
Astrophys. Space Sci. Trans., 5, 1–13, 2009
www.astrophys-space-sci-trans.net/5/1/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License. Astrophysics andSpace Sciences

Tr ansactions

The STEREO/PLASTIC response to solar wind ions
(Flight measurements and models)

H. Daoudi1, L. M. Blush1, P. Bochsler1, A. B. Galvin2, C. Giammanco1, R. Karrer 1, A. Opitz1, P. Wurz1, C. Farrugia2,
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Abstract. The Plasma and Supra-Thermal Ion Composition
(PLASTIC) instrument is one of four experiment packages
on board of the two identical STEREO spacecraft A and
B, which were successfully launched from Cape Canaveral
on 26 October 2006. During the two years of the nomi-
nal STEREO mission, PLASTIC is providing us with the
plasma characteristics of protons, alpha particles, and heavy
ions. PLASTIC will also provide key diagnostic measure-
ments in the form of the mass and charge state composition
of heavy ions. Three measurements (E/qk, time of flight,
ESSD) from the pulse height raw data are used to character-
ize the solar wind ions from the solar wind sector, and part of
the suprathermal particles from the wide-angle partition with
respect to mass, atomic number and charge state. In this pa-
per, we present a new method for flight data analysis based
on simulations of the PLASTIC response to solar wind ions.
We present the response of the entrance system / energy ana-
lyzer in an analytical form. Based on stopping power theory,
we use an analytical expression for the energy loss of the
ions when they pass through a thin carbon foil. This allows
us to model analytically the response of the time of flight
mass spectrometer to solar wind ions. Thus we present a new
version of the analytical response of the solid state detec-
tors to solar wind ions. Various important parameters needed
for our models were derived, based on calibration data and
on the first flight measurements obtained from STEREO-A.
We used information from each measured event that is reg-
istered in full resolution in the Pulse Height Analysis words
and we derived a new algorithm for the analysis of both exist-
ing and future data sets of a similar nature which was tested
and works well. This algorithm allows us to obtain, for each
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measured event, the mass, atomic number and charge state
in the correct physical units. Finally, an important criterion
was developed for filtering our Fe raw flight data set from the
pulse height data without discriminating charge states.

1 Introduction

Our Sun is the only star close enough for us to resolve sur-
face details, and also the only star from which matter can
be collected. From the upper atmosphere of the Sun, a con-
tinuous flow of high-speed particles is ejected from the Sun
into the interplanetary medium. In situ measurements of the
characteristics of the solar wind ions are possible, and they
have previously been carried out by a variety of different
spacecraft (Bochsler, 2000). For the first time, 3-D obser-
vations of the Sun’s corona are now possible at 1 AU, thanks
to the two identical Solar TErrestrial Relations Observato-
ries (STEREO). One is moving ahead of the Earth in its or-
bit (STEREO-A) and the other one (STEREO-B) trailing be-
hind. Each spacecraft carries the same four instruments: two
for remote imaging investigations (SECCHI and SWAVES)
and two for in situ investigations (IMPACT and PLASTIC).
The construction of both spacecraft and the integration of
all the instruments were accomplished by the Johns Hop-
kins University Applied Physics Laboratory (APL). The two
STEREO spacecraft drift continuously away from Earth at
a pace of 22.5◦ per year. The estimated nominal duration
of the STEREO mission is about two years, during which
time the angular distance between the two spacecraft will
grow to 90◦. The PLAsma and Supra-Thermal Ion Composi-
tion sensor (PLASTIC) is designed to measure in situ kinetic
properties and charge states of solar wind and suprathermal
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Fig. 1. The PLASTIC instrument with its three different compo-
nents: Entrance system / energy analyzer (ESEA), the Time Of
Flight-Energy section (TOF-E) and the Electronic Box (E-Box).

ions with an energy-per-charge ranging from 0.2 keV/e to
86.52 keV/e.

In this study, we worked largely with raw-data events.
Three measuring concepts are used to characterize the solar
wind ions from the Solar Wind Sector (SWS), and a frac-
tion of the suprathermal particles from the Wide-Angle Par-
tition (WAP) with respect to mass (Mk) and charge state (qk)

for a given speciesk. The energy-per-charge (E/qk) is the
first measurement of the PLASTIC sensor. Ions that pass
through the Entrance System / Energy Analyzer (ESEA) are
first accelerated by a voltageVa , so they flow with an energy
Etot = qk · ( E

qk
+ Va). Then, they pass through the carbon foil

where they lose part of their energy (Eloss,tot). They exit the
foil and flow into the Time Of Flight Energy (TOF-E) section
with a residual energy Eres. The Time Of Flight (TOF) is the
second measurement. The secondary electrons that are emit-
ted from the exit side of the carbon foil are guided toward the
Micro Channel Plate (MCP), triggering the start pulse for the
TOF. Secondary electrons produced by the ions hitting the
Solid State Detector (SSD) are used to trigger the stop pulse
for the TOF. Ions that hit the SSDs deposit all their energy
in the detector. Only part of this energy can be measured
(ESSD). ESSD represents the third measurement. The main
objective of this paper is to present a new algorithm based
on a method, which uses every measured event ofESSD and
TOF to deriveMk, Zk andEtot of the solar wind ions. The
information of the resultingMk andEtot is combined with
the corresponding measuredE/qk at a givenVa voltage to
determine the charge stateqk of a solar wind ion.

