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FOREWORD 

This repor t is one of a s e r i e s of repor ts on the low-power (up to 
1 Mwt) and high-power (up to 200 Mwt) nuclear test ing of the Enr ico F e r m i 
reac to r . The Nuclear Test P r o g r a m is planned, directed and evaluated by 
Atomic Power Development Assoc ia tes , Inc. (APDA). The tes ts a r e con­
ducted by Power Reactor Development Company (PRDC). The reac tor p r o ­
per is owned and operated by PRDC. The s team genera tors and e lec t r ica l 
generation facilities a r e owned by The Detroit Edison Company (DECo), 

Many people have contributed to the success of the nuclear testing 
of the F e r m i reac to r . Listed below a re 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, 

APDA PRDC DECO 

R, J. Beaudry P, M, Harr igan J. Levine 
J, Nyquist 
W. Hill 
J. Herb 
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SUMMARY 

The majori ty of the tes ts in which flux mapping measu remen t s were 
made in the F e r m i reac tor were made during the months of November and 
December 1963, A few tes ts were also made during 1964. In the t e s t s , 
the axial distr ibution of the relat ive boron-10 (n, a) response was obtained 
in all six of the neutron counter tubes which a r e located in the graphite 
shield and which a r e designed to contain the permanent plant ins t rumenta ­
tion. The axial distr ibution of the relat ive 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 absorbe r m a t e r ­
ial and polyethylene modera to r ma te r i a l . 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 
leas t one position in the counter tubes of in te res t . The two sets of data 
were combined and analyzed and the resu l t s were used to locate each of the 
th i r teen neutron detectors to be used for permanent plant operation. In 
addition, the data were used to deternaine the ant imony-beryl l ium 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 ra te specified for r e ­
actor s ta r tup . The source size obtained was 743 cur ies . Finally, the 
shutdown gamma radiation level in all of the neutron counter tubes was m e a ­
sured following a period of s h o r t - t e r m low-power reac tor operation. These 
data were extrapolated to obtain the expected shutdown gamma radiation 
levels following long- te rm operation at full power, and it was verified that 
nei ther the source range or intermediate range channels would be adverse ly 
affected by gamma interference during reac tor s tar tup. A s imi la r analysis 
was also made of the effect of gamma radiation on the operation of the Power 
Range channels using operational gamma radiation data which had been de ­
termined as par t of the shield test p rogram. 

The measured resul ts of the flux mapping tests agreed with p red ic ­
tions to within the accuracy expected, although the predictions did have a 
ra ther la rge uncertainty to them because they were based on shielding type 
calculat ions. Never the less , the only major consequence of this was that 
the measu red neutron detector sensi t ivi t ies in counter tubes 1 and 6 were 
sufficiently below the predicted values to requi re a slight revision in the 
original design of the power range channel e lec t ronics . 

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

** Since the completion of the analyses repor ted here , the minimum specified 
count ra te was changed to 5 cps result ing in a corresponding change in 
minimum source size to 371 cur ies . 

9 





I. PURPOSE OF TEST 

The p r imary purpose of the flux mapping tests was to obtain the p e r ­
manent plant neutron detector responses as a function of axial position in 
the six neutron counter tubes. This information was then used to de termine 
the proper placement of the detectors in the permanent ins t rument racks 
such that the des i red response over the full power range of reac to r ope ra ­
tion would be achieved. The data were also used to determine the neutron 
source strength required for safe reac tor s tar tup. In addition, the gamma 
radiation levels in the counter tubes both during and following reac to r ope ra ­
tion were analyzed to insure that the positions chosen for the neutron de tec ­
to rs would allow operation w^ithout significant interference by gamma rad i a ­
tion. 
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II. DESCRIPTION OF THE ENRICO FERMI REACTOR 

A. GENERAL DESCRIPTION 

The F e r m i reac to r and its associa ted s t ruc tu res a re shown in pe r ­
spective in Figure 1. The reac tor is contained in a s ta inless s teel reac tor 
vesse l sealed at the top by a rotating shield plug which supports the control 
mechan i sms , the fuel subassembly hold-down mechanism, and the fuel sub­
assembly handling mechanism. The reac tor vesse l is surrounded by borated 
and plain graphite neutron shielding ma te r i a l which is contained inside the 
p r imary shield tank. The reac tor is of the f a s t -b reeder type, cooled by 
sodium, and it is operated at essent ia l ly a tmospher ic p r e s s u r e . The max i ­
mum reac tor power obtainable with the f i rs t core loading (Core A) is 200 Mwt. 

The core and blanket a r e located in the lower reac tor vesse l and con­
sis t of 2. 65-inch square subassembl ies containing the fuel pins and blanket 
rods . The core and blanket subassembl ies a r e a r ranged to approximate a 
cylinder about 80 inches in d iameter and 70 inches high. The core , which 
is contained in the centra l portion of the core subassembl ies , approximates 
a right cylinder 31 inches in d iamete r and 31 inches high; it is axially and 
radially surrounded by the b reeder blankets . The fuel in the f irs t core load­
ing consists of z i rconium-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 reac tor c ross section, shown in Figure 2, indicates the p lace-
inent of individual components within the lower reac tor vesse l . There is a 
total of 149 centra l lat t ice positions that a r e occupied by core and inner 
radial blanket subassembl ies , the antimony-berylliunn (Sb-Be) neutron 
source , and the 10 operating control and safety rod channels. All of these 
positions a re supplied with sodium coolant flowing upwards from a high p r e s ­
sure plenum which is connected to the discharge lines of the three p r imary 
sodium pumps. The coolant flows upward through the individual core and 
inner radial blanket subassembl ies and into a la rge upper plenum. F r o m 
there it flows by gravity to the three in termediate heat exchangers and then 
to the suction side of the p r imary pumps. Sodium also is used in the secon­
dary cooling sys tem. 

The lattice positions surrounding the inner radial blanket contain the 
outer radial blanket subassembl ies . Beyond the outer radial blanket a re la t ­
tice positions used for s tainless steel-f i l led thernaal shield bar subas sem­
bl ies . These subassembl ies provide the rmal and neutron shielding for the 
reac tor vesse l . The outer radial blanket and shielding latt ice positions a re 
both supplied with sodium coolant from a low^ p r e s s u r e plenum. 
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The reac to r is controlled by two operating control rods and seven 
safety rods which a r e uniformly spaced around the center of the core . P r o ­
visions have also been included in the design for an eighth safety rod. The 
rods a r e 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 react ivi ty worths of 46 cents . The seven safety rods a r e worth more 
than $1. 00 each and provide shutdown react ivi ty. During operation of the 
reac to r , they a r e held just above the upper axial blanket section of the core 
so that they can be rapidly inser ted into the core if it becomes necessa ry to 
s c r a m the reac to r . 

An ant imony-beryl l ium (Sb-Be) neutron source is located in the r e a c ­
tor , normal ly at the core-blanket interface (Figure 2), to provide a neutron 
flux at the neutron detectors during reac tor s tar tup and to maintain a flux 
when the reac tor is shut do-wn. The radioactive antimony portion of the 
source is made as a separa te piece for easy replacement and is in the form 
of a cylindrical rod. The radioantimony rod fits inside a beryl l ium a s s e m ­
bly which is in the form of a hollow cylinder and which is placed inside a 
s ta inless steel can having the external dimensions of a normal core subas ­
sembly fuel can. 

Additional information concerning the reac tor design nnay be found 
in the Enrico F e r m i Hazards Summary Report.-^ 

B. DESCRIPTION OF THE NEUTRON COUNTER TUBES 

The permanent neutron detectors required for normal reac to r opera ­
tion a r e to be located in six neutron counter tubes (NCT) embedded in the 
graphite neutron shield surrounding the reac tor vesse l (Figure 3). These 
tubes penetrate the reac tor operating floor and p r imary shield tank at angles 
of 6 to 8 degrees from the ver t ical and extend downward to below the level 
of the reac tor core . Penetrat ion of the p r imary 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 r e ­
sponse of the de tec tors . 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 thenn in the inner 6-inch-
thick borated graphite shield layer next to the vesse l . The bottona edge of 
each window is located at the core midplane and they a re 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 ent i re reac to r power range from shutdown 
source power to full power (200 Mwt), three separa te ranges of power de tec ­
tion will be employed using a total of ten neutron de tec tors . The three 
ranges a re designated as the source range, in termedia te range, and power 
range. The source range sys tem contains two detection channels, the in t e r ­
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 a r e 
designed to cover the power range from shutdown source power to about 12 
kw. The three in termediate range channels will be supplied by signals from 
three Anton B-10-lined compensated ion chambers located in NCT's 2 and 5 
and a re 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 conapensated 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 a re included in the design. There will be a spa re ion 
chamber for each of the intermediate and power ranges located in NCT's 5 
and 6 respect ively; 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 l ineari ty of the in termediate range 
de tec tors , NCT 4 was to remain vacant for the t ime being. How^ever, plans 
now include an additional source range channel located in NCT 4 to extend 
the coverage to lower powers. (See Section V.B. ) 

The prec ise power coverage and specific location of each of the p e r ­
manent plant detectors described above were determined from the resul ts 
of this experiment . 

D. DESCRIPTION OF THE TEMPORARY STARTUP 
INSTRUMENTATION SYSTEM 

During the majori ty of the low-power nuclear testing on the F e r m i 
reac to r , the reac tor employed t empora ry instrumentat ion which was des ig­
nated as the t emporary s tar tup instrumentat ion sys tem. It was used in place 
of the permanent plant instrumentat ion for two reasons : (1) because the p e r ­
manent plant source range instrumentation could not be used during the initial 
loading to cr i t ical i ty due to its relat ively low sensitivity, and (2) because the 
permanent plant instrumentat ion is ra ther inflexible and would make shifts 
in detector positions and detector type a cumbersome procedure . Such 
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shifts a re desi rable to expedite cer ta in experiments (such as the one here in 
descr ibed) and to make the most efficient use of the decaying neutron source . 
A brief descript ion of the t emporary s tar tup instrumentat ion sys tem follows. 

All detectors used for the t emporary s tar tup instrumentat ion sys tem 
were located in NCT's 3 and 4, leaving NCT's 1, 2, 5 and 6 empty. Two 
high-sensi t ivi ty Twentieth Century Elec t ronics , Ltd. , BF3 proportional 
counters were located in NCT 4 to provide both count rate and period signals 
to the source range safety systenn. In addition to these two source range 
channels, two high-sensi t ivi ty Reuter-Stokes , Inc. , BF3 proportional coun­
t e r s , one each in NCT 3 and 4, were utilized to provide signals to two source 
range monitoring channels with sca le r outputs. These were replaced follow­
ing initial cr i t ical i ty by two Anton BF3 counters of lower sensit ivity so as to 
extend their useful range to higher powers . Neutron signals to the safety 
sys tem over the intermediate range were provided by one Anton and two 
General E lec t r ic B-10-lined ion channbers. One General E lec t r ic 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 reac tor power was never allowed to ex­
ceed one megawatt during the low-power t e s t s , these chambers were r e ­
quired as part of the safety sys tem. Finally, an additional General E lec t r ic 
ion chamber was located in NCT 3 and connected to a Keithley m i c r o - m i c r o -
ammete r r eco rde r to provide an additional monitoring channel capable of 
accura te readout at relat ively high powers. Polyethylene surrounded all the 
ion chambers to enhance their sensitivity. All detectors and detector e leva­
tions were easily changeable, and severa l changes were made both during 
and subsequent to the experiments described in this repor t . A schennatic 
d iagram of the positions of the t emporary instrumentat ion 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
te r tubes of in teres t . However, since most of the permanent plant detectors 
were not available at the time of this experiment, it was necessa ry to use 
additional detectors and electronics that were not par t of ei ther the p e r m a ­
nent or t empora ry instrumentat ion system. For example, most of the r e l a ­
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 
sensit ivi ty as expected from the corresponding permanent plant detector . 
Specifically, detector types 4 and 6 in Table I were assumed to have p e r m a ­
nent plant detector sensitivity for the source range channels and intermediate 
and power range channels, respectively. 

