watt Micromicroammeter, amp/watt
Source Range 1 3811
Source Range 2 4221
Keithley 5.59 x 10-12

(Valid October 23 to November 21, 1963)

Channel Scaler, cpm/watt Micromicroammeter, amp/watt
Source Range 1 1337
Source Range 2 1433
Keithley 5.59 x 10-12

Primary System Temperature @ 517 F
Calibration powers are in the range 100-250 watts.

B. SUPPLEMENTAL NEUTRON DETECTOR RESPONSE MEASUREMENTS

Concurrent with the relative detector response measurements in the
neutron counter tubes, cadmium ratio measurements were made to obtain a
spectral index for the flux at the counter tubes, and polyethylene moderator
measurements were made to determine the effect of moderator materials on
detector sensitivity. The results of these measurements are given below.

1. Cadmium Ratio Measurements

The cadmium ratio was obtained by dividing a given bare detector
response by its response obtained under the same conditions but with the de=~
tector surrounded by cadmium. This ratio provides a spectral index of the
neutron flux since it provides the ratio of the reaction rate due to thermal
neutrons (<0.4 ev) compared to that due to epithermal neutrons, i.e.,

Rt/Re = CR -1 (2)
where R; = thermal neutron reaction rate

Re = epithermal neutron reaction rate

CR = cadmium ratio,
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Cadmium ratio data were initially taken using boron-10-loaded
counters in NCT's 2 and 4 and a U-235 fission counter in NCT 4 (Section
ITI. Ala). These original experiments were performed using a cadmium
cover in the form of a can completely open at one end. The results of the
resulting flux mappings are shown in Figures 7 and 9, respectively.

Later it was realized that if the thermal neutron flux were quite
large relative to the total flux, even low thermal neutron leakage through
the open top of the can might have had an appreciable effect on the counter
responses and the resulting cadmium ratios obtained in these measurements.
Therefore, to minimize this effect, additional B-10 traverses in NCT's 1
and 2 were made using a longer cadmium can with the top crimped in, thus
allowing a hole at the top just large enough for cable passage. The measure-
ments with this closed cadmium can were made at more frequent intervals
of elevation than those in the original experiments and were extended some
10 feet further up the tubes. The results of the mappings are shown in Fig-
ure 8. Preliminary analysis of the data indicated that use of the closed
cadmium can increased the measured cadmium ratios by about 20 percent
near the tube bottom. Because these later measurements were clearly more
accurate, only the cadmium ratios for the closed can experiments were an-
alyzed in detail. The resulting cadmium ratios are shown in Figure 10.

The cadmium ratios in Figure 10 are given as a function of ele-
vation above sea level to facilitate a correlation between their values and
the nearby shielding geometry; Equation 1 was used to make the elevation
translation. Drawings of the shielding in the vicinity of NCT's 1 and 2 are
given in Figures 11 and 12. These are scale drawings, so the actual thick-
nesses of the various shield materials can be taken directly from the figures.
The term ''void' has been used in the figures to refer to areas where no
shielding is present, although the areas may not necessarily be a real void.
(Insulation, gaps, bellows, cable trays, etc., are all considered to be voids.)
For convenience, the total void existing between the reactor vessel and neu-~
tron counter tube at any particular elevation has been shown as being located
next to the counter tube in the figures. In actuality, however, the total void
is in most cases made up of a number of smaller voids, none of which are
necessarily located next to the counter tube.

2. Polyethylene Moderator Measurements

To investigate possible means of increasing the sensitivity of the
permanent plant source range fission counter channels, successive layers
of polyethylene were wrapped around a one-connector Westinghouse fission
counter and the response was measured relative to that obtained with no
moderator. The results of the measurements, made 6 inches and 30 inches
above the bottom of NCT's 4 and 2, respectively, are shown in Figure 13.
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C. SHUTDOWN POWER LEVEL MEASUREMENTS

One goal of the present test was to determine the size of the antimony-
beryllium neutron source needed to produce a minimum of 10 cps on the
source range channels of the permanent plant instrumentation at shutdown
conditions, i.e., all control rods and safety rods fully inserted at the re-
fueling temperature of 517 F isothermal. Since the permanent plant source
range responses obtained earlier (SectionIV.A2)were normalized on the basis
of the response per watt of reactor power, all that was required was to de-
termine the power level of the reactor at shutdown that resulted from the
subcritical multiplication of a neutron source of known source strength.

These results could then be scaled accordingly, using the detector response
data to obtain the desired source strength. The results of the shutdown
power level measurements are given below,

1. Evaluation of Shutdown Power Level

The required relationship needed for the source strength deter-
mination is conveniently expressed as the ratio of the neutron source strength
to shutdown reactor power (S/P curies per watt). The data were taken on
October 15, 1963, and are summarized below:

a. Source Location - Core lattice position N05-N04, i, e., the
permanent source position (Figure 2).

b. Source Strength - 132 curies of Sh-124 (Figure 14).

c. Reactor Temperature - 517 F isothermal.

d. Excess Reactivity Before Shutdown - 37.5 cents.

e. Shutdown Power - 0,128 watts.™

Therefore, the source strength required per watt of shutdown
power for the reactor conditions existing on October 15, 1963, is

132 .
S/P = 3128 - 1032 curies/watt (3)

However, to be conservative the above value of S/P should be re-evaluated
for the condition of zero excess reactivity, i.e., the condition of minimum
subcritical source multiplication or minimum shutdown power. To make

the re-evaluation, it is reasoned that had the seven safety rods (worth $8. 00)

* Determined from the count rates obtained on the two source range power
monitoring channels of the temporary startup instrumentation (Channel 1 =
477.5 cpm; Channel 2 = 552, 1 cpm) and the power calibration data of Table VI,
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l and two control rods (worth 92 cents) been inserted from a condition of zero
excess reactivity, instead of 37.5 cents excess, the shutdown power would
have been,

P, = P (R§/R§)* (4)

8.92 - 0. 375)
8.92

0.128 (

0. 123 watts

Therefore, the new source requirement becomes,

S/P = 232 - 1079 curies/watt (5)

0.123

This value of S/P can then be used to determine the source strength, Sy, re-
quired for 10 cps on the permanent source range instruments using the fol-
lowing equation,

10 cps .
S. = [2EPS }(s5/P) curies 6
° (Rs/éo)(/ ) curie (©)
where Ry = the normalized response of the permanent source range de-

tectors in their final locations, cpm/watt
These results are reported later in Section V. A3.

