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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 400 - Effects of Solar Energetic Particle Events on Test-Mass Charging.
1.2 Purpose of the Document

This document describes the analysis of the effects of solar energetic particle events on test mass charging in the LISA and LISA Pathfinder missions, including variation in the size and frequency of events based on Geant4 simulations of low-flux cases using the LISA and SMART-2 software applications and current literature.

1.3 Applicable Documents and References

	[AD 1]
	WP500-TN-ICL-001

	[AD 2]
	WP500-SUM- ICL-001

	[AD 3]
	WP500-URD- ICL-001

	[AD 4]
	WP500-SVVP- ICL-001

	[AD 5]
	WP600-TN- ICL-001

	[AD 6]
	Reames, D.V. Rev Geophys 33(S1), 585-589 (1995)

	[AD 7]
	Reames, D.V. et al. Astrophys J 483, 515-522 (1997)

	[AD 8]
	Nymmik, R.A. Radiat Meas 30, 287-296 (1999)

	[AD 9]
	Dyer, C.S. et al. IEEE Trans Nucl Sci, 50(6), 2038-2045 (2003)

	[AD 10]
	CREME96 website https://creme96.nrl.navy.mil/ 

	[AD 11]
	GOES data website http://spidr.ngdc.noaa.gov/spidr/index.html 

	[AD 12]
	Feynman, J. et al. J. Atmos Sol-Terr Phys, 64, 1679-1686 (2002)


1.4 Acronyms

	CME
	Coronal Mass Ejection

	CMS
	Charge Management System

	CREME
	Cosmic Ray Effects on Micro Electronics

	DRS
	Disturbance Reduction System onboard LISA Pathfinder

	ESA
	European Space Agency

	G4
	Geant4

	GCR
	Galactic Cosmic Rays

	GOES
	Geosynchronous Operational Environmental Satellite

	ICL
	Imperial College London

	IEEC
	Institut d’Estudis Espacials de Catalunya, Barcelona, Spain

	LISA
	Laser Interferometer Space Antenna

	LPF
	LISA Pathfinder

	LTP
	LISA Technology Package onboard LISA Pathfinder

	MC
	Monte Carlo

	RAL
	Rutherford Appleton Laboratory, UK

	SEP
	Solar Energetic Particle

	SMART
	Small Missions for Advanced Research in Technology

	SSTD/RAL
	Space Science and Technology Department, Rutherford Appleton Laboratory, UK

	TOS-EES
	ESA Technical and Operational Support, Space Environment and Effects Section.


2 Overview

In their operational orbits, the LISA and LISA Pathfinder spacecraft will be subjected to a steady background flux of particle radiation in the form of galactic cosmic rays (GCR). For a brief description of the LISA and LISA Pathfinder missions see [AD 1] and [AD 5], respectively. In addition, our own Sun periodically expels large quantities of plasma from its own atmosphere. In fact, these events can be subdivided into two kinds: ‘impulsive’ and ‘gradual’ [AD 6]. The first are relatively short lived, consist of comparatively low energy particles (<50 MeV) and are typically associated with a localised radio burst or moderate x-ray solar flares. The second kind of events, also known as solar energetic particle (SEP) events, are the result of shock acceleration in coronal mass ejections (CME) and can last as long as several days; they accelerate massive numbers of high energy particles (up to 500 MeV) from a large surface on the Sun. Table 1 summarises the principal differences between impulsive solar events and SEP events.

The physical processes underlying these phenomena are generally poorly understood; it is therefore difficult to predict accurately their properties such as: 

· frequency of occurrence

· duration 

· instantaneous peak flux (particles/cm2/s/sr/MeV)

· total event fluence (particles/cm2)

In this document we will summarise what is known about these properties of SEP events based on current literature, quantifying the effects on the charging of the test masses in the LISA and LISA Pathfinder missions and the exposure to these events in terms of mission timescales.

Both the LISA and LISA Pathfinder spacecraft have sufficient material shielding their isolated test masses to prevent charging being caused by particles with energies below 100 MeV/n [AD 1, 5]. Impulsive events do not expel particles detectable above the galactic background above this energy threshold [AD 7]. We will therefore restrict ourselves to considering the particle fluxes from SEP events, which can be orders of magnitude higher than the GCR background at energies over 100 MeV and thus will cause significant charging.

