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FUNCTIONS

G. E. McMath and G. W. McKinney

Los Alamos National Laboratory, P.O. Box 1663 MS P939, Los Alamos, NM, 87545
gem@lanl.gov, gwm@lanl.gov

ABSTRACT

Recent interest in modeling and simulation of detector systems has led to several
enhancements to the radiation transport code, MCNPG6. The most recent
improvement to the detector modeling capability has been the expansion of the built-
in detector response functions. MCNP first implemented dose functions in MCNPX
2.4.0 and since then specific detector types have been added. The next release of
MCNPG6 will include response functions for 5 new neutron detector types along with
the previously built-in photon detector responses. This paper will demonstrate the
use of the new response functions as well as provide benchmarking.

INTRODUCTION

As the use of modeling codes to design experiments and detector systems increases, so does the
importance of accurately producing detector responses. Detector response functions (DRFs) can be
used in a variety of ways such as: providing variance reduction by reducing transport, modeling
physics not available in the code, allowing for direct comparison to experimental data, and
simulating data analysis methods such as pulse shape discrimination (PSD). The DRFs recently
added to MCNP6 [1] provide several of these features. Most importantly they allow the calibration
of modeled detectors to actual detectors. Once this calibration is done, any number of virtual
experiments can be carried out with the results matching experimental data.

This approach of varying parameters in a virtual space to inform real world decisions has been
gaining popularity as the accuracy and capabilities of transport codes continue to improve. In
particular, the Department of Homeland Security’s (DHS) Domestic Nuclear Detection Office
(DNDO) has supported many of these features in order to inform the design and characterization of
detector systems prior to deployment. In the effort to support this mission, DRFs have been added
to MCNP6 and will be available in the next release of the code. This paper will cover the
fundamental use of the MCNP6 detector response functions as well as provide benchmarking that
have been performed.

MCNP6 IMLEMENTATION

The first implementation of the detector response function was in MCNPX 2.4.0 and only
included photons detectors until this latest upgrade. The fundamental theory behind the DRFs is
based on which detector type is chosen. The next release of MCNP6 will include three types of
detectors: gas proportional counters, scintillators, and semi-conductors.



For scintillation detectors, Birks’ Law [2] is used to produce light yield output. The formula
assumes proportionality between light yield and energy loss multiplied by scintillation efficiency, S.
Birks also added a term to account for quenching containing adjustable parameters, kB, to fit
experimental data, see Eq 1.

dL _ <dL> <dE> _ S dE .
dx \dE/\dx) dE | dx (1)

1+kBE

The light yield per energy deposition term of Eq. 1 is the DRF while the second term is already
computed by MCNP6 as the stopping power. The free parameters in Eq. 1 are reduced to two
constants for implementation into MCNP6, see Eq. 2.

dL Co

dE ~ dE ()
1+G g

Co in Eq. 2 is determined by requiring the light yield be unity for a 1 MeV electron and C,; can be

found in literature or fit from experimental data.

For gas detectors the response is the charge per source particle (Q) in picocoulombs (pC). This
allows charge binning to incorporate pre-amplifier thresholds. This is calculated by the charged
particle energy deposition in MeV (E) multiplied by the inverse of the gas work function in MeV
per ion pair (Cy), the electron charge per ion pair, and the E-field multiplication factor which can be
modified to match a specific detector (C,), see Eq. 3. Semi-conductors are treated in the same way
the only difference typically being a smaller work function.

1.602177¢-7 —PC
on palr
Co

Q=E C, (3)

Two parameters, Cy and C;, are used for all the DRFs. C, at this time, cannot be directly
changed outside of the source code file, (fluence to dose.F90). For scintillation detectors Cy is a
normalization constant to ensure output in MeVee, (electron equivalent MeV). For gas and semi-
conductor detectors Cy is the work function in MeV/ion pair. This work function cannot be directly
changed, however, Eq. 3 shows that it may be incorporated into C;, which can be modified by an
input deck. Eq. 4 shows the simple relation required to change both the default Cy (work function)
and C; (multiplication factor, M) for gas and semi-conductor detectors only.

