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Abstract
Major nuclear accidents (such as severe reactor accidents, radioactive material
terrorist attacks, etc.) are typically accompanied by violent explosions, and the
ambient air surrounding the released fission products is inevitably disturbed by
shock waves. To reasonably assess the delayed nuclear radiation environment
formed by fission products, research on delayed gamma transport of typical
fission nuclides under shock wave influence must be conducted. The Low Al-
titude Multiple Burst Revised (LAMBR) model, based on the image method,
is employed to simulate the air density distribution around a delayed gamma
source from fission under shock wave disturbance, analyzing the impact of shock
waves on fission delayed gamma transport. Based on the mass-thickness equiva-
lent attenuation law and combined with the LAMBR model, a rapid simulation
method for fission delayed gamma transport under shock wave influence is es-
tablished. The delayed gamma doses from fission of 235U, 239Pu, and 238U at
ground measurement points are calculated and presented, and empirical formu-
las for the dose field are established, thereby obtaining the conversion relation-
ships among the delayed gamma dose fields of the three fission nuclides. The
calculated fission delayed gamma dose rates and doses are compared and ana-
lyzed with results from Monte Carlo methods and the equivalent cavity method.
The gamma dose rates calculated by this method are generally consistent with
Monte Carlo simulation results, but the computational time is significantly less
than that required for Monte Carlo simulations. The study demonstrates that
within 1000 m of the ground, as the distance between the source and the ground
increases, the enhancement effect of shock waves on fission delayed gamma
transport becomes progressively more significant. Furthermore, proportional
relationships exist among the delayed gamma dose fields of 235U, 239Pu, and
238U fission.
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Abstract
[Background] Major nuclear accidents (severe reactor accidents, radioactive
material terrorist attacks, etc.) are typically accompanied by violent explosions,
and the surrounding air of leaked fission products is inevitably disturbed by
blast waves. To reasonably evaluate the delayed nuclear radiation environment
formed by fission products, it is essential to investigate the transport of delayed
gamma from typical fission nuclides under the influence of blast waves.

[Purpose] This study aims to analyze the effects of blast waves on the trans-
port of delayed gamma and to calculate the tissue dose field of delayed gamma
emitted from fission products of 235U, 239Pu, and 238U under blast wave effects.

[Methods] First, the Low Altitude Multiple Burst Revised (LAMBR) model
based on the method of images was employed to simulate the air density distri-
bution around the delayed gamma source under blast wave disturbance. The
mass thicknesses of air were calculated using the LAMBR model. Subsequently,
the attenuation law based on mass thickness was applied to study the effects
of blast waves on delayed gamma transport. By combining the attenuation law
based on mass thickness with the LAMBR model, a fast simulation method for
delayed gamma transport under blast wave effects was proposed to calculate
tissue doses of delayed gamma. Then, the Monte Carlo method and the cavity
method were also used to simulate the transport of delayed gamma under blast
wave effects and to provide the tissue dose rates of delayed gamma. Finally,
empirical formulas for ground-level tissue doses of delayed gamma under blast
wave effects were proposed to illustrate the relationships between ground-level
tissue doses of delayed gamma emitted from fission products of 235U, 239Pu, and
238U.

[Results] The ground-level tissue doses of delayed gamma emitted from fission
products of 235U, 239Pu, and 238U were calculated using the fast simulation
method, Monte Carlo method, and cavity method, respectively. Considering
the effects of blast waves, the maximum relative deviation of tissue doses of
delayed gamma reaches up to 45% at an altitude of 1000 m for 500 t TNT
equivalents. The maximum relative deviation increased from 4% to 45% as the
altitude increased from 100 m to 1000 m. The calculated results are broadly
consistent with Monte Carlo simulations, but the computational time remains
under 1 minute, which is orders of magnitude shorter than Monte Carlo sim-
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ulations. The calculated tissue dose rates of delayed gamma are, on average,
two times higher than the results of the cavity method. Furthermore, the av-
erage relative deviations between ground-level tissue doses calculated using the
empirical formulas and the simulations remain within 13%.