Table 1: Differences between impulsive and gradual solar particle events

	
	Impulsive events
	Gradual events (SEP)

	Duration
	~hours
	~days

	Frequency
	~1000 per year
	~10 per year

	Origin on the sun
	Highly localised
	Up to 200° of longitude

	Typical max Energy
	~50 MeV
	~500 MeV

	Composition
	P, e-, 3He and heavy ion rich
	Typical coronal abundances

	Associated with
	Type III radio bursts

moderate x-ray flares
	Coronal mass ejections


3 SEP energy spectrum

The charging potential of a primary particle is dependent on its energy; it is therefore very important to know the energy spectrum of the primary particle flux during a SEP event.  There are several different proposed models of this energy spectrum.

Nymmik proposes that the peak flux energy spectrum of a SEP event can be best described as a power law of particle momentum [AD 8]:
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where ( is the relative particle velocity, p is the particle momentum and p0=239 MeV/c. The spectral parameter, (, is decreased below E0=30 MeV:
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Since we are only concerned with high-energy protons, the variation of ( below 30 MeV is unimportant. The parameters of the model are dependent on the total fluence,(, of the event. In particular, the constant C is given by:
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Alternatively, Dyer et al. have used a Weibull function to fit measurements from space-borne and ground-based neutron detectors combined with radiation transport codes for various SEP events [AD 9]. The Weibull differential flux is of the form:
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where A, k and  are adjustable parameters. This functional dependence is flexible enough to fit a wide range of SEP spectra.
The CREME96 website [AD 10] provides a worst-case energy spectrum based on satellite measurements of the October 1989 event by satellite missions.  This is simply a fit to one set of data – considered to be a worst case – and not an attempt to fit a function to SEPs in general.  It is meant as a guideline for space missions, and as such it is not concerned with the energy spectrum of SEPs beyond the range where GCRs become more important (several hundred MeV).  This is in contrast to the other two models which try to fit proton flux measurements up to GeV scales.

3.1 Large Events

Plotted in Figure 1 are comparisons of these models of SEP energy spectra for two well-studied events on 29 September and 19 October 1989. Also shown are high-energy proton flux data from the GOES satellites [AD 11], plotted at the mid-points of the measurement energy ranges (indicated by the horizontal bars).
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Figure 1: Proton flux energy spectra for the SEP event of 29 September 1989.
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Figure 2: Proton flux energy spectra for the SEP event of 19 October 1989.
A simple examination of two of the most studied SEP events highlights the difficulties of finding a simple model to describe their energy spectra consistently. Even the fits of these specific events do not agree across the complete energy range (Figure 2). While the momentum power law proposed by Nymmik attempts to generalise the magnitude of the event based on its fluence, the Weibull function fits use ground based neutron measurements (not shown in the figures above) at high proton energies. Both of these approaches can result in a less than perfect to fit the observed particle flux. The CREME96 energy spectrum fits the satellite data for the one event on which it was based (Figure 2); however, as mentioned earlier, this is such a large event it is only meant as a worst case scenario. Furthermore, the GOES data itself cannot be considered as completely reliable for this purpose. The proton monitor is known to fail occasionally and energy channels can suffer contamination from secondary particles created in the spacecraft by high-energy primaries. Some correction can be applied for these effects (details of which can be found in [AD 11]) but, combined with the fact that the particle energy spectrum can vary widely even within one particular event, the GOES data should probably only be used as a guideline upper limit for the flux spectra of SEP events.

3.2 Small events

While analysis of very large events such as those shown in Figures 1 and 2 are useful for describing the worst conditions the spacecraft will have to endure, because they are so infrequent, their effect on science data can almost be disregarded. Smaller events occurring so often that abandoning science measurements may not be an option are more of a concern. Such events can be 10,000 times smaller in terms of event fluence and still represent a significant instantaneous increase in the charging rate compared to that caused by the galactic cosmic-ray background.

