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simulation overview: single unified application

event generators physics simulation

detector simulationanalysis

• pure geant4 simulation
• custom “standardNR” physics list for ion 

propagation (~10% agreement with SRIM)
• high-precision neutron physics

• reproduces work by SNO collaboration
• simple model of space charge effect
• simple diffusion model
• simple electron avalanche model
• induced current and electronics simulation

• save truth and reconstructed info to 
tree

• save simulated traces

• atmospheric neutrons
• AmBe calibration source

2



physics simulation

• Use geant4 to handle physics 
simulation up to proton-triton 
propagation

• Include realistic geometry, 
variable shielding layers, 
material properties

• SNO did not use geant4: using 
it massively simplifies the task 
of writing the simulation!
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physics simulation: hacking geant4 for ions

• geant4 does not model ion 
propagation well in reference 
physics models

• solve problem with custom 
physics model for screened 
Coulomb scattering 
(arXiv:physics/0406066)

• model benchmarks show 
excellent agreement with SRIM

• our work shows fair ~5-10% 
agreement with SRIM
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charge propagation overview
p-t track produces electrons 
that propagate toward anode
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charge propagation overview

multiplication avalanche near 
anode
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charge propagation overview
ions move much more slowly 

than electrons, so next 
charges see screened anode
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detector simulation: charge propagation

• simulation rewritten from SNO 
work (arXiv:1104.2573)

• simple functional form model 
for drift time and diffusion

• exponential model for single-
electron gain:

Monte Carlo simulation of the SNO proportional counters 12
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Figure 8. Mean electron drift time in the NCD counters as a function of radius.
The cyan/light shaded region is the set of possible td(r), conservatively assuming
existing measurements [25] to have an uncertainty of ±10% (none were given
in [25]). The green/dark and cyan/light shaded regions combined represent a
±20% (2-σ) uncertainty. Regions above the dotted curve are disfavoured by wire
α pulses, which require td(r = 2.54cm) < 3451 ns (denoted by the dashed-dotted
lines). The dashed curve is a weaker constraint from low-energy 210Po events,
while the magenta solid curve is the actual function adopted in pulse simulations.
GARFIELD calculations are the red diamond data points.

The Diethorn parameters are the average electric potential change between ionization
events, W , and the cylindrical electric field,

E(r = rav) =
V

ln(b/a)rav
. (9)

E depends on the anode voltage, V , the NCD counter’s anode-wire and inner-wall radii,
a and b respectively, and the mean avalanche radius, rav. All of these parameters were
measured for the NCD counters and are listed in table 1.

However, the G can vary in several ways from the array average. These changes
can affect the detected energies and pulse shapes. The gain on a particular string can
be different from the array average if, for example, V is slightly different on that string.
Within a string, G can vary by counter because of subtle differences in the gas pressure
or inner wall radius, b. The spread in gains between the counters was approximately
3%. String and counter variations in the mean gas gain were measured with neutron
calibrations, and those variations were implemented in the NCD simulation.
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5.1 Gas gain

The mean NCD gas gain Ḡ is well described by the Diethorn formula:

lnḠ = C
λ ln2

2πε0∆V
ln

[

λ

2πε0a Emin

]

(5.1)

where ∆V denotes the mean ionization energy, Emin the minimum electric field to start

an avalanche, λ the anode charge density, a the anode radius and C is a constant. The

Diethorn model assumes a simple doubling process in the avalanche mechanism. Fig. 5.1

illustrates the very good agreement between the NCD gain (in green markers) and Eq. 5.1,

with a suitable value for C.

For 85:15 3He-CF4, the Diethorn parameters were measured by Hime [86] to be

∆V = 34 eV and Emin = 48750 Vcm−1. An effective avalanche radius rav can be defined

from Emin as follows2:

rav =
V

ln(b/a) · Emin
= 57.9 µm ∼ 2a (5.2)

where the anode voltage V = 1950 V. This is of the same order as the e− transport MC

prediction, which is 33 µm (see §3.3.4).

5.2 Simulation of space charge effects

5.2.1 Motivation

Under operating conditions (1950 V), the gas gain is high enough so that the shielding

effects of ions formed in electron avalanches close to NCD anodes are non-negligible.

The local electric field is attenuated, resulting in lower amplifications and pulse shape

distortions3.

The impact of these space charge effects on energy distributions is very significant.

Some of the main consequences are:

(a) Skewed peaks

2Strictly speaking, rav, as defined in Eq. 5.2, is the maximum radius at which charge multiplication
can occur.

3One only needs to consider avalanche ions created in the same event. Since ions collect at the cathode
within ∼1.1 ms, and given the low total event rate of 0.15 Hz, previous ionization events do not have any
bearing.