[Conclusions] The results indicate that compared to calculations without blast
wave effects, the transport of delayed gamma is significantly enhanced as the
altitude of the delayed gamma source increases within the range below 1000 m.
The calculated tissue dose rates based on the fast simulation method basically
agree with Monte Carlo simulations and are higher than the results of the cavity
method. Moreover, proportional relationships between ground-level tissue doses
of delayed gamma emitted from fission products of 235U, 239Pu, and 238U are
found.

Keywords: Delayed gamma, LAMBR model, Tissue dose rates, Mass thick-
ness, Monte Carlo method

Introduction
Nuclear energy is an important means to achieve a low-carbon economy and has
been widely applied in power systems worldwide. Although nuclear power gen-
eration based on fission reactors offers advantages of low carbon emissions, sus-
tainability, and high economic benefits, potential safety risks must be carefully
evaluated. Studies show that fission products released in severe reactor accidents
pose enormous threats to organisms and the environment. The gamma rays,
neutrons, and beta rays spontaneously emitted from fission products are collec-
tively called delayed nuclear radiation. Delayed neutrons have low yield and
emission probability, and delayed beta rays have weak penetrability; therefore,
delayed gamma dominates the delayed nuclear radiation environment. Since
most fission products have long half-lives, delayed gamma can continue to harm
the environment for considerable time.

Meanwhile, major nuclear accidents are typically accompanied by violent ex-
plosions, and the air around fission products exhibits complex distribution un-
der blast wave disturbance. A vacuum region forms near the source center,
with air density gradually increasing outward until reaching a peak, which af-
fects the transport process of delayed gamma. In summary, studying delayed
gamma transport under blast wave effects helps deepen understanding of radi-
ation transport processes, and establishing typical delayed gamma dose fields
for fission nuclides can provide fundamental support for radiation environment
assessment in major nuclear accidents.

The Monte Carlo method is typically used to simulate transport of prompt
nuclear radiation from fission reactions, obtaining statistical results through
extensive sampling. Since prompt nuclear radiation is generated early and has
short duration, its transport process does not require consideration of blast wave
effects. However, delayed nuclear radiation has long duration, and air density
exhibits complex distribution under blast wave disturbance, which affects parti-
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cle transport and increases research difficulty. Using the Monte Carlo method
to simulate delayed gamma transport requires establishing complex geometric
models of air layout evolving over time and simulating multiple moments and
scenarios, inevitably consuming substantial computational resources. There-
fore, prompt nuclear radiation simulation techniques cannot be directly applied
to rapid calculation of delayed gamma dose fields. To analyze blast wave ef-
fects on delayed nuclear radiation, the equivalent cavity method was proposed
early on, assuming that blast wave compression forms a spherical vacuum cavity
around the source, with unchanged air density outside the cavity. This assump-
tion reduces modeling difficulty and improves computational efficiency, but the
simplification of complex air density distribution under blast wave effects to a
vacuum cavity distribution is somewhat crude.

Published experimental measurements show that the delayed gamma energy
spectrum shape from 235U fission at different times is similar, suggesting the
source energy spectrum shape does not change over time. The delayed gamma
energy spectrum shapes from 239Pu and 238U fission at each moment are also
basically the same as that of 235U, and the 235U source energy spectrum can
be used as a reasonable approximation. Therefore, the delayed gamma energy
spectrum for the three fission nuclides at different moments can use the same
shape in calculations. The delayed gamma time spectra from the three fission
nuclides differ slightly, especially after 0.001 s, with intensity relationships of
238U > 235U > 239Pu. With identical energy spectrum shapes at different mo-
ments, the intensity proportion of each energy group emitted by the source does
not change over time, but the total intensity is determined by the time spec-
trum. If the intensity proportion of each energy group emitted by the source
does not change over time and only the transport medium geometry changes
over time, the delayed gamma transport process can be analyzed based on the
mass thickness equivalent attenuation law.