In order to estimate the energy spectrum of a smaller SEP event which has not been parameterised in the same way as the large events shown above, we compared the GOES data timeline of particle flux for each event for the highest 3 energy channels (40-80 MeV, 80-160 MeV and 160-500 MeV).  We took the Weibull function fit of the 29 September 1989 event, kept the same spectral indices (k and () and scaled the magnitude A according to the ratio of the peak flux of the two events. This ratio was found to be approximately equal for the two highest energy channels of the GOES data.

In view of the difficulties of finding a general form for the energy spectrum of all SEP events, this empirical method, using GOES data as a guideline for scaling, is satisfactory for application to other events.

Figure 3 shows the time line of GOES particle flux data for each event.  Integrating over the event time, solid angle and the energy bandwidths for each channel gives ((>40 MeV) the fluence of protons with energies greater than 40 MeV, which is a useful measure of the event ‘size’. The energy spectra of the two events are shown in Figure 4. Note that the Weibull spectra do not include a GCR background, which should be added for charging calculations.
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Figure 3: Timelines of particle flux in three energy ranges measured by GOES satellites for two SEP events, one small (20/05/2001, left) and one large (29/09/1989, right).
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Figure 4: A comparison of the proton flux energy spectra at peak flux of the events shown in Figure 3: small event of 20 May 2001 and a very large event of 29 September 1989.

4 Charging estimates

4.1 GCR Charging Rates

The TM charging rates for GCR fluxes at solar minimum and solar maximum have been calculated by MC simulation for LISA and LISA Pathfinder (see [AD 1, 5]). Table 2 summarises the results of those simulations (the MC charging rate is R(M, SR is the spectral density of fluctuations) for the two test-masses, TM0 and TM1, in the spacecraft: 
Table 2: Test mass charging rates from GCR simulations

	Mission
	Solar Activity
	
	TM0
	
	
	TM1
	

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

	SMART-2


	min
	88.1
	1.5
	35.4
	84.7
	1.5
	34.3

	
	max
	41.5
	1.2
	27.6
	42.9
	1.3
	28.2

	LISA


	min
	96.2
	1.7
	34.0
	99.7
	1.7
	34.6

	
	Max
	43.6
	1.3
	27.1
	47.3
	1.4
	28.7


4.2 Charging Efficiency

Using the SEP energy spectra described in Section 3, we can estimate the charging caused by a particular SEP event. A time-consuming MC simulation is not required if we are only concerned in with the net charging rate. Instead, we take the charging results from those simulations and calculate a charging efficiency as a function of primary particle energy, ((E), using the input spectrum of that simulation. Figure 5 shows the spectral charging efficiency based on the LISA simulation for solar minimum protons. The features of the graph are discussed in detail in [AD 1]. Note that in both GCR and SEP charging calculations the primary flux is considered isotropic.
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Figure 5: The charging efficiency spectrum calculated based on the Geant4 Monte Carlo charging simulation for the LISA test masses for primary protons.

4.3 SEP Charging Rates 

The efficiency function can then be used to calculate the charging rate due to any given primary energy spectrum.  Figure 6 shows the peak flux charging spectrum for the SEP events described in section 3 including the solar maximum GCR background flux. For the small SEP event of May 2001 we estimate the charging rate at peak flux on one test mass to be +173(6 e/s, taking into account only the proton flux (the error refers only to the MC uncertainty). This rate includes the GCR solar maximum flux. For the much larger September 1989 event, the peak charging rate is +136000(5000 e/s. 
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Figure 6: Test mass charging rates as a function of primary proton energy for a small SEP event (20/05/2001, left), including the charging caused by solar maximum GCR flux, and a large event (29/09/1989, right).
4.4 Total deposited charge

