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ABSTRACT 

Variations over large distances in the numerical flux density, the energy 

flux density, and the spectrum from a point source of fission neutrons were 

determined experimentally. 

Experimental work was carried on at the Nevada Test Site, using the 

Oak Ridge National Laboratory Health Physics Research Reactor as the source 

of neutrons. The reactor height could be varied between 27 and 1500 ft:, (8 

and 457 meters) and the horizontal measurements extended from 250 to 1500 

yd (228 to 1371 meters) from the tower base. The reactor was operated at 

power levels from 1 to 1250 W. 

Numerical flux densities were measured by the use of BF 
3 

_:filled pro­

portional counters surrounded by various thicknesses of paraffin. Each 

detector therefore has its peak sensitivity in a different energy region of the 

given spectrum. Numerical flux densities were also measured by indium-

foil activation. The foils were exposed in right circular cylinders of cadmium 

filled with paraffin. 

Energy flux density was measured by the use of a polyethylene-lined 

proton-recoil proportional counter. If the ratio between the latter detector 

and a BF3 detector is taken, a measure of the average neutron energy is thus 

obtained . 

Nuclear emulsions were exposed to the reactor neutron flux at several 

locations. From an analysis of the proton recoil tracks, the neutron spectrum 

can be infe.rred. 

Results of this study provide much information on the varitions of the 

neutron flux and spect'rum as measured over large distances from a source. 

An analysis of the data also reveals the contribution to the total measured flux 

due to scattered neutrons, as well as the relaxation length of the given spectrum. 
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VARIATION OF A FISSION NEUTRON FLUX AND SPECTRUM 
FROM A FAST REACT OR MEASURED--OVER LARGE DISTANCES,:' 

Lloyd p. Stephens and Henry Aceto, Jr.t 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 
· October 28, 1962 

INTRODUCTION 

A primary function of the Health Physics Department at Lawrence 

Radiation Laboratory is determination of the radiation fields ar.ound the 

6.3-GeV proton synchrotron: and.the 730--MeV synchrocyclotron. In nearly 

all instances the neutron leakage is a far greater hazard than the gamma 

radiation. Our responsibilities also require that we properly assess the 

hazards involved and make appropriate recommendations for. shielding and 

machine operation. With these functions in mind, we became interested in 

. the following study. 

Neutrons from a source propagated to large distance.s in air arrive at 

the detector or point of interest by two paths. The direct neutron flux, com­

posed of neutrons that have not suffered any scattering event, with only air 

attenuation, can easily be determined by a simple calculation. Neutrons 

arriving at the detector o.r point of interest through a devious path due to 

scattering in air, ground, or possibly some of each, are not as easily cal­

culated. 

The expected total neutron flux at any point as determined from one or 

two measurements made at given points is one of our concerns and a. method· 

for predicting this value is one of the objectives of this study. The total 

neutron flux is not only effected by the detector-to-source distance but also 

by the height of the source above the ground. 

The variations in the neutron spectrum at the large distances. involved 

are very slight and behave according to a predicted pattern [ 1, 2] . All of the 

measurements made during this experiment bear out this fact. 

This work was done under the auspices of the U. S. Atomic Energy 

Commission. For the Symposii.lm .on Neutron-Detection, Dosimetry and 

Standardization, at A. E. R. E. Harwell, Didcot, Berkshire, United Kingdom, 

December 1962. 

t Present address University of Texas, Southwestern Medical School, Dallas, 

Texas. 
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From the data present~d in this report one can predict the neutron flux 

at distances as large as one mile ( 1.4 km} from the source and various source 

heights. The experimental work was carried on at the Nevada Test Site, 

with the Oak Ridge National Laboratory Health Physics Research Reactor 

used as the source of neutrons [3] .. The reactor was secured to a hoist car 

which was mounted on a 153~ftctowet<(465;:;mete.rs). The reactor height could 

be varied between 27 and 1500 ft (8 and 457 meters), and the horizontal meas'­

urements extended from 2 50 to 1500. yd (228 to 13 71 meters) from. the tower 

base. The reactor was operated at power levels from 1 to 1250 W. 

