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ABSTRACT

The results of neutron and gamma radiation dosimetry measurements

are presented in this report. Sufficient data are provided so that

estimates of the neutron fluence, neutron spectrum, gamma dose, and

gamma dose rate can be obtained for both burst operations and power

runs.

A discussion of the dosimetry techniques presently in use at the

Nuclear Effects Directo- ate is -resented, as are plans for improving

and expanding upon these techniques.

A summary of those factors which affect burst yield or maximum power

level is also provided.
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The Fast Burst Reactor Division of the Nuclear Effects Directorate

(NED), Army Missile Test and Evaluation, White Sands Missile Range,

was responsible for the planning and performance of these tests and for j

the preparation of this report.

The assistance of all personnel who helped in the gathering of data and

in the preparation of the report is gratefully acknowledged. Special

recognition is extended to personnel of the NED Dosimetry Section for

their assistance and cooperation in obtaining dosimetry data and pro-

viding information on dosimetry procedures.
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SECTION 1. SUMMARY

1.1 BACKGROUND

a. The Fast Burst Reactor Division is an operational element of

the Nuclear Effects Directorate, Army Missile Tcst and Evaluation,

White Sands Missile Range. The Fast Burst Reactor Facility (FBRF)

is used for the performance of radiation effects tests, including the

evaluation of electronic systems and components, radiobiological

studies, and determination of effects on materials. The Nuclear

Effects Directorate (NED) provides instrumentation and dosimetry

support for the user of its facilities.

b. This report presents the results of recent dosirnetry measure-

ments made at the FBRF. Data contained herein are based on calibra-

tions performed by the NED Dosimetry Section.

c. The radiation environment produced by the FBR is affected by

the presence of experiments near the reactor. The data presented here

are appropriate for the conditions under which they were taken. The

estimates obtained from this report should be supplemented by the

results of do-imetry measurements made under the desired experi-

flr'c: ta! cond'tions. Further, the correlation of experimental effects

with c.xpc sure depends or. the knowledge of the neutron energy spectrum.

T he free -fie'd integral energy spectrum is provided in this report.

Ene rg deposition and hence damage effects are proportioral to the flux

weighted cross sections of the material being irradiated. Therefore,

when o'ujects massive enough to significantly alter the spectrum are

exposed, spectral data should be obtained for proper interpretation of

resai.s (para 2. 1. 3. 2).
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1.2 DESCRIPTION OF MATERIEL

a. The FBR is an unmoderated and unreflected fast burst (or

prompt pulse) reactor designed to be operated in the super-prompt-

critical region. It can also be operated in a steady-state (power) mode.

Operations are normally conducted in a cell that is 50 feet square and

20 feet high, but facilities are also available for outdoor operation.

There are no features of the surrounding ter:ain that limit the utility

of the outdoor site.

b. The reactor core consists of six cylindrical stacked and bolted

fuel rings, three control elements, and a safety block. These core

comp)onexts are 93. 2% enriched in uranium-235 and alloyed with ten

weight percent molybdenum (U-10 wt. % Mo). The control elements

move axially in the core on a 3. 125-inch radius (Fig. 1). The cylin-

drical safety block moves along the axis of the core into the stacked

fuel assembly. The core is shielded with a cadmium-covered mild steel

decoupling shroud, or safety shield, which also acts as a cooling air

plenum. The core is cooled by forced air convection.

c. Three thermocouples are used to monitor the reactor core

temperature. These thermocouples are located in the core as follows:

(1) T, (chromel-alumel), axially in the safety block

(2) T, (chromel-alumel), axially through the four bottom fuel rings

(3) T3 (iron-constantan), radially in the fourth ring from the bottom

d. The quantity AT 3 has been used as the reference temperature

change to specify burst yield. The data in this report are referenced to

AT, since T, can be more directly related to the peak fuel tempera-

ture (T p). Conversion from one thermocouple reading to another can be

readily made because the ratios of thermocouple readings have been

constant. The ratios are:
"AT

- = 0.99
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AT l

1.33
YT22

AT

1.18

AT
3

2

- 0.88
3

Thes. thermocouple ratios are in good agreement with the fission

density distribution in the core obtai,,ed by a two-dimensional (r, z)

neutron transport code calculation (Ref i*).

e. A modification of the FBR being planned for the first quarter of

FY 71 will include the insertion of spacers between the fuel rings to

reduce axial shock effects. The reduction of these shock effects will

make it feasible to perform bursts of higher yield. In addition, the

safety block nrandrel will be modified so that the safety block will be

supported from the bottom. Modification of the center insert will then

provide an internal irradiation cavity that is 1. 25 inches in dianeter

and approximately 7 inches long. This cavity will be reduced to about

1. 0 inch in diameter by the necessary liners. It is anticipated that the

fluence in this cavity will approach 10 1 fast neutrons per square centi-
14

meter, as compared to less than 10 at the closest external experimental

approach. A new safety shield is being designed for installation on the

FBR stand in conjunction with the core modifi.-ation. This safety shield

will employ 155 mg/cm of boron-10 as decoup'ug material.

f. Most FBR burst operations are in the range between 2100 and

300 °C (AT,). Pulsewidths are typically 40 to 50 microseconds full-width

,:References are listed in Appendix II.
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at half-maximum (FWHM). In the presence of moderating materials,

pulses over 200 microseconds wide can be obtained (para 2. 3. 3. 1).

