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Delayed gamma ray radiation is that component of initial nuclear weapon radiation emit-
tedd within the first 60 seconds following initiation by products of fission and of neutron
activation that are parts of the debris of the nuclear explosion. The debris initially resicdes
within the firehall, a luminous sphere of hot gases generated by the interaction with the air
of x rays radiated from the hot debris within a millionth of a second after initiation.

The firchall also defines the edge of a region of very low density air created by the
expansion of the very hot gases within, The high pressure region created at the edge ol this
density well forms the shock wave that breaks away from the fireball and travels oulward,
superimposed on the ambicent air. The net effect of these perturbations is (o decrease the
amount of air on a ling from the source (o a target, thereby enbancing the transmission
of delayed radiation over that which would occur in unperturbed air. This effect is often
referred 1o as hydrodynamic enhancement.

The density well is buoyant and begins to rise within a fraction of a second of its
creation. Its momentum is augmented by the returning shock wave, now reflecied off the
ground. The rise of the fireball, which includes the radiation source, causes the distance
between source and target o increase, thereby causing the radiation ransmission 1o decrease
once the expansion of the fireball has slowed or stopped.

As the fireball rises the outer surface cools and is subject o drag forces from the sur-
rounding atmosphere. The drag causes the spherical lireball 1o become a toroidal cloud of
condensed gases, containing the weapon debris.

Throughout this process, the weapon debris, including the fission products, are in motion
relative o the fircball. First, the debris are propelled toward the top of the fircball with an
initial impulse provided by the reflected shock. Eventually the debris pierce the top of the
rising fircball and flow down the side, with most becoming incorporated in the torus or in
the cloud skirt below the torus. These elfects become less pronounced as the scaled burst
height increases, where the scaled burst height is defined 0 be the burst height divided by
the yield 1o the one-third power (HOB =+ y1/3),
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This complex sysiem, consisting of a radicactive, hence time-varying, source of gamma
rays and similarly tme-varying geometry, in which the amouont of air between source and
target is changing even as the source rises from ils original location, must be modeled in some
detail to describe properly the intensity of the delayed radiation component. The motive [or
doing so is that the delayed gamma radiation produces on the order of hall the gamma-ray
dose at Hiroshima and Nagasaki,

Three technical areas must be addressed in the modeling process. They are: (1) the fission
product gamma-ray source, (2) gamma-ray transport, and (3) nuclear-weapon hydrodynamics.
Data required for modeling the processes of interest in these areas have been acquired through
laboratory and ficld measurements. However, these data are by no means complete. Here
follows a discussion of such modeling as it affects the prediction of A-bomb survivor dose
as computed using the 1986 Dosimetry System for Japanese A-bomb survivors (DS86),

Fissiovn Product Gamma-ray Source

Measurements of gamma and beta radiation source rates as functions of time after fssion
have been made in the laboratory. Maienschein et al'+® reported measurements made in the
late 1950s and early 1960s at Oak Ridge National Laboratory (ORNL) in terms of spectra
and of total number and energy rates. In the early 1960s, Fisher and Engle®* of Los Alamos
MNational Laboratory performed similar experiments using a fast reactor, which allowed them
to oblain results at very early times (0,35 seconds). They also performed such measurements
for several fissionable materials including 225U, 298U, and 2*2Pu.

Dickens et al®® published results of recent measurements made at ORNL, including
those of spectra, again using thermal neutron fission. Also, Japanese scientists Akiyama and
AnT published results of their measurements using a fast reactor. The Japanese dala are in
terms of total encrgy rate only and are limited 1o times of 20 seconds or greater,

Results of several measurements in terms of energy emission rates at 40 seconds, the
earliest time common to all the available measurements, arc provided in Table 1. There is a
limit to what can be construed from these data because of the disparities in the uncertaintics
quoted by the individual measurers. The data of Maienschein et al are assigned a standard
deviation of approximately 25%, those of Fisher and Engle 12% (224U and #%3U) and 21%
(*39Pu), and those of Dickens et al and Akiyama and An less than 5%. Nevertheless, the data
having the lowest uncertainties are consistent with each other and are not inconsistent with
the values provided by Maienschein et al, whereas the data of Fisher and Engle stand apart
[rom the high precision data. Unfortunately, the latier provide the only available spectral
data for very early times and for fission by 33U, Therefore, it is desirable (o reconcile them
o those of the other measurers. To accomplish this, the spectra of Dickens et al and of
Fisher and Engle were compared for 22°U and ***Pu, common to both experiments (Table
2, columns 3 and 4). It was found that the two sets of spectra differ from each other by the
same encrgy-dependent ratio (last column) alter removal of a constant correction term in the
Fisher and Engle measurcment of #3%Pu (0.85, column 5), This correction is consistent with
the Fisher and Engle disclaimer concerning their estimate of the number of fissions in the
plutonium sample. The energy-dependent relationship found o exist between the Dickens et
al and the Fisher and Engle #*%U and ***Pu was applied 1o the latter’s 2280 measurements.
The results, in terms of total gamma-ray energy emission rate agrees within a few percent
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Table 1. Encrgy Emission Rate of Gamma Rays (0.1 to 5 MeV)
from Fission Produocts 40 Seconds afier Fission

_ Nuclide
Experimentor

Maienscheln et al
Fisher and Engle®
Dickens et al®

Akiyama and An’

MeV/s per Fission
235” !33” E:]!jpu
0.0193% - =
0.0216 00275 0.0194
00166 - 0.0130
0.0171 00205 0131

YEnerey contribution 0.1 < E < (.28 estimated by extrapolation.