• gain well-modeled by standard 
Diethorn formula 
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detector simulation: space charge

• simulation rewritten from SNO 
work (arXiv:1104.2573)

• idea: gain for ith electron 
obtained from Diethorn 
correcting for induced charge 
due to ions from electrons < i
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Besides variations in G, during the formation of a current pulse Gi will differ from
G for each track segment, i. There are random statistical fluctuations in the size of an
ionization avalanche from a single electron. For a mean gas gain of approximately 220,
the avalanche size varies exponentially [25]. These fluctuations are easily simulated by
randomly choosing the gas gain from an exponential distribution with mean G. This
effect results in a subtle smoothing of the pulse shape.

More significantly from the point of view of energy spectra and pulse shapes, under
the typical NCD array operating conditions (i.e. for anode voltage V = 1950 V) the
charge multiplication is sufficiently high for ion shielding to become non-negligible.
The energy spectra and wide-angle (large θ) pulse shapes are substantially modified
by this so-called “space-charge” effect.

A two-parameter model that accounts quantitatively for the space-charge effect
was implemented. Consider a cluster of ions of total charge, q, formed in an electron
cascade close to the wire, located at a mean radius r̄. The charge induced by these
ions on the anode modifies the local wire charge density.§ The change in gas gain, δG,
resulting from a change in wire charge density, δλ(r̄), is derived from (8):

δG ∝ GlnG
ln(b/a)

2πε0V

(

1 +
1

ln(rav/a)

)

δλ(r̄). (10)

δλ is obtained by dividing the induced charge by a characteristic shower width in the
spatial dimension parallel to the anode wire, Ws, which, for simplicity, is assumed to
be a constant for all avalanches:

δλ(r) =
q

Ws

ln(b/r̄)

ln(b/a)
. (11)

Electrons originating from a given segment, i, of a particle track are affected by the
density changes brought about by ions formed in previous electron cascades, δλj . Each
of these ion clusters moves slowly towards the cathode while the primary electrons are
being collected. In the presence of many ion clusters, the total change in the anode
charge density at time t, affecting the evolution of the electrons from the ith track
segment, is therefore:

δλi =
e

Ws

i−1
∑

j=1

ln[b/r̄j(t)]

ln(b/a)
Gjnpair,j +

e

Ws

ln(b/r̄)

ln(b/a)
npair,i. (12)

npair,j is the number of ion pairs formed in the jth segment, and j loops over all the
previous ion clusters, which have moved to different radii r̄j(t) at time t. r̄j(t) is
solved by integrating the relation

drj
dt

= µE(rj) −→ r̄j(t)
2 =

2µV t

ln(b/a)
+ r2av, (13)

with E(rj) being the value of the electric field at rj , and µ the ion mobility.
A charge segment cannot have a significant impact on the gain of another segment

if their avalanches are far apart in the z direction. For simplicity the shower width
is assumed to be a step function; an electron shower centered at a position z0 on the
wire is only affected by segments collecting within the limits z0 −Ws < z < z0 +Ws.
This approximation is crude, but efficient. For those which do overlap, the common
distance between cascades is calculated and the induced charge density weighted by
an overlap factor ξ. As an example, a group of electrons arriving at the anode at

§ In the steady state, the anode wire has a global charge density that depends on the applied voltage.
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shower width parameter mean avalanche radius
~ 50 microns
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current simulation systematics

• Induced charge on anode due to single ion:

• Differentiate w.r.t time and use ion e.o.m to obtain induced current on anode:

• Experimentally measured output is convolution of: 

output voltage
electron arrival

time distribution
current due
to single ion

preamp transfer
function

• Use steepest slope events to estimate this part of the transfer function:
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electronics simulation
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validation: energy spectrum

artificial cutoff
in data

suggests discrepancy 
in wall effect due to 
energy spectrum

not enough wall 
effect or space 

charge?

good general agreement remaining systematics likely due to 
poor modeling of atmospheric neutron flux
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energy vs. duration of e arrival times

space charge

t hits wall
p hits wall

deficit due to p
Bragg peak

ER/NR cut is 
~100% efficient

still sorting out timing bug in Geant4 kernel:
very small effect on these results
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data comparison

comparable 2 us 
maximum

14



70%-10% risetime after pulse simulation

possible numerical 
instabilities

good qualitative agreement with data...
need to validate against data more quantitatively

simulation data
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conclusion

• Complete end-to-end simulation of NCDs implemented

• Integral part of analysis for generating transfer functions used in 
deconvolution

• Qualitative validation excellent

• More quantitative validation ongoing

• Built on the shoulders of SNO work, but encapsulation with geant4 allows 
simulation to be single compact application
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