In Sect. 2, we give a short description of the PLASTIC in-
strument. In Sect. 3, the response of the PLASTIC/ESEA for
solar wind ions is presented in analytical form. We model the
response of the TOF mass spectrometer based on the stop-
ping power theory, valid only for amorphous target materi-
als like our carbon foil. A model of non-channeled mean

Fig. 2. The image on the left side represents the interior part of the
Entrance System / Energy analyzer (ESEA) and the Time Of Flight
Energy (TOF-E) sections of the PLASTIC instrument. The picture
on the top right side shows a Solid State Detector (SSD) frame with
a total of 10 pixels. The picture on the bottom right side shows the
Micro-Channel Plate detectors (MCPs).

energy response of the SSDs to solar wind ions is also pre-
sented in this chapter. Our PLASTIC/SSD model is valid
for all elements and energies up to 2 MeV. It is also useful
for other crystalline detectors. Still in Sect. 3, we present
an algorithm which, from each in situ measurement event,
derives the mass, the atomic number and the charge state of
solar wind ions with the correct physical units. In Sect. 4, we
present a modus operandi for the selection of Fe data from
Pulse Height Analysis (PHA) words.

2 Description of the PLASTIC instrument

PLASTIC is designed to measure the in situ kinetic proper-
ties of solar wind ions and suprathermal particles. The sensor
primarily consists of three different components. An ESEA,
which was designed and built by the University of Bern, a
TOF-E section and an Electronic Box (E-Box), which were
both designed and built by the University of New Hampshire
(see Fig. 1).

For the TOF measurements, we use the carbon foil tech-
nique, with a foil made by the Max-Planck-Institut für ex-
traterrestrische Physik (MPE) in Germany, with a combina-
tion with MCPs detectors from the University of Bern. For
the energy measurements we are using SSDs also from the
University of Bern, see Fig. 2. All necessary calibrations
of the detectors, of the ESEA and of the integrated systems
were carried out at the MEFISTO and CASYMS calibration
facilities at the University of Bern (Marti et al., 2000; Hohl,
2002). For more information about the design and calibration
of PLASTIC, seeBlush et al.(2005).
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Fig. 3. Schematic view of the PLASTIC SSD-side. The ESEA is
followed by the acceleration zone (PAC) and a TOF section. Back-
ward secondary electrons emitted after passing through the carbon
foil are detected by the MCP and are used to give the start signal.
Forward secondary electrons emitted after the collision with the sur-
face of the SSD are collected in the MCP to give the stop pulse.

2.1 Entrance System / Energy Analyzer

Ions of a species k with an initial energyE, massMk, and
charge stateqk enter the ESEA through various apertures de-
signed with different geometric factors.

2.1.1 Main channel

The main channel (MC) contains a large geometric factor
aperture designed mainly to investigate the distribution func-
tions and charge state distributions for the less abundant solar
wind species such as the so called “medium species” C, N,
O, and Ne, and also for the “heavy species” Mg, Si, Fe etc.

2.1.2 Small channel

The small channel (SC) exhibits a smaller geometric factor
aperture designed mainly to measure the distribution func-
tions of the abundant solar wind protons and alpha parti-
cles. With this aperture; we measure the bulk solar wind
plasma parameters (density, velocity, temperature, tempera-
ture anisotropy, and alpha/proton ratio). To avoid saturation
of the SSDs when a certain count rate is exceeded, the instru-
ment switches automatically to the SC (see Figs. 5a and b).
Both, MC and SC, are situated in the SWS.

2.1.3 Wide angle partition

The Wide Angle Partition (WAP) is designed especially to
measure the distribution functions of suprathermal ions in-
cluding shock-accelerated particles and pick-up ions. It has
a geometric factor similar to the MC and a wide in-ecliptic

Fig. 4. Schematic top view of the TOF/PLASTIC instrument. Here,
the four quadrants can be clearly seen. Q0, Q1 are on the SSD-
side and the Q2, Q3 are on the non SSD-side. Several subsystems
necessary for particle detection can also be seen: The white area
is covered by SSD pixels [both Solar Wind Sector frame (SWS)
and Auxiliary frame (AUX)]. The rose shade corresponds to small
and big MCPs. The carbon foils are shown in grey shades. The
indices correspond to: 1. Blocked Area (3 places) 2. Carbon-foil
(16 segments) 3. Large WAP, MCPs (2 places) 4. Large WAP, Start
Grid 5. Large WAP, Stop plate 6. Small MCPs (2 places) 7. WAP
SSDs (2 places) 8. Solar Wind (SW) SSDs (2 each x 4 segments) 9.
Thermal sensors (4 places) 10. Small stop plate 11. Small start grid
12. WAP SSDs (2 each x 4 segments) 13. Resistive anode

field of view of 270◦ covering the sector that will never be
illuminated by the solar wind. This aperture is permanently
switched on.

The solar wind ions pass through the ESEA, which works
as an energy-per-charge filter for the incoming ions. The
energy acceptance range changes during the cycle of oper-
ation. It permits the detection of the full solar wind energy-
per-charge distributions from 0.2 keV/e to 86.52 keV/e. The
energy-per-charge range is scanned in 128 logarithmic steps
(see Sect. 3.1 below). The measuredE/qk resolution is about
6%. An overview of the instrument science concerning e.g.
energy range, resolution, instrument modes, efficiencies etc.
is given in several tables inGalvin et al.(2008).