Fission yields are typically on the order of 1017 fissions. The minimum

time between bursts is limited to approximately 75 minutes by the

efficiency of the forced-air cooling system. Of these 75 minutes, 20

are required for the decay of airborne contamination, and 30 are

required for preparation of the reactor for burst. The remaining

25 minutes may be used by the experimenter for setting up, removing,

or altering experiments in the cell. Few experimenters maintain this

schedule; in general, the time between bursts is determined by the

experimenter.

g. Trigger pulses usable for starting oscilloscope traces or for

other experimenter requirements are available. These are adjustable

from 900 seconds to a few microseconds prior to the burst peak.

h. Power operations up to 10 kilowatts are performed when high

doses are required and dose-rate effects can be neglected.

i. After an operation, the reactor is shut down, lowered into a

38-foot-deep pit, and covered with a lead shielding door to provide for

rapid recovery of exposed items.

j. For exposure, small items are placed on a 4- by 8-foot experi-

ment table, which is adjustable in the vertical direction (Fig. 2). A hole

has been cut through the center of the table so that the reactor can be

brought up into position for operation after the test items are in place.

1. 3 OBJECTIVES

a. The purpose of this report is to provide a reference for the

determination of:

(1) The radiation environment produced b;. any given reactor

operation

1-5
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Fig. 2. Fast Burst Reactor with Experiment Table
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(2) The number, type, and fission yield of the reactor operations

required to provide a given radiation environment

b. Additional information is provided to enable the user of the

facility to design his experiment to fit the constraints imposed by the

nuclear characteristics of the reactor.

1.4 SCOPE

a. This report presents the results of neutron and gamma dosim-

etry measurements made at the FBRF. It is intended for use by the

facility contractor as an aid in planning and preparing for tests at the

FBR, and by members of the reactor staff, primarily as a reference

for dosimetry data.

b. Factors affecting the output characteristics of the reactor are

summarized. Some data are provided on thermal characteristics and

the effects of reflectors. Definitive and detailed investigations in these

areas have not been completed.

!. 5 SUMMARY OF RESULTS

a. The free-field neutron fluence and gamma exposure data obtained

during these tests are in good agreement with previous measurements

'Ref 2).

b. The results of the dosimetry measurements are summarized in

taoular and graphic form in the appropriate sections of this report.

1. 6 CONCLUSIONS

The following specific conclusions are derived irom the dosimetry data

obtained during these tests:

a. The recalibration of the sulfur dosimetry system (para 2. 1. 2)

resulted in an increase of approximately 12% in the measured fluence for

a given Durst.

b. The recalculation of the power level for a given compensated ion

chamber current (para 2. 1. 3. 3) resulted in an increase of 160 in the

neutron flux at a given power level.
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c. Based on dosimetry measurements and heat capacity calculations,

the efficiency of the in-core thermocouples is approximately 70%.

d. The gamma exposure rate for a given burst operation decreases

approximately as 1/R "7 , where R is the distance between the detector

and the reactor core centerline.

1. 7 RECOMMENDATIONS

a. It is recommended that additional dosimetry measurements be

made at the FBR. These should include high-resolution neutron spectrum

measurements in both free-field and shielded configurations.

b. The neutron sensitivity of the LiF thermoluminescent dosimeters

(TLDs) in use at NED should be evaluated.

c. A detailed study of the FBR thermal characteristics is required.

Intrinsic thermocouples capable of following the burst temperature pro-

file should be used to provide an accurate measure of the temperature

rise in the core.

d. Radiochemical analysis of fission foils placed within the reactor

core is required to provide additional insight into the number of fissions

in the core for any given operation.

e. An investigation of the FBR modified core characteristics is

required, as are dosimetrV measurements within the internal irradia-

tion cavity.

f. Measurements of the gamma-ray spectrum should be made for

both free-field conditions and behind shields of commonly used materials,

1-8
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SECTION a. DETAILS OF TEST

2. 1 NEUTRON DOSIMETRY

2. 1. 1 Objective

The objective of the neutron dosimetry measurements is to describe

the neutron environment within the reactor cell for both burst and power

operations.

a. 1. 2 Method

2. 1. a. 1 Sulfur Dosimetry

a. At present, sulfur activation is the primary method used to

determine the neutron fluence at the FBR. If the neutron spectrum is

known, the total fast-neutron fluence can be determined from the expo-

sure of sulfur pellets. An effective threshold of 3 Mev is chosen for the

3 S (n, p) 32P reaction (Ref 3).

b. Recalibration of the NED sulfur activation counting system was

performed in 1969 with the Los Alamos Cockcroft-Walton accelerator as

a sou-rce of monoenergetic neutrons (Ref 4). The neutron output of the

Los Alamos Cockcroft-Walton is well known. A calibration, or counter,

constant is determined for each sulfur counter by the relation

K = "jC 0

where the subscripted variables are the cross section, fluence, and the

initial beta count rate for the monoenergetic fluence, and - is the aver-

age cross section for the spectrum in which the fluence is being measured.

The fluence is calculated by the equation

Xt
110 KC e

t
where K is the counter constant, C is the count rate measured t days

after the irradiation, and X is (0. 693/14. 2) d "1  As a result of this re-

calibration, the counter constants were increased by 12. 5%. The errors
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involved in fluence measurements with sulfur pellets are discussed in

paragraph 2. 1. . 8.

c. The pellets in use at NED are 3/4 inch in diameter, 1/4 inch

thick, and are encased in a protective aluminum can. Pellets are beta

counted 3 to 5 days after irradiation in one of two Nuclear Chicago

counters or in a Beckman Widebeta-lI. The wait period allows the 24Na

activity from the (n, a ) reaction in the aluminum can and the 31Si activity

from the (n, a ) reaction in 34S to decay to a negligible level. Significant

additional background activity is produced by the capture of thermal

neutrons in 34S. The half-lives of 24 Na, 3 1Si, and 35S are 15 hours,

2. 6 hours, and 87 days, respectively. Because of the long half-life of

35S, special techniques must be used to read pellets exposed in high

thermal fluxes. A Digital Equipment Corporation PDP-8 computer is

used to control the sequencing of the counters. The PDP-8 also calcu-

lates the fluence using the Sulflux I program, which makes corrections

for counter geometry and efficiency and extrapolates the activity back to

the time of exposure. Once the fluence is calculated, the data are stored

on magnetic tape as a permanent record and are printed out by teletype

to be forwarded to the experimenter. The PDP-8 can be programmed to

count to a preset number of counts and used on a 24-hour-per-day basis.

