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1 Introduction

1.1 Contractual

This document has been issued by the Astrophysics Group at Imperial College London for QinetiQ, under contract CU009-0000028631, for the SEPTIMESS Project (Space Energetic Particle Transport and Interaction Modelling for ESA Science Studies). It describes work undertaken in Work Package 600 – Simulation of Test-Mass Charging in the LISA Pathfinder Mission (formerly SMART-2).

1.2 Purpose of the Document

This document describes the simulation and analysis of electrostatic charging of the test masses onboard the LISA Pathfinder spacecraft by means of the Geant4-based ‘SMART2’ software application.

1.3 Scope of the Software

The SMART2 software is exclusively intended for use with the GEANT4 toolkit for the simulation of the stochastic charging of the test masses onboard the LISA Pathfinder mission due to energetic protons and helium nuclei from galactic and solar origin. When compiled and linked into the GEANT4 toolkit, the code tracks the primary cosmic rays and any secondary particles produced in the spacecraft geometry, in particular those entering or leaving the two test masses.

1.4 Applicable Documents and References

	[AD 1]
	LISA Pre-Phase A Report, 2nd ed. (1998) MPQ 233

	[AD 2]
	EADS Astrium SMART-2 Extended Definition Phase Final Report

	[AD 3]
	LISA Technology Package Architect UNITN-INT-10 2002 Rel 1.3

	[AD 4]
	LISA Inertial Sensor Design Report (Carlo Gavazzi Space) LTP-RP-CGS-001

	[AD 5]
	WP500-TN-ICL-001 (LISA Technical Report)

	[AD 6]
	WP500-URD-ICL-001 (LISA Users’ Requirements Document)

	[AD 7]
	WP500-SSD-ICL-001 (LISA Software Specification Document)

	[AD 8]
	WP500-SVVP-ICL-001 (LISA Software Verification and Validation Plan)

	[AD 9]
	WP500-SUM-ICL-001 (LISA Software Users’ Manual)

	[AD 10]
	WP400-RP-ICL-001 (Report on Charging from Solar Energetic Particles)

	[AD 11]
	D. N. A. Shaul et al. (2004), Class. Quantum Grav. 21, S647

	[AD 12]
	D. N. A. Shaul et al. (2004), submitted to Class. Quantum Grav.

	[AD 13]
	H. M. Araújo et al. (2003), Class. Quantum Grav. 20, S311-S319

	[AD 14]
	Sector Shielding Analysis Tool, DERA/QinetiQ, UK

http://www.space.qinetiq.com/geant4/ssat.html
SSAT Software User Manual v1.0 Doc. Number DERA/CIS/CIS2/SUM000208

	[AD 15]
	PSTAR – Stopping Power and Ranges for Protons

(http://physics.nist.gov/PhysRefData/Star/Text/PSTAR.html)


1.5 Acronyms

	CAD
	Computer Aided Design

	CERN
	European Organisation for Nuclear Research

	CGS
	Carlo Gavazzi Space

	CMS
	Charge Management System

	DERA
	Defence Evaluation and Research Agency

	DMU
	Data Management Unit

	DRS
	Disturbance Reduction System onboard SMART-2

	EH
	Electrode Housing

	EADS
	European Aeronautic Defence and Space Company

	ESA
	European Space Agency

	FEE
	Front End Electronics

	FEEP
	Field Emission Electric Propulsion

	G4
	Geant4

	HBOOK
	CERN Data Presentation and Analysis Package

	ICL
	Imperial College London

	IS
	Inertial Sensor

	LISA
	Laser Interferometer Space Antenna

	LPF
	LISA Pathfinder

	LTP
	LISA Technology Package onboard SMART-2

	MC
	Monte Carlo

	MGA
	Medium Gain Antenna

	OBC
	On-Board Computer

	PAW
	Physics Analysis Workstation (CERN)