DETECTORS 

Four kinds of detectors were used in this experiment. The first type 

was the BF 3 proportional counter. Six of these were used, one being bare 

(unmoderated), while the other five were moderated by five different thick­

nesses of paraffin. The moderators were enclosed in cadmium ja•ckets; 

therefore the peak sensitivity of each detector was in a different energy region of 

the given spectrum[4] . 

A second type of detector that was used was an argon-C0
2 

-filled pro­

portional counter that counts pulses caused by recoiling protons due to neutrons 

interacting in the polyethylene lining in the counter [4, 5] . With a 1/8 -:in .. -

thick lining of polyethylene, the efficiency of the chamber is nearly propor­

tional to energy for all neutrons of energies from 0.03 to 20 MeV. When 

used in this manner the counter actually measures energy flux instead of 

particle flux. For the size of counter used here, one count was nearly equal 

to 15 MeV/cm
2 

of neutrons through the chamber. If we adjust the discrimina­

tor to a proper level, the gamma pulses in the detector are rejected. 

The third detector was a right circular cylinder of 0.030-in. -thick 

cadmium 6 in. in diameter by 6 in. high filled with paraffin. Indium foils 

1 in. in diam. and 0.005 in. thick were placed in the center of the detector 

and exposed to the moderated fast neutrons. The 13- -activity was counted 

with an end-window 13-y counter. The foil counter used here gave essentially 

the same background and counting rate [(counts/min-g) per 0 n / cm
2 

-sec)] 

as the gas flow proportional counter, as previously reported [6] . 

Nuclear-track emulsions were the fourth type of detector used. The 

neutron energies given by these films were .. in our opinion,'· not realistic 

values, because the efficiency decreases rapidly below 500 to 600 keY. 
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Because of the reduced sensitivity in the region U-500 keV, the average 

neutron energies as given by our emulsion were in the 1.6 MeV region. This 

value is not consistent with any other data we obtained-[7] ~ 

COLLECTION OF DATA 

Our detectors were mounted on a light aluminum framework and normal­

ly were 6 ft above the ground with the long axis at 90 deg to the reactor. 

Other orientations and heights were used at each location to determine wheth­

~r the neutron flux showed any anisotropy. The paraffin-filled cadmium 

cylinders were placed at 250-yd intervals to obtain simultaneous measurEr-

.ments of the variation of the neutron flux. Our measure'rnents were obtained 

at as many reactor heights, horizontal distances and power levels as were 

consistent with the experimental needs of the Program-1 dose measurements. 

Before data were taken on any given day, the response of each of the 

BF 3 counters and the polyethylene-lined counter was checked by using a 

Pu-Be source. A standard check for each electronic counting circuit was 
' . 

also done each day. The overall gain,of_~each amplifier system was adjusted 

to within 0.1 dB. All discriminators were checked each day as an added pre­

caution to insure accuracy of measurements. The 13 counting system was 

checked with aCs 
137 

source. See Fig. 1. 

Our equipment was powered by a portable diesel-electric .system, and 

the output of the generator was fed into a 11 Stabiline" voltage regulator. In 

addition the outputs of all power and high-voltage supplies were stabilized. 

Calibrations were checked again at the end of each experimental day. 

CALIBRATION OF THE DETECTORS 

The BF 3 detectors were calibrated using a Po-mock-fission source 

and a Pu-Be source. They were exposed·at several angles from 0 to 180 deg; 

One can obtain from these measurements the efficiency of the detectors for 
' ,-;.. 

an isotropic flux. The efficiency of the detectors as a function of angle () is 

shown in Fig. 2. It can be seen that the counting rate as a function of e has 

enough variation to give an indication of anisotropy from. the reactor. 