Additional information on the test instrumentat ion sys tem is given in 
Section IIIB. 
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TABLE I - NEUTRON DETECTOR CHARACTERISTICS 

Dimensions, inches 
Type Manufacturer Catalog No. B D 

(^) BF3 Proport ional Twentieth Century, 40EB 70/50G 20 
Counter Ltd. 

(2) 

(3) 

(4) 

BF3 Proport ional Reuter-Stokes 
Counter 

BF3 Proport ional Anton 
Counter 

Fiss ion Counter Westinghouse 
(1 -connector) 

' ' F iss ion Counter Westinghouse 
(2-connector) 

(^) Ion Chamber 

' ' Ion Chamber 

Anton (Lionel) 

Reuter-Stokes 

^°l Compensated Ion Reuter-Stokes 
Chamber 

RSN-45A 

805 

WX 4420 

WX 4516 

813 

RSN-36A 

RSN-15A 

22 

10 

14 

12 

13 

11 

16 

20 

1 3/4 10 

5 1/2 3 1/16 7 

5 1/4 3 1/8 7 1/2 4. 4 X lO-^'* amp/nv 

Published Thermal 
Neutron Sensitivity 

73 cps /nv 

52. 5 

4. 5 

0. 56 (550 F) 

0 . 7 (550 F) 

14 

12 3/8 5 1/2 3 1/8 7 1/4 4 X 10 

22 1/8 9 1/2 3 1/8^ 13 13/16 ^4 x 10 

• 14 

• 14 

-' 1-1/2 in. — , 

(1) Type used for source range of t empora ry s tar tup ins t rumentat ion 
(2) High sensit ivity counters used for general survey in all NCT's 
(3) Used to improve spatial resolution flux mapping in NCT's 2 and 4 
(4) Used for flux nriapping NCT's 2, 3, and 4 to obtain source range response 
(5) Permanent plant source range detector -. 
(6) Similar to originally proposed permanent plant in termedia te and power range detectors 
(7) Permanent plant power range detector 
(8) Permanent plant in termediate range detector 

Connector 

T 
D 
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III. EXPERIMENTAL PROCEDURE 

A. DESCRIPTION OF THE TEST 

The tes t was logically divided into three par t s : the f i rs t par t was 
the measu remen t of the relat ive and absolute neutron detector responses in 
the NCT's ; the second par t was the determinat ion of the shutdown power 
level as a function of the neutron source strength; and the third par t was the 
measu remen t of the gamma radiation dose ra tes after shutdown in the NCT's . 
A brief descript ion of the tes t procedure used for each measu remen t is given 
below. A detailed descr ipt ion can be found in Reference 2. 

1. Measurement of Neutron Detector Responses 

Two different sets of neutron detector responses were measu red 
in the tes t . Relative responses for the B-10 (n,a) and U-235 fission r e a c ­
tions were f i rs t obtained in the NCT's using the special tes t instrumentat ion 
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 relat ive boron-10 responses to the neutron flux as a 
function of position using the tes t ins t rumentat ion 's high-sensi t ivi ty Reu te r -
Stokes BF3 proportional counter. The technique was to bring the reac tor 
c r i t i ca l at a s teady-s ta te low-power level, place the BF3 counter at the bot­
tom of the NCT of in teres t , and record the count ra te . The counter was 
then positioned at a number of additional elevations within the NCT and the 
new count ra te data recorded. Detailed monitoring of the reac tor power 
for reference purposes was obtained by recording the sca le r output of the 
severa l source range channels of the t empora ry s tar tup instrumentat ion 
sys tem each t ime the count ra te of the counter used in the t r a v e r s e was r e ­
corded. For convenience, all the detector responses obtained were n o r m a l ­
ized to detector output per watt of reac tor power. Therefore, the responses 
obtained using the tes t instrumentat ion were relat ive only in the sense that 
they did not direct ly give the absolute B-10 responses of the permanent plant 
ins t ruments . 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 s tar tup ins t rumenta ­
tion. Therefore , a ra ther complex scheme was employed to expedite the 
flux mapping of NCT's 3 and 4. F i r s t , to map NCT 4 the various electronic 
channels required for low power operation (see Section II. D)were r e d i s t r i ­
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 s torage tank, 
and the mapping of NCT 4 proceeded as normal . Mapping of NCT 3 was 
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accomplished by t rans fe r r ing the detectors required for operation from 
NCT 3 to NCT 4 and repeating this procedure . An absolute power ca l ib ra ­
tion was maintained at all t imes by placing an additional detector in one of 
the empty neutron counter tubes (NCT 2) and calibrating it against the nor ­
mal channels pr ior to the t rans fe r s descr ibed above. A detailed explanation 
of the procedure descr ibed above for mapping NCT's 3 and 4 is given in Re­
ference 3. 

The high-sensi t ivi ty Reuter-Stokes BF3 proport ional counters 
used for the general survey had sensit ive volumes some 20 inches long. To 
find out whether these flux mappings were sensit ive to the spatial resolution 
of the measurement , additional t r a v e r s e s were made with an Anton BF3 
proportional counter which had a sensit ive volume only 8 inches long in 
NCT's 2 and 4. The mapping technique was identical to that descr ibed above 
for the Reuter-Stokes counters . 

Although most of the permanent plant detectors a re ion cham­
bers which will contain boron, the source range detectors which a re to be 
located in NCT 3 and perhaps NCT 4 a re U-235 fission counters . T h e r e ­
fore, t r a v e r s e s were also made in NCT's 3 and 4 using a one-connector 
Westinghouse fission counter and employing the techniques descr ibed ea r l i e r . 
NCT 2 was also included in the fission counter t r a v e r s e s in o rder to obtain 
additional basic data for comparison with the absolute responses obtained 
la te r . In conjunction with the fission counter relat ive response m e a s u r e -
naents, an experiment was performed to determine the effect on detector 
sensit ivity result ing from placing a moderat ing ma te r i a l 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 modera tor . This measurement was made 
6 inches and 30 inches above the bottom of NCT's 2 and 4, respect ively, in 
o rde r to see whether the effect was strongly elevation-dependent. 

Lastly, to aid in the interpretat ion of the measured responses , 
some of the ea r l i e r B-10 and fission counter t r a v e r s e s were repeated with 
the detectors surrounded by a cadmium can. The rat io of these resul ts to 
those obtained with the detectors bare provided the cadmium rat io , a useful 
spec t ra l index. These t r a v e r s e s 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, 
respect ively. Additional t r a v e r s e s with an Anton BF3 proportional counter 
were made at a la ter date in NCT's 1 and 2 with a cadmium can somewhat 
l a r g e r than specified above and closed at the top except for a smal l 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 measu re of the effect of such leakage on the previous open can 
t r a v e r s e s . In connection with the closed cadmim can measu remen t s , the 
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t r a v e r s e s with bare Anton BF3 counters were repeated in NCT's 1 and 2 for 
comparison purposes . This repeti t ion was done at this la ter date to min i ­
mize art i f icial response differences between the bare and cadmium covered 
detectors a r i s ing from long- te rm effects such as electronic drift. 

b. Absolute Detector Responses - After the relat ive B-10 (n,a ) 
and U-235 fission responses were obtained in the counter tubes of in te res t 
using the tes t instrumentat ion, an absolute calibrat ion of detector response 
ve r sus r eac to r po-wer was made for each type of detector to be used in the 
permanent plant instrumentat ion sys tem. This included a one-connector 
Westinghouse fission counter sinailar, 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-l ined ion chamber s imi la r to that 
to be used for both the permanent plant in termediate range and power range 
channels. These detectors a re types 4 and 6, respect ively, in Table I. The 
absolute cal ibrat ions were all made in NCT 2, and this NCT was included in 
all of the relat ive mappings made previously. This made it possible to r e ­
late all of the responses obtained in the relat ive flux nnappings to the absolute 
responses of the permanent ins t ruments . The measuremen t s were made by 
individually placing each detector at a known elevation in NCT 2 and r e c o r d ­
ing its output at a know^n power level. The data were then normal ized to the 
detector output per watt of reac to r po^ver. 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 preamplif ier , the amplifier gain, the high voltage level, and the 
d i scr imina tor level setting. 

F o r m a l calibration checks were also made at this t ime for 
most of the detectors used in the relat ive 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 measu remen t s . 

Following the absolute calibration measurements descr ibed 
above, a pre l iminary evaluation was made of the performance of the Anton 
ion chambers to be used in the permanent plant instrumentat ion. 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 res i s tance between signal and ground. Because of th is , 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 channbers for coverage in the intermediate and power ranges , r e s p e c ­
tively. A c ross -ca l ib ra t ion was therefore made between the Reuter-Stokes 
chambers and the Anton chambers to a s s u r e that their sensi t ivi t ies were 
essent ial ly the same since the position specifications for the permanent 
plant detectors had to be, of necessi ty , based on the more complete Anton 
ion chamber flux mapping resu l t s . 
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A s imi l a r c ros s cal ibrat ion was also made at a l a te r date 
between a two-connector Westinghouse fission counter identical to those 
specified for the permanent plant instrumentat ion and the one-connector 
Westinghouse fission counter used in the initial absolute detector response 
measu remen t s descr ibed above, 

2, Shutdown Pow^er Level Determination 

One of the purposes of the tes t was to determine the neutron 
source s trength required to produce 10 cps at shutdown on the permanent 
source range channels. This w^as the minimum count ra te specified for r e ­
actor s ta r tup . Since all of the absolute detector responses obtained were 
normal ized to detector output per watt of reac to r power, the required neu­
tron source s trength could be found simply by deternnining the rat io of the 
source s t rength to shutdown power (S/P). This was done by measur ing the 
shutdown power, using the source range channels of the t empora ry s tar tup 
instrumentat ion, and making, at the same t ime, a careful determination of 
the decaying Sb-Be source strength. The excess reactivity existing at this 
t ime was also noted since the shutdown count rate (source multiplication for 
a given source) is a function of the shutdown reactivi ty of the sys tem. The 
determinat ion made of S /P was based on reac tor and source conditions exis t ­
ing on October 15, 1963. 

