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ABSTRACT

The effect of ground roughness on the radiation field above fallout-
contaminated ground is studied, At t weapons tests, the dose rate
over fallout-contaminated ground A measured as a function of height
and angle, These measurements are compared with calculations of the same
quantities for 1,12-hr fission products uniformly distributed on a
smooth plane. None of the experiments is detailed enough to lead to fim
conclusions about the ground roughness effect, However, the data
indicate that the ground roughness effect can be simulated by assuming
that the fallcit is buried under a thin layer of material, For desert
terrain this thickness of material is equivalent to about 25 + 10 £t of
air, At 3 £t asbove the ground this corresponds to a reduction in dose
rate by a factor of 0,6 to 0.7, compared to what would.be received over
a smooth plane




The Problem:

To calculate the dose rate at a point a few feet above ground
uniformly contaminated with fallout., In the ideal case of perfectly
smooth ground, most of the radiation comes from large distances, Air
attenuation determines the maximm distances of importance and, since
the mean-~free-path of gamma rays in air is of the order of hundreds of
feet, these distances are large, Consequently, much of the radiation
reaching the detector travels at a grazing angle to the ground, In
this situation, irregularities of the ground can significantly modify
the field, since they will shield a detector from gamma rays traveling
at low angles with respect to the ground, This ground roughness will
affect dose versus height or dose versus angle observed in a fallout
field, The deviation of these quantities from what is predicted for a
smooth plane source is a measure of the effect of ground roughness,
One way of taking this effect into account in calculations is to assume
that the fallout is buried under a thin layer of material, Gamms rays
leaving the source at low angles with respect to the ground will be
highly attenuated by this layer, and the effect should be similar to
that of ground roughness.

The Findings:

In this report we compare dose versus height and dose versus angle
measurenents made at field tests with what is calculated for an infinite
plane source of 1,12-hr fission products.l We take the ground roughness
into account in the calculations by assuming that there is a layer of
material equivalent to 7 feet of air between the source and detector.
For each set of experimental data the value of T vhich best matches the
calculations to the data is found. In this manner it is found that,
for experiments performed over ordinary desert terrain, t has the value
of 25 + 10 £t of air, For the one experiment over plowed ground, T is
sbout 80 ft. It is concluded that the concept of simulating the ground
roughness by an equivalent layer of material 7 should be adequate for
most applications. That is, modifications of the magnitude and angular
distribvution of the dose rate by ground roughness are adequately
similated by putting a layer of material, t, into the calculations for
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ABSTRACT

The effect of ground roughness on the radiation field above fallout-
contaminated ground is studied, At t weapons tests, the dose rate
over fallout-contaminated ground,.\ measured as a function of height
and angle, These measurements are compared with calculations of the same
quantities for 1,12-hr fission products uniformly distributed on a
smooth plane, None of the experiments is detailed enough to leed to firm
conclusions about the ground roughness effect, However, the data
indicate that the ground roughness effect can be similated by assuming
that the fallout is buried under a thin layer of material, For desert
terrain this thickness of material is equivalent to ebout 25 ¢ 10 ft of
air, At 3 ft above the ground this corresponds to a reduction in dose

rate by a factor of 0,6 to 0,7, compared to what would be received over
a smooth plane
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a smooth plane source, Some of the data indicate that T may well
depend as much on variations in the gamma-ray spectrum as on the nature
of the ground, However, the experimental work to date 1s not detailed
enough to lead to firm conclusions about how the ground roughness effect
varies with type of surface or source energy spectrum,
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INTRODUCTION

One of the factors that determines the dose rate over fallout-
contaminated terrain is the roughness of the surface of the ground, The
literature on weapons effects contains a number of measurements which
are sensitive to thls paremeter, In this report we compare these measure-
ments to calculations of the fallout radiation field in order to learn
more about ground roughness effects,

To a first approximation, fallout can be treated like a plane
isotropic source on top of a smooth ground-air interface, The dose
rate inside a structure is estimated by calculating the attemuation and
scattering of the ground and air and material in the structure, using
the plane isotropic source as input data, The basic calculations and
methods of attack are presented in Spencer's monograph, "Structure
Shielding Ageinst Fallout Radiation from Nuclear Weapons,"l

As Spencer points out, fallout is not accurately represented as an
unshielded source on top of the ground, even for reasonably smooth ground,
The ground partially shields the source, This is the so-called ground
roughness effect, This shielding is most important for gamma rays
traveling almost parallel to the ground, and these gammas contribute most
of the dose at heights of a few feet.