	RMU
	Rate Management Unit

	S/C
	Spacecraft

	SEP
	Solar Energetic Particles

	SMART
	Small Missions for Advanced Research in Technology

	SSAT
	Sector Shielding Analysis Tool

	SSPA
	Solid State Power Amplifier

	TM
	Test Mass


2 Overview of the charging problem

LISA, the Laser Interferometer Space Antenna, is a joint NASA/ESA mission scheduled for launch in 2011, aimed at detecting gravitational-wave signals [AD 1].  This science goal will be achieved by means of interferometric measurements with unprecedented accuracy, conducted in an equilateral constellation of spacecraft flying some 5 million km apart.  Each spacecraft contains two free-floating test masses (TM). A gravitational signal will induce variations in the relative acceleration between TMs in different spacecraft, which form three interferometer arms.

Because of the ambitious nature of these mission goals and the challenges they pose for space engineering, a separate mission – LISA Pathfinder – was devised for in-flight validation of some of the critical technologies necessary for LISA.  The primary goal for LISA Pathfinder (formerly known as SMART-2) is to achieve an acceleration noise below 3(10-14 ms-2Hz-1/2, or one order of magnitude higher than the LISA mission requirement, in a bandwidth that is also slightly relaxed with respect to the LISA specification.  This requires demonstration of drag-free control, the inertial sensor assembly and micro-propulsion systems.  LISA Pathfinder will operate at the L1 Lagrangian point between the Sun and the Earth. This orbit was chosen to be as similar as possible to the LISA orbit without the need for lengthy transfer manoeuvres.

The space environment encountered by LISA and LISA Pathfinder in interplanetary space will present a serious challenge to their science goals.  Amongst the most important effects are those arising from the accumulation of electrostatic charge in the isolated masses due to the perpetual flux of cosmic rays and solar energetic particles (SEP).

High-energy particles can penetrate the spacecraft structure producing, directly or indirectly, a net charge on the TMs. This will create Coulomb forces between the TM and surrounding conducting surfaces as well as Lorentz forces due to the spacecraft motion through interplanetary magnetic fields. The total charge and its stochastic fluctuations will therefore produce spurious accelerations which can easily mask the very weak gravitational signals. The particles that lead to significant amounts of charging are cosmic rays and solar protons, 3He and 4He nuclei with energies of up to ~1 TeV/n. Other light nuclei and electrons pose a lesser problem.

A review of the previous work on this subject at ICL and the goals of the new simulations can be found in [AD 5].

3 LISA Pathfinder Geometry Description

The G4 implementation of the LISA Pathfinder spacecraft contains approximately 400 placed volumes.  It is based on three CAD drawings of the LPF inertial sensors from CGS, the LTP from EADS Astrium Germany and the spacecraft structure from EADS Astrium UK.  Mass budget and material information was obtained from the EADS Astrium SMART-2 Extended Definition Phase Final Report [AD 2], LTP report [AD 3] and CGS inertial sensor report [AD 4].  All of the volumes in the respective CAD files were included in their appropriate position with the mass specified in the mass budget.  Where the detailed composition of a volume was not known, it was assigned aluminium as its material with a suitable density to recreate approximately the correct mass.  Where objects could not be accurately described due to over-complicated detail, a simplified volume with the same approximate mass was used.  Whereas the LTP and IS CAD models are very well defined, allowing for an accurate G4 implementation, the spacecraft description contains only the major structures and components.  The mass missing from the G4 implementation is predominantly accounted for by the numerous small structures at spacecraft level that are not shown in the CAD drawings mentioned above, nuts and bolts, brackets, cabling, etc.  Table 3.1 lists all the G4 model components and their respective mass.  The purpose of some volumes in the spacecraft CAD drawing was not always clear; in these cases they were assigned a standard material and density and labelled as unknown.