Table 2. Mean Values of the Ratios of the Encrgy Emission Rates of Dickens (o

those of Fisher and Engle by Energy Group for 23

SU -ﬂl“J 1] D]:LI

Upper SplSFap SplipeE
Grouvp  Enerpy Rowal 239
(BeV) 239 Pu
235y 23%, R3353 Adjusted Mean
1 6419 304 C179Y  3600161) 914 424 A09 (170
2 5.636  .B20 (.096) L4 217y T9B 69 J95 (L 164)
3 4918 627 (416) B30 (103)  1.005 41 L84 (281D
4 4.257  B66 (0935) a34 (059 B4B Hh4 BES (079)
5 3.655  95B (.04E) B17 (.044) 853 961 S60 (046}
[ 3.110 .B52 (.076) 730 (.031) 857  .B59 856 (L058)
7 2,620  .904 (.046) J79 (.025) .B62 916 510 {.037)
£ 2189 869 (.028) JJIB (026)  .B4D BGB A6 (02T)
9 1.808 .779 (.034) 4674 (045) B6S  .193 JB6 (.040)
10 1.478 787 (.049) 688 (.033) .874 809 798 (.042)
11 1.195 722 {.044) 615 (.035) .8352 J24 J23 (.040)
12 Sbad4 J751(.035) H20 (012 826 729 40 (D26)
13 49 674 (L100) S15 (084 JTed L6 a0 (093]
14 LT85 671 (0BG -89 (082) BaB H65 L70 (.084)
15 AZB 577 (106) 495 (L104)  .B58 SB2 -+80 (.103)
16 G009 484 (03B A48 L0092 S527 506 LOT4)
17 213 384 (07T 345 (160)  AT6 A06 A00 (127)
137 mean® BS54 (0.040)

2Ratio of the 23%py source ratio to that of 233 .

bRead as mean and ([ractional standard devintion of the ample = nn_lll'm::nn‘ll.
Chfean of group values B < 4.257 MeV.

with the value reported by Akiyama and An at 40 seconds postirradiation time, Therefore, it
was concluded that a sysiematic error must be present in the Fisher and Engle data but that it
can be removed through the use of the energy-dependent correction from Dickens et al. The
resulting source rate models for three representative energy groups along with supporting

experimental data are shown as a function of time in Figures 1 to 3,

Figure 3 also indicates some additional empirical correction represented by the dotted
lines made o the Fisher and Engle data to make their temporal behavior self-consistent and
also more consistent with those of Dickens et al. The resulting source rate models are not
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only consistent with recent experiments but are also inclusive of early times and data for
2381], Source rate spectra for five times between 0.35 and 40 scconds are given for **°U,
2381) and 2Py in Tables 3 to 5. These are the sources currently in use for computing
A-bomhb survivor dosimetry. Source rales for times other than those shown are obtained
by log-log interpolation, For times earlier than 0.35 seconds the source rate is obtained by
log-log cxtrapolation, based on the carliest two times, 0.35 and 1.5 seconds. For the bombs
exploded at Hiroshima and Nagasaki, the contribution from beyond 30 seconds is negligible,
Therelore, no extrapolation to times greater than 40 seconds was performed.

One complication was not taken into account in the D586 delayed gamma-ray mexdel.
Calculations using nuclide-specific gamma-ray emission rates® indicate that fast fission pro-
duces more encrgy at early times than does thermal fission (Table 6). This 15 supported
to some extent by a comparison of the new American (thermal fission) and Japanese (fast
fission) data in Table 1. Having in effect normalized Fisher and Engle's results to those of
Dickens ¢t al, the former are now consistent with those for thermal rather than fast fission.

No action was taken to correct the source for the fast-thermal fission effect at this time.
This is due to questions regarding the accuracy of calculations using individual nuclide data.
Nevertheless, because of this effect the source may be in error (low) by approximately 5%
for all nuclides.

Gamma-ray Transport
The ability of current codes and cross sections to model gamma-ray transport in uniform
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Tabbe 3. Emission Rale Specira for Gomma Rays Mrom the Fission
Prosiuets of

[1.5, and 40 Seconds

U at Mean Times afier Fission of 0.35, 1.5,4.75,

L_J“r":r Gamma Rays Fisionoecand-hel
Group  Enerpy

(MeV) 0.35 1.5 4.75 1155 40

| 14.0 0.0 (.0 0.0 0.0 0.0

2 10,0 0.0 0.0 0.0 0.0 0.0
3 8.0 550-5"7 2985 1515 7.016 2.086
4 7.0 3874  LBO4 8225 2705 6.30-6
5 4.0 1.10-3 7.70-4 3704 1.79-4 S =5
6 a0 5.49-1 2.53-3 1.12-3 5474 1.3
T 4.0 1.51-2 B.89-3 4.32-3 1.84-3 5504
B 30 2.63-2 1492 6593 3323 1.233
9 25 4192 234-2  1.17-2 5.34-3  1.80-3
10 2.0 B.31-2 3652 1.87-2 B8.34-3 2.78-3
11 1.5 1.27-1 7212 3302 1632 5433
12 1.0 2121 1.12-1 4.8B-2 2302 T.a39.3
13 .10 1.66-1 1.61-1 8902 3912 9.20-3
14 A5 2.73-1 143-1 7912  3.70-2 [.0%-2
15 .30 4.08-1 L.55-1 1.OB-1  5.06-2 [.35-2
16 A3 1.04-1 7822  4.66-2 2012 5613