One method of correcting for grcund roughness is to assume that_the
fallout is buried under a thin layer of material, In Spencer's workl
this layer presents itself as an equivalent layer of air thick emough to
have the same attenuastion properties as the layer of material, Thus,
gamma rays reaching a height 4 £t above the ground are attenuated by an
amount of material equivalent to & + 7 ft of air, where t is the thick-
ness of air needed to simulate the ground roughness effect. In lleu of
a detailed investigation of the ground roughness effect, Spencer tenta-
tively adopts 40 ft of air-as a typical value of t. _This corresponds to
about 1 cm of soil, for a soil density of 1.5 gus/cm3,




Ground roughness effects have been studied at the Nevada Test Site,
Measurements were made by five different field projlects, on four differ-
ent shots, over different ground, and at different times after detona-
tion, Although each group used a different method to study the effects,
one can derive a value of T from each set of data, Because of the
different experimental approaches, some of the data are more sensitive
to ground roughness than others and, hence, should be given more weight
in drawing conclusions,

In this report we will review the experimental results to see if
the data are consistent with the concept of an equivalent layer of air,
and what values of 1 fit the data.

In each case the field data are compared with predictions based on

; Spencer's monograph, We will try his results, for the appropriate condi-

tions, using different values of 7 to find the best fit with the data.
It is possible to make more specific calculations, However, we are
more interested in seeing to what extent the different ground roughness
effects can be reproduced by the same general calculation.

Even if the method works well, we expect only approximate agreement.
The initial source conditions are not the same as those in the calcula-
tions, nor are they the seme from experiment to experiment. Spencer
assumes & 1,12-hr fission product gamma spectrum, while the measurements
were made at times ranging from 54 hr to 9 days after the shot, Over
this time the energy spectrum changes considerably, Also, the types of
measurements made and the types of geometry studied vary from case to
cese, so experimental errors and calculationsl spproximations affect
each comparison differently.

For the proper choice of equivalent sir thickness, T, the calcula-
tion reproduces the experimental data quite adequately., The value of T
varies somewhat from case to case, as would be expected, since the
experiments were done over different terrain. No careful characteriza-
tion of the nature of the ground roughness wes made in any of the
experiments. That is, there is no quantitative description of how the
ground physically differs from a smooth plane, In fact, there geems
to be no esteblished criteria for defining the roughness of a given
piece of ground. Hence, no conclusions are drawn about the significance
of the variation of v from case to case,
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CALCULATIONAL RESULTS

Since all the calculational results quoted in this report are
taken from Reference 1, we briefly review the methods used to make the
calculations shown in this reference,

The case in vhich we are interested is the dose rate above
uniformly contaminated ground, For this case Spencer uses & moments
method calculation for a plane isotropic source in an infinite air
medium, It is assumed that, except for demnsity, soil is just like air,
This should be a good assumption for low-Z materials, Also, it is
assumed that the density interface does not alter the infinite plane
results too much, This should be a good assumption except for grazing
angles with respect to the ground.