This paper employs the Low Altitude Multiple Burst Revised (LAMBR) model
based on the method of images to simulate air density distribution under blast
wave disturbance and analyze blast wave effects on delayed gamma transport.
Based on the mass thickness equivalent attenuation law and combined with the
LAMBR model, a fast simulation method for delayed gamma transport under
blast wave effects is established. The transport processes of delayed gamma from
235U, 239Pu, and 238U fission are studied, and the delayed gamma dose field at
ground-level tally points is calculated and presented. Empirical formulas for
the dose field are established, and conversion relationships between the three
fission nuclide delayed gamma dose fields are obtained. Furthermore, calculated
delayed gamma dose rates and doses are compared and analyzed with results
from Monte Carlo methods and the equivalent cavity method.

1.1 Blast Wave Reflection Flow Field Calculation Method

When shock waves from explosions encounter solid walls, regular and irregular
reflections occur sequentially. The flow field distribution is typically calculated
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quickly using the method of images. Taking the solid wall as a symmetry plane,
real and corresponding virtual explosions are established on both sides. The flow
fields of real and virtual explosions are determined based on one-dimensional
spherical explosion free-field parameters, and the real reflected flow field distri-
bution is obtained through linear or nonlinear superposition of the two. Previous
studies show that the LAMBR model based on the method of images has obvi-
ous advantages in calculating physical quantities such as density and velocity
in shock wave flow fields. Therefore, this paper adopts the LAMBR model to
analyze air density distribution near the delayed gamma source.

Let the pressure, density, and velocity of the real explosion free-field at point P
be 𝑝𝑟, 𝜌𝑟, and 𝑢𝑟, respectively, and those of the virtual explosion free-field at
point P be 𝑝𝑖, 𝜌𝑖, and 𝑢𝑖, respectively. According to the LAMBR model, the
flow field pressure at point P is expressed as:

𝑝 = 𝑝0 [𝑝𝑟
𝑝0

+ 𝑝𝑖
𝑝0

]

where 𝑝0 and 𝜌0 represent the pressure and density of the undisturbed flow
field before wave incidence, respectively. The flow field density at point P is
expressed as:

𝜌 = 𝜌0 [𝜌𝑟
𝜌0

+ 𝜌𝑖
𝜌0

]

where 𝑔 represents the specific heat ratio. The flow field parameters of real and
virtual explosions at any moment in the above formulas can be obtained based
on free-field propagation laws using geometric approximation methods.

Calculations show that shock waves generated by isotropic explosion point
sources cause layered air density distribution around the source, with air of
the same density approximately distributed in spherical shells centered on the
source. The air density is low near the explosion center and gradually increases
outward to a peak.

1.2 Mass Thickness Equivalent Attenuation Law

Blast waves cause dramatic and complex changes in air density near the delayed
gamma source, increasing the difficulty and computational time of Monte Carlo
modeling. If two calculation regions have the same medium composition and
satisfy geometric similarity conditions, it can be inferred that at positions with
the same mass thickness, particle transport fluence and dose are only related
to the square of the distance. This allows prediction of particle transport in re-
gions with different densities from benchmark density regions, greatly improving
calculation speed.
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Assume two different calculation regions 𝐹1 and 𝐹2 with identical spatial ma-
terial composition. If the material densities satisfy a proportional relationship
𝜌1(𝑟) = 𝑘𝜌2(𝑘𝑟), then for any position 𝑟 in 𝐹1, there exists a corresponding
position 𝑟′ in 𝐹2 such that 𝑟′ = 𝑘𝑟. Therefore, we have:

∫
𝑟

0
𝜌1(𝑠)𝑑𝑠 = ∫

𝑟′

0
𝜌2(𝑠)𝑑𝑠

Since the material composition of 𝐹1 and 𝐹2 is consistent, the scattering cross-
section and attenuation coefficient in the transport equation are equal. There-
fore, if the source term 𝑆 is a point source at the same coordinate position in
region 𝐹1, then the total radiation field intensity and total dose at corresponding
positions in 𝐹2 satisfy:

𝐷1(𝑟)
𝐷2(𝑟′) = 1

𝑘2

This shows that for geometrically similar calculation spaces, under the same
source conditions, the radiation field parameters at corresponding positions are
inversely proportional to the square of the geometric scale.