The LPF science s/c is an irregular octagonal structure with a central core cylinder with two separate compartments housing the LTP and DRS.  All other components are contained in eight compartments divided by the s/c inner walls around the outside of the central cylinder.  The LTP, comprising two inertial sensors, the optical bench and an interface structure with the s/c body, is situated in the central core, above the DRS.  Each IS is composed of a test mass surrounded by sensing and injection electrodes [AD 4], contained in an electrode housing with two identical caging mechanisms above and below with the whole assembly accommodated in a vacuum enclosure.

The main structural materials used in the model are aluminium alloy (Al6061-T6), carbon-fibre reinforced polymer (M55 quasi-isotropic lay-up, modelled as graphite at 1.66 g/cm3), titanium alloy (Ti-6Al-4V) and molybdenum. Other special materials include Al5056 honeycomb (0.05 g/cm3), ultra-low expansion glass (Corning 7972 ULE Titanium Silicate Glass), AlN ceramics (SHAPAL-M), silicon carbide, polystyrene-based foam (0.05 g/cm3) and Mylar. The TM composition is Au0.7Pt0.3 alloy, each cube weighing 1.94 kg. The electrode supports are made from SHAPAL structures embedded in the molybdenum sensor housing. The electrodes themselves are represented by 0.3-m thick gold plating covering the entire inner surface of the sensor housing.

Table 3.1: G4 Solid Model implementation

	 
	mass (kg)
	quantity
	sum (kg)
	total (kg)

	SMART2Spacecraft.icc
	 
	 
	 
	 

	Outer Walls
	n/a
	8
	7.54
	 

	Inner Walls
	n/a
	8
	5.34
	 

	Core Cylinder
	4.73
	1
	4.73
	 

	Core Walls and Floors
	n/a
	6
	3.32
	 

	Lower Floor
	4.62
	1
	4.62
	 

	Top Plate
	5.61
	1
	5.61
	 

	 
	 
	 
	 
	31.16

	SMART2Components.icc
	 
	 
	 
	 

	Sun sensor
	0.11
	4
	0.43
	 

	Radiation pressure sensor
	0.03
	1
	0.03
	 

	Solar panel
	3.66
	1
	4.88
	 

	Cold gas tank
	1.21
	4
	4.85
	 

	Gyro pack
	1.09
	2
	2.19
	 

	Unknown object
	12.12
	1
	12.12
	 

	Unknown object
	2.51
	1
	2.51
	 

	Star tracker
	2.11
	3
	7.72
	 

	RMU
	5.44
	3
	16.32
	 

	OBC
	14.75
	1
	14.75
	 

	SSPA
	1.64
	2
	3.29
	 

	MGA
	0.15
	1
	0.36
	 

	DRS electronics
	21.58
	1
	21.58
	 

	Magnetometer
	0.73
	1
	0.73
	 

	Particle detector
	2.52
	1
	2.52
	 

	CMS UV lamp assembly
	5.28
	1
	5.28
	 

	CMS Electronics
	1.20
	1
	1.20
	 

	Modulation Benc
	6.00
	1
	6.00
	 

	Phase meter
	1.20
	1
	1.20
	 

	Laser
	3.00
	1
	3.00
	 

	IS FEE
	2.25
	2
	4.50
	 

	LTP DMU
	6.24
	1
	6.24
	 

	FEE PCU
	2.04
	1
	2.04
	 

	Unknown object
	2.11
	1
	2.11
	 

	Colloidal thrusters
	1.99
	2
	23.77
	 

	 
	 
	 
	 
	149.58

	SMART2Thruster1.icc
	 
	 
	 
	 

	Cold Gas Thrusters
	2.30
	3
	6.90
	 

	 
	 
	 
	 
	6.90


Table 3.1: (contd) G4 solid model implementation

	SMART2Thruster2.icc
	 
	 
	 
	 

	FEEP Thrusters
	9.73
	3
	29.19
	 

	 
	 
	 
	 
	29.19

	SMART2Thruster4.icc
	 
	 
	 
	 

	Colloidal Thrusters
	6.85
	2
	13.70
	 

	 
	 
	 
	 
	13.70

	SMART2DRS.icc
	 
	 
	 
	 