3. Shutdown Gamma Dose Determination 

The gamma dose ra tes in the NCT's during reac tor operation 
were measu red as par t of the shield test p rogram. The gamma dose ra tes 
in all six NCT's following reac tor operation were measured in this tes t for 
use in the detector placement analysis in the following manner . The reac tor 
was brought to cr i t ical i ty at a s teady-s ta te power level and operated for a 
fixed length of t ime. The power level chosen was high in relat ion to the 
power level at which the reac tor had been operated during recent previous 
test ing so that background gamma radiation from previous operation would 
be minimized during the measu remen t s . Following s c r am, the detector 
portion of a d isassembled Jordan Radgun mounted on a special c a r r i e r was 
lowered into the f irs t NCT. The gamma dose rate and t ime after s c r a m were 
recorded. TheRagdun was then repositioned at approximately one-foot in­
tervals throughout mos t of the tube length and the corresponding dose ra tes 
and t imes after s c r a m were recorded. This procedure was followed for all 
six NCT's . The t emporary s tar tup instrumentat ion was temporar i ly removed 
from NCT's 3 and 4 to allow passage of the Radgun. The removal of this 
instrumentat ion posed no hazard since the reac to r was shut down and neutron 
detection was not required for the safety sys tem. In addition to the spatial 
t r a v e r s e s descr ibed above, measurements were also made of the rate of 
decay of the gamma dose ra tes in NCT's 1 and 2 by making t r a v e r s e s at 
severa l subsequent t imes . The measurement s of the gamma dose decay 
ra te were required in o rder that a meaningful extrapolation could be made 
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of the naeasured dose ra tes to those that would be obtained following long-
t e r m reac tor operation. Tempera tu re monitoring of the Radgun was acconn-
plished through a thermocouple mounted on the c a r r i e r to a s s u r e that its 
150 F operating l imit was not exceeded. 

The foregoing measuremen t s were accomplished following two 
separa te reac tor runs . The nominal t r a v e r s e s of all six NCT's followed a 
power run of 149 kw for 2. 82 hours . The decay rate measurement s 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 measuremen t s in the NCT's consisted of the appropr ia te 
de tec tors , their associated e lec t ronics , the special ca r r i ages for detector 
mounting, the specially constructed cadmium cans, and the polyethylene 
modera tor ma te r i a l . A brief descript ion of each is given below. 

Neutron Detectors - A listing of the neutron detectors pert inent to 
this experiment together with a brief l ist ing of their charac te r i s t i c s is given 
in Table I. The table does not include the types used in the t emporary s tar tup 
instrumentat ion sys tem except •where noted. 

Gannma Detector - The gamma dose rate mapping was done with a 
Jordan Radgun. This is a bat tery powered portable ionization chamber with 
a range of . 01 m r / h r to 10"* R /h r . There a re provisions for separat ing 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 ­
tec tors and read out their responses generally consisted of standard off-the-
shelf i t ems . A general listing of the equipment used is given in Table II, 
The specific values of the highvoltages supplied to the de tec tors , the ampl i ­
fier gains, the d iscr imina tor set t ings, and the input impedances to the p r e -
amps used in the testing a re not given in Table II, Instead, they a re given 
la ter in conjunction with the resul ts of the runs, since their values var ied 
somewhat throughout the test . 

Car r iages - Wire frame ca r r i ages made of s tainless steel were 
constructed in such a manner that any given detector could be positioned 
near the center of the neutron counter tube, A steel measur ing tape w âs 
attached to the ca r r iage to provide a means of determining elevation and to 
support most of the detector weight. The ca r r iage also provided a conven­
ient framework for the attachment of a thermocouple when the ambient t e m ­
pera ture was expected to be near the upper operating tempera ture l imit of 
the detector . 
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TABLE II - NEUTRON DETECTOR ELECTRONICS 

Detector Preampl i f ie r Amplifier Readout 

Propor t ional 
Counters 

Fiss ion 
Counters 

Ion Chambers 

S t romberg -Car l s on 
(Modified) 

S t romberg-Car l s on 
(Modified) 

Hamner N-301 RIDL 49-51 Scaler 

Hamner M-302 RIDL 49-51 Scaler 

(Keithly Micromicroammete r ) 

Counter t Preamplifier Amplifier Readout 

Power 
Supply 

ion Chamber 
Amplifier Readout 

Power 
Supply 

Cadinium Cans - To obtain neutron spec t rum 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 measuremen t s were made with a somewhat longer 
can with the open end part ial ly closed, allowing minimal space for cable 
passage . 

C. REACTOR PLANT CONDITIONS 

The experiments took place over a long period of t ime so that the 
reac tor plant conditions changed somewhat during the course of the exper i ­
ment. However, the majori ty of the neutron response measurements took 
place during November and December of 1963 when the re t rac table source 
was located in safety rod position 5. For this condition the core loading 

28 



was 98 full core subassembl ies and one core shim subassembly, providing 
an excess react ivi ty of about 38 cents with the p r imary sodium tempera tu re 
at 517 F. Though the core configuration did vary slightly for l a te r m e a s u r e ­
ments , the p r i m a r y sodium tempera tu re was maintained near 517 F for all 
neutron response measu remen t s , since the external neutron detector r e ­
sponses depend on the sys tem t empe ra tu r e s . 

Most of the neutron response measuremen t s were performed at 
power levels between 100 watts and 1 kilowatt. Gamma ray measuremen t s 
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 resul ts of the relat ive and absolute neutron detector response 
measurement s in the NCT's a re presented below. The data have been r e ­
duced to a form suitable for use in determining the final positions of the 
permanent plant de tec tors . A correct ion factor for calculating the effective 
shadowed response of the intermediate range ion channbers is also given. 

1. Relative Detector Responses 

The raw data obtained in the relat ive detector response mappings 
consisted of the response of a given tes t detector at a given elevation in a 
given NCT and the output of one or m o r e of the t empora ry s tar tup i n s t ru ­
mentation detectors being used for monitoring the reac tor power for r e f e r ­
ence purposes . Use of the la t ter data and the reac tor power cal ibrat ion 
data gave the reac tor power. The des i red normalized detector output was 
then obtained by dividing the output of the detector by the reac tor power. 

The detector elevations in the NCT's were originally specified 
in the tes t by measur ing the distance between the bottom of the NCT and the 
bottonn of the detector . Ho-wever, because the sensit ive volumes of the 
various detectors varied fronn severa l inches to a lmost 2 feet in length, it 
was la ter decided that it would be more meaningful to ass ign the detector 
response obtained to a position corresponding to the midplane of its sensit ive 
volume ra ther than to the bottom of the detector . The t ransla t ions of the 
position measuremen t s from the bottom of the detectors to their sensit ive 
volume midplanes were made using the appropriate detector dimensions 
given in Table I. 

The resul ts of the general t r a v e r s e s made with the Reuter-Stokes 
BF3 proportional counter in all six NCT's a re given in Figure 6. The r e ­
sults of the t r a v e r s e s made with the shor te r Anton BF3 proport ional counter 
in NCT's 2 and 4 a r e given in Figure 7. Also included in Figure 7 a r e the 
same t r a v e r s e s made with the detector inside the open cadmium can. F ig ­
ure 8 gives the resul ts of the additional t r a v e r s e s made at a la ter date in 
NCT's 1 and 2 with the Anton BF3 counter enclosed inside the closed cad-
naium can and it gives the resul ts of the bare t r ave r se s made at this t ime 
for comparison purposes . The resul ts of the t r a v e r s e s made with the bare 
U-235 Westinghouse fission counter in NCT's 2, 3, and 4 a r e given in F ig­
ure 9, as a re the resul ts of the fission counter t r a v e r s e made in NCT 4 with 
the detector inside the open cadmium can. The pertinent electronic settings 
and input impedances to the preamplif iers for all of the above t r a v e r s e s a r e 
also given in the f igures . 
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NCT 4 

> -
^ NCT 3 

NCT 2 V< 
NCT 5 

Preamplifier Input Impedance, Ohms r 75 
High Voltage Setting, Volts r 3300 
Amplif ier Gain = 1 5 x 1 6 x 1 
Amplif ier Discriminator Setting, Volts = !0 ,0 

Note - Length of Sensitive Volume 
of Reuter Stokes BF-̂  
Proportional Counter 

1 

4 6 6 

Distance fron, Bottom of Guide Tube, Feet 

FIG. 6 RELATIVE BORON RESPONSE DISTRIBUTIONS IN THE NEUTRON-COUNTER 
TUBES USING A REUTER-STOKES BF3 PROPORTIONAL COUNTER 



FIG. 7 RELATIVE BORON RESPONSE DISTRIBUTIONS IN THE NEUTRON-COUNTER 
TUBES 2 AND 4 USING AN ANTON BF3 PROPORTIONAL COUNTER BARE 
AND INSIDE AN OPEN CADMIUM CAN 
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-A-NCT 1 Bare Detector 

•A-NCT 1 Detector In Closed Cd Can 

-•-NCT 2 Bore Detector 

- • -NCT2 Detector In Closed Cd Can 

Preamplifier input Impedance, Ohms= 
75 

High Voltage Setting, Volts =2400 

Amplif ier Gain = 15 x 32 x 1.5 

Amplif ier Discriminator Setting, 
Volts = 12.5 

I—I Length of Sensitive Volume 

of BF3 Counter 

10 15 20 

Distance From Bottom of Tube, Feet 

25 

FIG. 8 RELATIVE BORON RESPONCE DISTRIBUTIONS IN NEUTRON - COUNTER TUBES 
1 AND 2 USING AN ANTON BF3, PROPORTIONAL COUNTER BARE AND INSIDE 
A CLOSED CADMIUM CAN 
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Westinghouse Fission Counter 

Preamplifier Input Impedance, Ohms = 1000 
High Voltage Setting, Volts = 400 
Amplif ier Gain - 1 x 16 x 2 
Amplif ier Discriminator Setting, Volts - 12 

•• Bore Detector 
— — Cd Covered Detector 

Note - Length of Sensitive Volume 
Of Westinghouse Fission Counter 

4 6 

Distance from Bottom of Tube, Feet 

FIG. 9 RELATIVE U-235 FISSION RESPONSE DISTRIBUTIONS IN NEUTRON-COUNTER 
TUBES 2, 3, AND 4 USING A WESTINGHOUSE FISSION COUNTER BARE 
AND INSIDE AN OPEN CADMIUM CAN 



The fission counter measu remen t s made in NCT's 2 and 4 which 
studied the effect of the polyethylene modera tor were also made in this par t 
of the test ,but the resu l t s a r e not repor ted he r e . The resu l t s of these m e a ­
surements and also the cadmium rat io measuremen t s a re discussed sepa­
rately in detail in Section IV. B. 

The position specifications in Figures 6 through 9 a r e given in 
t e r m s of the dis tance, L, from the bottom of the neutron counter tube to the 
midplane of the sensit ive volume of the detector . As mentioned, the positions 
were specified in this way in o rde r to eliminate differences ar is ing from dif­
ferent detector geomet r ies . It was also of in te res t to know the absolute de ­
tector elevations above sea level so that the data could be used in conjunction 
with the reac tor construction drawings which have all elevations specified in 
this manner . To t rans la te the position specifications given in Figures 6 
through 9 to absolute elevations above sea level, it is necessa ry to know the 
elevation above sea level of the bottom of each of the NCT's and the angle 
they make with the ver t ica l , since the NCT's a re not absolutely perpendicular . 
This information is given in Table III. As seen, these a re not the same for 
each NCT. However, using the average value of the NCT angle from the v e r ­
t ical , 9 , and the average elevation of the bottom of the NCT's above sea level, 
H, the absolute detector elevation, E, above sea level becomes , 

E = H + L Cos e (1) 
= 562. 33 + 0.9936 L 

TABLE III - ELEVATION AND ANGLE OF 
NEUTRON COUNTER TUBES 

Elevation Angle 
Neutron Counter Tube (feet above sea level)''' (degrees from vert ical) 

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 . 0 4 1.2 

* Elevation of Core Midplane: 564. 77 feet 
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The e r r o r incur red by using the average values of 9 and H in this formula 
is less than jf 0. 1 feet for t r a v e r s e s of less than 20 feet from the bottom of 
any neutron counter tube. 