Research on ionizing radiation protection shows that gamma ray transport laws
in media are consistent with the above conclusions under specific conditions.
The intensity of gamma rays transported to distance 𝑑 from the source in the
medium is expressed as:

𝑁(𝑑) = 𝑁0𝐵𝑒−𝜇𝑑

where 𝐵 represents the buildup factor, 𝑁0 represents the initial gamma intensity,
𝜇 represents the mass attenuation coefficient, and 𝑚𝑑 represents mass thickness,
which is the integral of medium density over transport distance. The buildup
factor for uniform media can be expressed as a function of mass thickness. When
the source and medium composition remain unchanged, gamma ray intensity
transported in media with the same mass thickness is identical. For non-uniform
media with 𝑁 layers, where layer 1 is closest to the source and layer 𝑁 is the
outermost layer, if the source is isotropic, the buildup factor is expressed as:

𝐵 = 𝐵𝑁 +
𝑁−1
∑
𝑛=1

(𝐵𝑛 − 𝐵𝑛+1)

where 𝐵𝑛 is the buildup factor for the 𝑛-th uniform medium layer and corre-
sponding shielding thickness. The second term on the right side of equation (6)
represents the buildup factor boundary difference. Therefore, the total buildup
factor equals the buildup factor of the 𝑁 -th uniform medium plus the sum of
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buildup factor boundary differences from layer 1 to layer 𝑁 − 1. For media
with identical material composition and nuclide microscopic cross-sections, the
buildup factor is only related to the sum of mass thicknesses of each layer.

In summary, shock waves generated by isotropic explosion point sources cause
layered air density distribution around the source, with air of the same density
approximately distributed in spherical shells centered on the explosion source.
If the air density of each spherical shell is known, the mass thickness from
source to tally point can be calculated. Using a sphere with uniform air density
distribution as the benchmark scenario, the relationship between mass thickness
and delayed gamma ray intensity from fission can be established through Monte
Carlo particle transport simulation. Based on the mass thickness equivalent
attenuation law in equation (4), rapid calculation of delayed gamma transport
in air with complex density distribution can be achieved.

2.1 Shock Wave Enhancement Effects

An open scenario composed of ground and air was established, with all tally
points located 1 m above ground level. The radiation source was set in the air,
emitting isotropically, with the blast wave source coinciding with the radiation
source. Explosions caused by hydrogen or nuclear fuel energy release in reactor
nuclear power plant accidents generally have energy release less than 100 t TNT
equivalent. In radioactive material terrorist attacks, terrorists may place radia-
tion sources in conventional explosives to rapidly disperse radioactive materials
through explosion. In conventional explosion accidents, the explosion power in-
volved in the Tianjin Port incident was about 500 t TNT equivalent. Therefore,
this study sets the upper limit of explosion power at 500 t TNT equivalent, the
upper limit of source height above ground at 1000 m, and the upper limit of dis-
tance between the source’s ground projection point and tally points at 4000 m.
235U, 239Pu, and 238U are typical fission nuclides involved in nuclear reactors,
and their delayed gamma source energy spectra and time spectra were taken
from literature.