	DRS
	35.20
	1
	35.20
	 

	 
	 
	 
	 
	35.20

	SMART2LTPInterface.icc
	 
	 
	 
	 

	Side Walls
	1.15
	2
	2.29
	 

	Cross Struts
	0.44
	2
	0.88
	 

	Supports
	0.31
	8
	2.45
	 

	 
	 
	 
	 
	5.62

	SMART2OpticalBench.icc
	 
	 
	 
	 

	Optical Bench
	4.22
	1
	4.22
	 

	Splitters and Mirrors
	0.002
	18
	0.05
	 

	Laser mountings
	0.01
	2
	0.02
	 

	Photo Diodes
	0.02
	8
	0.27
	 

	 
	 
	 
	 
	4.56

	SMART2VacuumEnclosure.icc
	 
	 
	 
	 

	Vacuum Enclosure
	9.60
	2
	19.20
	 

	 
	 
	 
	 
	19.20

	SMART2Caging Mechanism.icc
	 
	 
	 
	 

	Caging Mechanism
	0.85
	4
	3.41
	 

	 
	 
	 
	 
	3.41

	SMART2InertialSensor.icc
	 
	 
	 
	 

	Electrode Housing
	2.8
	2
	5.6
	 

	Housing Disks
	0.08
	4
	0.32
	 

	Test Mass
	1.95
	2
	3.9
	 

	 
	 
	 
	 
	9.82

	 
	 
	 
	 
	 

	Grand Total (kg)
	 
	 
	 
	308.34

	Mass Budget (kg)
	 
	 
	 
	384.00

	% Implemented Mass
	 
	 
	 
	80.30
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[image: image18.png]Figure 2: Geant 4 implementation of the LISA Pathfinder spacecraft with EADS Astrium CAD model inset (top right).
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Figure 3: CAD models of the inertial sensor vacuum housing (left) and electrode housing with caging mechanisms (right).
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Figure 4: Geant4 implementation of the inertial sensor showing test mass, electrodes, electrode housing, caging mechanism and vacuum enclosure.
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Figure 5: Geant4 implementation of LTP (left) CAD model of LTP (right).

4 Simulation of the LISA Pathfinder Radiation Environment

The LISA Pathfinder radiation environment at the L1 point has been considered as identical to that of LISA (heliocentric orbit at 1 AU), and is discussed in detail in [AD 5].

5 Geant4 Physics Modelling

The Geant4 physics modelling for the LPF simulations is the same as that discussed in [AD 5] for the LISA simulations.

6 Monte Carlo Results and Data Analysis

6.1 Monte Carlo production

The Monte Carlo production and data handling are described in [AD 5].  Table 6.1 summarises the MC data generated in the LPF charging simulations.

Table 6.1: Summary of the MC production for the LISA Pathfinder simulations

	primary
	solar
	GCR flux
	timeline

	particle
	activity
	, /s/cm2
	, %
	N0 (x106)
	CPU, days
	T, s
	N0/NQ

	protons
	 
	4.29
	92.0
	142.6
	143
	235
	2096

	He-4
	min
	0.315
	6.8
	22.0
	22
	491
	958

	He-3
	 
	0.0591
	1.3
	33.1
	33
	3958
	1010

	Total
	4.66
	100
	197.6
	198
	−
	398

	protons
	 
	1.89
	91.9
	59.4
	59
	222
	1758

	He-4
	max
	0.142
	6.9
	8.8
	9
	440
	798

	He-3
	 
	0.0236
	1.1
	31.8
	32
	9524
	874

	Total
	2.06
	100
	99.9
	100
	−
	337


6.2 Charging rates and statistical fluctuations

Table 6.2 summarises the net charging rates (R) on each test mass, the respective 1-( MC uncertainties ((M) and the spectral density of the shot noise associated with the charging current (SR).  The charging rates are calculated by dividing the total charge accumulated on the test masses by the total exposure time.  The charging contributions from all species of primary particles are always positive, and are slightly different for the two test masses (but almost within the 1-( uncertainties).  This should be expected since the LPF spacecraft is not symmetric and therefore the two test masses do not ‘see’ the same shielding.