2. Uncertainty in Evaluation

The calculations above can be repeated for data corresponding
to shutdown reactor conditions on a different day, for example, October 14,
1963.5 This was done and the results predicted an S/P value 8.5 percent
higher than obtained above. However, statistical analysis of the uncertainties
in the data allows a discrepancy of only + 6 percent. Therefore, to be con-
servative, an uncertainty of + 10 percent is attached to the value of S/P ob-
tained above,

3. Dependence on Number of Installed Safety Rods

There is some uncertainty at this time as to the number of safety
rods to be employed for the nominal operation of Core A. Since the shut-
down power is a function of shutdown reactivity, as well as the source strength
(Equation 4), the value of S/P is dependent on the number of safety rods em-

. * This equation assumes that simple subcritical multiplication theory is valid,
i,e., Ma 1/1-kggs. Therefore, RS is the shutdown reactivity.

49




ployed. This dependence on the shutdown reactivity can be estimated by
using the 7-rod S/P value given by Equation 5 and scaling it as follows:

a. Assume that the worth of each of the ganged safety rods is
$1. 14,

b. Assume that the shutdown power is proportional to 1/1-kgyy.
c. Assume that the worth of the two control rods is 92 cents.
Thus, it follows that if N = the number of installed safety rods,

S/P = 1. 14N + 0. 92 x 1079 curies/watt (7)

8.90

For example, consider the case where there are eight installed safety rods
which are inserted from a condition of zero excess reactivity. The value
of S/P becomes,

_1.14(8) + 0.92
S/P = 550 x 1079 (8)

1218 curies/watt

D. SHUTDOWN GAMMA DOSE MEASUREMENTS

The raw data obtained from the gamma dose rate flux mapping experi-
ments in the neutron counter tubes after shutdown following a given power
run consisted of the gamma dose rate as a function of position in each neutron
counter tube and the time of the measurement. A consistent presentation
of these data required that all the data be extrapolated to a single time after
shutdown since the gamma sources were decaying with time. Shielding an-
alysis studies predict that the major source of gammas at the neutron counter
tubes is 15-hour half-life Na-24 in the nearby sodium piping.6 This half-life
was therefore used to extrapolate all the measured dose rates, D(t), from
the actual time of their measurement, t, to the single chosen time after
shutdown of 3.7 hours. The equation used was

D(3.7) = D(t) exp 0'16593 (t=3.7) (9)
where t = the actual time after shutdown of the mea-

surement inhours.
All values were normalized to the single time after shutdown of 3.7

hours because it corresponded very closely to the actual time after shutdown
of the measurements made in NCT's 2 and 5, and therefore it minimized the
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extent of the above extrapolation for these two counter tubes. This was de-
sirable because there was evidence that in NCT's 2 and 5 there was a strong
gamma component after shutdown with a half-life of 2. 6 hours due to Mn-56
activation in stainless steel. (See Section V.D3.) Hence, by minimizing the
extrapolation of the data from these two counter tubes in Equation 9, extra-
polation errors due to the wrong choice of half-life were kept to a minimum.

The resulting gamma dose rate distributions obtained in NCT's 1
through 6, and a description of the reactor power run on which they were
based, are given in Figure 15,
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V. DATA ANALYSIS AND DISCUSSION OF RESULTS

A. PERMANENT PLANT NEUTRON DETECTOR LOCATIONS
AND MINIMUM SOURCE SIZE REQUIRED

The primary purpose of the flux mapping measurements was to de-
termine the required locations of the permanent plant neutron detectors and
the required minimum neutron source size to assure that adequate reactor
control and safety could be achieved both during reactor startup and during
operation at power. To obtain this information from the experimental data,
some general ground rules first had to be established. The data were then
analyzed in a straightforward manner, using the ground rules as guidelines,
to obtain the proper locations for the source range, intermediate range, and
power range detectors and to determine the minimum source size.

1. General Ground Rules

Listed below are the ground rules and assumptions upon which
the analyses of the detector location and source strength requirements were
based.

1. The permanent source is to be located in subassembly position
NO05-NO4 (Figure 2).

2. The shutdown reactivity corresponds to 8 safety rods and the
two operating control rods being fully inserted at the condi-
tion of zero excess reactivity.

3. The shutdown count rate on the permanent source range chan-
nels must be at least 10 cps.™

4. The maximum reliable count rate on a source range channel

is 2 x 105 cps. Thus, the total useful source range coverage
is 2 x 104,

5. There must be an overlap of at least one decade between the
source range and intermediate range channels and between
the intermediate range and power range channels over which
accurate period data can be obtained.

* The required count rate for startup has subsequently been revised to 5 cps.
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10,

11.

12,

13.

14.

15.

16.

17.

The chamber current range on the intermediate range chan-
nels over which reliable period information is obtainable is
between 4 x 1010 and 4 x 10-4 amps (six decades).

The intermediate range channels must give reliable coverage
up to a power level of at least 200 Mwt.

The maximum current in the intermediate range channels due
to noise and/or gamma interference should be about one decade
below 4 x 10-10 amps.

The gamma sensitivity of a compensated intermediate range
detector is 3 x 10~13 amps/R/hr.

The power range channel electronics require that the full
scale reading of 300 Mwt (150 percent of full power) corre-
sponded to an ion chamber current of between 0.2 x 10-3 and
3.0x 10-3 amps.

There must be one 700-percent-of-full-power power range
channel. The electronics of this channel require 1.0 x 10-4
amps for full scale deflection (1400 Mwt). This channel will
provide power range coverage from 14 Mwt to 1400 Mwt.

The revised permanent plant Reuter-Stokes intermediate
range and power range detectors and circuitry will have ap-
proximately the same response as the Anton ion chamber
whose performance is described in Tables IV and V.

The revised permanent plant Westinghouse two-connector
source range detector and circuitry will have approximately
the same response as the Westinghouse one-connector fission
counter whose performance is described in Tables IV and V
and Figure 9.

There are three source range detectors, one of which is a
spare.

There are four intermediate range detectors, one of which
is a spare.

There are six power range detectors, one of which is a spare.

No more than two detectors can be located at any one eleva-
tion on any one support rack.
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18. There should be a minimum of approximately 19 inches be-
tween the top of any given detector and the bottom of the de-
tector above it so as to allow ample space for cable bending
and the support racks.