Thus, all the calculational curves used throughout this report
refer to calculations in an infinite medium. The output of the
calculations is presented in Reference 1 in the form of graphs of dose
per steradian as a function of angle, for various detector heights .
(Fig. 26.1 of Reference 1), and also curves of 4x dose versus height :
(Fig. 28.2 of Reference 1), An effective layer of materisl may be
"inserted" between source and detector merely by choosing the
appropriate detector height when reading numbers from the curves., The
extra height, 7, corresponds to a layer of material with the same mass
thickness as T £t of air,

EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY

Each experiment is considered separately., This is because each
was done for different terrain, so they are not necessarily comparable,
Also, the method of comparison changes from case to case,

Operation Teapot, Project 2.3b2

The gamma-ray spectrum at a point 105 cm above the ground was
measured as a function of angle from the vertical, The measurements
were made 9 days after the shot, The angular resolution of the

apparatus was 3 deg. ;



Much date analysis is given in the report. By computing the
attenuation of different energy groups as a function of angle s 1t was
determined that the fallout was effectively buried under about 0.45 gms/
em@ of material, Thie corresponds to a T of about 11 £t of air,

In addition to the sbove analysis, the gamma-ray spectra were
integrated to give relative dose per steradian, as a function of angle
from the vertical, These data may be compared directly with Spencer's
calculations of dose versus angle, for air layers of various thicknesses.,
Figure 1 shows the experimental dose-per-solid-angle angular distribu-
tion, 3.5 £t above the ground, and Spencer's angular distribution
(Fig. 26.1 of Reference 1) for a thickness of material equivalent to
16,5 £t of air, (This corresponds to & T of about 13 £t of air.) The
curves are normalized to give equal total doses from below the horizon,
The cos € = -1 point corresponds to the detector looking straight up;
cos 9 = 0, to looking at the horizon; and cos 6 = +1, to looking
straight down.

The curves agree very well, The calculational curve peaks more
sharply Just below the horizon. This is to be expected, because the
experimental appratus had an angular resolution of about 3 deg and
would smear out a sharp peak, K The only significant disagreement 1is
for the skyshine, At small angles the experimental curve is about a
factor of 2 higher than the calculated one, This effect is not
accounted for by the angular resolution of the apparatus or the differ-
ences in the input energy spectra. However, the skyshine contributes
a small fraction of the dose, and is important only in special shielding
situations,

To sumarize, both the analysis given in Reference 2 and compar-
ison with Spencer“s‘ calculations give about 13 ft of air for t, the
layer of material under which the fallout is effectively buried, The
calculated angular distribution agrees reasonably well with the
experimental one, excext that the experimegtal one has a larger contri-
bution from air-scattered radiation.,

Operation Plumbbob, Project 32.14»31

This project used a different spproach to study ground roughness,
Dose rate versus height above fallout-contaminated ground wes measured
for two different shots,
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The first set of data is different from the others discussed
here in that a comparison can be made between absolute source strengths
end ebsolute dose rates, In the others, the interpretation is based on
the variation of relative dose rate with angle or height,

Fifty-four hours after the shot, dose rate versus height wes
measured to 1660 £t above the ground, Earlier, all the activity from
a 2,68-8q £t fallout collector in the same area had been flown back to
NRDL, and its gamma-ray spectrum was determined at the same time the
dose rate versus height was being measured,

Reference 3 then uses the spectral data, in photons per sec per i
Mev per square foot, to compute dose rate versus height, assuming no i
ground roughness effect, The calculations and measurements from
Reference 3, and Spencer's curves for different values of 7 (Fig. 28.2:
of Reference 1) are shown in Fig., 2, Spencer's values of 4, the height'
above the ground, were multiplied by 1.17 to correct for the lower air -
density at the Nevada Test Site, They were normalized to give the same . i
dose rate at the surface, for zero ground roughness, as the calculation .
based on the spectral measurement,

Note that at higher altitudes Spencer's curve (dashed line) does .
not agree well with either the experimental points or with the solid
curve calculated from the spectral data. This is because the 1,12-hr h ' g
fission product spectrum used by Spencer is different from the 54-hr
fallout spectrum used by Schuert, Over the first 400 ft, however, the
curves agree within 10 percent, The agreement is excellent between
the measurements and the curve calculated from the spectrum, We will
discuss effects of changes in the spectrum later,