The mass thickness equivalent attenuation law was used to achieve rapid calcu-
lation of delayed gamma dose fields from 235U, 239Pu, and 238U fission. First,
Monte Carlo methods were used to simulate delayed gamma transport in the
benchmark scenario to establish the correspondence between gamma intensity
and mass thickness. Then, the LAMBR model was used to calculate the air den-
sity distribution around the source under blast wave disturbance. Finally, the
mass thickness between source and tally points was calculated, and the gamma
dose rates and doses at each tally point were rapidly predicted based on the
mass thickness equivalent attenuation law.

For fission nuclide 235U at a source height of 100 m, the calculated
delayed gamma doses at ground tally points for blast wave source
strengths of 100 t, 300 t, and 500 t are shown in Figure 1Figure 1:
see original paper, where solid lines represent calculations considering
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blast wave effects and dashed lines represent calculations without blast
wave effects. The relative deviations are shown in Figure 1(b), where
relative deviation is defined as |Gamma dose (without blast wave) −
Gamma dose (with blast wave)|/Gamma dose (with blast wave). The re-
sults show that blast waves have minimal effect on delayed gamma from fission,
with a maximum relative deviation of only 4%.

For fission nuclide 235U at a source height of 500 m, the calculated delayed
gamma doses at ground tally points for blast wave source strengths of 100 t,
300 t, and 500 t are shown in Figure 2(a), with relative deviations shown in
Figure 2(b). Compared to a source height of 100 m, the blast wave effect is
significantly enhanced, with a maximum relative deviation of about 23%.

For fission nuclide 235U at a source height of 1000 m, the calculated delayed
gamma doses at ground tally points for blast wave source strengths of 100
t, 300 t, and 500 t are shown in Figure 3Figure 3: see original paper, with
relative deviations shown in Figure 3(b). The results show that blast waves
have a substantial effect on delayed gamma transport, and the enhancement
effect becomes more significant with increasing blast wave source strength, with
maximum relative deviations approaching 45%.

The calculated results for 235U delayed gamma dose field show that blast wave
effects become increasingly significant with increasing source height, particularly
within 1000 m of the ground projection distance. Blast waves alter air density
near the source, affecting delayed gamma transport. Taking 300 t blast wave
source strength as an example, the air density distribution near the source at a
height of 100 m is shown in Figure 4. The figure shows that blast waves cause
approximately spherical air density distribution around the source that expands
over time. A low-density region exists near the source center, with density
gradually increasing outward to a peak. At 0.1 s, the shock wave propagates
near the ground; at 0.2 s, the ground-reflected wave propagates to a position
near the source; at 0.6 s, the ground-reflected wave propagates to about 200 m
in the air, with the wave front still maintaining relatively high density.

The air density distribution near the source at a height of 500 m for 300 t blast
wave source strength is shown in Figure 5[Figure 5: see original paper]. At
1 s, the shock wave propagates near the ground, but due to intensity attenu-
ation during propagation, the ground-reflected wave is relatively weak at 2 s.
Similarly, if the source height is 1000 m, the shock wave attenuates sufficiently
before reaching the ground, with almost no ground-reflected wave remaining.
Blast waves create low-density regions near the source that enhance gamma
transport, while the high-density region at the wave front reduces gamma trans-
port. At a source height of 100 m, the low-density region formed by the shock
wave enhances gamma transport before 0.1 s, but after 0.1 s, the ground-reflected
wave propagates upward, and the high-density region at the reflected wave front
reduces gamma transport. The cumulative enhancement and reduction effects
over time result in gamma doses at ground tally points similar to those without
blast wave effects. As source height increases, ground-reflected shock wave in-
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tensity significantly weakens, no longer hindering gamma transport. Therefore,
as source height increases, the enhancement effect of blast waves becomes more
pronounced over the total time interval. The effects of blast waves on delayed
gamma transport from 239Pu and 238U fission are similar to those for 235U, with
enhancement effects becoming more significant as source height increases.