2.2 Time of flight section

After leaving the ESEA, the ions enter the acceleration re-
gion where they are accelerated by a voltageVa , which can
be controlled from the ground. (Nominal valueVa = 20 kV
during the whole mission). The ions then enter the TOF sec-
tion, first passing through a thin carbon foil with a thick-
nessd of 3.5µg/cm2, where they lose part of their en-
ergy (Eloss,tot), see Eq. (25). Forward secondary elec-
trons are emitted and detected by the MCPs triggering a
start time signal (Daoudi, 2008). Ions with a residual en-
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(a) (b)

Fig. 5. (a) Result of the entrance system response simulation to SSW ions. Blue and green shadings represent the simulated count rates
measured by the MC and SC respectively. The red line represents theE/qk step from which the DPU sends a command to the instrument
to switch on the SC and block the MC.(b) Comparison of the entrance system response to slow and fast solar wind ions (SSW and FSW).
We are using the following solar wind parameters for the simulations of theE/qk spectrum in Figs. a and b:(5a) The mean bulk solar wind
velocity is 440 km/s, the mean proton temperature is 2· 104 K and the total density is 2· 106 m−3. (5b) Shows the simulation result from
Fig. 5a (cyan shading) compared with the response simulation to fast solar wind ions (olive shading). The two green lines represent the
switch to the SC for both SSW and FSW ions regimes. To simulate the FSW we are using a mean bulk solar wind velocity of 720 km/s, a
mean proton temperature of 6· 104 K and a total density of 3· 106 m−3. In a both cases we are assuming that the switch to the SC occurs at
count rates> 25· 105 Cps.

ergy (Eres= E − Eloss,tot) travel a known distancel of 8 cm
through a field-free region (for the SSD-side, see Figs. 3
and 4) and hit the SSD (Quadrants Q0 and Q1) losing all of
their energy (see Sect. 3.3). In this case backward secondary
electrons are emitted from the SSD and detected with one
MCP triggering a stop time for the flight signal. If ions travel
a distancel of 5.8 cm (for the non-SSD side, see Fig. 4), they
hit another MCP (Quadrants Q2 and Q3), where the ion gen-
erates an electron cascade that turns into a detectable charge
signal, triggering a stop signal. The difference between stop
and start times gives the corresponding TOF.

2.3 Electronic box

The electronic box produces the electronics commands for
the operation of the instrument and all the subsystems for
data processing. It includes also power supplies, which pro-
vide voltages to the instrument components (electrode, bias,
Va voltage. . . ). For more details, consultGalvin et al.(2008).

3 Modeling the PLASTIC instrument response

PLASTIC provides raw event data (PHA) which are used
for high-resolution science, as well as instrument diagnostics
in the form of counts at a given energy-per-charge step (j),
in-ecliptic angle(α), out-of-ecliptic angle (β), TOF, ESSD
etc. This information can be used to derive the mass and the
charge state of the solar wind ions, but the results must be

converted into correct physical units by considering the en-
ergy defect in the SSD measurements and the energy lost in
the carbon foil.

In order to calculate these values, we created an appropri-
ate algorithm that takes into account all the information from
our simulations of the instrument’s response to solar wind
ions and uses the raw event data (j, T OF, ESSD) from the
PHA files as input parameters. Our algorithm calculates the
corresponding masses and charge states of all the ions in the
correct physical units without requiring separate treatment
of different elements. The simulation response is based on
stopping power theory and on the calibration results of our
instruments and detectors. In the next section, we compare
the ESEA response to slow and fast solar wind ions (SSW
and FSW).

3.1 Simulation of the ESEA response

In Figs. 5a and b we simulate an energy-per-charge spectrum
of solar wind ions which have passed the ESEA through both,
MC and SC apertures. We define the energy-per-chargeE/qk

in every stepj according to the expression:(
E

qk

)
j

= D1 · D
(127−j)

2 ; j = 0, ......, 127 (1)

where D1 = 0.2 keV/e represents the lowest energy-
per-charge value, the relative increase is given by
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D2 = 1.048954356 and the value of 127 is the maximum
step number used.

At a given stepj , an ionk with a massMk, and a charge
stateqk passes through the entrance system with an accep-
tance speedvjk, which is defined as:

vjk =

√
2qjk

Mjk

·

(
E

qk

)
j

(2)

The coordinate system used is centred on the spacecraft, with
thex axis pointing anti-sunward, they axis lying in the eclip-
tic plane and pointing in the direction of the Earth’s motion;
and thez axis completing the right-handed orthogonal coor-
dinate system. The count rate,Cjk, for a particlek passing
through the entrance system at a given stepj was calculated
for earlier experiments (e.g.Oetliker, 1993) to be the inte-
gral of the flux of particles through the Active AreaA of the
instrument (in our example the entrance apertures of MC or
SC respectively), and the distribution functionf (v) of the
plasma to be analyzed:

Cjk =

∫
A · v f (v) d3v (3)

For the active area, we use the procedure ofAellig (1998)
andHefti (1997) which is based on the ion optical calibra-
tion and the geometry of the entrance system. We employ a
dimensionless transmission probabilityt (α, β, v, j) in step
j , which depends on the entrance angles into the instrument
(α andβ), and the speed of the incoming particles. So Eq. (3)
can be written as follows:

Cjk =

∫
A t(α, β, v, j) v f (v) d3v (4)

We separate the transmission function of the in-
strument into three different acceptance functions
t (α, β, v, j)= t1(α) t2(β) t3(v, j), assuming that the
dependences on the parametersα, β andv do not influence
each other.

The measuredα acceptance is approximated by a rect-
angle of halfαc = 22◦ width, for the measuredβ trans-
mission function we define a cutoff valueβc which de-
scribes an interval[−βc, βc] over which the transmis-
sion t2(β) is fitted with a Gaussian function with a stan-
dard deviation ofσβ = 1.8◦/2

√
ln 4 measured for the MC

and σβ = 0.3◦/2
√

ln 4 measured for the SC. The mea-
sured velocity transmission function for nominal entrance
(α = β = 0) is also fitted using a Gaussian function.

We represent the velocity transmission function at a given
stepj by:

t3 (v, j) = exp

[
−

(
v − vj

)2
2
(
εvvj

)2
]

(5)

whereεv = 0.03/2
√

ln 4 represents the relative width of the
velocity transmission function. For the active area and the
geometric factor, values in Table 1 are used.