17 A0 0.0 0.0 0.0 0.0 0.0

18 A7 0.0 0.0 0.0 0.0 0.0

19 45 0.0 0.0 0.0 0.0 0.0

1 130 0.0 Lo 0.0 0.0 0.0

21 020 0.0 0.0 0.0 0.0 0.0

010

IRend s 5.5 10r®

Table 4. Emission Rafe Spectra for Gamma Bavs frem the Fission
Products of 23311 at Mean Times after Fission of 0.35, 1.5, 4.75,
11.5, and 40 Seconds

Upper Gamma Rays/Fisclon-second-MeV
Group Enerpy

(MeV) 0.35 1.5 475 115 4D,

i 14.0 0.0 0.0 0.0 0.0 0.0

2 1000 0.0 0.0 0.0 0.0 0.0
3 B.O 1.264 5878 2585 0846 2786
4 7.0 1.27-3 3714 1314 4,335 T.01-6
5 6.0 350-3 1433 6604 2,784 6168
& 5.0 1252 4953 1.77-3 7.914 1.834
7 4.0 3.58:2 1822 7383 27653 6.724
B 3.0 7.33-2 3382 1152 4763 1.68.3
9 2.5 1.13-1  4.B3-2 1932 7893 2403
10 2.0 141-1 7.77:2 3102  1.17-2  3.18-3
11 1.5 2.74-1 1,391 5.20-2 2.082 6.56-3
12 1.0 440-1 2071 3002 3052 9.659.3
13 70 5.61-1 2.E-1 1.44-1 5.30-2 1.35-2
14 A5 6.70-1 300-1 1401 5902  1.54.2
15 30 5.99-1 4.01-1 2.07-1 7.38-2 2.00-2
16 15 5.02-1 1571 9702 3172 7.69.3

17 10 0.0 0.0 0.0 0.0 0.0

18 A70 .0 0.0 0.0 0.0 0.0

19 J045 0.0 0.0 (i} 0.0 0.0

20 J30 0.0 0.0 0.0 0.0 0.0

21 J020 0.0 0.0 .0 0.0 0.0

A0

Read as 1.26% 107
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Table 5. Emission Rate Spectra for Gamma Rays (rom the Fission Products
al 239py at Mean Times alier Fission of 0,35, 1.5, 4.75, 11.5, and 40 Seeands

Upper Gamma Rays/Fission-sscond-4eV
Group  Encrgy
(MeV) 0.35 .3 4,75 11.5 410,
1 14,0 0.0 0.0 0.0 0.0 .0
2 10.0 0.0 0.0 (.0 .0 0.0
3 B.0 4.56-57 2635 1255 5656 1646
4 7.0 1934 1.07-4 4855 1.61-5 3974
5 6.0 7.12-4 1354 1.65-4 T48-5 2.36-5
G 5.0 4.08-3 1.75-3 5764 2774 BATS
7 4.0 1062  5.68-3 2,793 l.16-3 3914
B 3.0 2.38-2 1.072 4733 2403 1.02-3
9 1.5 3312 1.74-2 8553 4.033 1.523
10 2.0 4.86-2 2812 1522 6793  2.15-3
11 1.5 9.73-2 6002 2502 1.20-2  4.01-3
12 1.0 1.70-1 9472 3952 L1792 5.68-3
13 ] 2,431 1.68-1 8062 3272 T.5383
14 A5 2.34-1 1.42-1 6.50-2 3.28.2 G.31-3
15 30 3.57-1 1.B21 9912 4632 1.08-2
16 A5 1.77-1 T.45-2 4.27-2 1.77-2 4.40-3
17 A0 ] 0.0 .0 1.0 0.0
18 AT0 0.0 0.0 L0 0.0 .0
19 a5 N1 0.0 0.0 0.0 0.0
20 30 0.0 0.0 0,0 0.0 0.0
21 L0200 0.0 0.0 i 0.0 0.0
A10

lRead as 4.56 X 10°%

Table 6. Ratio of the Energy Emission Rates for
Fission-product Camma Rays for Fast- and Thermal-neutron
Fission using ENDEF/B-Y