We may use either set of calculations to get a value of 7, In
each case the calculated curve is shifted to the left by 1.17 v ft, '
(The factor 1,17 corrects for the difference in air densities at the ¥
Nevada Test Site compared to standard temperature and pressure.)
Matching the curves near the surface, Schuert's calculation gives
T o 20 ft, and Spencer's calculation gives t 3 37 ft. These corres-
pond to the lower solid curve and the lower dashed curve in Fig, 2,

Reference 3 also gives some dose informetion for the same ares,
but for 1h hr after the shot, A comparison is made with dose rate ¥
calculated on the basis of M09 in the fallout, and assuming an |
unfractionated fission-product sample, The method did not appear to .
be accurate enough to distinguish ground roughness effects from the k
error in estimating the source strength, so the 1l hr data are not ¥
considered here,
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The second experiment by Project 32, 4, Operation Plumbbob, was a
measurement of dose rate versus height, up to a height of 60 rt Thege
data were taken at a different shot, over different ground, and at a
different time after shot from the first experiment, The data were
taken 5 days after the shot. No measurements of activity per square
foot were made, so the data cannot be related as in the first experi-
ment. A value for T can be obtained from the shape of the curve, Ve
include the results for completeness. However, the lack of absolute
meesurement of the source strength, together w:i.th the lack of fit of
the shapes of the curves in the previous experiment, eliminates the
possibility of drawing firm conclusions from these da.ta. The experi-
mental curve is shown in Fig. 3, together with curves for various
values of T calculated from Spencer. Spencer's curves are normalized
to the data at d = 60 £t; where the ground roughness effect should be
small, These data give a T of 25 ft of air., As the graph shows, the
small difference in the shapes and the scatter in experimental points
actually gives very little to choose from the the range between

=15 £t and T = 35 £t. The value 25 £t gives the best £it close to
the ground, where the dose is most sensitive to ground roughness, As
stated above, however, these particular data are not complete or
sensitive enough to allow us to draw any conclusions about ground

roughness effects,

Operation Jangle: NRDL-TR‘-lOBh

This experiment uses still another way of studying ground rough-
ness effects, Dose rate versus helght was measured over an area of
contaminated ground. A square area, 32 ft on a side, was then cleared
of fallout, and dose rate versus height was measured over the cleared
area, Making the measurement over a cleared area accentuates the
ground roughness effect, because all the direct radiation reaching the
detector travels at grazing angles with respect to the ground,

Ksanda, et al., give measured dose versus height over the cleared
area*noma.lized to the dose 3 £t above the uncleared ground.* Spencer
gives an approximate expression (equation 30.k of Reference 1) for the
relative dose over a cleared circular area relative to the dose over a
cleared area with no ground roughness:

D/Dp ~ D(d#7/1-w)/Do,

*The data used in Reference L were taken from the work reported in WT 400,
Operation Jangle, Project 6.2, Protection and Decontamination of Land
Targets and Vehicles, p




vhere D and Dy are the doses under the stated conditions, d is the
height in feet, T the effective air layer resulting from grourd rough-
ness, and © the solid angle subtended at the detector by the cleared
area. D(x) refers to Spencer's value for the dose times x feet of air
sbove a contaminated plane., To normalize this quantity to the relative
dose presentedby Ksanda, we multiply

D(d+t/1-w)/D, by  D,/D(a+r).

Both ratios can be obtained from Spencer's curves, The results,
together with the experimental data, are shown in Fig, 4. Although
none of the calculated curves fits the data for all height, the

T = 35 £t calculation gives the best fit over the range, Agreement is
within 10 percent for all heights. It is not surprising that the fit
is not as good as for other types of analysis, since the expression fox
a cleared area D D(d+7/l-0) involves approximations not needed for the'
infinite plane source case. Also, the expression is derived for a
cireular area, rather than the square one considered here., We conclude
that this set of data indicates T ~ 35 ft of air,

Operation Sumnbeam, Project 2.1.11-5

These ground roughness data again consist of dose versus helght
meassurements over a cleared ares, The dose was measured relative to
the dose 3 £t above the ground in the same part of the fallout field,
but away from the clearing. The cleared area was circular with a
radius of 10 ft. The dose versus height was computed as before; it is
shown with the data in Fig. 5. The best fit is for T 15 ft of air,
Although the fit is not as good as in Fig, 4, the calculated curve
£its the data to within 10 percent over the entire range of heights.
Note that in this case and the previous figure, the calculations need
not be normalized to the data, so the magnitudes of the curves as well

as the shapes are significant.