Table 6.2: Charging Rates

	primary
	solar
	 
	TM 0
	 
	 
	TM 1
	 

	particle
	activity
	R, e/s
	M, e/s
	SR,e/s/√Hz
	R, e/s
	M, e/s
	SR,e/s/√Hz

	protons
	 
	71.7
	1.4
	31.3
	68.9
	1.4
	30.3

	He-4
	min
	14.2
	0.5
	15.5
	13.7
	0.5
	15.2

	He-3
	 
	2.22
	0.06
	5.6
	2.06
	0.06
	5.5

	Total
	88.1
	1.5
	35.4
	84.7
	1.5
	34.3

	protons
	 
	33.5
	1.1
	24.1
	34.8
	1.2
	25.1

	He-4
	max
	7.1
	0.4
	12.7
	7.2
	0.4
	12.1

	He-3
	 
	0.85
	0.03
	4.2
	0.85
	0.03
	4.1

	Total
	41.5
	1.2
	27.6
	42.9
	1.3
	28.2


The average rates are 42.2(1.4 +e/s and 86.4(1.5 +e/s for the combined solar maximum and solar minimum fluxes respectively.  Whilst charging from protons is clearly the most significant, helium nuclei are more efficient, producing around 18% of the charging even though they constitute only 8% of the primary particle flux.

The MC uncertainties were calculated by considering that a timeline can be decomposed into independent charging currents exclusively formed by events which produce a certain net charge:

R = … RQ=-3 + RQ=-2 + RQ=-1 + RQ=+1 + RQ=+2 + RQ=+3 + …

The MC uncertainty in each term is calculated from Poisson statistics for the corresponding total number of events (e.g. (RQ=-2/(-2)/T)1/2 ). The distribution of individual charging currents is represented in the charge spectrograms shown in Figure 6. Although there is some degree of balance between negative and positive net charges, the latter dominate to produce a net positive charging rate. As will soon become apparent, positive charges arise mainly from primary stopping and electron ejection from the test masses.

A few events were recorded which led to even larger net charges than Figure 6 may suggest. A collection of the most extreme ones is shown in Table 6.3.
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Figure 6: Charge spectrograms for solar maximum (left) and maximum (right) for TM0.

Table 6.3: Extreme charging events

	primary
	solar
	net charge
	charge in
	charge out

	particle
	activity
	min
	max
	min
	max
	min
	max

	protons
	 
	-22
	+47
	-83
	+9
	-120
	+11

	He-4
	min
	-23
	+48
	-57
	+16
	-79
	+15

	He-3
	 
	-59
	+24
	-23
	+13
	-38
	+46

	 
	 
	 
	 
	 
	 
	 

	protons
	 
	-18
	+62
	-59
	+7
	-112
	+11

	He-4
	max
	-19
	+51
	-57
	+12
	-83
	+13

	He-3
	 
	-17
	+25
	-37
	+14
	-49
	+16

	 
	 
	 
	 
	 
	 
	 


Due to the stochastic nature of the charging process, the time-dependent charge on a test mass will fluctuate around a mean value which increases linearly in time. Although unrelated to the MC uncertainty, the latter should be small (i.e. long timelines) in order to allow the accurate calculation of the stochastic fluctuations. It is convenient to write these fluctuations in the following form:

Q(t) = Q(t) – R t

These time-domain fluctuations are shown in Figure 7 for TM1. The figure suggests combined RMS values of several tens of elementary charges, although very slow oscillations make this calculation difficult. Note that the He fluxes do not average to zero because the subtracted average ,R t, was obtained from a longer time-line than is shown.
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Figure 7: Statistical fluctuations of the time-dependent net charge on TM1 around the mean value for solar maximum (left) and solar minimum (right).