The evolution of air mass thickness between source and ground tally points
over time at a source height of 500 m for 300 t blast wave source strength
is shown in Figure 6[Figure 6: see original paper]. The air mass thickness
between source and different ground tally points gradually increases over time
until reaching a constant value. The mass thickness increases significantly before
3 s, corresponding to the formation of a low-density air region near the source by
the shock wave and subsequent rapid air backfill. After 3 s, the mass thickness
slowly approaches a constant value, corresponding to the gradual recovery of
air density near the source to the initial density. Based on the mass thickness
equivalent attenuation law, assuming the source emits unit-intensity delayed
gamma at any moment, the calculated gamma dose rates at tally points are
shown in Figure 7[Figure 7: see original paper], where source intensity variation
over time and geometric corrections are not yet considered. The results show
that delayed gamma dose rates decrease as mass thickness increases because
greater medium mass thickness leads to faster gamma intensity attenuation.

The time spectrum of delayed gamma from 235U fission is shown in Figure
8[Figure 8: see original paper], obtained from the energy release rate of delayed
gamma from 235U fission. Combining the delayed gamma time spectrum with
geometric corrections in equation (4), the delayed gamma dose rates at tally
points are shown in Figure 9[Figure 9: see original paper]. The dose rate peaks at
about 0.5 s and then decreases steadily over time, corresponding to the gradual
recovery of air density to the initial density. The time integral of gamma dose
rate yields the delayed gamma doses shown in Figure 2(a). The time variation
trends of delayed gamma dose rates at tally points from 239Pu and 238U fission
are similar to those for 235U.

2.2 Monte Carlo Simulation Results

The Monte Carlo method is widely used in particle transport problems, ob-
taining approximate values of calculated quantities through extensive sampling.
The air density distribution differs at each moment under blast wave effects,
requiring geometric models to be established for different times. For ground
projection distances greater than 3000 m, the distance from source to tally point
far exceeds the mean free path of gamma ray transport in air, involving deep
penetration problems. Since gamma rays undergo multiple scattering in air,
direct simulation results in only a few particles reaching the detector position,
causing large statistical fluctuations. This study employs the cell weight window
combined with density approximation iterative variance reduction method, us-
ing weight window importance functions to guide particle splitting and roulette,
combined with density approximation iteration, to achieve effective simulation
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of long-distance gamma ray transport in air. Specific details of Monte Carlo
modeling and variance reduction methods will be discussed in future articles.
The Monte Carlo method establishes models close to physical reality but requires
substantial computational time.

For fission nuclide 235U at a source height of 100 m and blast wave source
strength of 300 t, the delayed gamma dose rates at ground tally points from
0.01 s to 15 s are shown in Figure 10[Figure 10: see original paper], where solid
lines represent Monte Carlo simulation results and dashed lines represent mass
thickness equivalent attenuation law calculation results. In Figure 10(a), the
0.01 s curve is multiplied by 0.01, the 0.05 s curve by 0.1, the 0.2 s curve by 10,
the 0.3 s curve by 100, the 0.4 s curve by 1000, and the 0.5 s curve by 10000.
The same operations are applied to curves in Figures 10(b) and 10(c). Monte
Carlo simulated gamma dose rates are basically consistent with mass thickness
equivalent attenuation law calculation results at each moment. Monte Carlo
simulation values are slightly higher than mass thickness equivalent attenuation
law calculation results in near ground projection distance regions, while slightly
lower in far ground projection distance regions. This shows that air density dis-
tribution near the source under blast wave effects is not completely symmetric,
but the mass thickness equivalent attenuation law remains well applicable to
this scenario.

2.3 Equivalent Cavity Method Calculation Results

Blast waves cause air mass to concentrate mainly in narrow regions near the
wave front, while forming spherical regions with very low air density behind
the wave front. Therefore, the equivalent cavity method was early adopted to
calculate delayed gamma dose rates and doses. The key point of the equivalent
cavity method is using equivalent cavity radius to measure blast wave distur-
bance, with specific details available in literature. For fission nuclide 238U at
a source height of 100 m and blast wave source strength of 500 t, the delayed
gamma dose rates at ground tally points calculated using the mass thickness
equivalent attenuation law and equivalent cavity method are shown in Figure
11[Figure 11: see original paper]. The gamma dose rates calculated using the
mass thickness equivalent attenuation law are generally higher than those from
the equivalent cavity method, and the difference between the two decreases as
ground projection distance increases.