In order to describe the overall charging effect of an SEP event we need to make some assumptions about the time variation of the flux during the event.  A reasonable approximation is that the flux follows a simple exponential decrease described by the initial value (peak and a time constant (, the time required for the flux to fall to 1/e of its peak value:
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Assuming the charging rate caused by this flux follows the same behaviour, we can obtain the total charge deposited on a test mass during an SEP event from a simple integration over time:
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Figure 7 shows the exponential fits to the highest energy channel of the GOES data for the two events treated above.  Table 2 provides a summary of the general properties of the two events and the test mass charging they would produce.
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Figure 7: Timelines of particle flux in three energy ranges measured by GOES satellites for two SEP events, one small (20/05/2001, left) and one large (29/09/1989, right) including an exponential fit based on a measurement of the time constant of the highest energy flux

Table 3: A summary of the properties of two SEP events and their charging effects
	Event
	29 September 1989
	20 May 2001

	Fluence ((>40Mev)
	1.2(109 protons/cm2
	6.0(105 protons/cm2

	Peak flux charging rate
	136000 +e/s
	173 +e/s

	Total event duration
	~5 days
	~1 day

	Charge deposited from GCRs
	2(107 +e
	3(106 +e

	Event time constant
	0.434 days
	0.338 days

	Total charge deposited
	5(109 +e
	5(106 +e


It is clear that extreme events such as that of 29 September will deposit very large amounts of charge on the LISA test masses; the resulting disturbances would be so drastic that science measurements would have to be suspended. Fortunately, these events are infrequent, as we shall conclude in the next section. 
On the other hand, smaller SEP events such as the 20 May 2001 event considered here may take place so often that it may not be possible to suspend measurements every time they occur. The total charge deposited on one test mass during such an event has been calculated as 5(106 +e, compared to 3(106 +e for the solar maximum background flux alone (0.75 days at 44 +e/s).

This analysis is unable to provide information about charging noise, which is responsible for some of the most significant disturbances caused by charging. However, lower energy particles cause smaller fluctuations (shot noise of the charging current) than higher energy ones, which usually involve a higher number of particles entering or leaving the TMs [AD 1, 5]. The charging spectrum in Figure 6 suggests that most charging is caused by primary protons stopping on the TMs.
These calculations are based on the spectral charging efficiency of the LISA spacecraft but we shall assume that they are also applicable to the LISA Pathfinder spacecraft.  This is reasonable because the uncertainty in the primary particle spectrum is comparable to the difference in the test mass charging on the two spacecraft due to different geometry (~20%).

5 Fluence Distribution

In order to predict how often the LISA measurements will be affected by SEP events, and bearing in mind that our understanding of these phenomena is limited, a statistical model of their frequency and intensity distributions would be useful. Analysis of the historical record of SEP events has led to several attempts at describing the distribution of >30 MeV SEP event fluence. Nymmik represents the distribution by a power law of fluence  [AD 8]:
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This function significantly overestimates the likelihood of events at very high fluence (>1010 protons/cm2), which is a serious shortcoming if intending to use the function for total dose estimates [AD 12]. For smaller events, however, Figure 8a shows that Eq. 7 fits most measurements well. There is some flattening in the measurements at low fluence which Nymmik argues is caused by selection effects. The open squares in the figure represent measurements corrected for this effect.  On the other hand, Feynman proposes that the fluence distribution is log-normal [AD 12]. In Figure 8b, a log-normal distribution is represented by a straight line. It can be seen that for events greater than the average fluence (50% cumulative probability) that this distribution fits the data well and does not over-estimate the likelihood of very large events. However, at low fluences where the log-normal distribution drops off, the measured number of events is much higher than predicted. The Feynman model has been developed specifically for estimating total fluence exposures where the contribution of small events is insignificant.

In terms of charge-induced disturbances for LISA and LISA pathfinder, it is clear that most SEP events will produce some effect. Therefore, we require a fluence distribution that describes the most frequent events, i.e. those with lower fluence.  For this reason, we will adopt a distribution of the form of Eq. 7 in the following sections.
The fluence from GCRs at solar maximum can be estimated by integrating the flux energy spectrum assuming it is both isotropic and constant in time.  If we take the shortest SEP events to have a duration of approximately 1 day, then the GCR fluence is ~1(105 protons cm-2 at solar maximum (approximately double at solar minimum).  This should be the minimum size of SEP event we consider in our models.
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Figure 8a (left): The SEP event fluence distribution [AD 8].  Closed squares are experimental data, open squares are data corrected for the threshold effect.  Curve 1 is the form of Eq. 7, curve 2 is the distribution allowing for the threshold effect, curve 3 is the best lognormal distribution fit to the data.
Figure 8b (right): SEP event distribution for 1963-1998 [AD 12] with a straight line fit for events with fluence greater than the average (50% cumulative probability).
6 SEP event frequency

