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Design and Simulation of Liquid Krypton
as Gamma Ray Detector

Syed M. Hassan, Ahmed Hassanein, David S. Koltick, Nader Satvat, and Xue Yang

Abstract—Monte Carlo simulations were used to model gamma
ray interactions at 1 MeV and 11 MeV within liquid krypton to
understand geometry effects and energy containment. Two Monte
Carlo codes were used in this work: Geant4 and MCNP5. The
agreement of the two codes was shownby the comparison of the cal-
culated average energy deposition and fraction of incident gamma
energy deposited as a function of chamber lengths and gamma ray
offsets. Modeling shows that good energy containment for 1 MeV
gamma rays occurs for chamber depths of 20 cm. For gamma rays
entering parallel to the central axis of the detector, 1 MeV showers
are well contained up to approximately 1 cm of the detectors’ edge.
For 11 MeV gamma rays the acceptance plateau occurs at a depth
of 40 cm and 20 cm from the detectors’ edge.

Index Terms—Gamma ray detector, Geant4, liquid krypton,
liquid noble gas, MCNP5, Monte Carlo simulation.

I. INTRODUCTION

N UCLEAR waste will continue to be stored at a large and
increasing number of sites above the ground for at least

the next 50 years. Safeguard measures will require better knowl-
edge of the exact elemental content of this rapidly growing ma-
terial inventory [1], [2]. In addition, spent fuel assay of fuel
bundle assemblies is a difficult task due to high gamma radia-
tion fields with the attendant dead tines and radiation damage
when using present technology gamma ray crystal detectors,
NaI(Tl) or solid-state HPGe detectors [3], [4]. Therefore, the ul-
timate goal of this project is to extend the present Liquid Noble
Gas (LNG) detector technology from the low rate, low radia-
tion background environments as has been used for astrophys-
ical dark matter searches [5], to the high rate, high radiation en-
vironment found near spent fuel assemblies [6].
We present simulation results for liquid krypton motivated

by the lower cost of krypton compared to xenon, yet having
similar stopping power. The specific aims are to understand the
necessary physics processes of radiation interactions and geom-
etry effects for gamma ray detectors as a function of depth and
gamma ray offset relative to the central axis of the cylindrical
detector.
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II. PHYSICS MODELS

Geant4 [7] and MCNP5 [8] are libraries of code for the sim-
ulation of the passage of particles through matter. All aspects
of these codes are at the control of the developer, especially the
physics processes chosen to be included. The developer weighs
the included details against CPU performance. We use these
codes for LNG detector design focused on gamma ray detec-
tion over the range 200 keV to 11 MeV for elemental analysis
using nuclear gamma emission. This energy range falls into the
Geant4 low energy electromagnetic (EM) physics model and is
well suited for calculations by MCNP5.

A. Geant4

In simulations using Geant4, the Livermore low-energy elec-
tromagnetic models were chosen as the primary EM physics
processes. The model makes direct use of atomic shell cross
section data for standard processes. Parameterizations of these
data have been made to optimize the code for high-energy
physics applications [9]. The simulation includes Rayleigh
scattering, photoelectric effect, Compton scattering and gamma
conversion for gamma reactions; multiple scattering, ioniza-
tion, bremsstrahlung, annihilation for electron and positron
reactions. Future simulations will include both Cerenkov and
scintillation processes for the creation of the optical photons
important to understanding the energy resolution of the de-
tector. The cross sections are extracted from Evaluated Photons
Data Library (EPDL97) [10], Evaluated Electron Data Library
(EEDL) [11], Evaluated Atomic Data Library (EADL) [12]
and binding energy values based on data of Scofield [13]. The
cut-off energies for all particles are set to 250 eV that is the
low energy applicability limit of the Livermore low-energy EM
models.

B. MCNP5

MCNP [8] is a general purpose Monte Carlo N-particle code
that models the transport of coupled neutron, photon and elec-
tron interactions. The MCNP5 photon interactions include pho-
toelectric effect, incoherent and coherent scattering, fluorescent
emission and pair production whose cross sections are based
on ENDF/B-VI.8 [14] and EPDL97 libraries. The electron and
positron processes in MCNP5 account for angular deflection
through multiple Coulomb scattering, collisional energy loss
with optional straggling, ionization, bremsstrahlung, and anni-
hilation. The electron-positron processes also rely on experi-
mental data based libraries.
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Fig. 1. Geometry of the liquid noble gas detector.

Fig. 2. Average energy deposition per incident 1 MeV gamma at a fixed
chamber radius of 5 cm. Data points are fit by a polynomial cubic spline (solid
and dashed lines).