Time MNuclide
(sacands) 235y 2390,
0.1 1.049 1.072
1.0 1,062 1062
5.0 1,025 1.037
10.0 1.004 1.029
20.0 993 1.020

air was tested using 9°Co measurements made at the BREN experiment (Figure 4).2 The
calculations were made for a source 343 m above ground vsing the two-dimensional discrete
ordinates code (DOTY® with the 36 encrgy group Vitamin-C cross-section set.*! Idcally,
it would be desirable to use the DOT code Lo calculate the delayed radiation transport.
However, because the debris-fireball-ground geometry is dynamic, it would require 30 or
more separate calculations to adequately represent the propagation of delayed radiation from
either the Hiroshima or Nagasaki weapons. Therelore, an allernative method was found that
provides a more practical approach to the problem. According to this approach the gamma-
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ray transport is modeled in a one-dimensional system of uniform air, The amount of air along
a line from the debris (the gamma-ray source) to the target at a specific time is determined
using a hydrodynamic model, which will be discussed later in this section. The encrgy- and
angle-differential fluence rate at the target is determined for the time-specific source rate
spectrum transported through an identical thickness of air, using the data base for transport
through uniform air. This substitution of uniform for perturbed air is a good approximation
for gamma rays, the transport of which is dominated by absorption and forward scattering,

An carly version of the data base for uniform air was produced with the Air Transport of
Radiation (ATR) code.'? These data were shown o be in error when compared with those
generated using the more recent Vitamin-C cross sections,*! as shown in Figure 5. The
current data base was developed using the latest cross-section set, Vitamin-E,'? the results
of which agree well with those calculated using Vitamin-C, as shown in Figure 5.

A single data base for the one-dimensional transport of gamma rays in uniform air was
developed to serve for bolh Japanese cities, because they have the same ratio of densitics
of water vapor o moist air (0.016). Calculations of energy- and angle-differential fluence
of gamma rays as a function of distance through 342 g cm=2 (approximately 3000 m) were
performed for sources in each of the 38 Vilamin-E encrgy groups, as shown in Table 7. The
calculations were made using an 8,0 quadrature and a P; Legendre scatlering representation,
The resulls of the calculations were collapsed into the 21 pamma-ray energy groups of the
DLC-31 energy structure common (o the remainder of the dosimetry system. ! That structure
is also shown in Table 7. The collapsing procedure was performed using the encrgy rate
spectrum of the gamma rays one second after fission of 235U as a source weighting function.
Approximately one third of the delayed radiation component is received at a targel in that
amount of lime. :
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Tahle 7. The Encrgy-group Structures of the Yitamin E and
DLC-31 Gamma-ray Cross-section Libearics

Upper Energy (MeV) Vitamin E Group DLC-31 Group  Upper Encrgy (MeV) Vitamin E Group DLC-31 Group

2,00+ 12 | 1.00+0 21 12
140+ 1 2 1 B.OD =1 2

1.20+ 1 3 7.00-1 23 13
1.00+ 1 4 2 6.00=1 24

E.OD+0 5 3 5.12-1 25

T.50+0 L3 510=1 6

1.00+ 0 T 4 4.50 =1 27 14
G50+ 0 B 4.00=1 8

G.00+0 o 3 001 24 15
ES5040 ] 2.00=1 0

S.00+0 11 & 1.50 =1 3l 16
4.50+0 12 1.00 -1 32 17
4,00+ 0 13 7 1.50=12 33

3.50+0 14 7.00=2 34 13
300+ 0 15 B G.00 -2 15

2.50+0 L& 3 4.50-12 16 12
2.00+0 17 10 3.00=2 37 20
1.6 + [ 18 200 =2 34 21
150+ 0 1% 11

1.33+0 20 Lower Dound 1.00-2 28 2l

Ofead ag 2.0% 10
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The effect of the ground on gamma-ray transport was taken into account using the armored
vehicles code system (VCS),'® inserting ground into the 1-D field as if it were a shiclding
medivm. Such perturbation is necessary 0 produce energy- and angle-differential fluences
next 1o the air/ground interface equivalent to those produced for the prompt and secondary
radiation components using the DOT code. The VCS code sytem'® was used o create
the perturbed fluence, based on the uniform air transport data generated with anisotropic
scattering (ANISN)'® and the adjoint Nuence leaking from the air volume above the ground
surface, as computed using MORSE.Y?

The ANISN-VCS approach was chosen because it represents a considerable computa-
tional timesaving over the allernative of performing a DOT calculation at every time step
in the development of the fircball-debris cloud geometry. However, because the ground, so
modeled, must of necessity be of rather small exient, several tens of meters at most, the
method is not able to climinate photons that scatter below the effective ground plane and re-
turn Lo contribute 1o the fuence above the ground. This has the effect of allowing the method
to overestimate the total Muence, This effect is illustrated in Figure 6 for source heights of
150 and 500 m. The stars represent the ratio of the kerma calculated with the ground present
to that calculated without the ground wsing the ANISN-VCS method. The solid line marked
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by the triangle represents the same ratio calculated vsing the two-dimensional transport code
DOT. The solid line marked with a box represents the ratio of the results of the DOT method
to those produced using ANISN-VCS. The discrepancy is more pronounced for lower heights
of burst and longer ranges, as might be expected. However, for geometries of interest to the
A-bomb survivors (source heights greater than 500m) the effect is only approximately 6%
at distances as large as 2000 m. Further, the contribution is mainly from low-energy photons
(Iess than 500 keV), which are removed preferentially by any intervening shicld material,
such as houses or even flesh. Thus, the gamma-ray transport modeling is thought to be well
in hand.