The gamma dose rates calculated using the equivalent cavity method peak near
0.5 s and then decrease 平缓 ly, corresponding to the process where the equiv-
alent cavity radius reaches its maximum and then gradually approaches zero.
Compared with the equivalent cavity method, the mass thickness equivalent
attenuation law considers the complex air distribution under blast wave distur-
bance, providing more realistic simulation of blast wave effects. Therefore, the
dose rate calculation results indicate that the equivalent cavity method under-
estimates the enhancement effect of blast waves on delayed gamma transport.

chinarxiv.org/items/chinaxiv-202508.00082 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00082


The delayed gamma doses at ground tally points calculated using the mass
thickness equivalent attenuation law and equivalent cavity method are shown in
Figure 12[Figure 12: see original paper], where the 100 t curve is multiplied by
0.1 and the 500 t curve by 10. The delayed gamma doses calculated using the
mass thickness equivalent attenuation law are generally greater than those from
the equivalent cavity method, with similar trends. The two methods converge
for ground projection distances above 3000 m.

The equivalent cavity radii corresponding to blast wave source strengths of 100
t, 300 t, and 500 t are shown in Figure 13[Figure 13: see original paper]. The
equivalent cavity radius peaks before 0.5 s and then gradually decreases. The
maximum equivalent cavity radius for 300 t is about 60 m, and at 2 s, the
equivalent cavity radius is about 46 m. Figure 5 shows that the low-density
cavity region formed by blast waves has a radius of about 100 m and lasts for
a relatively long time, with the low-density cavity radius still approaching 100
m at 2 s. Therefore, the equivalent cavity method fails to accurately represent
the enhancement effect of blast waves on delayed gamma transport, resulting in
calculated gamma dose rates and doses lower than those from the mass thickness
equivalent attenuation law. Figures 2 and 3 show that as ground projection
distance increases, the effect of blast waves on gamma transport decreases. For
ground projection distances above 3500 m, gamma doses calculated by the two
methods are basically consistent, indicating that the equivalent cavity method
is a good approximation for handling gamma transport under blast wave effects
in far regions.

2.4 Empirical Formula for Fission Delayed Gamma Dose Field

Gamma intensity approximately satisfies an exponential relationship with trans-
port distance in media, and buildup factors are generally used to represent de-
viations from exponential attenuation. Considering geometric attenuation, an
empirical formula for the delayed gamma dose field is established:

𝐷 = 𝐴 ⋅ 𝑄 ⋅ 𝑒−𝑟/𝜆

𝑟2

where 𝑄 represents blast wave intensity measured in TNT equivalent (t), 𝑟
represents the distance between source and tally point (slant range) in meters,
and 𝐴 and 𝜆 are adjustable parameters.

By fitting the calculated results of the 235U delayed gamma dose field, 𝐴 =
11.02 × 105 and 𝜆 = 300.41 were obtained. The comparison between the 235U
delayed gamma dose field empirical formula and numerical calculations based
on the mass thickness equivalent attenuation law is shown in Figure 14[Figure
14: see original paper]. The empirical formula well reproduces numerical cal-
culations within a slant range of 4000 m, with an average relative deviation
of 12.67%. The parameters for 239Pu and 238U delayed gamma dose field em-
pirical formulas obtained through fitting are 𝐴 = 9.82 × 105, 𝜆 = 300.41 and
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𝐴 = 22.05×105, 𝜆 = 300.41, respectively. The empirical formulas for 239Pu and
238U delayed gamma dose fields are basically consistent with numerical calcula-
tion results, with average relative deviations of 12.47% and 12.61%, respectively.