19. The power range channels must cover the range from 2 Mwt
to 300 Mwt.

20. The current range of the uncompensated ion chamber to be
used in the power range channels is approximately 8 x 10-10

to 8 x 10-4 amps.

2. Location of Detectors

Using the above ground rules, the permanent plant detector loca-
tions were determined as follows. First, the intermediate range and source
range detectors were positioned to (1) obtain one decade of overlap between
the source range and intermediate range channels (2) reliably cover the
power range between shutdown power and a minimum of at least 200 Mwt and
(3) minimize the shutdown power required to produce 10 cps on the source
range channels. The power range detectors were than positioned to provide
at least one decade of overlap with the intermediate range channels and to
reliably extend the power coverage up to at least 300 Mwt.

a. Location of Intermediate Range Channels - The intermediate
range detector positions were chosen first since they were the most critical,
i. e., they have to cover the greatest power range and overlap with both the
source range and power range detectors. The first consideration made in
the positioning of the intermediate range ion chambers was the choice of the
neutron counter tubes to be used. The gamma background requirements
(Ground Rules 8 and 9) were the determining factor here, and analysis of
the gamma ray data obtained earlier (see Section V.D1d indicated that the
intermediate range detectors must be placed in NCT's 2 and 5 to minimize
the gamma background from the sodium piping. Thus, it was decided that
two detectors would be located in each of the NCT's 2 and 5 (Ground Rule 15),

Lastly, the elevation of the detectors in the two neutron
counter tubes had to be decided upon. The hypothetical optimum elevation
for the intermediate range channels such that the required neutron source
is minimized would be an elevation that would result in the maximum cham-~
ber current of 4 x 10~4 amps (Ground Rule 6) being produced at the minimum
power level required (200 Mwt) at the upper end of their coverage (Ground
Rule 7). However, this would require an intermediate range detector re-
sponse of 2 x 10-12 amps/watt and the experimental data indicate that this
is not obtainable at any position in either NCT 2 or 5. The most sensitive
position that can be obtained for these detectors in either NCT's 2 or 5 is a
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position 15 inches (sensitive volume midplane elevation) from the bottom of .
the neutron counter tube (Figures 6 and 7). The absolute response of the

Anton B-10-lined ion chambers in this position, using the data from Table V,

Figure 7, and Section IV.A3) is then found to be 0.328 x 1012 amps/watt.*

This position of maximum sensitivity was therefore chosen for the position

of the permanent plant intermediate range detectors in both NCT's 2 and 5

in order to minimize the source requirements (Ground Rule 17). The power

range covered by the intermediate range channels, based on a sensitivity of

0.328 x 10-12 amps /watt and Ground Rule 6, thus becomes 1220 watts to

1220 Mw.

b. Location of Source Range Channels

With the intermediate range detectors positioned as outlined
above, the three source range fission detectors (Ground Rule 14) were then
positioned in NCT 3 as follows. First, to obtain the optimum positioning of
the source range detectors for minimization of the required neutron source
strength, the requirement was set that their maximum count rate of 2 x 105
cps (Ground Rule 4) be obtained at a power level of 12,200 watts, thus pro-
viding the minimum required one decade of overlap with the intermediate
range channels (Ground Rule 5). For this condition to be fulfilled, the source
range detectors had to be positioned so that they had a sensitivity of 983
cpm/watt. From Figure 9 it was determined that this sensitivity could be
attained by placing the midplane of the sensitive volume of the source range
detectors 23, 6 inches from the bottom of NCT 3. This position was there-
fore chosen for the two operational permanent plant source range fission
counters in NCT 3.™* The third spare detector will not be installed in the
neutron counter tube at present but instead it will be kept on the shelf ready
for use if needed. The power range covered by the source range channels,
based on a sensitivity of 983 cpm/watt and Ground Rules 3 and 4, thus be-
comes 0. 61 watts (minimum) to 12, 200 watts.

* Table V indicates that the response of the Anton B-10-lined ion chamber
was about 0.343 x 10-12 amps/watt when positioned at the bottom of either
NCT 2 or 5 (detector volume midplane 5.5 inches from the bottom of the
tube). Figure 7 shows that the response for a boron detector located ap-
proximately 15 inches from the bottom of either NCT 2 or 5 is 5 percent
larger than that obtained 5. 5 inches from the bottom of the tube. Section
IVA3 indicates that a reduction in detector response of 10 percent should
be taken to account for the slight shadowing effect which will result with
the two detectors in each counter tube placed side by side at this position.
Thus, the effective response is 0.343 x 10~12 x 1. 05 x 0, 90 amps /watt or
0.328 x 10-12 amps/watt. .

*% No correction to the source range detector response to account for shadow-
ing was made (even though the detectors will be placed side by side) be- .
cause the effect in their case was thought to be negligible.
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c. Location of Power Range Channels - It was decided to re~
serve both NCT's 3 and 4 for the source range detectors even though the
two operational detectors will initially be placed side by side in only NCT 3.
NCT's 2 and 5 contain the intermediate range detectors. Thus, only NCT's
1 and 6 were available for the unrestricted placement of the six power range
detectors (Ground Rule 16),

The experimental results show that when the Anton B-10-lined
ion chambers are placed at their most sensitive positions in NCT's 1 and 6
(15 inches from the bottom) they have effective responses of 0.288 x 10-12
and 0.231 x 10-12 amps/watt, respectively. These values were obtained
by scaling the shadowed effective response of 0.328 x 10-12 amps /watt,
found 15 inches above the bottom of NCT 2 (Section V.A28. according to the
relative B-10 response distributions for NCT's 1, 2, and 6 shown in Figure
6. These responses yield currents of 0. 86 x 10=4 and 0. 69 x 10~% amps
respectively at a power level of 300 Mwt, the upper limit of the power range.
However, Ground Rule 10 requires that the full scale 300 Mwt reading must
correspond to an ion chamber current of between 0.2 x 10-3 and 3.0 x 10-3
amps. Therefore, it was clear that the sensitivity requirements of the
power range detectors could not be met using the original power range elec-
tronics.