Nuclear Weapon Hydrodynamics

A schematic representation of nuclear weapon hydrodynamics, exclusive of fircball rise,
i5 given in Figure 7. In an air-ground environment the initial air shock wave created by the
rapid expansion of hot gases around the weapon reflects off the ground and rises after the
initial wave, forming the Mach stem, in which the initial and reflected shock unite.
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Figure 7. Principal physical fearires of a nuclear blast wave reflecred from a
Plare grotiind surfoce

Observations of field tests and small scale high explosive experiments have been used
to develop large empirical and semiempirical models of weapon hydrodynamics. These are
embodied in computer codes which are by and large too cumbersome for use in conjunction
with transpornt data for delayed gamma-ray modeling. However, small codes that scale data
generated by more complex models have been developed. STLAMB, a more recent variant!®
of the Low Altitude Multiple Burst (LAMB) model developed by Meedham and Wittwer!®?
is one of these. This code interpolates between and extrapolates from hydrodynamic data
obtained from model calculations for 1 kt and 1 Mt yields in uniform air. It accounts for the
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presence of the ground and, hence, the reflecied shock by means of an image burst below the
ground plane. This method does not produce results that are entirely correct. For instance
no Mach siem is formed. However, in the case of the Hiroshima and Magasaki devices the
burst heights were sufficiently high relative to the yields that the effects of the ground are
small. STLAME is used as the hydrodynamic model in the delayed gamma radiation system
uscd to calculale survivor doses. As such, it computes air density profiles as a function of
time and computes the amount of air between the source and detector. Tt also calculales
cloud rise.

Figures & 0 14 show (he development of the system of hydrodynamically perturbed air
surrounding the Plumbbob Shot Hood, a 71 kt burst at 457 m, as modeled vsing STLAMB.
Time-dependent gamma-ray kerma measurements were made on this test*® that can be used o
help validate the delayed gamma-ray model. The development of the weapon hydrodynamic
process includes a spherical density well, which is later perturbed by the reflected shock
front. By one sccond the rellecied shock is shown to be passing through the approximale
center of the original fircball region. Therealter, the shock moves rapidly above the now
rising firchall, which eventually forms a toroidal system and moves well above its starting
point.

Figures 15 to 22 show a similar progression for Shot Owens, a 9.7 kt burst at 155m,
also a subject of gamma-ray kerma-rate measurements along with a very similar Shot Wilson
(10.3 kt, 155m). In this case the reflected shock is moving back through the fireball less
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than a tenth of a second alter its initiation, By one second it has passed entirely through the
fircball. It is shown to proceed to form a torus similar to that of Hood.

The depictions of density proliles have been created with data from STLAMB and, thus,
arg the basis for determining the thickness and length of the transport path from source 1o
detector. STLAMB also computes the location of the highest temperature in the system,
which may be associated with the debris. However, the debris is probably distributed over a
larger volume within the fircball. In fact, observations of ficld tests suggest that the debris
actually Mows within the fircball, at first to the top, later down the sides, and finally into the
torus and skirt. Unforlunately, there are not sullicient data o construct a model of this cloud
geomelry-debris locaton system applicable o the Hiroshima and Nagasaki detonations on
the basis of actual observations. Thus, the present delayed radiation model was developed
under the assumption that the debris resides at the altitude of the hot spot butl at a point on
the centerling of the system rather than distributed as a sphere or torus. This assumption
wias made o simplify the calculation process and to keep the running time of the compulter
model 1o a reasonable level, However, the elfect of moving the source to other locations
was examined. Calculations were made for debris locations on the centerlineg but high, 0.8
of the lircball radius above the center of the fircball, and low, 0.8 of the fircball radius
below the center of the Lireball. Caleulations using these altemative, though not necessarily
realistic, debris locations were made for comparison with experimental measurements and
o determine the sensitivity of the delayed gamma-ray fields 1o such perturbations.
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Freure 22, Fsa-conrours of air density at Shot Owens 20,004 seconds after the explosion

Calculations of lime-varying exposure rates (roentgens per second) as measured by
shiclded ionization chambers (Conrad devices) were performed using the revised Fisher
and Engle source values, transport methods as previously described, and STLAME hydro-
dynamic modeling. The ionization chambers were located near the center of 25-inch lengths
of steel pipe oricnted vertically above the ground. The outside diameter of the pipe was
5.5 inches and the sides were 3/16-inch thick. Monte Carlo calculations were made using
the pipe-ground geometry 0 obtain the adjoint leakage from the deteclor, which was then
convoluted with the free-field fluence to obtain the fluence at the ionization chamber, The
energy-dependent response per roentgen of the ionization chamber was taken (o be that de-
scribed by Ehrlich®! and depicted along with those for other detector types in Figure 23. The
preferential shielding of low-energy photons, along with the rapid drop of detector response
at low photon encrgics, tends 1o reduce the relative effect of the many low-energy photons
present in the free field as described previously. Results were oblained for the source located
at the altitude of the hot spot and for the 1wo variant positions described previously.

Figures 24 through 30 present exposure rate measurements and calculation results for
shot Hood for ground ranges from 457 o 3261 m. Figures 31 through 36 present results
for Shot Owens for ground ranges from 457 to 2780 m. Resulls are presented in terms of
the product of exposure rate and ume versus ume. This was done 0 reduce the range of
numerical values for plotting, Data corresponding to the nominal, or hot spot, location are
depicted using a heavy solid line. That corresponding to the low source location is depicted
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using the doted line, that for the high using the dashed line, The light solid line depicts
a case in which the effcct of the ground reflection of the shock is removed, which will be
discussed later.