Neutron dosimetry is reported in time-integrated neutron flux or fluence

(n/cm ). A comparison of NED and EG&G sulfur dosimetry measure-

ments was made by EG&G after the recalibration of the system. Approxi-

mately 50 measurements over a wide range of fluences were compared.

Discrepancies in the measured values were systematic and were less

than 2%.

2. 1. 2. 2 Thermal Neutron
Measurements

a. Thermal neutron fluence measurements are made with gold

activation foils that are exposed in pairs. One foil is inclosed in a
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cadmium shield, and the other is unshielded. Activation in the bare foil

is produced by both thermal and epithermal neutrons. Ideally, activa-

tion in the covered foil is only by neutrons above the cadmium cutoff.

The difference in the foil activities is therefore proportional to the

thermal neutron fluence. For a quantitative treatment of gold foil tech-

niquies, see Reference 3.

b. The thermal neutron dosimetry system is currently available

for experimenter use. The system will be recalibrated in 1970 as part

of an overall NED dosimetry recalibration program.

2. 1. 2. 3 Spectrum Measurements

a. Recalibration of the fission foil counters is being carried out by

members of the Dosimetry Section. In addition, a study is being con-

ducted to evaluate nickel foils as a substitute for sulfur pellets as the

primary means of fluence measurement. Nickel foils are advantageous

in that they are smaller than sulfur pellets and, unlike sulfur, can be

read by gamma counting techniques.

b. The SPECTRA computer code is presently being adapted for use

at NED. This code provides a smooth differential spectrum based on

foil activation measurements and a trial spectrum (Ref 5).

c. An Oak Ridge Technical Enterprises Corporation (ORTEC) 'Li

neutron spectrometry system is presently being calibrated and will be

used to make free-field spectral measurements and measurements

behind shields of various materials in the reactor cell. The 6Li detector

uses the

1 6 4 3
n + Li--w- He + H + Q

0 3 Z I

reaction, with the a particle and the triton counted in coincidence in

two silicon surface barrier detectors. The pulses are shaped and

summed to provide an output proportional to the Q of the reaction plus
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the incident neutron energy. Because the detector counts individual

neutron events, it may be used only during steady-state operations of the

reactor. An ORTEC 3He spectrometry system has also been purchased

for use at the NED facilities. The 3He detector operation is based on the

n + He- I H + 3H + Q
0 1 1

6
reaction. Its operation is similar to that of the Li detector system.

The 3He system provides higher sensitivity and better energy resolution.

This system will also be used during steady-state operations at the FBR.

d. A 38. 5 cm 3 lithium drifted germanium solid-state detector is

currently available for use in conjunctior with a 4096-channel pulse-

height analyzer. This system provides high-resolution (3. 5 key) energy

spectrum analyses of activated samples.

2. 1. 3 Results

2. 1. 3. 1 Spectral Measurements

The neutron fluence produced by the FBR has been measured by a series

of foil activation measurements (Ref 2). The foils used were Pu, Np, U,

S, Ni, Mg, and Al. The free-field spectral data arc presented in Table I

and are applicable to free-field conditions. Caution must be exercised

in using the 8:1 plutonium-to-sulfur fluence ratio near the reactor cell

walls (>190 inches from core centerline) or if the experiment being ex-

posed can significantly change the neutron spectrum.

2. 1. 3. 2 Conversion to Dose

a. For the Godiva spectrum, Reference 3 gives a value of

rad = 2. 5 x 10 "9 rads (tissue)

Pu n/cm

for the conversion of plutonium fluence ( Pu) to rads tissue. The sulfur
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TABLE I

FBR NEUTRON SPECTRUM

AS DETERMINED BY THRESHOLD DETECTORS

Detector 239Pu 237Np 238U S or Ni Mg Al

Energy

Threshold
(Mev) 0.01 o.6 1.5 3.0 6.3 7.5

Percent
Fluence

Above Each
Threshold 100 62 33 12.5 1.7 0.6

Percent

Fluence

in Each

Energy
Band 38 29 Z0.5 10.8 0.9 0.7

fluence ((b) is 12. 5% of the total fluence (Table I), and therefore the

rc Iat ion

rad 1 s (tissue)

S 0 x radn/cm2

can be used to convert free-field sulfur fluence to dose in rads tissue.

Since the Godiva spectrum is slightly more energetic than the FBR spec-

trum, these values overestimate the tissue dose by a few percent.

b. An estimate of the 1 Mev equivalent fluence in silicon was made

by using the reactor free-field energy spectrum. The cross sections

used were calculated from data in Reference 6. The following relation

was used to calculate the weighting factors:
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who.re (Iu.is the average product of the energy times the elastic
* th

scat tering cross section ovcr the i energy range.

* -c. T'he quantity Ela1 is 1 Mcv times the elastic scattering cross

section for silicon at that energy. The results of the calculation are

* listed in rable II.