For this reason, subsequent revisions of the power range
electronics were made which increased the channel sensitivity by approxi-
mately a factor of eight, reducing the current required for full scale deflec-
tion at 300 Mwt to the range from 0.25 x 10-4 to 3.8 x 104 amps. The 15-
inch detector midplane elevation position in NCT's 1 and 6 then met the
sensitivity requirement. However, only four detectors (two side by side
in each tube) can be accommodated in this manner. It was therefore decided
that the remaining two detectors will be placed above the intermediate range
detectors in NCT's 2 and 5, one in each neutron counter tube. The space
requirements needed between detectors at different elevations in the same
neutron counter tube (Ground Rule 18) dictate that the lowest position at
which these detectors could be placed is about 56 inches above the bottom
of the neutron counter tube based on the detector dimensions given in Table I.
Using Figure 6 to scale the output of these detectors (unshadowed) results
in currents of 0.80 x 104 and 0.57 x 10-4 amps at 300 Mwt for this location
in NCT's 2 and 5 respectively. Therefore, these values also meet the elec-
tronic sensitivity requirements of the revised electronics. Coverage of the
lower limit of 2 Mwt (Ground Rule 19) is easily obtainable with all six de-
tectors since the ion chamber current range extends some six decades below
the values at 300 Mwt (Ground Rule 20).

A special power monitor to cover powers up to 700 per cent
of full power (1400 Mwt) is to be included as part of the power range instru-
mentation (Ground Rule 11). The upper positions of either NCT 1 or 6 (56
inches above the bottom) are available for such a detector. Using a sensitivity
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of 0.364 x 10-12 amps/watt for an unshadowed Anton ion chamber at 15-
inches elevation in NCT 2, and the response distributions between tubes
given in Figure 6, the response for the 56-inch midplane detector elevation
positions in NCT's 1 and 6 becomes 0.898 x 10-13 amps/watt and 0. 981 x
10-13 amps /watt, respectively. At 1400 Mwt, the corresponding currents
become 1.26 x 10=4 amps and 1.37 x 10-4 amps, respectively. Thus, the
current requirements (Ground Rule 11) are met with the detector positioned
in either NCT 1 or 6. The most sensitive location, NCT 6, was finally
chosen for the permanent plant power range 700 percent recorder.

3. Minimum Source Size

The minimum neutron source size required on the basis of Ground
Rules 1 through 3 was found as follows. First, reference was made to Sec-
tion VAZb where it was shown that with the positions chosen for the perma-
nent source range detectors in NCT 3, the lower limit of the source range
coverage (10 cps) is 0. 61 watts. Then, reference was made to Section IVCZ,
Equation 8, where it was shown that a 1218 curie source located in core po-
sition N05-N04 is required for 1-watt shutdown power with the eight safety
rods and two control rods fully inserted at zero excess reactivity., From
these data, the required minimum source strength for a shutdown count rate
of 10 cps becomes

Spin = (0.61) (1218) = 743 curies (10)

If for some reason it is required to use NCT 4 for the source
range detectors rather than NCT 3, the maximum sensitivity that can be ob-
tained will only be 0, 814 times the value obtainable in NCT 3., (The maxi-
mum sensitivity in NCT 4 is obtained by placing the detectors 26 inches
from the bottom of the tube [see Figure 9].) Thus, if the source range de-
tectors are placed in NCT 4, the source strength requirement becomes

Smin = 0B 913 curies (11)

4. Summary of Permanent Plant Detector Positions

The preceding analysis was used to specify a preliminary esti~
mate of the location (NCT number) and elevation of each neutron detector to
be used in the permanent plant neutron detection system. These positions
are summarized in Table VII with the elevations being expressed in terms
of the distance from the bottom of the neutron counter tube to the midplane
of the sensitive volume of the detector.

When the detectors were finally placed, however, the final posi-
tioning arrived at for the detectors did not correspond exactly to the eleva-
tions specified above. This was due to slight differences which existed in




TABLE VII - FINAL POSITIONS OF PERMANENT

PLANT NEUTRON DETECTORS

Elevation, Inches™™

Detector

Channel Type™ NCT Specified
Source Range

1 5 3 23.6

2 5 3 23.6

1 (future) 4

2 (future) 4
Intermediate Range

1 8 2 15

2 8 2 15

3 8 5 15

Spare 8 5 15
Power Range

1 (operational) 7 2 56

2 (operational) 7 5 56

1 (safety) K 1 15

2 (safety) 7 1 15

3 (safety) 7 6 15

700% recorder 7 6 56

Spare 7 6 15

* Numbers refer to detector listings in Table I.
** Elevation given as distance from bottom of NCT to midplane of sensitive

volume of detector.

23.
23.

16.
16.
16.
16.

57.
57.

14.
14.
14,
57.
14.

Installed

6 { 0.5 )
6 ( 0.5)
6 ( 3.75)
6 ( 3.75)
4 ( 3.5)
4 ( 3.5 )
3 (48.5 )
4 (48.5 )
0 ( 4.75)
0 ( 4.75)
0 ( 5.8 )
2 (49.0 )
0 ( 5.8 )

*%k% Values in parentheses given as distance from bottom of detector rack to

bottom of detector.

the physical dimensions of the Anton ion chambers (the detectors assumed
in the original analysis) and the Reuter-Stokes ion chambers (the detectors
actually installed). Slight differences also arose because of corresponding
changes in the mechanical characteristics of the detector cable, revisions of
the technique used for cable passage, and other mechanical considerations of
a similar nature. The as-installed elevations are also given in Table VII.

The detectors were strapped to racks that were inserted into the
neutron counter tubes. The racks are suspended in the neutron counter tubes
by means of a flange arrangement and thus do not rest on the tube bottoms.
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For the purpose of the detector mounting on the racks it was convenient to
specify detector locations in terms of the distance between the bottom of the
rack and the bottom of the detector. This position was found using the de-
tector sensitive volume midplane elevations given in Table VII, the detector
dimensions given in Table I, and the distances from the bottom of the neu-
tron counter tubes to the bottom of the racks as given in Table VIII. The
resulting positions for detector mounting on this basis are included in Table
VII also (the values in parentheses).

TABLE VIII - ELEVATIONS OF NEUTRON DETECTOR RACKS

Neutron Counter Tube Elevation, Inches*
1 3.75
2 3.35
3 17. 60
4 -
5 3.40
6 2.70

* Elevation given as distance between bottom of rack and
bottom of NCT.

5. Summary of Permanent Plant Detector Responses

Predicted Responses - The predicted responses and power cov-
erage of the permanent plant detectors in their final as-installed positions
were found by applying the detector response data given in Table V and Fig-
ures 6, 7 and 9 to the as-installed positions of the permanent neutron detec~
tors in a manner similar to before. These results are summarized in Fig-
ure 16 and Table IX.