2. Absolute Detector Responses 

Two sets of absolute detector response measuremen t s were made 
in the tes t . An absolute calibrat ion of detector response versus r eac to r 
power was f i rs t made for all of the permanent plant de tec tors , and most of 
the tes t instrumentat ion de tec tors , l isted in Table I. This initial set of ca l i ­
brat ion measuremen t s did not include, however, the calibrat ion of the two-
connector "Westinghouse fission counter and the Reuter-Stokes ion chamber 
detector types specified for use in the revised permanent plant ins t rumenta ­
tion sys t em since they were ei ther not available or e lse nonoperational at 
this t ime. (See Section III. A l b . ) They were therefore cal ibrated in the 
second set of c ross -ca l ib ra t ion measurenaents . 

The purpose of the absolute calibrations was twofold. F i r s t , a 
cal ibrat ion of the two detector types to be used in the permanent plant in­
s t rumentat ion sys tem was required to relate the relative response data to 
the permanent ins t ruments 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 m e a s u r e m e n t s . 
All of the detectors were cal ibrated at the bottona of NCT 2 except for the 
high sensit ivity Reuter-Stokes BF3 detectors which were elevated somewhat 
in NCT 2, in o rder to dec rease the count ra te and prevent saturat ion. The 
raw data obtained in the f irs t set of absolute calibrations was the response 
of a given detector and the output of the three t empora ry s tar tup ins t rumenta ­
tion sys tem channels used for power monitoring. The raw data from the f irs t 
set of measuremen t s a re given in Table IV. 

To convert the raw data to the des i red normalized output of de ­
tector response per watt of r eac to r power, the output of the three power 
monitoring channels was converted to reac tor power using the power ca l ib ra ­
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 exanaination of the data and the previous 
stabili ty experience of the channels. When there was more than one count 
rate taken per channel, the average value was usually used. The result ing 
normalized detector absolute calibration data a re given in Table V. It will 
be noted that detector responses a re given at two different positions in NCT 
2 in Table V. In o rder to facilitate in tercompar ison among the counters , 
the cal ibrat ion data obtained at the bottom of NCT 2 were al l extrapolated to 
a common elevation in the neutron counter tube. The position chosen was 
such that the midplane of the sensit ive volume of each detector was located 
at the elevation of the core midplane. The extrapolation to this position was 
accomplished by using the relat ive 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) 

Detector 

1. Westinghouse 
Fission Counter 
(one-connector) 

2. Anton Ion Chamber 

3. Reuter-Stokes 
BF3 Proportional 
Counter(2) 

4. Anton BF3 
Proportional 
Counter 

5. 20th Century BF3 
Proportional 
Counter(3) 

6. Reuter-Stokes 
BF3 Proportional 
Counter(^) 

7. Reuter-Stokes 
BF3 Proportional 
Counter(5) 

Preamplifier, 
Ohms Input 

1000 

Hamner 
Hamner High Amplifier 

Amplifier Voltage, Discriminator, 
Gain Volts Volts 

Power Monitors 

1x16x2 

75 

75 

75 

1000 

1000 

15x16x1 

400 

800 

3300 

12 

10 

15x16x1 2600 

15x8x1.5 4700 

1x16x2 3100 

1x16x2 3100 

6.3 

12 

12 

Time 

1347 
1349 
1350 
1351 

1410 

1432 
1433 

1453 
1454 
1505 
1508 

1538 
1539 

1559 
1600 

1607 
1609 

Detector 
Output, cpm 
(Channel A) 

133,496 
145,068 

598,713 
596,573 

578,543 
587,698 
156,344 
154,387 

1,640,760 
1,653,230 

1,089,871 
1,084,328 

1,012,535 
1,006,324 

Source 
Range 1, 

cpm 

761,427 
764,018 
765,327 
764,444 

763,814 

750,538 
749,071 

750,968 
751,829 
199,385 
196,529 

191,053 
191,767 

194,857 
195,304 

194,179 
193,471 

Source 
Range 2, 

cpm 

812,775 
812,492 

810,096 

793,355 
793,057 

794,996 
794, 617 
210,364 
207,717 

201,700 
201,772 

205,025 
205,772 

205,237 
204,390 

Keithley, 
amps 

.33 

.33 

.195 

.325 

.325 

.805 

.77 

.79 

.78 

x lO"^ 
x lO-8 

x10-9^ 

x lO-9 

x lO-8 

xlO-9 

x lO-9 

xlO-9 

x lO-9 

(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 Z^^) 

Detector 

1. Westinghouse 
Fiss ion Counter 
(one connector) 

2. Anton Ion Chamber 

3. Reuter-Stokes BF3 
Propor t ional Counter '^) 

4. Anton BF3 
Propor t ional Counter 

5. 20th Century BF3 
Propor t ional Counter '^ ' 

6. Reuter-Stokes BF3 
Propor t ional Counter^**' 

7. Reuter-Stokes BF3 
Propor t ional Counter^^' 

Reactor 
Power , 
watts 

564 

568 

553 

146 

142 

144 

142 

Response at 
Posi t ion of 

Measurement , 
cpm/wat t 

247 

0.343 X 10-^2 
(amps/watt) 

850 

1065 

11599 

7549 

7123 

Response Scaled to 
Core Midplane 

Elevation 
cpm/wat t 

175 

0.249 X 10-12 
(amps/watt) 

1570 

774 

9073 

13943 

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. Figures 6 and 7 were used for the boron de ­
tector extrapolations and Figure 8 was used for the fission counter extrapo­
lat ions. 

Later , additional absolute calibrat ion measurenaents were made 
for the two-connector Westinghouse fission counter and the Reuter-Stokes 
B-10-l ined ion chamber (the actual permanent plant detectors finally decided 
on) when these detectors were available and operational. The resul ts of this 
second set of measurement s indicated that these detectors were s imi la r in 
response charac te r i s t i c s to their ea r l i e r counterpar ts , 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 ampl i f iers . Thus, 
although all the analysis leading to permanent plant detector placement was 
based on the f i rs t set of absolute cal ibrat ion m e a s u r e m e n t s , the resu l t s a r e 
equally valid for the revised permanent plant de tec tors . For this reason, 
all l a t e r references to the permanent plant instrumentat ion will refer just 
to the one-connector Westinghouse fission chamber and the Anton B-10-l ined 
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. A2a) indicated that the three pe r ­
manent plant in termediate range ion chambers should all be placed at the 
position of maximum sensit ivity in the i r respect ive counter tubes (NCT's 2 
and 5). F u r t h e r m o r e , it was decided that because of the design of the de ­
tec tors 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 
conservat ive value. It is based on a comparison of the measu red responses 
of the shadowed and unshadowed Reuter-Stokes BF3 proport ional 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 reac tor power be known. The reac tor power was monitored using 
the two source range channels, and one intermediate range Keithley channel 
of the t empora ry s tar tup instrumentat ion (Section II. D). Calibration of these 
detectors against reac tor power had been done ear ly in the nuclear test p r o -
grana.^ However, subsequent revisions in the channel e lec t ronics , detector 
types, detector posit ions, and modera tor geometry within NCT's 3 and 4 
during this test resul ted in corresponding changes in the power calibration. 
Therefore , since the neutron counter tube flux mapping experiments spanned 
a considerable length of t ime, careful attention was paid to variat ions in the 
power cal ibrat ions of the t emporary s tar tup instrumentat ion during the test . 

The power calibrations that existed during two phases of the test 
a r e given in Table VI. The phases given a r e : (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 

Channel 

Source Range 1 
Source Range 2 
Keithley 

Channel 

Source Range 1 
Source Range 2 
Keithley 

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

Scaler , cpm/wat t Mic romic roammete r , amp/wat t 

3811 
4221 

5.59 X 10-12 

(Valid October 23 to November 21 , 1963) 

Scaler , cpm/wat t Mic romic roammete r , amp/wat t 

1337 
1433 

5. 59 X 10-12 

P r i m a r y System Tempera tu re @ 517 F 
Calibration powers a r e in the range 100-250 watts . 

B. SUPPLEMENTAL NEUTRON DETECTOR RESPONSE MEASUREMENTS 

Concurrent with the relat ive detector response measu remen t s in the 
neutron counter tubes, cadmium rat io measurement s were made to obtain a 
spec t ra l index for the flux at the counter tubes, and polyethylene modera tor 
measuremen t s were made to determine the effect of modera tor ma te r i a l s on 
detector sensit ivity. The resul ts of these measurement s a re 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 d e ­
tector surrounded by cadmium. This rat io provides a spec t ra l index of the 
neutron flux since it provides the rat io of the react ion ra te due to the rmal 
neutrons (<0. 4 ev) compared to that due to epi thermal neutrons, i. e. , 

Rt /Re = CR - 1 (2) 

where R^ = the rmal neutron reaction rate 
Rg = epi thermal neutron react ion ra te 
CR = cadmium rat io . 
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Cadmium rat io 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 
III. A la ) . These original experiments were performed using a cadmium 
cover in the form of a can completely open at one end. The resul ts of the 
resul t ing flux mappings a re shown in Figures 7 and 9, respect ively. 

Later it was real ized that if the the rmal neutron flux were quite 
la rge relat ive to the total flux, even low thernnal neutron leakage through 
the open top of the can might have had an appreciable effect on the counter 
responses and the resul t ing cadmium rat ios obtained in these m e a s u r e m e n t s . 
Therefore , to minimize this effect, additional B-10 t r a v e r s e s in NCT's 1 
and 2 were made using a longer cadmium can with the top cr imped in, thus 
allowing a hole at the top just large enough for cable passage. The m e a s u r e ­
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 resul ts of the mappings a re shown in F ig­
ure 8. P re l imina ry analysis of the data indicated that use of the closed 
cadmium can increased the measu red cadmium rat ios by about 20 percent 
near the tube bottom. Because these l a te r measuremen t s were c lear ly more 
accura te , only the cadmium rat ios for the closed can experiments were an­
alyzed in detail . The resul t ing cadmium ratios a re shown in Figure 10. 

The cadmium rat ios in Figure 10 a r e given as a function of e l e ­
vation above sea level to facilitate a corre la t ion between their values and 
the nearby shielding geometry; Equation 1 was used to make the elevation 
t ransla t ion. Drawings of the shielding in the vicinity of NCT's 1 and 2 a re 
given in Figures 11 and 12. These a re scale drawings, so the actual thick­
nesses of the various shield ma te r i a l s can be taken direct ly from the f igures. 
The t e r m "void" has been used in the figures to refer to a reas where no 
shielding is present , although the a r ea s may not necessa r i ly be a rea l void. 
(Insulation, gaps, bellows, cable t r ay s , etc. , a re all considered to be voids. ) 
For convenience, the total void existing between the reac tor vesse l and neu­
t ron counter tube at any par t icular elevation has been shown as being located 
next to the counter tube in the f igures. In actuality, however, the total void 
is in most cases made up of a number of smal le r voids, none of which are 
necessar i ly located next to the counter tube. 