TABLE II

ONE MEV EQUIVALENT FLUENCE (SILICON)

Neutron Energy Relative

Group (i) Range (Mev) Fluence (16) Weight

0. 01 -0. 6 36 0.418

o. 06 -1.5 30 0.969

3 1. 5-3. 0 22 2. 02

I3, 0 -6. 3 10.6 2. 27

6. 3 - 7. 5 1 2. 05

7. 5 - 0 . 6 2. 04

d, T1he relation

O(Equivalent) 6
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yields

d(1 Mev) = 1. 16 bPu (>10 key)

e. The conversion of fluence to first collision dose was obtained by

the equation (Ref 3)

6

rad = 1. 602 x 0-fN (E) F.
i.u/J 1 1
i=u

where DPu is the total fast fluence, f is the average fractional energy

transfer per collision, N is the number of nuclei per gram in the sam-
th

pie, and F. is the fraction of fluence ir, the i energy band. The value
1~

rad = 7. 76 x 10-11 rads (silicon)

DPu n/cm 2

was obtained for the FBR spectrum.

2. 1. 3. 3 Normalization of Data

a. Neutron fluence as measured with sulfur pellets placed at a given

position relative to the core varies linearly with fission yield. In order

to simplify the use of data presented in this report, burst data are nor-

malized to a 1-degree temperature change in T1 , and power run data are

normalized to 1 kilowatt-r-inute. The errors resulting from normaliza-

tion to ZAT 1 are small, as shown in Table III.

b. The power-level calibration was obtained by using the following

equation:

1iK2 IDS
DS 22S- Pt x (

47rR Pu

where K, is based on 190 Mev per fission and is equal to 3. 28 x 1010 fis-

sions per watt-second. The quantity K? is the number of lea' 'ge neutrons
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TABLE III

ERROR IN FLUENCE RESULTING FROM

NORMALIZATION TO AT1 AS A FUNCTION OF T

Error in
T (0C) Fluence (%)

Z5 +6.0

125 +4. 5

187 +2.7

250 0.0

per fission and is approximately 1. 48 neutrons per fission (Ref 4), P is

the power level in watts, and t is the duration of the power run in sec-

onds. The ratio S/ IDu is found in Table I for the free-field spe- .-n.

Sulfur fluence measurements made at distances from 10 to 150 in

were used to obtain an average value for the power level. The results of

these measurements were used to plot power level versus current from

the compensated ion chamber, which is used to monitor the neutron pop-

ulation in the reactor. This calibration curve is shown in Figure I-i

(Appendix I).

Z. 1. 3. 4 Radial Measurements

a. Free-field radial measurements were made in the midplane of

the core with a thin metal ring and lacing cord string to the walls of the

reactor cell. Sulfur pellets were suspended from the lacing cord. Meas-

urements were taken during power runs and burst operations. The reported

fluence is the time-integrated neutron flux greater than 3 Mev.

b. Fluence per kilowatt-minute as a function of radial distance from

the core centerline is plotted in Figure I-2. The following equation can
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be used to calculate the fluence from a power run:

-1) ~ 4. 38 x 10S R2

where the units of P , t , and R are kilowatts, minutes, and inches,

respectively. Radial fluence measurements for both burst operations

and power runs deviate from /R 2 behavior from the surface of the

safety shield (4. 5 inches) to 10 inches and at distances greater than

ZOO inches. Table IV lists the calculated fluence, the measured fluence,

and percent difference as a function of distance from the core centerline

for power runs.

TABLE IV

CALCULATED AND MEASURED

FLUENCE FOR POWER RUNS

Calculated Fluence Measured Fluence
Distance per kw-min per kw-min Error

(in. ) (n/cmz > 3 Mev) (n/cm2 > 3 Mev) (%)

6. 5 1. 035 x 10" *  1. 143 x 1011 +10

10 4. 37 x 10" 4.51 x 1010  +3

Z0 1. 093 x 1010 1.091 x 1010 -0. 3

50 1.75 x 10 9  1.68 x 10 9  -4

100 4. 37 x 108  4.26 x 108  -3

150 1.949 x 10' 1.98 x 108  +1

200 1.093 x 108 1. 12 x 108 +Z

250 7.00 x 10 7  7. 86 x 10 7  +10
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c. Neutron fluence per AT, is plotted as a function of radial dis-

tance from the core centerline in the core midplane in Figure 1-3. The

following equation can be used to calculate the approximate fluence from

a burst:

= 8.25 x 10-11 
A T

SR 2

where R is the distance to the core centerline in inches. Table V is a

comparison of measured and calculated values.

TABLE V

CALCULATED AND MEASURED

FLUENCE FOR BURSTS

Calculated Fluence Measured Fluence
Distance per AT, per AT, Error

(in.) (n/cm 2 > 3 Mev) (n/cmz > 3 Mev) (%)
10 10

6.5 1.95 x 10 2. 14 x 10  +10

10 8. 25 x 10 9  8.43 x 109  +2

20 2. 06 x 109  2. 03 x 109  -1

50 3. 30 x 108 3. 15 x 108  -5

100 8.25 x 10 7  8. 33 x 10 7  -

150 3. 67 x 107  3. 71 x 107 +I

200 2. 06 x 10 7  2. 16 x 10 7  +5

250 1. 32 x 1O7  1. 51 x 107 +13
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2. 1. 3. 5 Vertical Distribution

Fluence measurements were made along vertical lines at 6 inches,

12 inches, and 1 meter from the core centerline. Figures 1-4 through

1-6 show the fluence distribution as a function of vertical distance from

the horizontal midplane of the core. The experimenter table was in

position with the table surface 6 inches below the core midplane. The

vertical distribution at 1 meter without the experimenter table is shown

in Figure 1-7. For these measurements, tape was stretched vertically

between two horizontal members on a large ring stand, and sulfur pellets

were held in place by the tape. This technique insured that a minimum

number of scattered neutrons were counted.