Operation Sunbeam, CEP 62.816

In this experiment ground roughness was studied by measuring the
gamme-ray intensity and energy as a function of angle from the
vertical, Thus the data are similar to those in Reference 2. The
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experiment differs from those considered previously in that three
different types of terrain were studied: a flat dry lake bed, a rough
desert terrain, and a plowed field., The rough desert terrain probably
most closely resembles the terrain in the other experiments, The dry
lake bed would be expected to be smoother, and the plowed field
rougher,

The final report is not yet available., The discussion here is
based on the interim report, so the results are tentative, The rela-
tive dose per steradian versus angle was obtained as a function of
angle from the vertical.

The dose versus angle curves are shown in Figs. 6, 7, and 8,
together with calculated dose versus angle curves for different values
of 7, the equivalent thickness of air. The data for the dry lake bed
and the plowed ground were obtained from 1 to 2 days after the shot,
.and the data on the rough desert data were obtained 5 days after the
shot, Both the data apd the calculated curves were taken directly
from Reference 6, Both the dry lake bed and the rough desert terrain
data indicate a T of about 33 ft. A correction of the data for the
angular resolution of the apparatus would sharpen the peaks and give a
somewhat smaller value of T, However, it is doubtful that 7 would
change substantially since the fit is quite good over all angles,

The data for the plowed field, Fig., 8, differ significantly in
shape, The calculated cvrve is for T = 66 £t of alr, a factor of 2
bigger than anything obtained previously. This, of course, is not
surprising, since the ground was deliberately roughened, It is
perhaps surprising that T was not even larger. An inset of a typical
ground profile is included in Fig, 8; this also was taken directly
from Reference 6.

CONCLUSIONS

The results of each experiment are summarized in Table 1., The
"errors" for T were assigned by the author and simply represent the
range over which the calculated and experimental curves give reasonable
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agreement, These errors do not represent experimental errors in the
quantities actually measured,
TABLE 1

Ground Roughness Factors Obtained by Comparison of
Reference 1 Calculations with Experiments

Equivalent Ground
Air Thickness Roughness

Ref, Type of Experiment in feet, T Factor Terrain

2 Angular Distribution 13 +5 0.71 Desert

3 Dose versus Height 37+15 0.5k Desert

7 Cleared Area 35 +10 0.55 Desert

5 Cleared Area 15 +10 0.69 Desert

6 Angular Distribution 30 + 10 0.58 Desert

6 Angular Distribution 30 + 10 0.58 Dry Lake Bed
6 Angular Distribution 63 + 20 0.4k Plowed Ground

The values of T are used to calculate the ratio of the dose at 3 ft over
the rough ground to what would be observed at 3 ft over a smooth pPlane,
with the same contamination, This ratio is defined as the ground rough-
ness factor, and 1s obtained from Fig, 28.2 of Reference 1 for the
appropriste 7, It varies from 0.54 to 0.7l for "typical desert terrain®
and goes down to 0.4l for plowed ground.

Except for the plowed field, all the results can be described by
using T = 25 + 10 £t of air-equivalent material, This can be considered
good agreement, in view of the variation in time after shot, ground
areas used, and different methods of collecting and analyzing the data.
All the terrain for these measurements, except the lake bed, would be
described qualitatively the same way, It is typical desexrt terrain with




a little sege covering, and an occasional Joshua tree, However, it 1is
known that the soil density, rock content, and flatness vary from area
to area, so the terrains are not identical. The value of 7 A 30 ft
for the dry flat bed seems large because it looks very flat compared
to other areas. Reference 6 suggésts that the many cracks in the
surfece may account for the roughness effect.