Measured Responses - When the permanent plant detectors were
installed, a measurement was made of their response to reactor power.
The results of these later measurements together with the predicted responses
are given in Table IX. Note that for all the detectors, the discrepancy be-
tween the predicted and final measured value is less than 20 per cent. This
agreement implies that the source, intermediate, and power range channels
will essentially cover the power ranges intended.

Most of the discrepancies between the predicted and final mea-
sured responses of the as-installed permanent plant detectors are due to
slight differences in the response of the permanent plant detectors and those
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FIGURE 16. PREDICTED REACTOR POWER COVERAGE WITH THE PERMANENT
PLANT INSTRUMENTATION
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TABLE IX - MEASURED RESPONSE OF AS-INSTALLED
PERMANENT PLANT NEUTRON DETECTORS

Response
Measured, Predicted, Discrepancy,

Channel cpm/watt cpm/watt Per Cent
Source Range

1 1120 983 +14.0

2 1056 983 + 7.4
Intermediate Range (hp amp/watt) (pp amp/watt)

1 0.335 0.328 + 2.1

2 0.299 0.328 - 8.8

3 0.303 0.323 - 6.2

Spare 0.335 0.323 3.7
Power Range

1 (operational) 0.212 0.252 -15.9

2 (operational) 0.156 0.190 -17.9

1 (safety) 0.248 0.288 -13.9

2 (safety) 0.316 0.288 + 9.7

3 (safety) 0.242 0.231 + 4.8

700% recorder 0.0762 0.095 -19.8

Spare 0.267 0.231 +15. 6

of the test instrumentation, long term electronic drift that affects the reactor
power calibration neutron flux gradients across the neutron counter tubes,
and slight differences in the electronics associated with the final measure-
ments as compared to the electronics used for the earlier measurements.

B. SENSITIVITY INCREASE OF SOURCE RANGE CHANNELS

The minimum neutron source size required for reactor startup is in-
versely proportional to the sensitivity of the source range channels. If an
additional channel with increased sensitivity were employed, the required
source strength would be correspondingly reduced, thereby increasing the
time needed between source reloadings and correspondingly decreasing the
expense of the source neutrons.

It is planned that such a revision will be made by incorporating two
additional source range detectors in NCT 4 (hitherto unused). The detectors
will be of the same type as employed in the normal source range channels,
i.e., two-connector Westinghouse U-235 fission counters, but their effective
sensitivities will be increased by placing them inside a can containing zir-
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conium hydride (ZrHp). This will soften the spectrum of the neutrons enter-
ing the counter and thus increase the average U-235 fission cross section.
When required, i.e., at the time of very low source strength, the reactor

. will be started up with these special high-sensitivity source range channels
connected in parallel with the normal source range channels, greatly increas-
ing the overall channel sensitivity. Then, when a sufficiently high subcritical
power level is reached, the high sensitivity channels would be disconnected.
The design goal is to increase the maximum sensitivity normally obtainable
in NCT 4 by a factor of four. This will decrease the required minimum
source strength to 228 curies (Section V.A3 and thereby increase the life of
the antimony-beryllium neutron source by about four months (Sb-124 half-life
~ 60 days).

The thickness of ZrHp required to effect a factor of 4 increase in de-
tector sensitivity was estimated by noting the effect of polyethylene on detec-
tor sensitivity in the experiments (Figure 13) and applying a correction factor
to take into account the difference in moderating power between polyethylene
and ZrHz. Figure 13 indicates that an 0. 80-inch thickness of polyethylene
is required to obtain a factor of 6 increase in sensitivity for a U-235 fission
counter placed 2.5 feet above the bottom of NCT 4. Furthermore, ZrH is
about three-quarters as effective as polyethylene as a moderator, the differ-

. ence being due chiefly to the differences in the hydrogen density of the two
materials. Therefore, it can be expected that about one inch of ZrHy wrapped
around the sensitive portion of a U-235 fission counter will increase the de-
tector sensitivity by about a factor of 6 also. Some uncertainty exists in this
extrapolation and in the experiment itself in that possible variations may exist
in the moderator effectiveness with detector elevation, etc. Therefore, to
assure that the desired factor of 4 increase in detector sensitivity is obtained,
a one-inch thickness of ZrH) is prescribed for the special high-sensitivity
source range channel design.

C. CADMIUM RATIO MEASUREMENTS

The measured cadmium ratios (Figure 10) are in general agreement
with the nearby shield geometry (Figures 11 and 12). The high values (signi-
fying a relatively large thermal flux) occur where there are large areas of
plain graphite adjacent to the neutron counter tubes (elevations 571 feet to
576 feet). The minimum values occur near a large void region (elevation
570 feet) that would afford little moderation and allow high energy neutron

. streaming to the neutron counter tubes of reactor vessel leakage neutrons.
The generally lower values of the cadmium ratio in NCT 1 are probably due
to the larger void regions associated with NCT 1 as compared to those as-
sociated with NCT 2.

‘ Some attempts have been made to compute the cadmium ratios in the

neutron counter tubes using flux distributions obtained from one-dimensional
multigroup diffusion theory calculations (Reference 7). However, the calcu-
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lated and experimental results do not agree very well. This is not surpris- .
ing because the reactor geometry is entirely too complex for a one-dimen-
sional calculation to be meaningful, Furthermore, the as-built shield in

the vicinity of the neutron counter tubes differs somewhat from that assumed
in these early calculations, especially the density of the plain graphite and
the percent boration of the inner layer of borated graphite located next to

the reactor vessel. It may be possible to perform more meaningful calcula-
tions of the cadmium ratio later, using two-dimensional diffusion theory.
However, if this is done, great care will have to be taken to assure that an
accurate mockup of the shielding geometry is made. Furthermore, there
may still be difficulty in correlating the calculated values with the experi-
mental results for the following reasons:

1. There may be boron particles (as contaminants) in the plain
graphite. Small amounts of boron have been shown to have a
large effect on the calculated thermal fluxes and cadmium ratios
in the neutron counter tubes.8

2. Numerous small cracks and voids exist in the shield with uncer-
tainties as to their number, position, and size.

3. The counter tubes were empty during the experiment and stream-
ing effects may have caused the fluxes at one point to be influenced
by those at other points. However, measurements comparing
counter responses in empty neutron counter tubes with foil re-
sponses in graphite plug-filled neutron counter tubes were per-
formed as part of the shield test program and these results showed
no appreciable streaming effects in the lower portions of the tubes.?
Since this is the region where the permanent plant detectors are
to be located, use of the experimental cadmium ratio data in the
analysis of their response characteristics should be valid.