2. 1. 3. 6 Angular Dependence

In Figure 1-8, fluence as a function of angle is plotted for several dis-

tances. The angles are referred to north and increase in a clockwise

direction as viewed from the top. These measurements were made in

the horizontal midplane of the core. Statistical errors were on the order

of 0. 2%, and the maximum deviation from the arithmetic mean was 7%.

The effects of positioning errors are superimposed on the flux distribu-

tion. Fiuence depressions correspond to locations of the inconel bolts.

These are located at 90, 210, and 330 degrees. The maximum deviation

from symmetry is of the same order as the estimated positioning error

(para 2. 1. 3. 8). At a distance of about 10 inches from the core axis,

these small depressions disappear, and the measured fluence attains

radial symmetry.

2. 1. 3. 7 Changes in Fluence
Characteristics

Neatron fluence and gamnma dose measurements were made behind

shields of thicknesses up to 9 inches in order to demonstrate the

variety of radiation environments obtainable from reactor operations.

2-11
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The shields were planar slabs approximately 18 inches high by 24 inches

long. The center of the shield and the dosimeters were in the midplane

of the core. The front of the shield was always at 8 inches from the core

centerline, and the dosimetry was at 17 inches for all measurements.

Tables VI and VII show the results of these measurements.

2. 1. 3. 8 Error in Sulfur Dosimetry

Measurements

a. Uncertainties in the measured values of the neutron fluence at

the FBR arise primarily from uncertainties in detector calibration, pellet

size and weight, pellet counting, and positioning of the pellet.

b. The uncertainties in detector calibration result from errors in

cross-section values, counting statistics, and errors in the source flux

used for the calibration process. One method of detector calibration in-

volves exposing a threshold detector with a known activation cross section

to a monoenergetic source flux and determining the count rate at some

time after irradiation. A calibration constant may then be evaluated as

FCo

where g0 and Co are the cross section and initial count rate as deter-

mined by the source fluence 40 . The quantity F is the average cross

section for the flux spectrum where the detector will be exposed. The

relative error in K arising from variation of the dependent variables is

given by

aK \2 \2 6 ID2 6C\2-
K 0 0 0/

and is estimated to be on the order of 12% for the case of sulfur pellet

calibration.
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c. The relative error in the dimensions of a sulfur pellet is given by
1

d. For a sulfur pellet 0. 750 inch in diameter and 0. 250 inch thick,

the dimensional error to within 1/32 inch is less than 2%.

e. The dependence of K on the weight of a sulfur pellet is avoided

by making the pellet "infinitely thick" to beta particles; that is, a beta

particle of energy 1. 7 Mev emitted at the back surface of the pellet would

not be able to penetrate to the front surface (Ref 7).

f. The following expression is used to determine the fluence 40 to

which a pellet is exposed:

t
e0 CeXt xK

Here, C is the count rate obtained at an elapsed time t after exposure,

and K is the calibration constant as previously defined. The error in the

calculated value of the fluence is given by

6 z = Ct etK [1 --/(6 ) + (6 t Iiic t) 2+ (-K)120 et t  K

Assuming no error in counting time,

6C t - 6N 1
C t  N

where N is the total number of counts.

g. The exponential term reduces to 6(Xt) , and for Xt << , that

is, for counting times which are short compared to the half-life, the

error in the exponential factor is negligible compared to errors in K

and N.
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h. The relative error in calculated fluence then reduces to

i. For the instance where N is large (as is usually the case), the

error in calculated fluence is primarily dependent upon the error in K

j. For the case where the fluence follows a 1/r z dependence, we

may write

c
2

r

k. An error in positioning of a pellet will produce an error in the

measured value of the fluence, as seen in Figure 3.

~i

I I

b r
r-Ar r r+Ar

Fig. 3. Neutron Fluence as a Function of Distance
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The error -.n the measured value of A at a point r due to an error Ar

is

c4O+ A -
(r - Ar)

-2

r

_ c " r) -

The maximum value of 4 due to an error Ar is then

CD ma + A O = rc 1 + .l
max rz r/

In a like manner, the minimum value of 0 at a point r due to an error

in r is

min -- r

r

The ratio of 0 to 0 at r is
max min

max =(1 +ZAr/r)
1 - ZAr/r

(1 + 2r)-r

1. The above ratio is shown in Figure 4 with a positioning error of

0. 125 inch. The positioning errors become negligible at large distances,

but at distances closer than about 10 inches, errors on the order of *10%

are not unlikely. Positioning errors are due in part to positioning of the

experimenter table relative to the core and the positioning of the reactor

by the reactor lift.