Table 1. FM1 active area and geometric factor for both MC and SC
apertures.

FM1 Active Area Geometric Factor
(in cm2) (in cm2 eV/eV sr per 45◦ sector)

MC 8.9 10−1 3.15 10−3

SC 1.41 10−3 6.0 10−7

For more details about the ion optical calibrations of the
ESEA seeKarrer(2007). We writeCjk as follows:

Cjk =

∫
A t1(α) t2(β) t3(v, j) v f (v) d3v (6)

As a simplification, we assume that solar wind ions are drift-
ing in a three dimensional spherical Maxwellian distribution
with a bulk drift speedv0k(v0, 0, 0) with respect to our coor-
dinate system. For the following calculations, we will trans-
form the Cartesian coordinates into spherical coordinates.
Using the definition of the volumeV in velocity space we
can writed3v as a function of the differentials ofv, α andβ

as follows:

d3v = dV =

∣∣∣∣∣∂
(
vx, vy, vz

)
∂ (v, α, β)

∣∣∣∣∣ dv dα dβ

= v2 cosβ dv dα dβ (7)

Using Eq. (7), the count rate can be written in the following
form:

Cjk=

∫∫∫
Av3 cosβt1(α) t2(β) t3(v, j)f (v)dv dαdβ (8)

In this example, we are assuming that the temperatures
parallel and perpendicular to the magnetic field are equal.
The solar wind distribution is given by:

f
(
vx, vy, vz

)
= nk

(
Mk

2π kB Tk

)3/2

exp

[
−

Mk

2kB Tk

(
(vx − v0)

2
+ v2

y + v2
z

)]
(9)

where Tk is the temperature andnk the density of the
speciesk. QuantitykB is the Boltzmann constant . Now
if we transformvx , vy andvz into spherical coordinates, we
expand all trigonometrically terms ofα andβ from the re-
sulting substitution of the spherical coordinates in the Eq. (9)
until the second order, and we change the variablev into a
new variableδ defined in such a manner that whenδ tends
to zero, thenv will tend to the speedv0, and we do this by
definingv = (1 + δ) v0. Then, we find that:

(vx − v0)
2

= v2
0 δ2 (10)

v2
y = v2

0 α2 (11)

v2
z = v2

0 β2 (12)

www.astrophys-space-sci-trans.net/5/1/2009/ Astrophys. Space Sci. Trans., 5, 1–13, 2009
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Fig. 6. Raw data of the energy measured by the PLASTIC in-
strument on board STEREO-A versus the sweeping step number j
(SWPE). For an accumulation time of 24 h on 22 January 2007.
Higher j values correspond to lower energy-per-charge (E/qk). He,
O and Fe can be distinguished.

We substitute the transmittance functions, we change the
variablev into δ, we expand the term(1 + δ)3 up to second
order, and we make all the necessary substitutions in Eq. (8).
The resulting count rate integral is:

Cjk = nk

(
1

2π kB Tpk

)3/2

A IIα IIβ IIδ (13)

where:

IIα =

+αc∫
−αc

exp

(
−

v2
0

2kB Tpk

α2

)
dα (14)

IIβ =

+βc∫
−βc

exp

(
−

(
v2

0

2kB Tpk

+
1

2σ 2
β

)
β2

)
dβ (15)

IIδ =

+∞∫
−∞

v4
0 (1 + δ)3 t3 (δ, j) exp

(
−

v2
0

2kB Tpk

δ2

)
dδ (16)

After many calculations, and simplifications we solved the
three integrals (14), (15) and (16). For more details concern-
ing the solution of this integrals, seeDaoudi (2008). As a
result, the following equation shows the analytical expres-
sion of the count number of the speciesk per unit time that
passes the ESEA at a given stepj :

Cjk = f1 · [f2 + f3] (17)

For simplicfication, three functions were used in the expres-

sion forCjk. They are defined as follows:

f1 = nkA v0 ·

√1 +
kBTpk

v2
0 σ 2

β

(
1 +

kBTpk

ε2
vv

2
jk

) 3
2
−1

·

2φ

αc

√
v2

0

kB Tpk

− 1


·

2φ

βc

√
v2

0

kB Tpk

+ σ−2
β

− 1

 (18)

f2 =
3kBTpk

v2
0

exp

(
−

(
v0 − vjk

)2
2ε2

vv
2
jk

)
(19)

f3 = exp

−

(
v0 − vjk

)2
2
(
kB Tpk + ε2

v v2
jk

)


·

[
1 +

kB Tpk

ε2
v v2

jk

(
3

vjk

v0
− 2

)

+

3
(
v0 − vjk

)2(kB Tpk

ε2
v v2

jk

)2

v2
0

(
1 +

kB Tpk

ε2
v v2

jk

)
]

(20)

with Tpk denoting the temperature per mass.φ(y) is the cu-
mulative area under a standard normal distribution from mi-
nus infinity to a particular point “y” along the curve, and it is
defined to be:

φ (y) = (2π)−
1
2

y∫
−∞

e−
x2
2 dx

Figures 5a and b show the results of the simulation of the
energy-per-charge spectrum for both FSW and SSW ions.

Figure 6 shows the raw event data in energy and
energy-per-charge from the PHA flight data measured with
STEREO-A. Increasing sweep steps produce lowerE/qk se-
lection. The information about theE/qk ratio, combined
with the TOF andESSD measurements from each event, will
be used as input for our algorithm in order to calculate the
mass and charge state of the incident solar wind ions.

On 22 January 2007 the solar wind had the same param-
eters as those used in the simulations shown in Fig. 5a. The
data represent an accumulation of counts from both MC and
SC, and from all quadrants and all SSD pixels. We can see
that the energy plot is dominated by oxygen and iron since
they were detected through the MC aperture, while helium
ions were mainly detected through the SC. Protons are be-
low the threshold of the SSD in this plot.