D. GAMMA DOSE RATE AT DETECTOR LOCATIONS

All the neutron detectors of the type used in the Fermi permanent
plant instrumentation system possess a finite sensitivity to gamma irradia-
tion. If their response due to gammas is high relative to the response due
to neutrons, it is possible that misleading information could be obtained
from the detectors which might in turn lead to an impairment of the safety
system of the reactor. For example, if the gammas came from a source
that responded slowly to reactor power, the reactor periods measured under
these conditions would be longer than the true reactor period. Since this
would have safety implications, it was important in the test to verify that
the gamma levels at the detector locations would not be excessive, In this
respect, both the shutdown and operational gamma doses at the detectors
had to be considered. The shutdown gammas are important with regard to .
their effect on the source range and intermediate range detectors during
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reactor startup when the neutron flux is relatively low; the gamma levels
during reactor operation have to be considered primarily at high power level
with regard to their effect on the operation of the uncompensated power
range channels.

1. Shutdown Gamma Dose Rates

The maximum ratio of the gamma dose rate to the neutron flux
in the neutron counter tubes will occur immediately following scram after
a long period of full-power operation. If the decay gamma levels in such a
situation are excessive, subsequent reactor startup might be impaired, due
chiefly to the masking of the neutron responses of the intermediate range
detectors by the gammas and also because of possible gamma interference
with the source range detectors. Therefore, the decay gamma dose rates to
be expected at the source range and intermediate range detector locations
following reactor shutdown after long-term operation at 200 Mwt had to be
determined.

a. Scaling Factor for Maximum Conditions - The shutdown
gamma doses following reactor operation were determined for the maximum
(worst) conditions which will exist in the reactor, i.e., immediately follow-
ing (zero decay time) long-term operation at 200 Mwt power. The dose rates
were determined for these conditions by using the experimentally determined
gamma dose rate values and experimental irradiation conditions, shown in
Figure 15, at the appropriate detector positions, and scaling them up to the
saturated full power condition described above. In the extrapolation, it was
assumed that the primary source of decay gammas is Na-24 (15-hour half-
life) located in the nearby sodium pipes (see Figure 3). The scaling factor,
F, used to multiply the dose rate values of Figure 15 to arrive at the desired
dose rates was:

F = Saturated Na Activity Immediately After Shutdown from 200 Mwt (12)
Na Activity Measured in Experiments

200 x 106 x A,
Pe x Ao (1 - e~Mo) x e=Mg

where A, = saturated Na-24 activity per watt of reactor power

P, = reactor power during the experimental irradiations
= 149 x 103 watts

to = irradiation time during experiment
= 2.8 hours

tgy = decay time after reactor shutdown of dose measurements
= 3.7 hours
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b
|

= Na-24 decay constant
0. 046 hour-1

1

Therefore,

149 x 103

(200 x 106> .(0.046) (3.7)
- | - o-(0.046) (2. 8)

= 1.3 x 104 (13)

b. Dose on Source Range Detectors - When the above scaling
factor is applied to the experimentally determined gamma doses given in
Figure 15, the maximum shutdown gamma dose rate at the position of the
permanent source range detectors (23, 6-inches elevation in NCT 3) becomes
364 R/hr. Gamma interference from space charge effects, which results in
decreased neutron sensitivity, requires gamma dose rates of the order of
100 R/hr or more so that there should be no influence of the shutdown gamma
rays on the effective sensitivity of the source range detectors. Furthermore,
since the source range detectors are fission counters, it will be relatively
easy to discriminate against any unwanted gamma pulses which do occur, the
ionization energy loss associated with fission fragments being much greater
than that associated with gamma rays. Thus, there should be no interfer-
ence with source range detector operation due to gammas.

c. Dose on Intermediate Range Detectors - When the above
scaling factor is applied to the experimentally determined gamma doses given
in Figure 15, the maximum shutdown gamma dose rate at the position of the
intermediate range detectors (16. 6~ and 16. 4~-inches elevation in NCT's 2
and 5) becomes 148 R/hr. The published gamma sensitivity of the Anton
(Lionel) Type 807 compensated B-10-lined ionization chambers is 3 x 10-13
amps/R/hr.10 Therefore, the maximum shutdown current due to gammas
becomes

(148) (3 x 10-13) (14)
4.4 x 10-11 amps

gamma)

Imax(

The lower limit of the chamber current on the intermediate
range channels is 4 x 10-10 amps (Ground Rule 6); therefore, the maximum
shutdown gamma field produces about 10 percent of the total current at the
lower limit of operation, Ground Rule 8 is satisfied, and the shutdown gam-
mas should not affect the operation of these detectors either.

There are some indications that the as-installed Reuter-Stokes
detectors which were substituted for the Anton detectors in the revised per-
manent plant design may possess a slightly greater gamma sensitivity than
that assumed above, thus slightly exceeding the maximum allowable 10 per- ‘
cent value. However, it also appears that the major gamma component in
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NCT's 2 and 5 immediately following reactor shutdown actually comes from
Mn-56 activity in nearby structural stainless steel, with a half-life of 2.6
hours, rather than from 15 hour half-life Na-24, as assumed in the preced-
ing analysis (see Section V.D3). When a similar extrapolation of the data in
Figure 15 is made on this new basis, the resulting doses at the positions of
the permanent intermediate range detectors in NCT's 2 and 5 are lower than
those obtained above by assuming Na-24 to be the primary gamma contri-
butor. (See Section V.D3.) Thus, even if it proves true that the as-installed
Reuter-Stokes detectors do actually have a slighter greater gamma sensi-
tivity than the Anton detectors, the gamma interference in these detectors
during startup should be below the maximum allowable 10 percent value.

Figure 15 clearly indicates that the smallest decay gamma
dose rates are seen in NCT's 2 and 5. Since the gamma level in even these
neutron counter tubes is marginal, it is obvious that the remaining neutron
counter tubes, where the neutron flux levels are not significantly different,
are precluded from use for the intermediate range detectors.