2-16



Figure 4. Error in neutron f luence due to an error
in foil position, as a function of distance
from the core centerline.
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IM

Z. 1. 3. 9 Calculation of
Fission Yield

a. The number of fissions in the FBR core for a burst of 6T,= Z919C

was calculated by two independent techniques.

b. The number of fissions that take place in a burst can be calculated

by the following equation:

1.48 4S14S - z x F x

- 41rR x Pu

where 4S is the measured sulfur fluence (n/cmZ), S /0Pu is the ratio

of the sulfur fluence to the plutonium fluence under free-field conditions,

R is the distance from the core centerline to the sulfur pellet, F is the

number of fissions in the burst, and 1. 48 is the number of leakage neu-

trons per fission (Ref 8).

c. The free-field burst data between 10 and 150 inches (Table V) was

used to obtain an average value for 'S R -. The average valAe of S /0Pu

for these distances is 1/8. 12 (Ref Z). The number of fissions calculated

was

F (AT, = 291*C) = 1.08 x 1017

d. The energy deposited in the fuel per fission and the heat capacity

of the fuel were also used to determine the number of fissions in the core

for this burst.

e. The energy required to change the temperature in the core from

T. to T is given by (Ref 9)

AQ = M [ aAT + bAT (T + TO) ] Eq (1)

where M is the mass of U-10wt. 0Mc. in the =ore (96. 5 x 105 gin), a

and b are constants, and AT is the average temperature change of
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the core. The number of fissions required to deposit this energy in the

core is given by

AQ
K

where the value of K is 178 Mev/fission (Ref 10). For AQ in fissions:

a = 4.72 x 1u9

b = 2. 60 x 106

and, from Reference 1,

AT

2. 051

When AT 1 = 291°C and To  30°C are used,

F = 7. 18 x 1016 fissions

f. If equation (1) is solved for AT , the following result is obtained:

(a + ZbTO) ± /(a i- bT0)' + 4bF/M

2b

Substituting F = 1. 078 x 1017 fissions into the above equation yields

AT, = 427"(,

g. TL. efficiency of the thermocouple for the burst can be defined as:

AT m 291
E= im = 291z 70%

AT 427
ic

where AT is the measured temperature change, and AT is the1irfl i c

calculated value.
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h. Since the thermocouple ratios are in good agreement with calcu-

lated values (para 1. 2), the efficiencies of the other thermocouples (TC 2

and 3) may also be considered to be close to 70%. The apparent low effi-

ciency of the thermocouples may be misleading since the errors in the

calculated value are not small. The primary errors are dosimetry cali-

bration (-12%), point source approximation (~-5%), and assumption of uni-

form temperature rise in the core. However, the low efficiency can be

attributed to the inability of the thermocouple to respond quickly enough

to the change in temperature. This effect is enhanced by the presence of

a brass shim between the thermocouple junction and the fuel. Until fur-

ther measurements are made with, for example, intrinsic thermocouples,

the following assumptions are made:

(1) The sulfur activation measurements provide the correct (larger)

number of fissions.

(2) The heat capacity calculation based on this nut.,ber of fissions

yields the correct (higher) temperature.

i. The number of fissions in the core versus the measured and cal-

culated values of AT 1 are plotted in Figure 1-9.
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2.2 GAMMA DOSIMETRY

2. 2. 1 Objective

The objective of the gamma dosimetry measurements is to describe the

gamma-ray environment within the reactor cell for both burst and power

operations.

2. 2.2 Method

2. 2. 2. 1 Lithium Fluoride
and Lithium Borate

a. Lithium fluoride thermoluminescent dosimeters (TLD-700) are

the primary means of gamma exposure equivalent measurements at the

Nuclear Effects facilities. The lithium in TLD-700 powder is 99. 993%

pure Li. Lithium fluoride powder is exposed in small cylindrical teflon

containers.

b. Extensive cross -calibration with various facilities across the

country was carried out early in 1969. Several hundred LiF and Li B 407

dosimeters were sent to Kirtland Air Force Base, Sandia Corporation,

Bell Telephone Laboratories, and Natick Laboratories for exposures to

60Co of from I to 20 x 106 R. The results ox this cross-calibration were

very satisfactory and showed:

(i) Agreement within ±5% among all the facilities, including the

WSMR reading

(2) Linearitv of LiZB 4 0 7 extending to about 2 x 106 R (Ref 11)

z. Lithium fluoride exhibits a flat energy response over a wide

range, with an excess response of approximately 25% at 15 key. After

exposare, the measired dose decreases by about 5% in 3 days and then

becomes stable. The LiF powder is read on a modified Conrad reader.

The heating time is 11 seconds at 300°C. The photomultiplier is on for

10. 5 seconds, starting 0. 25 second after the heating is begun and ending

0. 25 second before the heating is terminated. Light output as measured
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by the photomultiplier is plotted against 60Co exposure as measured with

an ionization chamber for calibration of the system.

d. The lithium borate TLD system is not yet available for routine

experimenter use.

2. 2. 2. 2 Calcium Fluoride

Calcium fluoride TLDs (in chip form) are frequently used at NED when a

quick readout of the exposure is desired. Results can be obtained within

a few minutes after the TLDs are retrieved from the irradiation cell.

The TLDs are unshielded and exhibit a strong energy dependence. Also,

these dosimeters read 30% to 60% higher than LiF dosimeters when ex-

posed to the same radiation environment at the FBR.

2. 2. 2. 3 Gamma Dose Rate

Gamma dose-rate measurements were made with a Microsemiconductor

Corporation MC-1546 computer diode. (This diode was recommended by

personnel of the Autonetics Division of North American Rockwell. ) A

Solid State Radiations Incorporated PIN diode was also used to measure

the gamma dose rate.

2. 2. 3 Results

2. 2. 3. 1 Radial Measurements

Free-field gamma measurements with LiF TLDs were made by using the

techniques outlined in paragraph 2. 1. 3. 4. Gamma exposure per kilowatt-

minute is plotted in Figure 1-10. Theme measurements were made in the

horizontal midplane of the core. Figure I-Il shows the gamma exposure

as a function of distance from the core centerline for burst operations.

The exposure is normalized to a 1-degree temperature rise in T i .