The calculations follow the general shape of the measured data for times beyond a few
tenths of a second. At earlier times gamma rays from air and ground capture of prompt
neutrons dominate the exposure rate. They are not part of the delayed radiation model, At
times between a few tenths of a second and a few seconds the calculations display the effect
of the reflected shock wave passing through the fireball. The Hood measurements also show
this, while the effect is hidden by the dominant secondary gamma rays for the other two
shots. Beyond a few scconds the calculations are lower than the measurements, quite a bit
lower in the case of Shot Hood.

Belore examining the potential effect of source movement within the fireball and other
factors that may affect the comparison of calculations with measurements, it is useful 1o
examine the calculated and measured exposure rate data in ime intervals that allow identi-
fication of data trends in time and space. The exposure values calculated in four intervals
using the nominal (hot spot) source locations are presented as ratios to the equivalent mea-
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surcd valucs in Table 8. There are several types of errors o look for from the evidence
in these ratios. An error in the magnitude of the source would cause a discrepancy by a
uniform factor at all ranges, as would an error in calculating the size of the density well, An
error in fireball rise would cause a discrepancy that is range dependent, as would an error
in the source location relative 1o the fircball,

During the earliest period the calculation-measurement ratios for Shol Hood exhibit a
range dependence. Either a faster fireball rise or a rise of the debris within the firchall
would reduce the discrepancy. However, photographic evidence®?® indicates that for Upshot-
Knothole Climax, a shot similar 1o Hood, the debris remained in the fireball center through
approximately one second. This leaves the fircball rise as suspect, particularly for large
yields, a suspicion that is supported by the same pholographic evidence. During the period
from one to three seconds, the calculation-measurement ratios for Shot Hood still exhibit
a discrepancy at close range though to a lesser extent than during the prior periods. The
higher fireball caused by an increased rise rate during the perod to one second would
probably account for most of the discrepancy. In addition, photographic evidence suggests
that the source is rising relative o the cenler of the Hood firchall.

In the case of Shots Owens and Wilson, the calculation-measurement ratios during the
first two periods show good agreement, the mean ratio for the first period being 1.02 4 0.12
and that for the second being 0.88 =+ (.10, where the means are based on the ratios for both
shots and the uncertainty is the standard error of the distribution.

During the periods beyond three scconds, the calculation-measurement ratios for all
three shots exhibil sysiematic variations with distance, being low close in and high far-out,
According to Figures 24 1o 36, these discrepancies could be eliminated by removing the
provision for ground-shock reflection from the model. The resulis of such a modification

75



CHAPTER 3 APPFENDIX 4

Table 8. Ratios of Caleulated (o Measured Exposures, Calculated by the
Delayed Gamma-ray Model for the Mominal Source Location
at the Plumbbob Tesis

Tima Range (m})
Shot Inierval
(s=conds) 457 915 1372 1829 2286 2779 3261

Hood 6-1 1.0B 1.34 126 116 .97 .93 1.05
-3 176 140 112 105 BT 94 5l
310 = J4 Bl - G5 1.04 1.07

10-20 - I8 44 - L1 B3 3
0-20 - 1.16 101 - S0 295 099

Owens 01 1.1 1046 .39 1.00 102 91 -
1- 3 4 AR HRE 57 B8 857 -

3-10 A8 G120 511 81 GBS 81 -

1020 A7 63 6B B3 4 73 -

0-20 A4 86 B3 94 BE B9 -

Wilson 0-1 L1 1.11 120 1.01 106 - -
- 3 L2 91 99 B8 094 - =

3-10 42 63 17 M4 B3 - -

10-20 A7 400 50 58 6l — -

0-20 .65 B2 BB Bl 86 - =

are depicted as a light solid line in the figures, However, the early time structure observed
in the measurements is no longer observed in the calculations after eliminating the reflected
shock. Also, the resulting fircball rise rate is unrealistically slow, as compared to the rate
from test shot photographs. Thus, this model variant must be viewed as an extreme case, of
academic interest only, but one that points toward late-time hydrodynamic or source-location
problems.

The comparison between calculated and measured exposures in the 3 to 20 second time
periods can be improved by lowering the source relative to the fireball center. Photographic
evidence suggests that such a phenomenon does occur after the debris rises to the top of the
fireball, which takes place at approximately three seconds. Table 9 provides an estimate of
the effect of lowering the source (but not the fireball). The data are based on those presented
in Figures 24 to 36. In the table, H stands for high source, N for nominal, and L for low.
Intermediate locations are given as NH and NL and are simple averages, representing a
midpoint between the two cases for which calculations were made. Note that raising the
source for Shot Hood between one and three seconds redoces, but does not eliminate, the
discrepancy, indicating that a change in cloud location is probably necessary also.

Lowering the sources at late times improves the agreement between measurement and
calculation, but, just as importantly, it reverses how the discrepancy varies with range. The
remaining discrepancy can be accounted for to a large extent on the basis of the radial
displacement of the source as it moves down the outside of the fircball and cventually
becomes incorporated in the Lorus.