2. Operating Gamma Dose Rates

After reactor startup, when the reactor is being brought up to
its operating power level, a change will occur in the distribution of the
gamma-ray sources giving rise to the gamma dose at the neutron counter
tubes, i.e., as the power increases, prompt gammas (resulting from (n, a)
reactions in reactor structural materials) will become more important than
the decay gammas. This will not harmfully affect the operation of the source
range and intermediate range detectors since by then the neutron flux at these
detectors will have increased greatly. However, the operating gamma dose
rates at the neutron counter tubes are of importance in evaluating the per-
formance of the power range detectors since they are to be operated uncom-
pensated (Section II. C). Therefore, the operating gamma dose rates expected
at the power range detector locations had to be determined also.

a. Method of Analysis - The as-installed positioning of the six
permanent plant power range detectors is given in Section V. A4. Table VII.
Two detectors each are located in NCT's 1 and 6 (14 inches elevation) and
one detector each is located in NCT's 2 and 5 (57 inches elevation). The
operational gamma dose rates in NCT's 1 and 2 during low-power reactor
operation have already been measured as part of the shield test prograrn.11
For the purpose of the analysis, the dose rates in NCT 6 were assumed
identical to those in NCT 1 and those in NCT 5 identical to those in NCT 2.
These neutron counter tubes are at essentially symmetric positions in the
graphite shield (see Figure 3), and therefore should have approximately the
same operational gamma dose rates. :

To determine the effect of the operational gammas on the
power range detectors, it was then necessary only to pick a power level and
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determine the ion chamber current due to gammas compared to the current
due to neutrons for each detector at this power level. This is valid because
it may be assumed that the operating gammas dose rate is proportional to

the neutron flux and the ratio of the two will be the same at all power levels.

b. Dose on Power Range Detectors - The comparison between
the ion chamber gamma and neutron currents for each power range channel
was made at the power level corresponding to full scale deflection (300 Mwt
or 150 percent of full power) and the results are summarized in Table IX.
The operational gamma dose rates at 300 Mwt were obtained by scaling up
the measured values obtained at 800 kwt in the shield testsl! directly with
power, and the doses were then converted to uncompensated ion chamber
currents using the published sensitivity for the Reuter-Stokes chambers of
5x 10-11 a.mps/R/hr.12 The 300 Mwt power range ion chamber neutron
currents were obtained using the predicted values given in Figure 16.

As can be seen from Table X, for all positions of the perma-
nent plant power range detectors the gamma component of the ion chamber
current is less than 5 percent of the total current. Substantially greater
fractions than this can be tolerated since the operating gamma dose rate is
proportional to reactor power and there is effectively no difference between
the neutron and gamma ray signals. Thus, there should be no interference
on the power range detectors due to gamma rays during reactor operation.

TABLE X - OPERATING GAMMA DOSE RATES AT POWER
RANGE DETECTOR POSITIONS AT 300 Mwt

Power Ion Chamber
Range Elevation, Dose Rate, Current from Gammas,
Detector NCT Inches™® R/hr % of Total

1 (operational) 2 57.3 37,600 2.5

2 (operational) 5 57.4 37,600 3.5

1 (safety) 1 14.0 27,000 1.5

2 (safety) 1 14.0 27,000 1.5

3 (safety) 6 14.0 27,000 1.9

Spare 6 14.0 27,000 1.9

* Elevation given as distance from bottom of NCT to midplane of sensitive
volume of detector.
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3. Source of Shutdown Gammas

A meaningful extrapolation of the measured gamma dose rates
obtained after shutdown (shown in Figure 15) to conditions of long-term re-
actor operation requires that the effective half-life of the gamma contribu-
tors be known. Calculations predicted that the major source of these gam-
mas in the case of all neutron counter tubes is the Na-24 activity contained
in the nearby sodium lines.® The curves of Figure 15 for NCT's 1, 3, 4,
and 6 do actually reflect the geometry of the nearby sodium lines (Figure 3).
For example, the gamma response in NCT's 3 and 4 exhibits a maximum
due to the proximity of the nearby 30-inch sodium lines, and the responses
for all four of these counter tubes fall off sharply at approximately 14-feet
elevation, the elevation at which the sodium lines exit from the primary
shield tank., Therefore, the conclusions reached from the calculations ap-
pear to be valid in the case of NCT's 1, 3, 4, and 6. However, the curves
for NCT's 2 and 5 do not exhibit this clear drop-off at 14 feet, indicating
that the major source of gammas in their case may not be due to the Na-24
activity in the sodium lines. As a matter of fact, subsequent measurements
were made in NCT 2 of the decay characteristics of the shutdown gamma
dose; they revealed an effective half-life considerably shorter than that of
15-hour Na-24 during the first 24 hours after shutdown. After this time,
the 15-hour half-life Na-24 was then observed. (See Figure 17.) The main
constituent of this shorter half-life gamma emitter is believed to be 2. 6~
hour Mn-56 which probably results from neutron capture in the manganese
component of the 304-type stainless steel used in the reactor vessel con-
struction. A similar decay measurement was made in NCT 1 and reflected
only 15 hour half-life Na-24. This, therefore, confirmed the earlier ob-
servation (Figures 15 and 3) that the major decay gamma source seen in
NCT's 1, 3, 4, and 6 at the neutron detector elevations is probably from
sodium activation.

The detection of a possible contribution to the shutdown gamma
dose rates in NCT's 2 and 5 from steel activation, rather than from sodium
activation, required a re-evaluation of the predicted shutdown gamma doses
on the intermediate range detectors in these neutron counter tubes following
long-term reactor operation. This was done as follows. First, it was as-
sumed that the primary source of the postulated steel activation was the re-
actor vessel. Multigroup diffusion theory calculations were then made which
indicated that Mn-56 constitutes 85 percent of the total saturated vessel ac-
tivity.13 Based on this, an extrapolation of the measured gamma dose values
for NCT's 2 and 5 (Figure 15) to the case of long-term operation at 200 Mwt,
and zero decay time was made by assuming all the measured gammas to be
those of 2. 6-hour Mn-56. The final result was then increased by 15 percent
to account for the other isotopes. The extrapolation was made using Equa-
tion 12 and the X\ value for Mn-56. The resulting dose rate obtained was
lower than that obtained by the nominal extrapolation that assumed Na-24 to
be the primary gamma source. Thus, it would appear that the previous
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FIG. 17 SHUTDOWN GAMMA DOSE RATES IN NEUTRON - COUNTER TUBES 1 AND 2
AS A FUNCTION OF TIME AFTER SHUTDOWN
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estimate (Section V.D1qd obtained by assuming Na-24 to be the primary gam-
ma source is conservative. On this basis, it was concluded that the effect
of shutdown gammas on the intermediate range detectors in NCT's 2 and 5
would not be harmful even if the primary gamma source is actually due to
the activation of the stainless steel reactor vessel.