2. 2. 3. 2 Vertical Distribution

Figure 1-12 shows the gamma exposure per AT, along a vertical traverse

at 1 meter from the core centerline. The exposure was measured by LiF

TLDs. The technique described in paragraph 2. 1. 3. 5 was used to insure

free-field conditions.
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2. 2. 3. 3 Angular Dependence

The dependence of exposure on the angle v ith respect to north was deter-

mined by LiF TLDs. The TLDs were placed on the experimenter table,

which was positioned so that the suriace of the table was in the midplane

of the core. The results of these measurements are shown in Figure 1-13.

2. 2. 3. 4 Gamma Dose Rate

a. Gamma dose rate as a function of distance for both wide and nar-

row pulses is shown in Figure 1-14. A Solid State Radiations Incorporated

PIN diode was used to measure the dose rate during the wide pulse (70 psec

FWHM). Several bursts of the same yield were performed with the diode

positioned at different distances from the core. Three MC-1546 diodes

were used to measure the gamma dose rate as a function of distance from

the core centerline for a narrow pulse (40 psec FWHM). In order to in-

sure that the three diodes had sensitivities that were essentially equal,

the diodes were exposed at the same distance from the core for two bursts.

The outputs were within *5% of the mean of the three readings. The cali-

bration of these diodes was provided by personnel of Autonetics (Anaheim).

b. Gamma and neutron dose rates are approximately proportional to

the pulse height from a photodiode used to monitor the reactor pulse. A

burst picture or photograph of the photodiode oscilloscope trace is pro-

vided to the experimenter for each pulse. The reliability of this technique

is compromised by two effects of the high radiation fields:

(1) The darkening of the scintillator material

(2) The degradation of the photodiode due to neutrons

c. An alternate means of scaling dose rates depends on the ratio of

the peak fission rates for the two bursts in question. The peak fission

rate (F) is given by (Ref 6)

F - c_2-(1 + aZTZ)
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where C is the shutdown coefficient, a is the reciprocal of the initial

period in seconds, p is the prompt reactivity, and T is the character-

istic propagation time of pressure waves in the assembly. The period

appears on the burst photograph, the prompt reactivity can be obtained

from reactor performance data, and t is approximately 12 microseconds.

For the bursts in Figure 1-14, the calculated ratio is

F
-I---- 1.79
F 2

Here, Fi and F2 are the peak fission rates for the 40- and 70-micro-

second pulses, respectively. The corresponding ratio obtained from the

measured dose rates is 1. 5.
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2. 3 OPERATING LIMITS AND
FACTORS AFFECTING FBR
OUTPUT CHARACTERISTICS

2. 3. 1 Objective

The objective of this section is to provide the user of the facility with

a summary of operating limits and factors affecting the output cbarac-

teristics of the FBR.

2. 3. 2 Method

The information in this section is based on documented administrative

limits and on FBR operating experience.

2. 3. 3 Results

2. 3. 3. 1 Effects of Moderating Materials

a. There are no materials of low atomic weight in the FBR core

to effectively moderate the neutrons produced in fission. The vast

majority of fissions, therefore, are produced by high-energy neutrons.

It is the absence of moderating material and the compact construction

of the core that account for the very short neutron lifetime, the narrow

pulsewidths, and the high dose rates produced by the FBR. The fact

that it is a bare, unmoderated, and highly enriched assembly make!,

the reactor extremely sensitive to the moderating and reflecting char-

a,:teristics of experiments placed near it (Ref 12 and 13). A decoupling

shroud or "safety shield" lined with cadmium is used to reduce the

effects of external reflectors by absorbing and scattering thermal neu-

trons which are reflected back tc vard the core. The decoupling pro-

vided by the cadmium is not ccmplete, and experiments (especially

moderating experiments) broaden the pulse and reduce the dose rates

produced by a burst of a given yield. Figure 5 shows two bursts of

approximately the same yield, but the pulsewidth, and consequently the

peak dose rate, is altered drastically because moderating material was

placed near the core.
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b. The effects of moderating material on the burst yield are illus-

trated in Figure 6. The moderating experiment setup consisted of two

4- by 8- by 2-inch polyethylene bricks placed on the experimenter table

so that the 8- by 8-inch surface formed by the two bricks was perpendic-

ular to a core radius. The distance plotted is measured from the core

centerline to the surface of the reflector. Figure 6 shows a very strong

effect on the burst yield. This effect can be reduced somewhat by placing

additional cadmium between the reflector and the core. The boron-10

decoupling shroud (para 1. Z) will essentially eliminate this effect (Ref 14

and 15).

2. 3. 3. 2 Position Relative
to the Burst Rod

a. As shown in Figure 1, the burst rod is inserted at a location near

the external surface of the reactor. For this reason, its reactivity worth

is affected by the presence of external reflectors placed near it. The

experiment reflects neutrons back into the core and is capable of tilting

the flux distribution sufficiently to alter the burst rod worth. The burst

rod is inserted at a position that is 30 degrees from north and at a radius

of 3. 125 inches from the core axis of symmetry.

b. The dependence of burst yield on the angular position of a reflec-

tor can best be analyzed by comparison with the effects of a symmetric

reflector with the same moderating characteristics as the reflector in

question. Experiments placed between 90 and Z70 degrees with respect

to the burst rod tend to reduce the yield of a burst, while those between

270 and 90 degrees tend to increase the burst yield (Fig. 7) relative to

those produced with a symmetric experiment.

c. Figure 8 shows the effect of the angular position of an 8- by 8- by

1-inch steel plate on the burst yield. The 8- by 8-inch face was kept per-

pendicular to a radius; the distance to the core centerline wvas 6 inches.