Astrophys. Space Sci. Trans., 5, 1–13, 2009 www.astrophys-space-sci-trans.net/5/1/2009/
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3.2 Time of flight simulation response

In order to perform simulations of the TOF spectrum we
need to evaluate the energy lost by these ions when they pass
through the thin carbon foil (amorphous material), and com-
pute the final distribution of these ions. We then derive an
analytical expression for the TOF as a function of both the
nuclear and the electronic energy loss, of the ions.

When energetic ions hit matter, they lose kinetic energy.
For our case, we do not consider nuclear reactions or the ef-
fect of “bremsstrahlung”, since these are significant only at
higher energies. We assume that the stopping power is a sim-
ple superposition of the nuclear and electronic stopping pow-
ers. Nuclear stopping refers to the energy transferred from
the ions to the atoms of the target and occurs in elastic inter-
atomic collisions. At low speeds, this process dominates the
energy transfer; the ions lose most of their energy in collision
cascades and their direction can be changed considerably. At
higher energies, the major part of the energy of the projectile
ions will be transferred to the electrons of the target material
(electronic stopping) see Fig. 7.

Generally, for a given target, the behaviour of the stopping
power is the same for all ions, with only small differences in
the offset of the log(Se) curve, or of the maximum point of
the log(Sn) curve. The velocity at which the nuclear stopping
reaches a maximum is approximately the same for all ions,
and mainly depends on the target material.

We used the ZBL universal screening length (Ziegler et
al., 1992), which is also used by Crystal TRIM (CTRIM),
with some modifications (Pilz et al., 1998). We calculated
the nuclear energy lost by the ions passing through a target
with a thicknessd [nm]; this yielded a result similar to the
Betz and Wien(1994) formula but with a different screening
length:

Eloss,n = d
509.59ρZkZ2Mk

M2(Mk + M2)(Z
0.23
k + Z0.23

2 )
Sn(ε) [eV] (21)

with the dimensionless nuclear stopping power defined as:

Sn(ε) =


ln(1 + 1.1386ε)

2(ε + 0.01321ε0.21226+ 0.19593ε0.5)

if ε ≤ 30
ln(ε)

2ε
if ε > 30

(22)

whereρ
[
g/cm3

]
is the carbon foil density andε is the corre-

sponding Firsov reduced energy, which is defined as follows:

ε =
32.53M2 Etot

Zk Z2 (Mk + M2)
(
Z0.23

k + Z0.23
2

) (23)

Here,Mk[amu], M2[amu], Zk, andZ2 are the mass and the
atomic number of the projectile (index k) and the target el-
ement (index 2), respectively.Etot [keV] is the total initial
energy of the ions before passing through the carbon foil.

Fig. 7. Schematic plot of the behaviour of the nuclear and electronic
energy losses per unit path length (respectivelySn andSe) as func-
tions of the velocity of the projectile in cases where Firsov reduced
energiesε ≤ 30.

To calculate the energy lost due to electronic stopping we
use the expression (24) from Betz and Wien(1994).

Eloss,e = d
231.6ρ Z

7/6
keff Z2

(Z
2/3
keff + Z

2/3
2 )3/2M2

√
Mk

√
Etot [eV] (24)

The total energy lost after the carbon foil is then calculated
as a simple addition of both, nuclear and electronic energy
loss:

Eloss,tot = Eloss,n + Eloss,e (25)

Zkeff represents the effective charge defined as a function
of the ion velocity (v [m/s]), the atomic number of the pro-
jectile (Zk) and the Bohr velocity (v0 [m/s]) as follows:

Zkeff = Zk

[
1 − exp

(
−Z

−2/3
k

v

v0

)]
(26)

The residual energy of the ions after passing through the car-
bon foil will be:

Eres = qk

(
E

qk

+ Va

)
− Eloss,tot (27)

Finally the simulated TOF can be calculated to be:

TOF = l

√
Mk

2Eres
(28)

Figure 8a shows the simulation result of the nuclear, elec-
tronic, and total energy loss of helium ions in our thin carbon
foil, calculated using the Eqs. (21), (24) and (25) respectively
as functions of the projectile energy.

We performed measurements with the integrated system
flight model 1 (IFM1), for various species and different en-
ergies in the facilities of the University of Bern. The TOF
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(a)

(b)

(c)

Fig. 8. (a)Simulated energy loss (Eloss), of helium in a thin carbon
foil (3.5µg/cm2) as a function of the projectile energy (Ei ). The
blue, green and red curves are the estimated nuclear, electronic and
total energy loss respectively.(b) Standard deviation of the TOF
gauss fit spectra for various species H, He, O and Ar and diverse
energies (black data points). The blue quadrant represents the TOF
range of solar wind ions, and the red curve is the exponential fit to
our data.(c) Comparison of the shape of the measured and simu-
lated TOF spectra to SSW ions entering the MC aperture, with a
mean bulk velocity of 440 km/s. We are using the same solar wind
parameters as those used in Figs. 6 and 5a. For the simulated spec-
trum (red curve) we are using an acceleration voltageVa of 17.3 kV,
and we are assuming that the switch to the SC occurred at count
rates> 25· 105 Cps. Both spectra are normalized.

histograms from the calibration results were fitted by a Gaus-
sian function, the corresponding standard deviation is shown
in the Fig. 8b.