In order to understand the long term effects of charging from solar events we would also like to be able to predict how often SEP events will occur. Nymmik has suggested that the probability of a SEP event occurring is linked to the monthly average sunspot number [AD 8]. Feynman, however, has found no such correlation [AD 12], preferring to categorise a 7-year period of the solar cycle around the solar maximum during which SEP events are equally likely and arguing that outside of this a major event is highly unlikely. This comparison was based on annual and not monthly sunspot numbers.

[image: image20.png]1=} -
(kfEans)< 1



[image: image21.png]200

5150
E *
z s
*
100 - |
-
50
0 6 8 10

Lvents per Year




Figure 9: Plots of SEP event frequency against average sunspot number, W; Left: event frequency as a function of monthly sunspot number [AD 8]; Right:: Annual average sunspot number versus event frequency [AD 12].
In order to be able easily to carry out an analytical treatment of event frequency and size for a range of event sizes, we adopted Nymmik’s hypothesis that SEP event frequency is dependent on the monthly sunspot number, W. For events with fluence above 105 protons/cm2, we have [AD 8]:
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The constant of proportionality in Eq. 7 is therefore also dependent on sunspot number:
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Figure 10 shows an example of the frequency of events based on this analysis. It shows the number of events that can be expected in various fluence intervals for one year of typical solar maximum activity (W=100).

The variation of sunspot number follows the 11-year solar cycle. By examining the historical record we can project an average (or ‘best’ or ‘worst’ case) scenario (Figure 10) and create a time projection of SEP events for the periods in which LISA and LPF are expected to fly (Figure 11).
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Figure 10 Left: Number of events per year expected in various fluence intervals according to Eq. 9 given an average sunspot number of 100. Right: Projection of past sunspot variation to the LISA mission lifetime. The red curve is a projection of the most intense solar cycle on record, the green is the least intense and the blue curve is the mean of 13 cycles. 
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Figure 11: Predicted scenario of SEP events of various sizes for the LISA (left) and LISA Pathfinder (right) mission lifetimes.
According to this analysis, during the early part of the LISA mission – corresponding to a period of maximum solar activity – we can expect to see both large SEP events (~ 2/year) and relatively frequent smaller events (~8/year). Very large events, on the scale of the September 1989 event, occur on the order of once per solar cycle or less. The total number of SEP events per year is ~10.

The LISA Pathfinder mission, on the other hand, is scheduled for launch in early 2007 which means it will be operating during a period of minimum solar activity, Together with the relatively short duration of the mission (6 months), this means that it may not experience even a small SEP event.  According to our treatment we would expect at most 1 SEP event per year for a typical minimum solar activity level of W=10.

7  LISA Pathfinder particle detector

Preliminary results from this work have been used as input for the proposal by IEEC, Barcelona, for proton monitors for the LISA Pathfinder mission. The aim is to be able to measure the particle flux from low-level SEP events that may affect scientific measurements. Radiation monitor data could play a key role in data analysis allowing us to estimate disturbances and/or coherent signals caused by charging present in the LISA data, for diagnostic information post mission or for adjustment of the charge management system in semi-real time.

Rather than use an expensive multi-energy band radiation detector with a high sampling rate, it is more effective to use several counters behind different levels of shielding. Several parameters must be decided on when choosing these detectors, namely their area, the amount of local shielding and the integration period.
In Section 4 we have shown that a small SEP event with ~6x105 protons/cm2 will cause a peak charging rate R=173 +e/s. The charging rate due to GCRs is around 40 +e/s – this figure is also accounted for in the SEP charging rate. The smallest SEP event fluence visible just above the GCR flux can be roughly estimated as 40/(173-40).6x105 (105 protons/cm2.
The count rate in the proton monitor from GCRs will be ~4 counts/cm2/s. A 105 fluence SEP will produce 1 count/cm2/s if the energy threshold is low (~10 MeV). By integrating the spectra described in Section 2 we can say that if we increase this threshold to properly distinguish ‘hard’ events then the count rate will decrease by a factor 6. In order to give useful information about the time variation of charging the measurement period should be about 100 s, giving a count of 100/6(17 counts/cm2 for a 105 fluence SEP with an energy threshold of 100 MeV. This represents a 1( signal in the count from GCRs (400 counts/cm2). If the detector area is increased to 10 cm2, however, the detection is improved to a 3( level.
8 Conclusions