The parameters in the empirical formulas for 235U, 239Pu, and 238U delayed
gamma dose fields are summarized in Table 1. The three empirical formulas
have the same exponential attenuation coefficient 𝜆 because the delayed gamma
energy spectra emitted by the three nuclides at different times differ very little,
and the energy spectra at each moment can be considered identical in use. 𝜆
represents the mean free path of gamma transport in air. When air density is
the same, 𝜆 is only related to microscopic cross-sections. The microscopic cross-
section is a function of incident gamma energy. Since the delayed gamma energy
spectra from the three fission nuclides are identical, the mean free path of gamma
transport in air is also the same. The mass attenuation coefficient of 1 MeV
gamma in dry air is 6.359×10−3 m2・kg−1, giving a mean free path of about 128
m in air under standard atmospheric conditions. The average energy of delayed
gamma released from 235U fission is 0.936 MeV, and the fitted 𝜆 is 300.41 m,
indicating that the mean free path of delayed gamma significantly increases
under blast wave effects, and gamma transport is enhanced. 𝐴 is closely related
to the delayed gamma time spectrum of the fission source. After 0.001 s, the
gamma intensity released by 235U is slightly higher than that of 239Pu, while
the gamma intensity released by 238U is significantly higher than the other two.
Therefore, parameter 𝐴 reflects the relationship of gamma intensity.

In summary, based on the empirical formulas, the conversion relationships be-
tween 235U, 239Pu, and 238U delayed gamma dose fields were obtained. Simple
multiple relationships were found between the delayed gamma doses from the
three nuclides at ground tally points, with the ratio of 238U to 239Pu delayed
gamma doses being 2.25, and the ratio of 235U to 239Pu delayed gamma doses
being 1.12.

3 Results and Discussion
Based on the mass thickness equivalent attenuation law and combined with the
LAMBR model, a fast simulation method for delayed gamma transport under
blast wave effects was established and applied to study delayed gamma transport
from 235U, 239Pu, and 238U fission under blast wave effects. The LAMBR model
was used to calculate the complex air density distribution caused by blast waves
and analyze the enhancement effect of blast waves on delayed gamma transport.
The delayed gamma dose fields at ground tally points from 235U, 239Pu, and
238U fission were calculated and presented, and empirical formulas were further
established to obtain conversion relationships between the three fission nuclide
delayed gamma dose fields. The calculated delayed gamma dose rates and doses
were compared and analyzed with results from Monte Carlo methods and the
equivalent cavity method.

The study found that as the distance between source and ground increases, the
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enhancement effect of blast waves on delayed gamma transport gradually in-
creases. For a blast wave source strength of 300 t and source height of 1000 m,
considering blast wave effects can increase gamma doses at ground tally points
by up to 45%. This demonstrates that major nuclear accidents accompanied by
violent explosions require consideration of blast wave effects to reasonably eval-
uate the radiation environment formed by delayed gamma from fission. Monte
Carlo simulations of delayed gamma dose rates at ground tally points are close
to calculations from the mass thickness equivalent attenuation law, indicating
that this law is applicable to this scenario. Furthermore, the equivalent cavity
method underestimates the enhancement effect of blast waves on delayed gamma
transport in near regions, but its calculation results are close to those from the
mass thickness equivalent attenuation law in far regions, indicating that the
equivalent cavity method is a good approximation for handling delayed gamma
transport under blast wave effects in far regions. The empirical formulas for
235U, 239Pu, and 238U delayed gamma dose fields established in this work well
reproduce numerical calculation results and further obtain conversion relation-
ships between the three fission nuclide delayed gamma dose fields. The mean
free path in the empirical formulas is significantly larger than that for gamma
transport in uniform air, reflecting the enhancement effect of blast waves on
gamma transport. The method established in this study can provide references
for radioactive environment assessment in major nuclear accidents accompanied
by explosions.
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