Figure 8c shows the comparison of the shape of the TOF
spectra simulated and measured with STEREO-A. The cal-
culation is performed using the Eq. (17) and the resolution
of the TOF spectra from Fig. 8b. We are using the same so-
lar wind conditions as those in Fig. 5a (accumulation time
of 24 h on the 22 January 2007). Both measurements and
simulations are only for the MC aperture. Some discrepan-
cies stem from the measured background data; they might
be due mainly to solar UV photons and to some differences
in the switch to the SC count rate. For more details, see
Daoudi(2008).

3.3 Modeling of the response of PLASTIC solid state
detectors to light, medium, and heavy species

Various branches of physics exploit SSDs for charged parti-
cle spectroscopy. Generally, SSDs use semiconductor mate-
rials such as Germanium, Silicon (in crystalline form), Cad-
mium Zinc Telluride (CdZnTe), etc. They offer better resolu-
tion, lower noise, and better spatial resolution than the ordi-
nary scintillator detectors, which used “activator” materials
such as Thallium and Sodium.

The PLASTIC/SSDs employed are Passivated Implanted
Planar Silicon (PIPS) detectors. They were developed, de-
signed, and manufactured by CANBERRA industries. When
a charged particle penetrates such a detector, its entire en-
ergy is deposited mainly via two mechanisms: electron and
nuclear interactions. Neither the energy transmitted to the
nuclei (phonons) nor the energy lost in the Dead Layer (DL)
is detected. However, the energy needed to create electron-
hole pairs (e−/p) in silicon is a constant of 3.6 eV. The energy
transferred to the electrons of the target semiconductor from
the incident ions that will generate (e−/p) is then drained by
the electric field across the semiconductor, and this creates
an electric current that can be detected, amplified, and mea-
sured. (e−/p) pairs are created continuously until the ions
lose all of their initial energy and are stopped in the detec-
tor. The theoretical treatment of the stopping power of an
ion in matter is best known when the tagret material is amor-
phous (Ziegler et al., 1992; Biersack, 1982), as we have seen
in the Subsect. 3.2 when our material was a thin carbon foil.
In such amorphous materials, there is no long-range order
of the positions of the atoms, and the stopping power of the
ions can be predicted accurately in an analytical form using
the transport theory or Monte Carlo simulations (Ziegler et
al., 1992). But when the atoms or ions of the target material
are arranged in an orderly manner as in our PLASTIC/SSDs
or other crystalline detectors, then the same lattice performs
differently depending on the viewing aspect. Consequently,
the stopping power depends strongly on the incident angles
of the ions with respect to the crystal lattice. Anomalies of
the detector response (channeling effect) can occur and the
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Fig. 9. Pulse Height Energy Analyzer Spectrum (PHEAS). The red
data points are the measurements and the black curve is a fit function
to the Ar data using a sum of two Gaussian distributions.

measured energy distribution will be far from having a Gaus-
sian shape. This is the cause that the stopping power in such
a crystalline structures is not very well known. For this rea-
son, to model our SSD response to solar wind ions, we use
a treatment that is different from the one with the carbon
foil. Many attempts to simulate the response of silicon de-
tectors have been made (Pilz et al., 1998) in the past. Most
of them used Monte Carlo simulations, Binary Collision Ap-
proximation (BCA) or Molecular Dynamics (MD) methods,
but these do not result in a conclusive model. The response
of the SSDs depends strongly on the orientation of the sili-
con wafer crystal, the DL of the target material, as well as
the incident ion’s properties, such as the angle with respect
to the crystal lattice, its energy and its mass. Since, we need
to reconstruct the initial energy for all species before they hit
the detector, we have studied the behaviour of the initial in-
cident energy before the ions hit the SSD (Ei) as a function
of the mean measured energy (ESSD) for various elements.

3.3.1 PLASTIC/SSD characteristics

PLASTIC SSDs are mounted in Macor frames. One of them,
the Solar Wind (SW) frame, contains a total of ten SSD trape-
zoid pixel shapes. It is located in Quadrant Q0 in the SWS.
The other one is the auxiliary (AUX) frame, which contains
a total of eight SSD pixels. It is placed in Q1 in the WAP
sector (see Fig. 4).

Each pixel of PLASTIC/SSDs is 502 microns thick with an
effective active area of 95 mm2, and a thin silicon entrance
window of 25 nm. The operating voltage in the instrument
is 95 V. The gamma resolution FWHM is 6.6 keV as mea-
sured with an241Am source. SSD detectors are stable, with
a low leakage current and low noise. The measured thresh-
old of our detector is about 25 keV. The lower the threshold,

Fig. 10. SSD mean measured energy for non-channeled ions as a
function of the projectile energyEi (direct irradiation of the beam
into the SSD pixels for gamma radiation, H, C, N, O and Ar). In
the case of He we use measurements from the calibrations of the
integrated FM1 (indirect irradiation into the SSD). The error bars
are the measured FWHM.

the greater the probability of detecting, low-energy, singly
charged ions.

3.3.2 Experimental data and model

To start with, calibration measurements were made for the
SSDs in the MEFISTO facility at the University of Bern us-
ing gamma sources such as57Co, 133Ba, and241Am. Next,
the energy response was measured for different ions (H+,
C2+, N2+, O2+, Ar5+, Ar6+ and Ar7+) and at energies from
9 keV to 630 keV. Figure 9 shows a Pulse Height Energy An-
alyzer Spectrum (PHEAS) for Ar7+ at 90 keV/e.