E. COMPARISON WITH CALCULATION

A brief discussion of the agreement between the measured and pre-
dicted results of the flux mapping experiments is given below.

1. Detector Responses

The general shapes of the measured boron-10 neutron capture
and U-235 neutron fission responses in the neutron counter tubes, given in
Figures 6 through 9, agree quite well with those predicted from calculations.
The effect of the neutron windows located in the inner 6-inch-thick borated
graphite layer of the shield just above the core midplane and in front of
NCT's 3 and 4 can be seen. The humps in the curves observed at the 8-foot
elevation reflect the effect of the reactor vessel transition deck. Although
the cadmium ratios measured (Figure 10) indicate a somewhat harder spec-
trum for the neutron flux than predicted from calculations, good agreement
on the cadmium ratio was not expected. (See Section V.C.) Nevertheless,
the overall absolute detector responses (Table V) were sufficiently accurately
predicted beforehand to allow satisfactory placement of the permanent neu-
tron detectors to be made with only minor adjustments being required in the
as-designed electronics.

2. Shutdown Gamma Dose Rates

The shutdown gamma dose rates at the elevation of the core mid-
plane in each neutron counter tube were calculated prior to the test and the
results are given in Reference 13. These calculations indicated that essen-
tially all of the gammas came from activated sodium in the nearby primary
system piping. The calculated values, converted to the operating conditions
of the experiment (see SectionIV.D) are given in Table XI together with the
measured values. As seen, the measured doses in NCT's 1, 3, 4, and 6
are somewhat smaller than predicted while the doses in NCT's 2 and 5 are
larger than predicted.

It is interesting to note that the agreement between the calcula-~
tions and measurements is generally improved in the case of NCT's 1, 3, 4,
and 6 if the calculated values are divided by a factor of two. This is con-
sistent with the observation that the measured sodium activation, obtained
by sample extraction, is also lower than that calculated by approximately a
factor of two (Reference 14). Similar improvement is not expected in the
case of NCT's 2 and 5 since, as pointed out earlier, it is thought that stain-
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TABLE XI - SHUTDOWN GAMMA DOSE RATES IN NEUTRON
COUNTER TUBES AT CORE MIDPLANE ELEVATION®

NCT Number Calculated Dose, mr/hr Measured Dose, mr/hr
1 472 91
2 2.4 15
3 49 31
4 49 34
5 9.2 15
6 83 27

* Dose rates based on the test conditions of 3.7 hr after scram from a power
run of 149 kw for 2. 82 hours.

less steel activation is the major shutdown gamma contributor for these two
neutron counter tubes and the original calculations based on sodium activation
underestimate the effect of this source.

3. Operating Gamma Dose Rates

Most of the operating gammas at the neutron counter tubes result
from neutron capture in the vessel wall,

The calculated operating gamma dose rates in the various neutron
counter tubes and a comparison with the experimental values obtained is given
in Reference 11. In general, it was found that the measured values were less
than those calculated by roughly an order of magnitude., However, the mea-~
sured variations with elevation agree fairly well with calculations. Thus,
the agreement in variations with elevation lends confidence to the calculated
neutron flux distributions at the reactor vessel wall, even though the magni-
tude of the flux does not agree.

4, Minimum Source Size

The minimum source size required for a shutdown count rate of
10 cps on the permanent source range channels was determined to be 743
curies of Sb-124 from the experimental data (Section V. A3). The predicted
size, based on multigroup diffusion theory calculations, has been placed at
900 curies.l® Therefore, the agreement between experimental and calcula-
tional results appears to be very good. This is especially true considering
the many complex factors involved in such a prediction. However, later in-
vestigation has shown that the good agreement apparently found is fortuitous
and that it is actually due to two compensating factors. In the first place,
the 900 curie predicted value given in Reference 15 was found to be actually
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based on a count rate of 70 cps with the one-connector fission counter in-
stead of 10 cps. The extra factor of seven in source strength necessary to
achieve the desired count rate was retained in the calculations as a safety
margin because of the inherent inaccuracies known to exist in deep penetra-
tion diffusion theory flux calculations of this type. Secondly, the experi-
mentally determined 743 curie value has been found to be a factor of two
smaller than that actually required. This error resulted from a factor of
two inaccuracy in the quoted activity of the source used in the experiments
(Figure 14) which was used in the extrapolation of the experimental data
(Section V.A3)to obtain the 743 curie value. The source activity data shown
in Figure 14 were supplied by the General Electric Test Reactor irradiation
facility after they had performed the irradiation. However, later investiga-
tion showed that their quoted Sb-124 activity was based solely on thermal
neutron activation using out-dated cross sections, and in addition burn-out
was not taken into consideration. When epithermal activation and the other
two effects are considered, the source activity becomes about double that
shown in Figure 14 and the experimentally determined source strength for
10 cps becomes 1486 curies, On this basis, the overall factor, F, by which
the calculated source required for 10 cps on the permanent source range
detectors is actually smaller than the measured value is

Fo- 1486 7 _ 116 (15)
900

This discrepancy is thought to be due to two factors: (1) the tendency for
diffusion theory to overpredict the flux at deep penetrations and (2) the fact
that the measured cadmium ratios in the neutron counter tubes indicate quite
a bit harder neutron spectrum, and hence smaller effective U-235 fission
counter cross section, than predicted. (See Section V.C.)
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VI. CONCLUSIONS

The objectives of this test have been fulfilled. Boron capture and
U-235 fission responses in the appropriate neutron detector tubes have been
established. All permanent plant neutron detector positions have been desig-
nated and the detectors installed. The as-installed detector responses meet
the requirements at all power levels of interest. The predicted gamma
levels at the detector positions at full power and following full power opera-
tion are sufficiently low to permit proper neutron detector operation. The
minimum neutron source strength required to give a sufficient shutdown
count rate on the source range channels for proper reactor startup was de-
termined and found to be consistent with the source strengths available for
the neutron source subassembly.
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