At times between 3 and 10 seconds, the outer surface of the rising fireball begins to cool;
the vapors are subject to drag from the sumounding atmosphere, The resulting downward
flow around the outside of the fireball is matched by an upward flow at its center. This flow
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Talsle 9. Ralios of Caleulated (o Measured Exposwrcs, Caleulated by the
Delayed Gamma-ray Model for the Moving Source Location

af (e Mumbbob Tesis

Tima z : Ran mi
ahot Interval L"“m:-"-"' !
(sconds) ~OMON 457 914 1372 1289 2286 2779 3261
Hood 0= 1 N .08 134 126 L.16 097 093 1.05
I- 3 MH 40 1.3 095 093 078 0.84 0.84
3-10 NL — 055 0B4 - 085 089 0.8
10210 L = 110 050 = .76 085  0L15
-0 .13 0.9% — 085 083 0.90
Owens -1 M .18 1.06 OE% 1.00 1.02 0.91 -
1- 3 N 0.82 038 088 0957 088 095 -
3-10 ML 067 074 092 0.82 075 079 =
LO-20 L 1.200 1,18 095 095 0.75 0.68 -—
0-20 091 050 084 052 084 084 -
Wilzon Q-1 M 0.81 1.11 1,20 1.0} l.06 — —
1- 3 N 0.62 091 099 0.8 094 - -
3-10 ML 0.62 0465 092 0.67 073 - -
10-20 L 1.31 0,76 0,71 067 D63 = -
0-20 0.70 085 0.89 0.80 083 - -

patiern produces a torus, within which regides the debris. The radivs of the torus depends on
yield, Thus, the torus for Shol Hood atains a radius of approximately 325m by 10 seconds,
while those for Owens and Wilson are approximately 200m. The flow about the torus causes
rapid mixing, cooling, and return to near ambient density. Under such conditions the radial
displacement of the debris causes an increase in exposure that increases with range. In the
case of Shot Hood that increase, in terms of multiplicative factors, was estimated using
simple point-kernel wechniques, as follows:

Correclion Foclor for Radial Displacement for Shot Hood

Range (m)
(alod) 914 1372 2285 2779 3261
310 104 107 L15 119 123
1020 113 117 125 130 135

These factors were applicd to the calculation-measurement ratio for Hood as adjusted for
source height; the results are given in Table 10. The data in Table 10 represent a definite
improvement over the original calculation-measurement ratios found in Table 8.

In summary, comparisons of results of the model used to produce the delayed gamma-
ray component of D586 with results of gamma-ray ¢xposure rate measurements made in the
Plumbbob tests indicate that the model has shortcomings that are mainly due to incorrect
hydrodynamic data or inadequate modeling detail based on existing data. The effect of
previously mentioned transport and source uncertainties do not play a part in reaching this
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Table 10, Ratios of Caleulated to Measured Exposures, Caleulated
by the Delayed Gamma-ray Model for Shot Hood and the Moving
Source with Adjustment for Torus Formation

Time Source Range {m)
Interval Location
(seconids) 457 914 1372 1829 2286 2779 312461]
0- 1 M 1.0 1.34 126 1.16 097 053 1.05
i- 3 KH 140 1.13 0585 093 0.7E 084 0.B4
3-10 ML - 099 090 - 0898 106 1.09
10-20 L = 124 105 = 085 1.11 10l
0-20 - 1.16 102 = 051 087 L.0D

conclosion because the delector is shielded from the overestimated low-energy photons and
there are sufficient numbers of [lissions produced by 14 MeV neutrons in the tests to offset
the extra gamma rays produced by fast fission. (14 MeV fission produces substantially less
energy per fission as fission product gamma rays than does fast or thermal fission.® The
implications of this conclusion for DS86 are described later in this report.

Other Model Comparisons with Weapon Tests

There are other comparisons that can be made with data from weapon tests in addition
to those from Hood, Owens, and Wilson. However, most involve total exposure rather than
CXPOSUre rate.

Two such tests are Ranger Shot Fox and Buster Shot Dog, Ranger-Fox was a device of
22 ki yicld, air dropped and exploded at a height of 437 m. Buster-Dog was a device of 21
kt yield, air dropped and exploded at a height of 432m, Both devices were similar to the
Nagasaki bomb in design and high explosive thickness.

Calculated and measured®®?4 gnmma-ray exposures are provided for Fox in Figures 37
and 38 and for Dog in Figures 39 and 40. Each shot had two orthogonal lines of hlm
dosimeters, one running west from the intended ground zero and one running south. The
measured values have been revised as recommended by Storm.2® The revisions include
corrections for betatron calibration energy (measured values were multiplied by 0.885) and
for energy-dependence of the film sensitivity (for the sensitive films, exposurces I2ss than
10 R, the measured values were multiplied by 0.909; for the insensitive films, at exposures
more than 10 R, they were multiplied by 0.840).

The calculated exposure values are generally 10 o 20% below the revised measured
valucs. However, agreement is somewhat better in the first 2000 m than at greater ranges.
Taking the source location into account is likely o improve the agreement, particularly at
long ranges. However, for shorter ranges the effect 1s likely to be minimal given the high
burst height.