Silicon in crystalline form has five major channeling cen-
ters (Klein et al., 1992), the [1 1 1], [1 0 0], [1 1 0], [2 1 1]
and [4 1 1] directions. Channeling occurs when the inci-
dent ion can move long distances without nuclear collision
compared to other directions. Consequently, the amount of
energy lost by nuclear scattering of the ion in a detector de-
creases. The electron density in a channel is also usually
lower than the average density, hence, these two effects lead
to a lower stopping power. Each PLASTIC/SSD pixel is cut
from a silicon wafer at an angle of 7◦ off the [1 1 1] axis
to minimize the channeling effect. Still, we found that it
was not good enough to prevent channeling effect for heavy
ions. Consequently, the measured pulse height distribution
was broader, and the energy resolution decreased. Since we
measured energy from both channeled and non-channeled
ions, all energy spectrum calibrations of all the SSD pixels
and of both integrated systems FM1 and FM2 (IFM1 and
IFM2) were fitted with a sum of two Gaussian distributions;
the first Gaussian corresponds to the measured energyESSD
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Fig. 11. Same as in Fig. 10, but in logarithmic scale (for gamma
radiation, H, C, N, O and Ar).

Fig. 12. The red data points mark the residual energy of different
ions before hitting the SSD versus the mean energy measured with
the SSDs. The data are from STEREO-A/PLASTIC for different
days between 22 January and 11 February 2007. The cyan line
represents our model for energy ranges up to 200 keV/amu. The
red curve represents the fit to the data with our model.

(non-channeled ions or randomly scattered ions), the second
(Ech) corresponds to channeld ions (see Fig. 9).

Figures 10 and 11 show the mean measured energy as a
function of the incident energy for different species. The be-
haviour seems to be similar for all species.

Our idea was to build a numerical model using an analyt-
ical function which must be able to describe three different
types of behaviours in three different zones,a, b andc (see
Fig. 11):

Zone a: The mean energy measured for all the ions at very
low energies must tend to zero.

Zone b: In the intermediate region, the model must follow
a power law.

Zone c: For higher energies, the curve will approach the

Fig. 13. Comparison of the flight calibration data of the energy
before hitting the SSD versus the mean measured energy with the
SSDs. The data are from STEREO-A/PLASTIC as in Fig. 12 (red
full data points). All other symbols and colours correspond to cali-
bration results for different species and diverse energies. The green
curve represents our model for energy ranges up to 200 keV/amu.

straight diagonal line in Fig. 11. In this case, we will mea-
sure all the incident energy (from different energy stages for
different ions).

Thus, our model for the response of our SSD mean mea-
sured energy is based on the following expression:

Ei = A Mk

(
ESSD

Mk

)B

exp

(
−C

ESSD

Mk

)
+ ESSD

or (29)

Ei = Am (ESSD)
Bm exp(−CmESSD) + ESSD

respectively.
The parametersA, B, andC were first derived from the

direct calibration of the SSD and the IFM1. They were then
derived from the recalibration of the flight data obtained by
STEREO-A (see Figs.12 and 13).

The residual energy (Eres) was calculated according to
Fig. 12 for each element using the following expression
(valid for the SSD-side with a path lengthl of 0.08 m):

Eres

Mk

=
1

3 · 10−5(TOF [ns])2
keV/amu (30)

The bulk solar wind velocity range in our Figs. 12 and 13
was between 250 and 700 km/s, and both, slow and fast solar
wind regimes, were included.

In Fig. 14, we see how our parametersAm, Bm, andCm

depend on the atomic masses of the elements considered.
Am has a power law dependence on the mass.Bm is a con-

stant, with a value of 0.47+/− 0.03, which compares well
with the value from stopping power theory of 0.5.Cm is in-
versely proportional to the mass.
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Fig. 14. Dependency of the parametersAm (red curve),Bm (blue
line), andCm (olive curve) as functions of the atomic masses of the
elements. The parameters are derived from flight data.

Generally, for H and He up to energies of 250 keV and
800 keV respectively, we will be able to measure the incident
energy with the SSD. However, it is impossible to cover the
full range in the cases of O and Fe (see Fig. 15).

Using the same condition parameters as in Fig. 5a, and us-
ing our model of the TOF and SSD energy response, and
the different conversions from channels to ns and to keV,
we can calculate the predicted TOF andESSD. A result is
plotted in a (ESSD,TOF) contour plot of the flight data from
22 January 2007 (Va = 17.3 kV) as measured by STEREO-A
(Fig. 16). In this figure, the diamond symbols show the
predicted location of the peaks for various oxygen and iron
charge states.

The simulations of the charge state distributions of oxy-
gen and iron in this study were based on an application
of recombination and ionization rates in static equilibrium
from (Arnaud and Rothenflug, 1985; Arnaud and Raymond,
1992), using an electron temperature for the corona of about
1.6 · 106 K.

3.4 Deriving the mass and charge state distribution with
correct physical units from flight data

In order to derive the correct mass and charge state of the
species entering the PLASTIC sensor, we are presenting
a new method, which is based on stopping power theory
(Sect. 3.2) and on the SSD energy response (Sect. 3.3). With
the measured parameters (E/qk, TOF,ESSD) for each mea-
sured event and for a givenVa , we can solve the following
non-linear system of equations (NLSQ).Etot represents the
total energy of an ion before crossing the carbon foil and after

Fig. 15. Simulated effect of the exponential decrease ofCm for H,
He, O and Fe.