Gy
Cl total — CO default — (4)
CO new

C, can be modified by appending an underscore to the detector name followed by the desired
quantity. For example, the default values for Cy and C; for the HE3-1 detector are 4.1e-7 MeV/ion



pair and 100 respectively. By entering, he3-1 20, the multiplication factor C; is changed to 20. This
can be used to alter the default Cy for gas and semi-conductors detectors as can be seen in Eq 4. The
definitions and defaults of the two parameters for all detectors can be found in Table I.

TABLE I. Built-in detector parameter in MCNP6

Detector Detector Primary Particle Response C; Default Co Desftault'
Type Name Type(s) Parameter* Value Value for 1" Primary
Particle
*He HE3-1 Proton, Triton, Helion M 100 41.0 eV/ion pair [3]
BF; BF3-1 Alpha, Lithium M 100 36.0 eV/ion pair [4]
Li Glass LIG-1 Triton, Alpha QF 5.0e-4 cm/MeV 1.000296
Lil LII-1 Triton, Alpha QF 5.0e-4 cm/MeV 1.000149
ZnS+LiF ZNS-1 Triton, Alpha QF 5.0e-4 cm/MeV 1.000190
Nal NAI-1 Electron QF 3.4e-4 cm/MeV 1.000114 [5]
BGO BGO-1 Electron QF 6.5¢-4 cm/MeV 1.000111 [6]
Csl CSI-1 Electron QF 1.5e-4 cm/MeV 1.000040 [6]
BC-400 BC4-1 Electron QF 4.6e-3 cm/MeV 1.008349 [7]
HPGe HPG-1 Electron G 1.0 3.0 eV/ion pair [8]

* M=multiplication, QF=quenching factor, G=gain

The built-in DRFs are designed for use with F6 energy deposition tallies in conjunction with
either a DF card or with FT8 PHL tally. The DF card IC option specifies which standard dose
function to use with a corresponding tally. In order to use the DRFs, set the DF card’s IC value
corresponding to the relevant F6 tally equal to one of the detector names in Table I. A more
standard approach is to use the FT8 PHL tally to sum relevant F6 tallies together and then apply the
DRF. For example a *He detector has three relevant charged particles that contribute to the signal.
Three F6 tallies can be made for each of the relevant particles and summed together in a PHL tally
with the HE3-1 DRF. Since the DRF changes energy [MeV] to charge [pC] for gas detectors an E
card can be used to bin the charge from the detector and designate a charge threshold for a
particular detector. This approach was taken for a suite of Centronic *He detector tubes in order to
benchmark the capability.

HE3-1 BENCHMARKING

Centronic lists the sensitivities for all of its *He detectors in counts per second per unit of
thermal neutron flux (cps/nv) [9]. A subset of the detectors with diameters ranging from 13 mm to
38 mm, active lengths ranging from 97 mm to 1250 mm, and fill pressures from 2 atm to 10 atm
were modeled and run in a unit thermal neutron flux to compare sensitivities. Communications with
Centronic engineers provided many of the required parameters such as anode radius, material
compositions, gas multiplication factor, and volume fraction of quench gas. The simulations were
run with a gas multiplication factor (C;) of 20 and a charge threshold of 0.016 pC. Centronic did not
give a definitive charge threshold, however, they said it was approximately 0.015 pC. The best
optimized threshold for all simulations was 0.016 pC which seemed reasonable. The results of the
simulations can be seen in Table II.