2. Polyethylene Moderator Measurements 

To investigate possible means of increasing the sensit ivity of the 
permanent plant source range fission counter channels, success ive layers 
of polyethylene were wrapped around a one-connector Westinghouse fission 
counter and the response was measured relat ive to that obtained with no 
modera tor . The resul ts of the measu remen t s , made 6 inches and 30 inches 
above the bottom of NCT's 4 and 2, respectively, a re shown in Figure 13. 
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C. SHUTDOWN POWER LEVEL MEASUREMENTS 

One goal of the present tes t was to determine the size of the ant imony-
beryl l ium neutron source needed to produce a minimum of 10 cps on the 
source range channels of the permanent plant instrumentat ion at shutdown 
conditions, i . e . , all control rods and safety rods fully inser ted at the r e ­
fueling t empera tu re of 517 F i so thermal . Since the permanent plant source 
range responses obtained ea r l i e r (Section IV. A2)were normalized on the basis 
of the response per watt of r eac to r power, all that was required was to de ­
te rmine the power level of the reac tor at shutdown that resul ted from the 
subcr i t ica l multiplication of a neutron source of known source strength. 
These resu l t s could then be scaled accordingly, using the detector response 
data to obtain the des i red source strength. The resul ts of the shutdown 
power level measuremen t s a r e given below. 

1. Evaluation of Shutdown Power Level 

The required relat ionship needed for the source s t rength de t e r ­
mination is conveniently expressed as the rat io of the neutron source s trength 
to shutdown reac tor power (S/P cur ies per watt). The data were taken on 
October 15, 1963, and a re summar ized below: 

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

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

c. Reactor Tempera ture - 517 F i so thermal . 

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 reac tor conditions existing on October 15, 1963, is 

S /P = ^^,lo = 1032 cur ies /wat t (3) 
0. 128 

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 
subcri t ical source multiplication or minimum shutdown power. To make 
the re-evaluat ion, it is reasoned that had the seven safety rods (worth $8. 00) 

* Determined from the count ra tes obtained on the two source range power 
monitoring channels of the t emporary s tar tup instrumentat ion (Channel 1 = 
477. 5 cpm; Channel 2 = 552. 1 cpm) and the power calibration data of Table VI. 

47 



1000 

C 

c o 
J 
c • 

< 

Feb 22 Apr 23 Jun 22 Aug 21 Oct 20 Dec 19 

FIG. 14 DECAY CURVE FOR ANTIMONY-BERYLLIUM SOURCE N0.2 

48 



and two control rods (worth 92 cents) been inser ted from a condition of ze ro 
excess react ivi ty, instead of 37. 5 cents excess , the shutdown power would 
have been, 

P2 = P i (R f /R | )* (4) 

= 0. 128 ( 8 - 9 2 - 0 . 3 7 5 ^ 
8. 92 

= 0. 123 watts 

Therefore , the new source requirement becomes , 

S /P = 132 ^ 1Q79 cur ies /wa t t (5) 

This value of S /P can then be used to determine the source strength, SQ, r e ­
quired for 10 cps on the permanent source range ins t ruments using the fol­
lowing equation, 

So = ity fZf ] (S/P) cur ies (6) (10 c p s \ 
Rs/60y 

where Rg = the normal ized response of the permanent source range d e ­

tec tors in their final locations, cpm/wat t 

These resul ts a r e repor ted la ter in Section V. A3. 

2. Uncertainty in Evaluation 
The calculations above can be repeated for data corresponding 

to shutdown reac tor conditions on a different day, for example, October 14, 
1963.^ This was done and the resul ts predicted an S /P value 8. 5 percent 
higher than obtained above. However, s ta t is t ical analysis of the uncertaint ies 
in the data allows a discrepancy of only + 6 percent . Therefore , to be con­
servat ive , an uncertainty of j ^ 10 percent is attached to the value of S /P ob­
tained above. 

3. Dependence on Number of Installed Safety Rods 

There is sonne uncertainty at this t ime 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 reactivi ty, as well as the source s t rength 
(Equation 4), the value of S /P is dependent on the number of safety rods e m -

This equation assumes that simple subcr i t ical multiplication theory is valid, 
i. e. , M a l / l-kg££. Therefore , R^ is the shutdown reactivi ty. 
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ployed. This dependence on the shutdown react ivi ty can be es t imated 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-kgff. 

c. Assume that the worth of the two control rods is 92 cents . 

Thus, it follows that if N = the number of instal led safety rods , 

C/-0 1. 14N + 0. 92 ,_„Q . , ^̂  ,_, 
S /P = X 1079 cur ies /wa t t (7) 

For example, consider the case where there a re eight installed safety rods 
which a r e inser ted from a condition of zero excess reactivity. The value 
of S /P becomes , 

S/P = L i 4 ^ L ± . 0 ^ , 1079 (8) 

= 1218 cur ies /wat t 

D. SHUTDOWN GAMMA DOSE MEASUREMENTS 

The raw data obtained from the gamma dose ra te flux mapping exper i ­
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 t ime of the measurement . A consistent presentat ion 
of these data required that all the data be extrapolated to a single t ime after 
shutdown since the gamma sources were decaying with t ime. 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." This half-life 
was therefore used to extrapolate al l the measured dose ra tes , D(t), from 
the actual t ime of their measuremen t , t, to the single chosen t ime after 
shutdown of 3. 7 hours . The equation used was 

D(3. 7) = D(t) exp i : ^ ( t -3 . 7) (9) 

where t = the actual t ime after shutdown of the m e a ­
surement inhours. 

All values were normal ized to the single t ime after shutdown of 3. 7 
hours because it corresponded very closely to the actual t ime after shutdown 
of the ineasurements 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 ­
s i rable because there was evidence that in NCT's 2 and 5 there was a s trong 
gamma component after shutdown with a half-life of 2. 6 hours due to Mn-56 
activation in s tainless s teel . (See Section V. D3.) Hence, by minimizing the 
extrapolation of the data from these two counter tubes in Equation 9, ex t r a ­
polation e r r o r s due to the w^rong choice of half-life were kept to a minimum. 

The resul t ing gamma dose ra te distr ibutions obtained in NCT's 1 
through 6, and a descript ion of the reac tor power run on which they w^ere 
based, a re 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 p r imary purpose of the flux mapping measuremen t s was to de ­
te rmine the required locations of the permanent plant neutron detectors and 
the required minimum neutron source size to a s s u r e that adequate reac tor 
control and safety could be achieved both during reac tor s tar tup and during 
operation at power. To obtain this information from the exper imental data, 
some general ground rules f i rs t had to be established. The data were then 
analyzed in a straightforward nnanner, 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 s ize . 

1. General Ground Rules 

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

1. The permanent source is to be located in subassembly position 
N05-N04 (Figure 2). 

2. The shutdown reactivity corresponds to 8 safety rods and the 
two operating control rods being fully inser ted at the condi­
tion of zero excess reactivi ty. 

3. The shutdown count ra te 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 10^ 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 s tar tup has subsequently been revised to 5 cps, 
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6. The chamber cur ren t range on the in termedia te range chan­
nels over which rel iable period information is obtainable is 
between 4 x 10"^^ and 4 x lO"'^ amps (six decades). 

7. The in termediate range channels must give rel iable coverage 
up to a power level of at leas t 200 Mwt, 

8. The maximuna cur ren t in the in termediate range channels due 
to noise and /o r gamma interference should be about one decade 
below 4 X 10"•'̂ ^ amps . 

9. The gamma sensit ivity of a compensated intermediate range 
detector is 3 x lO"-*^̂  a m p s / R / h r . 

10. The power range channel e lectronics requi re that the full 
scale reading of 300 Mwt (150 percent of full power) c o r r e ­
sponded to an ion chamber cur ren t of between 0. 2 x 10"'^ and 
3. 0 X 10"^ amps . 

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

12. The revised permanent plant Reuter-Stokes intermediate 
range and power range detectors and c i rcui t ry will have ap ­
proximately the same response as the Anton ion chamber 
whose performance is descr ibed in Tables IV and V. 

13. The revised permanent plant Westinghouse two-connector 
source range detector and c i rcu i t ry will have approximately 
the same response as the Westinghouse one-connector fission 
counter whose performance is descr ibed in Tables IV and V 
and Figure 9, 

14. There a re three source range de tec tors , one of which is a 
spa re , 

15. There a r e four intermediate range detec tors , one of which 
is a spare , 

16. There a re six power range de tec tors , one of which is a spare , 

17. No more than two detectors can be located at any one e leva­
tion on any one support rack. 

54 



18, There should be a minimum of approximately 19 inches b e ­
tween the top of any given detector and the bottom of the de ­
tec tor above it so as to allow ample space for cable bending 
and the support r acks , 

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

20, The cur ren t range of the uncompensated ion chamber to be 
used in the power range channels is approximately 8 x lO"-'-" 
to 8 X 10"4 amps . 

2, Location of Detectors 

Using the above ground ru les , the permanent plant detector loca­
tions were determined as follows. F i r s t , the in termediate 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 leas t 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 leas t one decade of overlap w^ith the in termediate range channels and to 
rel iably extend the power coverage up to at leas t 300 Mwt, 

a. Location of Intermediate Range Channels - The in termediate 
range detector positions were chosen f i rs t since they w^ere the most cr i t ica l , 
i. e, , they have to cover the grea tes t power range and overlap with both the 
source range and pow^er range de tec tors . The f irst consideration made in 
the positioning of the intermediate range ion charabers was the choice of the 
neutron counter tubes to be used. The gamma background requirements 
(Ground Rules 8 and 9) were the determining factor he re , and analysis of 
the gamma ray data obtained e a r l i e r (see Section V.Dlc) 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 resul t in the maximum cham­
ber cur ren t of 4 x 10~4 amps (Ground Rule 6) being produced at the minimunn 
power level required (200 Mwt) at the upper end of their coverage (Ground 
Rule 7). However, this would require an intermediate range detector r e ­
sponse of 2 X 10~-^2 amps/wat t and the experimental data indicate that this 
is not obtainable at any position in ei ther NCT 2 or 5. The most sensit ive 
position that can be obtained for these detectors in ei ther 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-l ined 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 lO '^^ amps /wat t ,* 
This position of maximum sensit ivity was therefore chosen for the position 
of the permanent plant in termediate range detectors in both NCT's 2 and 5 
in o rde r to minimize the source requi rements (Ground Rule 17), The power 
range covered by the in termediate range channels, based on a sensit ivity of 
0, 328 X 10~12 amps /wat t and Ground Rule 6, thus becomes 1220 watts to 
1220 Mw. 

b. Location of Source Range Channels 

With the in termediate range detectors positioned as outlined 
above, the three source range fission detectors (Ground Rule 14) were then 
positioned in NCT 3 as follows. F i r s t , to obtain the optimum positioning of 
the source range detectors for minimization of the required neutron source 
strength, the requi rement was set that their maximum count rate of 2 x 10^ 
cps (Ground Rule 4) be obtained at a power level of 12, 200 watts , thus p r o ­
viding the minimum required one decade of overlap with the in termediate 
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/wat t . F r o m Figure 9 it was determined that this sensit ivity could be 
attained by placing the midplane of the sensit ive volume of the source range 
detectors 23. 6 inches from the bottom of NCT 3, This position was t h e r e ­
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 p resent 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 sensit ivi ty of 983 cpm/wat t 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/wat t 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 e i ther NCT 2 or 5 is 5 percent 
l a rge r 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 resul t with 
the two detectors in each counter tube placed side by side at this position. 
Thus, the effective response is 0, 343 x lO"-'-^ x 1, 05 x 0, 90 amps/wat t or 
0, 328 X 10-12 amps/wat t , 

>!«* No correct ion 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 r e ­
se rve 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 in termediate range de tec tors . Thus, only NCT's 
1 and 6 were available for the unres t r ic ted placement of the six power range 
detectors (Ground Rule 16). 