Fig. 16.Contour plot of the energy measured by the SSD versus the
TOF measured (flight data 22 January 2007). Counts are accumu-
lated over a whole day, for all quadrants, all sections and all prior-
ities and were measured by the PLASTIC instrument on STEREO-
A. The mean bulk solar wind velocity is 440 km/s. Diamonds show
the expected location of the peaks of our TOF andESSD for O and
Fe with different charge states.

the acceleration zone:

Mk = 2
(

TOF
l

)2 [
A M1−B

k EB
SSDexp

(
−C

ESSD
Mk

)
+ ESSD

]
Zk = f (Mk)

Etot =
Mk

2

(
TOF

l

)2
+ d

231.6ρ Z
7/6
keff Z2

√
Etot(

Z
2/3
keff + Z

2/3
2

)3/2
M2

√
Mk

+d
509.59ρ Zk Z2 Mk

M2(Mk + M2) (Z0.23
k + Z0.23

2 )
Sn(ε)

(31)

The relation between the atomic number and the mass was
included in the algorithm as a data matrix that contains in-
formation about the properties of the most abundant isotopes
from H to Cu.
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Fig. 17. Contour plot of PHA data of an accumulation of DOY
120 (2007) and DOY 126 (2007), which correspond respectively to
FSW (700 km/s) and SSW (280 km/s). The TOF versus the energy
measured with a SSD is shown; Fe, O, Si and some He data are
observed. The data are from STEREO-A/PLASTIC.

The NLSQ can be solved through the use of a comprehen-
sive reverse communication routine C05NDF from the NAG
library. The routine is based on a modification of the Powell
hybrid method (Moré et al., 1980). It chooses the correc-
tion at each step as a convex combination of the Newtonian
and scaled gradient directions. The starting points forEtot
were the SSD measured energy (ESSD), while the masses
used were virtual ones calculated directly from the TOF and
ESSD raw events without corrections. The atomic numbers
were calculated by taking the image of the virtual mass (with-
out any correction) using a simple fit function derived from
the periodic table data. The program converges without any
problems, and the solution is given in the form of (Mk, Zk,
Etot) for each event. The corresponding charge event can be
calculated using the following formula:

qk =
Etot(

E
qk

+ Va

) (32)

We checked the solutions of this algorithm by using the IFM1
calibration PHA data sets for different light, medium and
heavy elements such as H, He, O and Ar, as well as for vari-
ous charge states. This yielded satisfactory results.

We also ran tests with flight data, and the result of the mass
for oxygen, for example, without corrections was around
8 amu. However, with our algorithm, the corrected mass
was 16± 1.5 amu. For Fe, the non-corrected masses derived
directly from the measurements was around 20 amu, while,
with our algorithm, the results was 56± 7.5 amu. The errors
are the Half Full Width at Half Maximum (HFWHM).

4 Data filtration

The STEREO data are made available from the Mission Op-
eration Control (MOC); they are transmitted to the Univer-

sity of New Hampshire as “level 0”, where they are converted
into “level 1” data and distributed in Common Data Format
(CDF). The CDF contains a collection of different ASCIIs
files, such as the PHA, the Full Monitor Rate (FMR), and the
Normal Monitor Rate (NMR). Only a maximum selection of
768 events, from all quadrants and channels, for each of the
128 completeE/qK cycle and 32 defection angle steps are
registered in the PHA in full resolution. We were interested
mainly in a minor solar wind ions and particularly in Fe ions.
Minor ions are good tracers for turbulent processes and in-
teract efficiently with fluctuations on scales directly involved
in the heating process of the solar wind (Zurbuchen, 1996).
Minor ions have a higher priority in the PHA files, and only
such files contain sufficient information for each measured
event in the form of:

1. Sweeping ESA step (SWPE ranging from stepj = 0 to
j = 127)

2. Deflection step (SWPD ranging from step 0 to 31)

3. Energy measured by the SSD (ssde from channel 0 to
1023)

4. The position in the SSD pixel (ssdid ranging from pixel
0 to 15)

5. The time of flight (TOF from channel 0 to 1023)

The flight measurements are registered in the following
way:

• For different quadrants (Q0, Q1, Q2, Q3)

• For different sections (0, 1, 2, 3)

• For different priorities (0, 1, 2, 3) etc.

On the basis of the SSD model of the mean measured energy
for non channeled ions, we can express the TOF as a function
of the energy measured by the SSD (ssde). The correspond-
ing Fe curve for the mean measured energy is shown as1

in a Fig. 17. The modus operandi is a universal criterion,
which consists in extracting all Fe data that are between the
two violet curves11 and12, see Fig. 17 andDaoudi(2008).

5 Conclusions

The research covered by this paper includes the analytical
modeling of the response of the ESEA, the TOF, and of the
SSDs of the PLASTIC instrument. The result is a new data
reduction algorithm which is simple to implement and which
will be of use in the analysis of data sets of a similar nature.
We tested the algorithm using the raw flight data and found
that it works well, allowing us to obtain the mass and the
charge state corrected for energy defects in the carbon foil
and in solid-state detectors. Finally, in order to get a bet-
ter mass and charge state resolution, the flight data measure-
ments were filtered. The modus operandi to extract the Fe
data with the above-mentioned algorithm can provide charge
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states with a high time resolution of 5 min or less. As the
method is sensitive for every measured event, it can become
useful in research on the solar wind and solar processes by
studying the elemental and isotopic composition of the so-
lar wind ions at 1 AU, as well as the charge state distribution
of minor ions. PLASTIC will allow the study of the origin
of the SSW, and the transitions from SSW to FSW, and from
FSW to SSW during the early phase of the STEREO mission,
which is during the solar activity minimum. That will enable
us to draw new conclusions for the SSW and FSW as well as
the transient phenomena (Galvin et al., 2008). It can become
also useful in future research on Interplanetary Coronal Mass
Ejections (ICMEs) and their boundaries by measuring in situ
the ICME properties as they pass the STEREO spacecraft.
PLASTIC data will enable us to study the ionization state of
the solar wind ions. Elevated charge states of elements such
as iron are often observed in ICMEs, as well as unusual el-
emental compositions. Measuring the frozen-in ionic charge
states of the solar wind plasma with high time resolution will
allow the study of the CME initiation process on the Sun.
PLASTIC will also help to obtain more information on the
solar atmosphere prior to CME initiation via the study of the
elemental composition (Galvin et al., 2008).
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