The response of the polyethylene-lined proportional counter was cal­

ibrated by using several neutron sources of known energy and strength. The 

sources of neutrons used included Po-Li, Po-mock-fission, Po-Be, Pu-Be, 

and Ra-Be, as well as the d-d and d-t reactions. The neutrons from an Sb-Be 
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neutron source were clearly seen above the gamma rays from the Sb alone; 

however this point was not used for an actual calibration point. Figure 3 

shows the response of this detector as a function of neutron energy. 

The iJ?.dium-foil-paraffin-cadmium neutron detectors were calibrated 

in a similar manner. The neutron sources were augmented with neutrons of 

several energies produced by a Van de Graaff accelerator at the u. s. Naval 

Radiological Defense· Laboratory in San Francisco, California. The· response 

of the indium foils is seen in Fig. 4. 

NEUTRON FLUX AND SPECTRUM MEASUREMENTS 

The neutro~ flux .measured at theyarious locations was composed of the 

uncollided neutrons and ~1?-ose that had scattered in the air and (or) groupd. 

The neutron flux was greater t11;e3:n that expected from simple calculations in 

which a A. value of 210yd _ll] was .used in the equation 

-D;\ 
·q, = Qe . 

4Tir2 

From measurements the value of ~ that best fits the data is 240 yd. A cal­

culation using this value yields a leakage current of about 1.4 X l 0
18 

n/kWh. 

A relaxation length of 210 yd gives a calculated ~nux at a slant range of 1068 

yd of about 20 n/cm
2

-sec. Our measured value was slightly more than 

100 n/cm
2

-sec. We attribute this increase--a factor of 5--to the scattered 

neutrons; Usirig the A. value of 240 yd, we can properly fit calculated data 

to the measured data to within lOo/o at distances from 500 t'o 15 00 yd. Data 

obtained by using the indium foils also fit this value to nearly the same degree 

of accuracy (see Figs. 5 and 6). 

The effect of in.creased source height results in an apparent increase in 

source strength due, we believe, to more efficient irradiation of the ground 

area around our ·detectors.· We are able tb predict the expected neutron flux 

at a given point if we know the neutron leakage current, A., and use the graph 

giving the relative source· strength increase for equal slant ranges vs source 

height (Fig. 7). 

The determination of the neutron spectrum is not completed yet. Work 

is .contiiniing on a solution to this problem. We can make several comments 

now, however, regarding the neutron spectrum. Beyond the region of about 

500 yd the neutron spectrum does not vary, as can be seen from the equal 
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attenuation slopes of all detectors shown in Fig. 8. At distances le.ss than 
• I,• '· • ' •• •• 

500 yd the slopes of plots of counting rate vs slant range for the various de-

tectors vary in an erratic fashion, indicating_ that equilibrium has not yet 

been attained. 

The average energy as determined from the ratio of the energy-flux 

counter and the particle-flux counter give quite consistent results [8]. The 

average energies are shown in Fig. 9 for various slant ranges and source 

heights, 

CONCLUSIONS 

Some of the things that we can say regarding the experiment as it has 

been evaluated to date are as follows. 

Neutrons from an unmoderated reactor are apparently attenuated less 

rapidly than those from u235 
fission weapons. The measured neutron flux 

at large distances is greater than would be predicted from previous meas­

urements. We can also state that the measured flux is a function of source 

height, with the neutron Jlux increasing with source height. This value can 

be determined approximately from the data given in this report. 

Also, ther.e is good ag,reement with other measurements, which indi­

cates that the neutron spectrum shows little or no variation with distance 

once an equilibrium has been established. 

One of our immediate uses of this information will be to predict neutron 

radiation levels at cmr Laboratory boundaries and at large distances within 

the Laboratory as they are created by the recently improved 6.3 -GeV Bevatron. 



-6- UCRL-10361 

ACKNOWLEDGMENTS 

The authors are deeply indebted to a large group of willing co­

workers who helped in a variety of ways. We wish to thank: 

Professor Burton J. Moyer and Mr. H. Wade Patterson at 

Lawrence Radiation L~b~ratory for their help and sincere encouragement 

which made our participation possible, 

Mr. R. L. Corsbie, former Director, Civil Effects Test Operation, 

Division of Biology and Medicine, t!· S. A. E. C., Mr. L. J. Deal, Chief, Civil 

· Effects Branch, and Mr. W. W. Schroeb.el, Civil Effects Branch, for their 

assistance and help in orientation ·and planning during the early stages of this 

program of Operation BREN. 