Predicting Delayed Gamma-ray Exposure at Hiroshima and Nagasaki

The hydrodynamic behavior of the Hiroshima (15 kt) and Nagasaki (21 ki) explosions
are depicted in Figures 41 to 46 and 47 to 52, respectively. These were computed using
the STLAMB code. Because of the low yield and high burst heights, all events previously
described for the Plumbbob Shot occur at much later times. At one second, the shockwave
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has not yet interacted with the ground. When this does occur and the reflected shock moves
through the firchall, between one and three seconds, the fireball s little perturbed by the
evenl. However, as in the case of the Plumbbob tests, a torus has formed by 10 seconds and
the cloud has risen substantially by 20 seconds.

With the constraints of the current delayed-radiation model, the effect of moving the
source along the axis of the system is rather small, as shown in the exposure rate calculations
for Hiroshima (Figures 53 to 56) and Nagasaki (Figures 57 o 60).

As a reminder in examining these figures, the heavy solid line is the nominal source
location, the dotted line is the low and the dashed line is the high. The light solid linc is the
extreme case of no ground-shock interaction, which produces an unrealistic cloud rise and
is, therefore, of only academic interest, though it produces only a small increase in cxposure.

Tables 11 and 12 give the exposure values at four ground ranges for Hiroshima and
MNagasaki, respectively, with and without a moving source, The numbers in parentheses
arc the ratios of the given values to those for the nominal (static) source location. As

Table 11. The Free-field Kerma due (o Delayed Gamma Eays
at Hiroshima for the Mominal Source Location and for
Several Approximations to a Moving Source

Time Bourco Ranpe (m)

(s} Location 700 1000 1500 2000
0- 1 N

1- 3 M 913.90 23830  26.10 3.33
3.10 M (1.00)  (1.00)  (1L.00) (L0
=104 M

0- 1 11

1- 3 N 833.50 222.10  24.50 3.12
3-10 ML (0913 (0.93)  (0.94)  (0.94)
=10 L

0 1 NI

1- 3 M o20.60 241.00 2590 3.23
3-10 NL (1L.01)  (1.01) (.99 (0.97)
=10 L

0 1 N

1- 3 NI 885.80 23610  26.05 3.28
3-10 N (0.97) (099 (L00) (D.98)
=10 L

dGreater than 10 sceands.

noted previously, there is no unambiguous source location model, It is expected that such a
model would be a function of yield and burst height, Nevertheless, given the three location
variations examined, none change the results by more than 109%. Given the high altitude
of the Hiroshima and Nagasaki explosions together with their low yield, the third source-
movement sequence, consisting of nominal, nominal-high, and nominal and low, is probably
the most likely. It produces total exposures virteally identical 1o the nominal case. However,
il does redistribute the exposure slightly in time. Multiplicative factors were calculated using
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Table 12. The Free-ficld Kerma due to Delayved Gamma Eays
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at Nagasaki for the Nominal Source Location and for
Several Approximations to a Moving Source

Time Euursx: Ranga {m)

(sy  Location 700 1000 1500 2000
0- 1 N

1- 3 N 1818.00 420,50  41.01 4.84
3-10 N (L.00) (1000 (.00 (1.00)
=>10% N

01 H

1- 3 NH 1660.00 397.10  3B.88 4.69
3-10 NL (0.91) (0.94) (0.95) (D97)
=10 L

-1 NH

i- 3 M i826.80 423.60 40,52 4.81
310 ML (1.00) (1.01} (LO0)  (D.99)
=10 L

0- 1 N

1- 3 NH 1755.20. 412.80  40.96 4,86
3.10 N (0.97) (0.98) (1.00) (.00
=10 I

"Greater than 10 saconds.
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Firure 57, Colewfpied exposire rates at 7N m prownd ranpge ar Naprasaki for

three sonrce locations glong the centerline gnd with and withont a pround-

reflecied shock wave
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Flgure 60, Colenloted exposure rares gt 2000 m ground range ot Nopasaki for
three source locations along the eenterdine and with and withour o ground.
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simple point-kernel techniques to account for the radial displacement of the source in that
source-height distribution sequence. The ratios of the resulting exposures, corrccted for both
relative source height and radial displacement, to those of the nominal source location case,
as calculated in DS86 (both cities) are:

Range (m) 700 1000 1500 2000
Ratio 098 099 1.01 1.02

which is o say that none of the hydrodynamically based correclions, which were so important
o the calculation of the Plumbbob shot exposurcs, have any importance in the case of the
data in D586,

The evidence in hand suggests that with suitable modifications the model used to calculate
the delayed gamma-ray fluences in DS86 can be made to reproduce the exposure rates
measured at Plumbbob Shot Hood within approximately 10%, which is also assumed to be
the accuracy of the experimental measurements themselves. The same modifications have
no cflect on exposure values calculated for DS86. Thus, it is assumed that the delayed
gamma-ray fluences in D586 have an uncertainty range (one standard deviation) of 144
about a value that 15 5% greater than the DSE6 value. The offsel accounts for a suspected
but unproven discrepancy between the number of gamma rays produced by thermal- and
fast-neutron induced fission. Thus, the D586 delayed pamma rays are postulated to have an
uncertainty range (one standard deviation) of +19% 1o -99%.
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