For a more useful calculation we once again acknowledge that the total charging timeline can be decomposed into individual currents of equal charges qe (q=+1 for protons). The parallel can then be made with the transport of single charges to and from a charge reservoir, i.e. the case of electrical shot noise. The shot noise generated by a particle rate Rq/(qe) has a single-sided spectral density equal to SRq=(2(qe)Rq)1/2 [+e/s/Hz1/2]. The total fluctuations of the charging current, SR, are obtained by adding in quadrature the independent contributions for all values of q. To calculate the charge fluctuations one must integrate the current fluctuations; in the frequency domain, this is simply equivalent to:

SQ(f) = SR/2f

 The single-sided spectral densities, SR, are also listed in Table 6.2 for all data sets. They average 35 +e/s/Hz1/2 and 28 +e/s/Hz1/2 for solar minimum and solar maximum, respectively. The relative effect of the helium fluxes is even larger in this case, the fluctuations due to He-4 representing half of those due to protons. These figures can also be written in terms of the effective rate of single-charges required to produce the same spectral density, Reff = SR2/(2e). The solar minimum and solar maximum effective rates are 626 +e/s and 397 +e/s, respectively.

6.3 Charging as a function of primary energy

Figures 8-11 show the dependence of the charging rate on the energy of the primary cosmic rays for the SMART2 simulations.  The results are similar to those obtained for the LISA simulations, therefore, for a detailed discussion see the corresponding section in [AD 5].
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Figure 8: Charging rate as a function of primary energy for TM0 at solar minimum
(the continuous line represents the proton flux).
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Figure 9: Charging rate as a function of primary energy and net charge for TM0 at solar minimum.
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Figure 10: Event charge distribution as a function of the primary cosmic ray energy for TM0 at solar minimum.
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Figure 11: Event charge stopping (in) and ejected (out) from TM0 at solar minimum.

6.4 Spectral Charging Efficiency

By dividing the charging spectrum by the input cosmic-ray flux (normalised to the same bin width) one obtains a spectral charging efficiency, R(E0)/N0(E0), the average net charge produced by a random primary of energy E0. This is shown in Figure 12 for protons, calculated from the solar minimum flux.
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Figure 13: Spectral charging efficiency for protons.

This figure distinctly shows the charging threshold at ~100 MeV and the initial peak which can be explained in terms of protons stopping in the TM. In this region, and up to ~10 GeV, the charging efficiency is ~10-4 positive charges for each proton randomly emitted from the generator sphere.  The point at ~50 MeV may be caused by small gaps in the G4 implementation of the spacecraft allowing lower energy particles to penetrate deeper into the spacecraft than they would in reality.

7 SSAT Analysis

Further analysis was carried out with the Sector Shielding and Analysis Tool (SSAT) for Geant4 [AD 14]. This tool histograms the shielding ‘seen’ from a given point space in a G4 implementation, binned either by shielding or direction. We have measured the shielding distribution from the centre of a test mass in the LISA Pathfinder G4 implementation. Naturally, from this position, the shielding is dominated by the gold/platinum test mass itself; a measure of the shielding seen from the surface of the test mass would be preferable. A second calculation was carried out to obtain the shielding at the centre of the test mass alone, which is then subtracted from the first distribution. The result is shown in Figure 14.
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Figure 14: A map of the shielding ‘seen’ from the surface of TM0

The figure shows a map of the shielding ‘seen’ from the surface of TM0 in the G4 implementation of the LISA Pathfinder spacecraft.  The +z axis is at (=0 degrees, +x is at (=90, (=90 and +y is at (=90, (=0.  Increased shielding can clearly be seen in the negative x and z directions, caused by the large mass and close proximity of the DRS.  The increased shielding effects of the optical bench and second inertial sensor can also be seen in the negative x direction.  Aside from these particular features, the average level of shielding is around 20 g/cm2. Figure 15 shows the distribution of shielding seen from TM0. This clearly shows the steep lower cut-off – there is no path to the proof mass with less than 10 g/cm2 of shielding. This corresponds approximately to the amount of shielding required to stop a 100 MeV proton in aluminium or titanium [AD 15], two of the most abundant materials in the spacecraft structure, hence confirming the reason there are not any charging events caused by protons with lower energies (section 6.3)
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Figure 15: The shielding distribution seen by TM0

8 Non-Simulated Physics

Non simulated physics is discussed in depth in [AD 5].