It may well be that the variations in T are due to the differences
in source spectra as much as they are due to differences in ground rough-
ness, The work in Reference 3 indicates that for deep layers of air
spectral differences change the calculated dose by a factor of 2 to 5
from that calculated for 1,12-hr fission products., This being the case,
it seems reasonasble that the value of T for a given plot of ground will
vary with time after shot. Since no careful investigation of the ground
roughness effect for known sources of different energies has been made,
we will not pursue the question further,

The concept of using an equivalent layer of material to similate
the ground roughness is probably best tested by Mather's a.na.lysis.2
He shows that the angular distribution of direct radiation of various
energies can be reproduced fairly well by putting in a layer of air-
equivelent material, This indicates that the approximation should be
adequate for most shielding applications. There is quite a difference
between the calculated and predicted skyshine, however, and this
problem needs further consideration,

Of course, all the data discussed here are for desert terrain,
and leave unenswered the question of what happens for other types of
terrain. Also, it should be kept in mind that the ground. roughness
factor presented here was inferred from the way dose varies with
height or angle, rather than absolute measurements of dose rate and
source strength, It is quite possible that the shapes of these curves
can be represented by one value of T, but that the actual reduction in
dose rate will be equivalent to quite a different value of T,

10

s
L
e,
E
%
o

T B SN T e

am

R R A

A o Al s




36

34 |-

32

30—

28}

26—

24

20

RELATIVE DOSE /STERADIAN (ARBITRARY SCALE)
®
1

N

2
L
i o

0 "
-1.0 -08 -06 -04 -02 O 02 04 06 08 1.0
cos 8

Fig. 1 Comparison of angular distribution of dose/steradian obtained
from Mather's data2 and from Spencer's calculations.l The solid line
(Mather) 1s computed from spectrum vs, angle measurements at 3.5 ft
above the ground.® The dashed curve (Spencer) is the dose/steradien
calculated for a height of 16,5 ft, In the notation of the text, this
corresponds to a 7 of 13 ft of air, The angle 6 is defined so that for
@ = 0 the detector looks straight down at the ground, The curves are
normalized so that the total doses from below the horizon (cos 6> 0)
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curves. The open circles are measured dose rates above a fallout field,
5k-hr after the shot., The upper solid curve is the dose rate calculated
from measurements of the gamma-ray energy spectrum and intensity of fall-
out collected from the same area in which the measurements were made.

The lower solid curve is the same calculations shifted so as to corres-
pond to ground roughness equivalent to 20 ft of air, The upper dashed
curve is Spencer's dose vs, height (corrected for air density) curve for
1.12-hr fission products, and no ground roughness, It is normalized to
Schuert's calculation at zero height. The lower dashed curve is Spencer's
calculation adjusted to a gromd roughness effect equivalent to T = 37 ft
of air,
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uncleared area in the same vicinity. The open circles are measurements
reported in Reference 5, and the solid lines are calculated from
Reference 1, using the indicated values of the equivalent air thickness,
Te
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Fig. 6 Comparison of calculated and measured angular distribution of

dose/steradian over a dry lake bed, The angle is so defined that
cosd = + 1 corresponds to the detector looking straight down at the

ground, e open circles and s0lid line are measurements over a dry
lake bed,® and the dashed curve is the calculated angular distribution

given in Fig, 26.1 of Reference 1, for an equivalent air thiclmess,
of 30 ft.
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Fig. 7 Comparison of calculated and measured angular distribution of
dose/steradian over rough desert terrain, The angle is so defined that
cos89 = + 1 corresponds to the detector looking straight down at the
ground, The o circles and solid line are measurements over rough
desert terrain,” and the dashed curve is the calculated anguwlar distri-
bution given in Fig. 26,1 of Reference 1, for an equivalent air thick-
ness, T, of 30 f%,
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Fig. 8 Comparison of calculated and measured angular distribution of
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ground,  The open circles and solid line are measurements over plowed
.6 The inset shows a typical profile of the ground, The dashed

curve is the calculated angular distribution given in Fig. 26.1 of

Reference 1, for an equivalent air thickness, t, of 33 ft,

ground
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