Table II. Results of Centronic detector simulations using HE3-1 20 DRF*

13 mm Diameter Active Length [mm] 2 atm 4 atm 6 atm 8 atm 10 atm
76 2.02 3.80 5.10 6.10 6.90
MCNP6 DRF [cps/nv] 2.01 3.90 5.18 6.08 6.72
Relative Error [%] 0.63 2.66 1.58 0.38 2.55
150 4.30 7.60 10.00 12.00 14.00
MCNP6 DRF [cps/nv] 4.04 7.77 10.28 12.06 13.39
Relative Error [%] 6.06 2.18 2.77 0.52 4.37
249 7.10 13.00 17.00 20.00 23.00
MCNP6 DREF [cps/nv] 6.79 12.88 17.01 20.00 22.20
Relative Error [%] 4.34 0.92 0.06 0.01 3.47
508 14.00 25.00 34.00 40.00 46.00
MCNP6 DRF [cps/nv] 13.96 26.34 34.65 40.74 45.20
Relative Error [%] 0.27 5.36 1.91 1.85 1.73
25 mm Diameter Active Length [mm] 2 atm 4 atm 6 atm 8 atm 10 atm
97 9.7 16 19 21 22
MCNP6 DRF [cps/nv] 10.59 16.29 19.28 20.87 21.79
Relative Error [%] 9.20 1.80 1.45 0.64 0.97
127 13 21 25 28 30
MCNP6 DRF [cps/nv] 13.84 21.27 25.17 27.25 28.48
Relative Error [%] 6.47 1.31 0.67 2.66 5.07
150 15 24 30 33 35
MCNP6 DRF [cps/nv] 16.19 24.92 29.52 32.02 33.52
Relative Error [%] 7.91 3.84 1.61 2.96 4.24
249 25 40 50 55 58
MCNP6 DRF [cps/nv] 26.77 41.23 48.82 53.04 55.55
Relative Error [%] 7.07 3.07 2.36 3.56 4.23
500 50 81 99 110 117
MCNP6 DREF [cps/nv] 53.53 82.34 97.51 106.09 111.21
Relative Error [%] 7.06 1.65 1.51 3.56 4.95
1001 101 161 198 220 234
MCNP6 DRF [cps/nv] 107.06 164.42 19489 212.15  222.35
Relative Error [%] 6.00 2.12 1.57 3.57 4.98
1250 126 202 248 275 292
MCNP6 DRF [cps/nv] 133.56 205.12 24328 26493  277.68
Relative Error [%] 6.00 1.54 1.90 3.66 491
38 mm Diameter Active Length [mm] 2 atm 4 atm 6 atm 8 atm 10 atm
150 30 45 51 54 56
MCNP6 DRF [cps/nv] 32.95 45.20 50.12 52.26 53.30
Relative Error [%] 9.83 0.45 1.72 3.22 4.82
249 51 74 85 91 93
MCNP6 DRF [cps/nv] 54.08 74.53 82.89 86.55 88.37
Relative Error [%] 6.03 0.72 2.48 4.89 4.98
500 101 149 171 181 186
MCNP6 DRF [cps/nv] 107.41 148.32 16533  173.02 176.78
Relative Error [%] 6.35 0.45 3.31 4.41 4.95
1001 202 297 342 363 372
MCNP6 DRF [cps/nv] 213.85 295.81 330.08 34559  353.32
Relative Error [%] 5.87 0.40 3.48 4.80 5.02

* AIl MCNP6 simulation tally run with 1e8 histories resulting in less than 1% relative error



Three higher fidelity simulations were performed for the different diameter tubes to compare
wall effects. The spectra of the simulations can be seen in Figure 1. The two discrete wall effects
can be clearly seen corresponding to the 191 keV (0.015 pC) triton edge and 573 keV (0.045 pC)
proton edge. The full energy peak which corresponds to 764 keV (0.06 pC) for thermal neutrons is
also easily distinguished. As expected the peak to total ratio increases for larger diameter tubes, see
Table III.
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Figure 1. Charge spectrum of three diameters of 50 cm long *He tubes illustrating the wall
effects from proton and triton recoil as well as the full energy peak. As expected the full
energy peak to wall effect ratio diminishes as the diameter increases.

Table I11. Peak to total ratios for 50 cm active length *He tubes

Diameter [cm]  Peak [cps/nv] Total [cps/nv] Ratio
1.3 1.09E+01 3.47E+01 3.13E-01
2.5 5.75E+01 9.75E+01 5.90E-01
3.8 1.11E+02 1.65E+02 6.73E-01
CONCLUSION

New detector response functions have been added to the radiation transport code MCNP6.
These new DRFs will be available with the next release of the code. Benchmarking is ongoing but
the initial results have compared very well with a manufacturer’s reported specifications. For 75
different models of *He tubes the average relative error was 3.3% between the modeled and
reported sensitivities. The errors were consistently lower for the mid pressure models, indicating
there may have been a slightly different multiplication factor or charge threshold used for the
characterization of the 2 and 10 atm cases. These new features allow for a direct comparison to
reported or experimental results without the use of post-processing codes.
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