9 Conclusions

The main results obtained in this study are summarised in Table 9.1. A Monte Carlo charging rate, R, of over 40 +e/s was obtained for solar maximum GCR fluxes, rising to R~90 +e/s for solar minimum conditions. The respective MC errors (M) on the mean charging rate for one test mass are ±1.3 +e/s and ±1.5 +e/s. We cautiously consider an additional uncertainty of ±30% on these results to account for variability in the GCR fluxes, inaccuracies in the geometry implementation and in the physics models. Concerning the latter, we point out three main sources of uncertainty: the low energy cut-off for secondary production from hadrons, the effects of model change-over for protons at GeV energies, and the present upper limit of 10 GeV/n for the nuclear reactions of helium ions. Note that the figures presented for the charging rates and associated errors do not include the effects of kinetic emission of low-energy secondary electrons, which is considered separately.  These results are very similar to those for the LISA mission, [AD 5] 

Table 9.1: Summary of charging results for the LISA Pathfinder mission

	primary
	solar
	charging rate
	charging fluctuations

	particle
	activity
	R, e/s
	%
	T, e/s
	/s
	SR,
	S,
	Sd,
	ST,e/s/√Hz
	Reff, +e/s

	protons
	 
	71.7
	81.4
	1.4
	42
	31.3
	−
	−
	−
	−

	He-4
	min
	14.2
	16.1
	0.5
	18
	15.5
	−
	−
	−
	−

	He-3
	 
	2.2
	2.5
	0.1
	−
	5.6
	−
	−
	−
	−

	Total
	88.1
	100
	1.5
	60
	35.4
	15.5
	13.3
	40.8
	833

	protons
	 
	34.8
	81.2
	1.2
	26
	25.1
	−
	−
	−
	−

	He-4
	max
	7.2
	16.8
	0.4
	10
	12.1
	−
	−
	−
	−

	He-3
	 
	0.85
	2.0
	0.03
	−
	4.1
	−
	−
	−
	−

	Total
	42.9
	100
	1.3
	36
	28.2
	12.0
	9.3
	32.0
	512


By virtue of their abundance in the GCR composition, protons inflict most of the charge on the test masses (81% of total rate), either directly (by coming to rest on the isolated cubes) or indirectly (by producing secondaries in EM and hadronic interactions). The rate of proton stopping in the test masses is approximately 20 /s at solar minimum (25% of the proton charging rate) and very small at solar maximum. Approximately 18% of the net TM charge is produced by the helium fluxes, a figure in disproportion to their relative abundance in the space environment. This is mainly due to the double charge of the ion.

The simulation predicts the charging currents to fluctuate around the mean value with single-sided spectral densities SR=28 +e/s/Hz1/2 and SR=35 +e/s/Hz1/2 for solar maximum and solar minimum, respectively. These values are much higher than would be obtained by considering the same charging rates as produced by single positive charges. This demonstrates the importance of using a full, non-biased Monte Carlo to calculate the charge spectrograms, as opposed to employing variance-reduction techniques to limit CPU requirements. Table 8.1 also shows the estimated contribution, S, of low-energy kinetic emission to the charging current fluctuations (assuming equal currents entering and leaving the test masses) as well as a term Sd due to discharging of the TMs with a photoelectron flux which exactly cancels the MC charging rate. Inclusion of these two contributions increases the statistical fluctuations of the charging current to 32 (e/s/Hz1/2 and 41 (e/s/Hz1/2, respectively (ST in the Table 8.1).

9.1 Future work

Proposals for continued work are outlined in [AD 5].
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