This curve shows the very strong dependence of burst yield on angular

position.
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N

Experiments which
tend to add reactivity
worth to the burst rod

Experiments which
tend to reduce the
burst rod worth ROD

Reactor Gore

Fig. 7. Location of Experiments With Respect to the Burst Rod

d. Generally, experiments are positioned so that they tend to

reduce the burst yield. If this is done, initial burst operations smaller

than the desired yield are obtained for new types of experiments or

those of high experimental worth by compensating for the experiment as

though it were symmetrically distributed around the core. After the

characteristics of the new experiment are determined, bursts of the

desired yield can be produced consistently. This technique enables the

Reactor Leader to approach the burst of the desired size from the con-

servative direction.

2. 3. 3. 3 Limitations on
Experimental Worth

a. The size and moderating characteristics of the experiment and

its proximity to the core are critical factors in determining its effect

on the FBR. It is possible for the worth of an experiment to exceed the

amount of reactivity that can be withdrawn with the control rods. In

order to maintain shim capability in the control rods and to limit the
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effects of experiments on the burst yield, a lirntt is placed on experi-

mental worth. This reactivity limit is $1. 50 relative to the unreflected

reactor witIi no e-%periment table in proximity to the core. Experiments

exceeding this limit can be irradiated only with the concurrence of the

Reactor Safeguards Committee (RSC).

b. The mass adjustment ring (MAR) is removed from the core when

experiments exceeding $1. 50 are expose( The removal of the hollow

stainless-steel MAR provides an additional $0. 62 of shin .. _ustment.

The reactivity worths of other core components are listed in Table VIII.

TABLE VIII

REACTIVITY WORTHS OF CORE COMPONENTS

Component Worth ($)

Burst Rod 1. 11

Hollow Stainless-Steel MAR 0. 62

Solid Stainless-Steel MAR 1.04

U-10 wt. % Mo MAR 2.46

Safety Block, - inch 1.42

Safety Block, 1 inch 3. 77

Safety Block, 11 inches >4. 92

Control Rod No. 1 0. 0365 (0/mil)
(peak differential)

No. 2 0. 0345 (0/mil)

Control Rod No. 1 1. 59
(integral)

No. 2 1.54

2 -31



c. The analytical evaluation of the reactivity worth of an experiment

is a complex problem involving the energy-dependent scattering and ab-

sorption cross sections of all the materials involved, the solid angle these

materials subtend, and their density, thickness, etc. Because of the com-

plexity if the problem of estimating the worth of an experiment a priori,

it is recommended that large experiments that must be placed very close

to the reactor be designed so that their reactivity can be reduced. This

can be done by segmentation of the experiment or by moving the experi-

ment back. The reactivity contribution of an experiment falls off more

rapidly than /R 2 
, so a small change in its position is generally sufficient

to reduce its worth to a value of less than $1. 50.

2. 3. 3. 4 Limitations and Predictability
of Burst Operations

a. Experimenters typically request exposures requiring bursts in

the range between 2100 and 270'%C. The maximum yield allowable without

prior approval of the RSC is AT 3 7- 3000C (AT, = 3550C). For narrow

bursts greater than about AT, = 310'C , the probability of minor mechan-

ical failures that could delay operations increases. In addition, health

physics problems become more complex. The flaking of the nickel fuel

cladding is accelerated because of the increased thermal shock. Traces

of fuel cladding and fission products on the reactor cell floor force the

implementation of special procedures to prevent the spread of contamina-

tion. The replating of core components with aluminum ion plating has

reduced the problem somewhat: however, the problems of contamination

associated with larger bursts have not been eliminated.

b. The checkout of the modified core, which is part of a devejopment

program to improve reactor operational capability, will provide irforma-

tion for the identification and elimination of structurally weak points in

the FBR system As a result of the core modification, the limit on burst

yield will be raised to the vicinity of AT 1  4000C.
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c. When new experiments are set up near the core, the Reactor

Leader approaches the desired yield rapidly through a series of bursts

if the experimental setup is not altered greatly from burst to burst.

Under the ideal conditions, in which the experiment is not changed, the

yield can be expected to vary less than ±5%. On the order of 2% of the

time, neutrons from spontaneous fissions, fissions produced directly or

indirectly by cosmic rays, or those produced by delayed neutrons cause

a power excursion before the burst rod is fully seated. These preinitia-

tions result in yields which may be as small as 20% of the desired burst

yield.

2. 3. 3. 5 Limitations on

Power Operations

a. Power operations can be run for several hours at levels from

fractions of watts to 5 kilowatts and for short periods of time up to about

10 kilowatts. (A 10-kilowatt power level can be maintained for approxi-

mately 10 minutes. ) The limiting factor in power operations is the limit

of 400°C maximum core temperature stated in the FBR Technical

Specifications (Ref 16). An improved forced-air or a liquid nitrogen cool-

ing system would permit operation at higher power levels. Figure 1-15

shows the reactor core temperature (T,) as a function of time for various

power levels. The T, temperature scram point is set at 3500C, and with

the cooling system in operation, it can be seen that 5 kilowatts is very

close to the maximum power level that can be maintained indefinitely.

b. For the FBR, the buildup of fission products may restrict main-

tenance operations necessary for continued pulse operation. The number

of fissions normally produced by one full day of burst operations (5 bursts,

5 x 1 0 fissions) are produced by the FBR running at 5 kilowatts for about

1 hour. For this reason, long power runs must be carefuilly scheduled so

that the high radiation levels p-oduced by the decay of fission nroducts do

not limit reactor maintenance operations.
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Figure I-13 Gamma exposure as a function
of angle, at core mldplane.
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