III. RESULTS FOR 1 MEV GAMMA RAYS

A. Effect of Chamber Length
The detector geometry is a simple cylinder filled with liquid

Kr (LKr) as shown in Fig. 1. Two energies at the extremes of the
energy range of interest were simulated in detail: 1 MeV and 11
MeV. Amonochromatic beam parallel to the axis of the cylinder
was placed at the center of the LKr chamber. The beam radius
was set to a line beam and the LKr chamber radius was set to 5
cm for the case of 1 MeV gamma rays. The average energy de-
position per incident gamma was calculated using both Geant4
and MCNP5 for various chamber lengths. The statistical uncer-
tainties were insignificant to be indicated in the figures.
Fig. 2 shows the simulated average energy deposition per in-

cident 1 MeV gamma for various LKr chamber lengths. The
data points are plotted without the error bars for clearness. The
Geant4 and MCNP5 results agree well with a difference of only

due to different data libraries. The curves start saturating
at 25 cm. Therefore, a chamber length greater than 20 cm is
enough to collect most of the energy of the 1 MeV gamma rays.

B. Effect of Beam Offset
Similar simulations for 1 MeV gamma rays were performed

as a function of beam offset. The beam offset is defined as the
distance between the location of the beam and the center of
the cylinder axis. In these simulations, the chamber radius and

Fig. 3. Average energy deposition per incident 1 MeV gamma for beam offset
of 0–4 cm. LKr chamber radius and length are 5 and 20 cm, respectively.

TABLE I
AVERAGE AND MAXIMUM NUMBER OF PHYSICS PROCESSES

length were fixed at 5 and 20 cm, respectively. Fig. 3 presents
the average energy deposition per incident 1 MeV gamma as a
function of beam offset. Spline functions are used to fit the data
points. The Geant4 and MCNP5 also agree well with a differ-
ence of . Moving the beam from the center to the 4 cm
offset location does not significantly change the average energy
deposition into the LKr chamber. This indicates that the 1 MeV
incident gamma deposits most of its energy along the cylinder
axis.

C. Photopeak Efficiency

The simulations also yield the fraction of incident gammas
that deposit at least certain amount of energy in the LKr
chamber. These studies yield information on the photopeak
efficiency. Fig. 4(a) illustrates the fraction of energy deposi-
tion as a function of length for incident gammas that deposit
more than 50%, 60%, and up to 90% energy into the LKr
volume calculated by Geant4. It was found that the fractional
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Fig. 4. Fractional energy deposition for 1 MeV gammas in the LKr chamber
simulated by Geant4: (a) LKr chamber radius fixed at 5 cm. (b) LKr chamber
radius fixed at 5 cm and length fixed at 20 cm. ( denotes the energy
deposited in LKr volume and data points are fit by the polynomial cubic spline).

acceptance changes little for fractions above 90%. The curve
shapes are similar to Fig. 2. Beyond chamber lengths of 20 cm,
the photopeak efficiency is about 40% for 1 MeV gamma ray
incident on the cylinder’s central axis. Fig. 4(b) depicts the
same fractions as a function of beam offsets, for the case of a
chamber with 5 cm radius and 20 cm length. In Fig. 4(b), the
calculation of beam offsets includes values at 4.5, 4.9, 4.95
and 4.99 cm. The curves rapidly decrease when the beam was
placed about 0.5 cm from the edge.
The results of in both Fig. 4(a) and (b) were

also calculated by MCNP5. All absolute differences between
MCNP5 and Geant4 are smaller than 1%.

IV. RESULTS FOR 11 MEV INCIDENT GAMMAS

The extreme energy for elemental analysis occurs at about
11 MeV gamma rays. We investigate the size of LKr volume
required for stopping the 11 MeV gammas. Two sets of simula-
tions were carried out using Geant4. One is the simulation of a
fixed chamber radius of 30 cm with different chamber lengths;
the other is simulated with a fixed chamber length of 60 cm

Fig. 5. Fractional energy deposition for 11 MeV gammas in the LKr chamber
simulated by Geant4: (a) LKr chamber radius fixed at 30 cm. (b) LKr chamber
length fixed at 60 cm.

with different chamber radii. Unlike the 1 MeV simulations,
positrons will be created in the LKr volume through pair pro-
duction in these simulations.
Fig. 5(a) is the fractional energy deposition as a function of

chamber length. From the figure the fractional energy deposi-
tion has a plateau at about 40 cm, which is about twice the
1 MeV plateau value. Again, the fractional energy acceptance
for fractions above 90% are very similar. Photopeak efficiency
for on-axis gamma rays for this large chamber volume is nearly
100%.
Fig. 5(b) shows the acceptance as a function of chamber

radius at a fixed depth of 60 cm. Chambers with radii of
15–20 cm will produce high photopeak efficiency.

V. PHYSICS REACTIONS

Table I lists the average and maximum recorded number for
each type of physics reactions and the average energy deposition
by particle type for both the 1 MeV and 11 MeV simulations.
In both the 1 and 11 MeV cases, the LKr chamber radius and
length are 30 and 60 cm, respectively, and the results are based
on 0.1 M particles per simulation. In all simulations the gamma
rays were directed along the central axis of the cylinder.
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VI. CONCLUSIONS

Two Monte Carlo codes, Geant4 and MCNP5, were used for
the development of a liquid krypton gamma-ray detector. The
agreement of the two codes was shown by the results of the en-
ergy deposition of 1 MeV and 11 MeV gamma rays for different
LKr cylinder chamber lengths and beam offsets to be within 1%.
Future simulations will include all the necessary scintillation
processes for the creation of the optical photons important to
understanding the energy resolution of the detector.
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