The experimental resul ts show that when the Anton B-10-l ined 
ion chambers a r e placed at their most sensit ive positions in NCT's 1 and 6 
(15 inches from the bottom) they have effective responses of 0,288 x 10"^^ 
and 0,231 x 10" amps/wat t , respect ively. These values were obtained 
by scaling the shadowed effective response of 0, 328 x lO'-'-'^ amps/wat t , 
found 15 inches above the bottom of NCT 2 (Section V.A2a). according to the 
relat ive B-10 response distributions for NCT's 1, 2, and 6 shown in Figure 
6. These responses yield cur ren ts of 0. 86 x lO"'* and 0. 69 x 10""* amps 
respect ively at a power level of 300 Mwt, the upper l imit of the power range. 
However, Ground Rule 10 requi res that the full scale 300 Mwt reading must 
correspond to an ion chamber cur ren t of between 0, 2 x 10"^ and 3. 0 x 10"^ 
amps . Therefore , it was c lear that the sensitivity requi rements of the 
power range detectors could not be met using the original power range e l e c ­
t ron ics . 

For this reason, subsequent revisions of the power range 
electronics were made which increased the channel sensit ivity by approxi­
mately a factor of eight, reducing the cur ren t required for full scale deflec­
tion at 300 Mwt to the range from 0. 25 x l O ' ^ to 3. 8 x lO ' ^ amps . The 15-
inch detector midplane elevation position in NCT's 1 and 6 then met the 
sensit ivity requirement . However, only four detectors (tw ô 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 in termediate 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) resul ts 
in cur ren ts of 0. 80 x 10-'^ and 0. 57 x lO"'^ amps at 300 Mwt for this location 
in NCT's 2 and 5 respect ively. Therefore, these values also meet the e l ec ­
tronic sensitivity requi rements of the revised e lec t ronics . Coverage of the 
lower l imit of 2 Mwt (Ground Rule 19) is easi ly obtainable with all six de ­
tec tors since the ion chamber cur ren t 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 ins t ru ­
mentation (Ground Rule 11). The upper positions of ei ther NCT 1 or 6 (56 
inches above the bottom) a re available for such a detector . Using a sensit ivity 
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of 0, 364 X lO--'^^ amps /wa t t 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 lO"-*̂ -̂  amps /wat t and 0, 981 x 
lO'-'-^ amps/wat t , respect ively. At 1400 Mwt, the corresponding cur ren ts 
become 1.26 x 10"^ amps and 1,37 x lO"'^ amps , respect ively. Thus, the 
cur ren t requi rements (Ground Rule 11) a re met with the detector positioned 
in ei ther NCT 1 or 6. The most sensit ive location, NCT 6, was finally 
chosen for the permanent plant power range 700 percent r eco rde r . 

3, Minimum Source Size 

The minimum neutron source size required on the basis of Ground 
Rules 1 through 3 was found as follows. F i r s t , reference was made to Sec­
tion VA2b where it was shown that with the positions chosen for the p e r m a ­
nent source range detectors in NCT 3, the lower l imit of the source range 
coverage (10 cps) is 0, 61 wat ts . Then, reference was made to Section IVC2, 
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 inser ted at zero excess react ivi ty. F r o m 
these data, the required minimum source strength for a shutdow^n count ra te 
of 10 cps becomes 

Smin = (0,61) (1218) = 743 cur ies (10) 

If for some reason it is required to use NCT 4 for the source 
range detectors ra ther than NCT 3, the maximum sensitivity that can be ob­
tained will only be 0, 814 t imes the value obtainable in NCT 3, (The max i ­
mum sensitivity in NCT 4 is obtained by placing the detectors 26 inches 
from the bottom of the tube [see Figure 9 j . ) Thus, if the source range de ­
tec tors a re placed in NCT 4, the source s t rength requirement becomes 

Smin = Q 3^^ = 913 curies (11) 

4. Summary of Permanent Plant Detector Posit ions 

The preceding analysis was used to specify a pre l iminary e s t i ­
mate of the location (NCT number) and elevation of each neutron detector to 
be used in the permanent plant neutron detection sys tem. These positions 
a re summar ized in Table VII with the elevations being expressed in t e rms 
of the distance from the bottom of the neutron counter tube to the midplane 
of the sensit ive volume of the detector. 

When the detectors were finally placed, however, the final pos i ­
tioning a r r ived at for the detectors did not correspond exactly to the eleva­
tions specified above. This was due to slight differences which existed in 
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TABLE VII FINAL POSITIONS OF PERMANENT 
PLANT NEUTRON DETECTORS 

Channel 

Source Range 
1 
2 

1 (future) 
2 (future) 

Intermediate Range 
1 
2 
3 
Spare 

Power Range 
1 (operational) 
2 (operational) 

1 (safety) 
2 (safety) 
3 (safety) 
700% recorder 
Spare 

Detector 
Type* 

5 
5 

Elevation, Inches''"'^ 
NCT Specified Installed 

8 
8 

7 
7 

7 
7 
7 
7 
7 

3 
3 

4 
4 

2 
2 
5 
5 

2 
5 

1 
1 
6 
6 
6 

23. 6 
23. 6 

15 
15 
15 
15 

56 
56 

15 
15 
15 
56 
15 

23. 6 
23. 6 

( 0. 5 f'"' 
( 0,5 ) 

16, 6 
16. 6 
16,4 
16,4 

57,3 
57,4 

14.0 
14,0 
14. 0 
57,2 
14,0 

( 3,75) 
( 3.75) 
( 3.5 ) 
( 3 .5 ) 

(48.5 ) 
(48,5 ) 

( 4.75) 
( 4.75) 
( 5.8 ) 
(49.0 ) 
( 5.8 ) 

* Numbers refer to detector listings in Table I. 
*':< Elevation given as distance from bottom of NCT to midplane of sensi t ive 

volume of detector . 
*** 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 a rose because of corresponding 
changes in the mechanical charac te r i s t i cs of the detector cable, revisions of 
the technique used for cable passage , and other mechanical considerat ions of 
a s imi la r nature . The as- ins ta l led elevations a r e also given in Table VII, 

The detectors were s t rapped to racks that were inser ted into the 
neutron counter tubes. The racks a re suspended in the neutron counter tubes 
by means of a flange a r rangement and thus do not r e s t 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 t e r m s of the distance between the bottom of the 
rack and the bottom of the detector . This position was found using the de ­
tec tor sensi t ive volume midplane elevations given in Table VII, the detector 
dimensions given in Table I, and the distances from the bottom of the neu­
t ron counter tubes to the bottom of the racks as given in Table VIII. The 
resul t ing positions for detector mounting on this basis a r e included in Table 
VII also (the values in parentheses) . 

TABLE VIII - ELEVATIONS OF NEUTRON DETECTOR RACKS 

Neutron Counter Tube Elevation, Inches''^ 

1 
2 
3 
4 
5 
6 

3. 
3 . 

17. 

3 . 
2. 

75 
35 
60 

40 
70 

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

5. Sumnnary of Permanen t Plant Detector Responses 

Pred ic ted Responses - The predicted responses and power cov­
erage of the permanent plant detectors in thei r final as - ins ta l led positions 
were found by applying the detector response data given in Table V and F ig ­
ures 6, 7 and 9 to the as - ins ta l led positions of the permanent neutron de tec ­
tors in a manner s imi l a r to before. These resul ts a re summarized in F ig ­
ure 16 and Table IX, 

Measured Responses - When the permanent plant detectors were 
instal led, a measu remen t was made of their response to r eac to r power. 
The resul ts of these la te r measuremen t s together with the predicted responses 
a r e given in Table IX, Note that for all the de tec tors , the discrepancy be ­
tween the predicted and final measu red value is less than 20 per cent. This 
agreement implies that the source , in termedia te , and power range channels 
will essent ia l ly cover the power ranges intended. 

Most of the discrepancies between the predicted and final m e a ­
sured responses of the as- ins ta l led permanent plant detectors a re due to 
slight differences in the response of the permanent plant detectors and those 
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109 

10' 

107 

-11 4 X 10" Amperes - p 
1238Mw (NCT 5) 

1220 Mw (NCT 2) 
(NCT'S 1,2,5,6) 

5.7 X 10-5 Amps 
- I - 300 Mw 

8.6 X 10 Amps 

10< 

D 

10-

I 104 

10> 

102 

10 

lOO 

10 -1 

(NCT 3) 

2 x 105 cps-r-12.2 Kw 

3.8 X 10-7 Amps 
7 ^ ^ 2 Mw 

5.7 X 10" Amps 

POWER RANGE 

4 X 10-10 Amps r 238 Watts (NCT 5) 

1220 Watts (NCT 2) 

INTERMEDIATE RANGE 

10 cps J-0.61 Watt 

(731-Curie Source) 

SOURCE RANGE 

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 

Channel 

Source Range 
1 
2 

Intermediate Range 
1 
2 
3 
Spare 

Power Range 
1 (operational) 
2 (operational) 
1 (safety) 
2 (safety) 
3 (safety) 
700% r e c o r d e r 
Spare 

Reg 
Measured, 
cpm/wat t 

1120 
1056 

(|j,|ji amp/wat t ) 
0 .335 
0.299 
0 .303 
0.335 

0.212 
0. 156 
0.248 
0.316 
0.242 
0.0762 
0,267 

.ponse 
Predic ted , 
cpm/wat t 

983 
983 

{[x\x amp/wat t ) 
0 ,328 
0.328 
0.323 
0.323 

0.252 
0. 190 
0.288 
0,288 
0,231 
0,095 
0,231 

Discrepancy, 
P e r Cent 

+ 14, 0 
+ 7.4 

+ 2, 1 
- 8.8 
- 6.2 
+ 3. 7 

-15 .9 
-17 .9 
-13 . 9 
+ 9.7 
+ 4, 8 
-19 .8 
+ 15. 6 

of the tes t instrumentat ion, long t e r m electronic drift that affects the reac tor 
power calibration neutron flux gradients ac ross the neutron counter tubes, 
and slight differences in the e lect ronics associa ted with the final m e a s u r e ­
ments as compared to the e lect ronics used for the ea r l i e r measu remen t s . 

B. SENSITIVITY INCREASE OF SOURCE RANGE CHANNELS 

The nninimum neutron source size required for reac tor s tar tup is in­
verse ly proport ional to the sensit ivity 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 
t ime 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 
sensi t ivi t ies will be increased by placing them inside a can containing z i r -
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conium hydride (ZrH2), This will soften the spec t rum of the neutrons e n t e r ­
ing the counter and thus increase the average U-235 fission c ross section. 
When required, i. e. , at the t ime of very low source strength, the reac tor 
will be s ta r ted up with these special high-sensi t ivi ty source range channels 
connected in paral le l with the normal source range channels, great ly i n c r e a s ­
ing the overal l channel sensit ivity. Then, when a sufficiently high subcr i t ica l 
power level is reached, the high sensitivity channels would be disconnected. 
The design goal is to inc rease the max;imum sensitivity normal ly obtainable 
in NCT 4 by a factor of four. This will dec rease the required minimum 
source s trength to 228 cur ies (Section V.A3} and thereby inc rease the life of 
the ant imony-beryl l ium neutron source by about four months (Sb-124 half-life 
^ 60 days). 