In this Work Package we have attempted to analyse how solar energetic particle events can affect the electrostatic charging rates of the test masses onboard LISA and LISA Pathfinder missions. The conclusions reached can be summarised as follows:
· The energy spectrum of protons in SEP events has been parameterised based on well-studied large events and validation with in-situ flux measurements.

· This parameterisation can be extended to lower fluence SEP events by comparing flux data from the well-studied event and a smaller event one wishes to simulate.

· We have calculated the peak charging rates for two extremes of SEP events, one that is only just clearly detectable above the GCR background (+173 e/s) and one of the largest on record (+136000 e/s).

· For the same two events we have estimated the total amount of charge deposited on the test mass fitting a simple exponential decrease to the particle flux with time. We obtain values of 5(106 +e, less than a factor of 2 above the charge deposited by background cosmic ray charging, to 5(109 +e, more than three orders of magnitude greater than GCR charging.

· The frequency of occurrence of SEP events can be estimated based on projected levels of solar activity.

· The LISA Pathfinder mission will be operational during a period of minimum solar activity, which means that the spacecraft is unlikely to experience very large SEP events. Smaller, but nonetheless significant events (capable of causing a significant increase in charging) are possible, but because of its short duration LISA Pathfinder may not experience even the smallest of SEP events.

· In contrast to its precursor, the LISA mission will be launched during maximum solar activity.  This means that although the background charging due to GCRs is reduced [AD 1] the probability of experiencing SEP events is much greater.  The frequency of events will be ~10 per year at the start of the mission; of these, the majority will be ‘small’ events, of similar scale to the smaller event studied in this work. Events on the scale of the 29 September event occur very rarely, perhaps only once per solar cycle. 

· Proton monitors could be useful diagnostic tools onboard LISA and LISA Pathfinder. Detectors with ~10 cm2 area integrating for periods of 100 s should provide the necessary sensitivity to small SEP events and GCRs.
8.1 Further Work

The analysis presented here should be further validated by comparing our SEP timeline predictions with an historical database of SEP events and solar activity levels. Work is underway by SSTD/RAL, UK, under an ESA TOS-EES contract, to develop such a database (SEDAT – Space Environment Database and Analysis Tools) for prediction and analysis of the charged particle environment for future space missions.

Estimates of charging described in Section 4 have been assigned an error associated exclusively with the spectral charging efficiency used in their calculation. Larger sources of uncertainty arise from the stochastic nature of the SEP events themselves (of which we have considered only a small number) as well as their energy spectra. Additional work is required to determine more meaningful errors on the charging rates.  In order to derive information about statistical charging fluctuations during an SEP event we would require an MC simulation using an appropriate primary particle energy spectrum.
The directionality of the SEP has not been taken into account; in this work we have assumed isotropy in the particle flux because the charging estimates are based on the GCR simulations for which isotropic exposure was considered. Some further work should be carried out either to check that a highly directional particle flux does not significantly alter the test mass charging properties or to qualify our approximation of an isotropic particle flux. The calculation of an angular charging efficiency, i.e. the dependence of the charging rate on the angle of incidence of the primary particle on the spacecraft, is a natural development to this analysis. It would also allow the calculation of the net momentum transfer by a directional primary flux to the test masses.
With a better knowledge of how well the charge management system can add or remove charge from the test masses, and given the maximum allowable disturbances caused by charging, we will be able to calculate the largest ‘survivable’ SEP event in terms of maintaining science data and provide an estimate of how often these events may occur.
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