Mr. John Williamson and his staff of the Reynolds· Electric and 

Engineering Co., for their support given us at the Nevada Test Site. 

Mr. Tom Brockett and Don Schuler of Lawrence Radiation Lab-. 

·oratory, Nevada, for their support of our experimental needs throughout the 

entire time· we spent in Nevada. 

We are especially indebted to Messers John Auxier, Fred Sanders, 

and Fred Haywood of the Health Physics Division, Oak Ridge National Lab­

oratory, who invited.us to participate in this undertaking. Further, they gave 

their wholehearted encouragement to us as the experiment progressed. 

On~ of us (L. D. S.} wishes especially to thank his co-workers in 

the Health Physics Department at this laboratory for th~ir help during both 

days and nights when they so ably carried on the necessary duties that are 

always left behind in an undertaking such as this. 



-7- UCRL-10361 

REFERENCES 

I. Samuel C. Glasstone, Editor,' Effects of Nuclear Weapons (U.S. Atomic 

Energy Commission, Washington, D. C., 1962) p 41 I. 

2. R. H. Ritchie and G. S. Hurst, Penetration ofWeapons Radiations 

. Application to the Hiroshima-Nagasaki Studies, Health Physics ~ .. 390 

(1959}. 

3. J. · A. Auxier, F. W. Sanders, F. F. Haywood, J. H. Thorngate, and 

J. S. Cheka, Technical Concept-Operation BREN, Civil Effects Test 

Operation Report CEX-62.0 I January ·1962. 

4. W. N. Hess, H. W. Patterson, R. ·w. Wallace, and E. L. Chupp, 

The Cosmic -Ray Neutron Energy Spectrum, Lawrence Radiation Lab­

oratory Report UCRL-8628 Rev. February 1959. 

5. Burtqn J. Moyer,.· Survey Methods for Neutron Fields, Nucleonics .!.Q_, 

No. 5, 14 (I 952). 

6. L. D. Stephens and A. R. Smith, Fast Neutron Surveys Using indium 

Foil Activation, Lawrence Radiation Laboratory Report UCRL-:-8418, 

August 1958. 

7. Henry Aceto, Michael Pick, and Lloyd Stephens, Neutron Tissue Dose 

at Large Distances from an Elevated· Unshielded Reactor, to be published 

as CEX 62.42. 

8. ~. W. Patterson, W. N. Hess, B. J. Moyer, and R. W. Wallace, 
_./1 . 

-The Fluxand Spectrum of Cosmic-Ray-Produced Neutrons as a Function 

of Altitude, Health Physics ~. 69 ( 1959). 



-8- UCRL-10361 

. FIGURE LEGENDS 

Fig. 1. Block diagram of electronic counting systems. 

Fig. 2. Angular efficiency of moderated BF 3 detectors. 

Fig. 3; Polyethylene-lined proton-recoil detector efficiency as a function 

of incident -neutron energies. 

Fig. 4. Response curve for cadmium-paraffin-indium foils as a function of 

neutron energy. 

Fig. 5. Neutron flux vs slant range,. measured with a BF 
3 

-CH
2 

neutron 

detector. Measured points and points calculatedfrom information in 

this report are shown. 

Fig. 6. Neutron flux vs slant range, measured with the indium-foil-paraffin­

cadmium techniqu~ describ'ed .. All points for a given source height were 

determined simultaneously by using·this technique. Several BF 3 points 

are shown for comparison. 

Fig. 7. Relative increase in source strength as a function of .the source 

height for equal slant ranges. 

Fig. 8. Counting rate X r
2 

vs slant range. The slope of these curves gives 

the value of A. = 240 yd. 

Fig. 9. Curve of average neutron energies measured at several horizontal 

distances. 
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