The thickness of ZrH2 required to effect a factor of 4 inc rease in de ­
tec tor sensitivity was est imated by noting the effect of polyethylene on de tec ­
tor sensit ivity in the experinaents (Figure 13) and applying a correc t ion factor 
to take into account the difference in moderat ing power between polyethylene 
and ZrH2. 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, F u r t h e r m o r e , ZrH2 is 
about t h r e e - q u a r t e r s as effective as polyethylene as a modera tor , the differ­
ence being due chiefly to the differences in the hydrogen density of the two 
m a t e r i a l s . Therefore , it can be expected that about one inch of ZrH2 wrapped 
around the sensit ive portion of a U-235 fission counter will inc rease the de ­
tec tor sensit ivity by about a factor of 6 also. Some uncertainty exists in this 
extrapolation and in the experiment itself in that possible variat ions may exist 
in the modera tor effectiveness with detector elevation, etc. Therefore , to 
a s s u r e that the des i red factor of 4 inc rease in detector sensit ivity is obtained, 
a one-inch thickness of ZrH2 is p resc r ibed for the special high-sensi t ivi ty 
source range channel design, 

C. CADMIUM RATIO MEASUREMENTS 

The measured cadmium rat ios (Figure 10) a re in general agreement 
with the nearby shield geometry (Figures 11 and 12). The high values (signi­
fying a relatively large thernnal flux) occur where there a re la rge a reas 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 nnoderation and allow high energy neutron 
s t reaming to the neutron counter tubes of reac tor vesse l leakage neutrons . 
The generally lower values of the cadmium ratio in NCT 1 a re probably due 
to the l a rge r void regions associated with NCT 1 as compared to those a s ­
sociated with NCT 2. 

Some attempts have been made to compute the cadmium rat ios 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 exper imenta l resul t s do not agree very well. This is not s u r p r i s ­
ing because the reac to r geometry is ent i rely too complex for a one-dimen­
sional calculation to be meaningful. F u r t h e r m o r e , the as-bui l t shield in 
the vicinity of the neutron counter tubes differs somewhat from that assumed 
in these ear ly calculat ions, especial ly the density of the plain graphite and 
the percent boration of the inner layer of borated graphite located next to 
the r eac to r vesse l . It may be possible to per form more meaningful calcula­
tions of the cadmium rat io la te r , using two-dimensional diffusion theory. 
However, if this is done, great care will have to be taken to a s s u r e that an 
accurate mockup of the shielding geometry is made. F u r t h e r m o r e , there 
may st i l l be difficulty in corre la t ing the calculated values with the exper i ­
mental resul t s for the foUo^wing reasons : 

1, There may be boron par t ic les (as contaminants) in the plain 
graphite. Small amounts of boron have been shown to have a 
l a rge effect on the calculated the rmal fluxes and cadmium rat ios 
in the neutron counter tubes ," 

2, Numerous smal l c racks and voids exist in the shield with uncer ­
tainties as to their number , position, and s ize . 

3, The counter tubes were empty during the experiment and s t r e a m ­
ing effects may have caused the fluxes at one point to be influenced 
by those at other points. However, measurement s comparing 
counter responses in empty neutron counter tubes with foil r e ­
sponses in graphite plug-filled neutron counter tubes were p e r ­
formed as par t of the shield tes t p rogram and these resu l t s showed 
no appreciable s t reaming effects in the lower portions of the tubes . " 
Since this is the region where the permanent plant detectors a r e 
to be located, use of the experimental cadmium ratio data in the 
analysis of their response charac te r i s t i c s should be valid. 

D. GAMMA DOSE RATE AT DETECTOR LOCATIONS 

All the neutron detectors of the type used in the F e r m i permanent 
plant instrumentat ion sys tem possess a finite sensitivity to gamma i r r a d i a ­
tion. If their response due to gammas is high relat ive 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 
sys tem of the reac to r . For example, if the gammas came from a source 
that responded slowly to reac tor power, the reac tor periods measured under 
these conditions would be longer than the t rue reac tor period. Since this 
would have safety implicat ions, it was important in the tes t to verify that 
the gamma levels at the detector locations would not be excess ive . In this 
respect , both the shutdown and operational gamma doses at the detectors 
had to be considered. The shutdown gammas a r e important with regard to 
their effect on the source range and intermediate range detectors during 
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r eac to r s tar tup when the neutron flux is relat ively low; the gamma levels 
during reac tor operation have to be considered p r imar i ly 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 rat io of the gamma dose rate to the neutron flux 
in the neutron counter tubes will occur immediately following s c r a m after 
a long period of full-power operation. If the decay gamma levels in such a 
situation a r e excess ive , subsequent reac tor s tar tup might be impaired, due 
chiefly to the masking of the neutron responses of the in termediate range 
detectors by the gammas and also because of possible gamma interference 
with the source range de tec tors . Therefore , the decay gamma dose ra tes to 
be expected at the source range and intermediate range detector locations 
following reac to r shutdown after long- te rm operation at 200 Mwt had to be 
determined. 

a. Scaling Factor for Maximum Conditions - The shutdown 
gamma doses following reac tor operation were determined for the maximum 
(worst) conditions which w^ill exist in the reac tor , i. e, , immediately follow­
ing (zero decay t ime) long- t e rm operation at 200 Mwt power. The dose ra tes 
were determined for these conditions by using the experimentally determined 
gamma dose ra te values and experimental i r radia t ion conditions, shown in 
Figure 15, at the appropria te detector posit ions, and scaling thenn up to the 
saturated full power condition descr ibed above. In the extrapolation, it was 
assumed that the p r i m a r y 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 v.alues of Figure 15 to a r r ive at the des i red 
dose ra tes was: 

_ Saturated Na Activity Immediately After Shutdown from 200 Mwt . _ 
Na Activity Measured in Exper iments 

200 X 10^ X AQ 

Pe X Ao (1 - e-^*o) x e'^^s 

where AQ = saturated Na-24 activity per watt of reac tor power 

Pg = reac tor power during the experimental i r radia t ions 
= 149 X 103 watts 

tQ = i r radia t ion time during experiment 
= 2 .8 hours 

tg = decay t ime after r eac to r shutdown of dose measuremen t s 
= 3.7 hours 
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\ = Na-24 decay constant 
= 0. 046 hour -1 

Therefore , 

/2OO X lO^N ^(0. 046) (3. 7) 
\149 X 103/ 

1 . e-(0.046) (2.8) 

b. Dose on Source Range Detectors - When the above scaling 
factor is applied to the experimental ly determined gamma doses given in 
Figure 15, the maximum shutdown gamma dose rate at the position of the 
permanent source range detectors (23, 6-ihches elevation in NCT 3) becomes 
364 R/hr , Gamma interference from space charge effects, which resul ts in 
decreased neutron sensit ivity, requi res gamma dose ra tes of the o rder of 
10" R / h r or more so that there should be no influence of the shutdown gamma 
rays on the effective sensit ivity of the source range de tec tors . F u r t h e r m o r e , 
since the source range detectors a re fission counters , it will be relat ively 
easy to d iscr iminate against any unwanted gamma pulses which do occur, the 
ionization energy loss associated with fission fragments being much grea te r 
than that associa ted with gamma rays . Thus, there should be no in te r fe r ­
ence with source range detector operation due to gammas , 

c. Dose on Intermediate Range Detectors - When the above 
scaling factor is applied to the experimental ly determined gamma doses given 
in Figure 15, the maximum shutdown gamma dose ra te at the position of the 
in termediate range detectors (16, 6- and 16,4- inches elevation in NCT's 2 
and 5) becomes 148 R/h r , The published gamma sensit ivity of the Anton 
(Lionel) Type 807 compensated B-10-lined ionization chambers is 3 x 10"-^3 
a m p s / R / h r , 10 Therefore, the maximum shutdown cur ren t due to gammas 
becomes 

Imax(g^"^"^^) = (148) (3 x lO'^^) (14) 
= 4, 4 x l O ~ l l amps 

The lower l imit of the chamber cur ren t 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 cur ren t at the 
lower l imit of operation. Ground Rule 8 is satisfied, and the shutdown gam­
mas should not affect the operation of these detectors e i ther . 

There a r e some indications that the as- ins ta l led Reuter-Stokes 
detectors which were substituted for the Anton detectors in the revised pe r ­
manent plant design may possess a slightly grea te r gamma sensitivity than 
that assumed above, thus slightly exceeding the maximum allowable 10 pe r ­
cent value. However, it a lso appears that the major gamma component in 

= 1.3 X 10^ (13) 
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NCT's 2 and 5 immediately following reac tor shutdown actually comes from 
Mn-56 activity in nearby s t ruc tu ra l s ta inless s teel , with a half-life of 2. 6 
hours , r a the r than from 15 hour half-life Na-24, as assumed in the p r e c e d ­
ing analysis (see Section V.D3). When a s imi la r extrapolation of the data in 
Figure 15 is made on this new bas i s , the result ing doses at the positions of 
the permanent in termediate range detectors in NCT's 2 and 5 a re lower than 
those obtained above by assuming Na-24 to be the p r i m a r y gamma con t r i ­
butor, (See Section V.D3.) Thus, even if it proves t rue that the as - ins ta l led 
Reuter-Stokes detectors do actually have a s l ighter g rea te r gamma s e n s i ­
tivity than the Anton de tec tors , the gamma interference in these de tec tors 
during s tar tup should be below the maximum allowable 10 percent value. 

Figure 15 c lear ly indicates that the smal les t decay gamma 
dose ra tes a r e seen in NCT's 2 and 5. Since the gamma level in even these 
neutron counter tubes is margina l , it is obvious that the remaining neutron 
counter tubes, where the neutron flux levels a re not significantly different, 
a re precluded from use for the intermediate range de tec to rs . 

2. Operating Gamma Dose Rates 

After r eac to r s tar tup, when the reac tor is being brought up to 
its operating po-wer level, a change will occur in the distr ibution of the 
g a m m a - r a y sources giving r i se to the gamma dose at the neutron counter 
tubes, i, e. , as the power i n c r e a s e s , prompt gammas (resulting from (n, a) 
react ions in reac tor s t ruc tu ra l mate r ia l s ) 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 w^ill have increased greatly. However, the operating gamma dose 
ra tes at the neutron counter tubes a r e of importance in evaluating the p e r ­
formance of the power range detectors since they a re to be operated uncom­
pensated (Section II. C). Therefore , the operating gamma dose ra tes expected 
at the power range detector locations had to be determined also, 

a. Method of Analysis - The as- ins ta l led positioning of the six 
permanent plant power range detectors is given in Section V.A4, Table VII, 
Two detectors each a r e 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 ra tes in NCT's 1 and 2 during low-power reac to r 
operation have already been measured as par t of the shield tes t p rogram. H 
For the purpose of the analys is , the dose ra tes 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 a re at essential ly synnmetric positions in the 
graphite shield (see Figure 3), and therefore should have approximately the 
same operational gamma dose r a t e s . 

To determine the effect of the operational gammas on the 
power range de tec tors , it was then necessa ry only to pick a power level and 
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determine the ion chamber cur ren t due to gammas compared to the cur ren t 
due to neutrons for each detector at this power level. This is valid because 
it may be assumed that the operating gammas dose ra te is proport ional to 
the neutron flux and the rat io of the two will be the same at all power levels . 

b. Dose on Power Range Detectors - The comparison between 
the ion chamber gamnaa and neutron cur ren ts 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 resu l t s a r e summar ized in Table IX. 
The operational gamma dose ra tes at 300 Mwt were obtained by scaling up 
the measu red values obtained at 800 kwt in the shield t e s t s U direct ly with 
power, and the doses were then converted to uncompensated ion chamber 
cur ren t s using the published sensit ivity for the Reuter-Stokes chambers of 
5 X 10*11 a m p s / R / h r , 1 ^ The 300 Mwt power range ion chamber neutron 
cur ren t s were obtained using the predicted values given in Figure 16. 

As can be seen from Table X, for all positions of the p e r m a ­
nent plant power range detectors the gamma component of the ion chamber 
cur ren t is less than 5 percent of the total cur rent . Substantially grea te r 
fractions than this can be tolerated since the operating gamma dose rate is 
proport ional to reac tor 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 reac tor operation. 

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

Power 
Range Elevation, 

Detector NCT Inches* 

1 (operational) 2 57,3 
2 (operational) 5 57.4 
1 (safety) 1 14,0 
2 (safety) 1 14, 0 
3 (safety) 6 14, 0 
Spare 6 14,0 

Ion Chamber 
Dose Rate, Current from Gammas, 

R / h r % of Total 

37,600 2.5 
37,600 3.5 
27,000 1.5 
27,000 1.5 
27,000 1.9 
27,000 1.9 

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

A meaningful extrapolation of the measu red gamma dose ra tes 
obtained after shutdown (shown in Figure 15) to conditions of long-ternn r e ­
actor operation requi res that the effective half-life of the gamma contr ibu­
tors be known. Calculations predicted that the major source of these gam­
mas in the case of al l neutron counter tubes is the Na-24 activity contained 
in the nearby sodium l ines , " 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), 
Fo r example, the gamma response in NCT's 3 and 4 exhibits a maximum 
due to the proximity of the nearby 30-inch sodium l ines , 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 p r imary 
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 c lear 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 l ines . As a ma t t e r of fact, subsequent measu remen t s 
were made in NCT 2 of the decay charac te r i s t i c s of the shutdown gamma 
dose; they revealed an effective half-life considerably shor te r than that of 
15-hour Na-24 during the f i rs t 24 hours after shutdown. After this t ime, 
the 15-hour half-life Na-24 was then observed, (See Figure 17, ) The main 
constituent of this shor te r half-life gammg. emi t te r is believed to be 2, 6-
hour Mn-56 which probably resul ts from neutron capture in the manganese 
component of the 304-type s tainless steel used in the r eac to r vesse l con­
struct ion. A s imi la r decay measuremen t was made in NCT 1 and reflected 
only 15 hour half-life Na-24, This, therefore , confirmed the ea r l i e r ob­
servat ion (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 ra tes in NCT's 2 and 5 from steel activation, ra ther than from sodium 
activation, required a re-evaluat ion of the predicted shutdown gamma doses 
on the in termediate range detectors in these neutron counter tubes following 
long- te rm reac tor operation. This was done as follows. F i r s t , it was a s ­
sumed that the p r imary source of the postulated s teel activation was the r e ­
actor vesse l . Multigroup diffusion theory calculations were then made which 
indicated that Mn-56 constitutes 85 percent of the total sa turated vesse l a c ­
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- te rm operation at 200 Mwt, 
and zero decay t ime was made by assuming all the measured gammas to be 
those of 2, 6-hour Mn-56. The final resul t 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 result ing dose ra te obtained was 
lower than that obtained by the nominal extrapolation that assumed Na-24 to 
be the p r imary gamma source . Thus, it would appear that the previous 
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es t imate (Section V,D1(^ obtained by assuming Na-24 to be the p r imary gam­
ma source is conservat ive . On this bas i s , it was concluded that the effect 
of shutdown gammas on the in termediate range detectors in NCT's 2 and 5 
would not be harmful even if the p r imary gamma source is actually due to 
the activation of the s tainless s teel r eac to r vesse l . 

E. COMPARISON WITH CALCULATION 

A brief discussion of the agreement between the measu red and p r e ­
dicted resul ts of the flux mapping experiments is given below. 

1. Detector Responses 

The general shapes of the measu red boron-10 neutron capture 
and U-235 neutron fission responses in the neutron counter tubes, given in 
F igures 6 through 9, agree quite well with those predicted from calculat ions. 
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 hum.ps in the curves observed at the 8-foot 
elevation reflect the effect of the reac tor vesse l t ransi t ion deck. Although 
the cadinium rat ios measu red (Figure 10) indicate a somewhat ha rde r spec ­
t r u m for the neutron flux than predicted from calculations, good agreement 
on the cadmium rat io was not expected, (See Section V . C ) Never the less , 
the overal l absolute detector responses (Table V) were sufficiently accurate ly 
predicted beforehand to allow sat isfactory placement of the permanent neu­
tron detectors to be made with only minor adjustments being required in the 
as-des igned e lec t ronics , 

2, Shutdown Gamma Dose Rates 

The shutdown gamma dose ra tes at the elevation of the core mid­
plane in each neutron counter tube were calculated pr ior to the tes t and the 
resu l t s a r e given in Reference 13, These calculations indicated that e s s e n ­
tially all of the gammas came from activated sodium in the nearby p r imary 
sys tem piping. The calculated values, converted to the operating conditions 
of the experiment (see Section IV.D) a r e given in Table XI together with the 
measu red values. As seen, the measured doses in NCT's 1, 3, 4, and 6 
a r e sonmewhat smal le r than predicted while the doses in NCT's 2 and 5 a r e 
l a r g e r than predicted. 

It is interest ing to note that the agreement betw^een the calcula­
tions and measurements is generally improved in the case of NCT's 1, 3, 4, 
and 6 if the calculated values a re divided by a factor of two. This is con­
sis tent 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 s ince, as pointed out ea r l i e r , it is thought that s ta in-
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T A B L E XI - SHUTDOWN GAMMA DOSE R A T E S IN NEUTRON 

COUNTER T U B E S A T CORE M I D P L A N E E L E V A T I O N * 

NCT N u m b e r C a l c u l a t e d D o s e , m r / h r M e a s u r e d D o s e , m r / h r 

1 472 91 

2 2 , 4 15 
3 49 31 
4 49 34 
5 9 . 2 15 
6 83 27 

* Dose r a t e s b a s e d on the t e s t condi t ions of 3 . 7 h r a f t e r s c r a m f r o m a p o w e r 
r u n of 149 kw fo r 2, 82 h o u r s . 

l e s s s t e e l a c t i v a t i o n i s the m a j o r shutdow^n g a m m a c o n t r i b u t o r for t h e s e two 
n e u t r o n c o u n t e r t ubes and the o r i g i n a l c a l c u l a t i o n s b a s e d on s o d i u m a c t i v a t i o n 
u n d e r e s t i m a t e the effect of th i s s o u r c e , 

3 , O p e r a t i n g G a m m a Dose R a t e s 

Mos t of the o p e r a t i n g g a m m a s a t the n e u t r o n c o u n t e r t ubes r e s u l t 
f r o m n e u t r o n c a p t u r e in the v e s s e l w a l l . 

The c a l c u l a t e d o p e r a t i n g g a m m a dose r a t e s in the v a r i o u s n e u t r o n 
c o u n t e r t ubes and a c o m p a r i s o n wi th the e x p e r i m e n t a l v a l u e s ob ta ined is g iven 
in R e f e r e n c e 11, In g e n e r a l , it w a s found tha t the m e a s u r e d v a l u e s w e r e l e s s 
t h a n t h o s e c a l c u l a t e d by rough ly an o r d e r of m a g n i t u d e . H o w e v e r , the m e a ­
s u r e d v a r i a t i o n s wi th e l eva t i on a g r e e f a i r l y w e l l wi th c a l c u l a t i o n s . T h u s , 
the a g r e e m e n t in v a r i a t i o n s wi th e l eva t i on l ends conf idence to the c a l c u l a t e d 
n e u t r o n flux d i s t r i b u t i o n s a t the r e a c t o r v e s s e l wa l l , even though the m a g n i ­
tude of the flux does not a g r e e , 

4, M i n i m u m S o u r c e Size 

The m i n i m u m s o u r c e s i z e r e q u i r e d for a shu tdown count r a t e of 
10 cps on the p e r m a n e n t s o u r c e r a n g e channe l s was d e t e r m i n e d to be 743 
c u r i e s of Sb-124 f r o m the e x p e r i m e n t a l da ta (Sect ion V, A3) . The p r e d i c t e d 
s i z e , b a s e d on m u l t i g r o u p diffusion t h e o r y c a l c u l a t i o n s , h a s been p l aced at 
900 c u r i e s , 1^ T h e r e f o r e , the a g r e e m e n t be tween e x p e r i m e n t a l and c a l c u l a -
t i ona l r e s u l t s a p p e a r s to be v e r y good. This is e s p e c i a l l y t r u e c o n s i d e r i n g 
the m a n y c o m p l e x f a c t o r s involved in such a p r e d i c t i o n . However , l a t e r i n ­
v e s t i g a t i o n has shown tha t the good a g r e e m e n t a p p a r e n t l y found is fo r tu i tous 
and tha t i t i s a c tua l l y due to two c o m p e n s a t i n g f a c t o r s . In the f i r s t p l a c e , 
the 900 c u r i e p r e d i c t e d va lue g iven in R e f e r e n c e 15 was found to be a c t u a l l y 
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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 s t rength neces sa ry to 
achieve the des i red count ra te was retained in the calculations as a safety 
marg in because of the inherent inaccuracies known to exist in deep pene t ra ­
tion diffusion theory flux calculations of this type. Secondly, the exper i ­
mentally determined 743 curie value has been found to be a factor of two 
smal le r than that actually required. This e r r o r resul ted 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 exper imental data 
(Section V.A3) to obtain the 743 curie value. The source activity data shown 
in Figure 14 were supplied by the General E lec t r ic Test Reactor i r radia t ion 
facility after they had performed the i r radia t ion. However, la te r invest iga­
tion showed that thei r quoted Sb-124 activity was based solely on the rmal 
neutron activation using out-dated c ros s sect ions, and in addition burn-out 
was not taken into consideration. When epi thermal activation and the other 
two effects a r e considered, the source activity becomes about double that 
shown in Figure 14 and the experimental ly determined source s trength for 
10 cps becomes 1486 cur i e s . On this bas i s , the overal l factor, F , by which 
the calculated source required for 10 cps on the permanent source range 
detectors is actually smal le r than the measured value is 

F = i i ^ x 7 = 11,6 (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 rat ios in the neutron counter tubes indicate quite 
a bit ha rde r neutron spec t rum, and hence sma l l e r effective U-235 fission 
counter c ross 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 
establ ished. All permanent plant neutron detector positions have been desig 
nated and the detectors installed. The as - ins ta l led detector responses meet 
the requi rements at all power levels of in teres t . The predicted gamma 
levels at the detector positions at full power and following full power ope ra ­
tion a r e sufficiently low to permi t proper neutron detector operation. The 
minimum neutron source s t rength required to give a sufficient shutdo^wn 
count ra te on the source range channels for proper reac to r s tar tup was d e ­
te rmined and found to be consistent with the source s t rengths available for 
the neutron source subassembly. 
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