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1. Introduction

The COSPIN Low Energy Telescope (LET) is part of the collaborative Cosmic Ray
and Solar Particle Investigation (COSPIN) experiment designed to investigate the
charged particle environment encountered during all phases of the Ulysses mission.
The LET measures the flux, energy spectra and elemental composition of solar and
heliospheric energetic particles and low energy cosmic ray nuclei from hydrogen up
to iron, covering an energy range from ~ 1 to ~ 75 MeV/n. Isotope separation for light
nuclei such as He is also achieved. The LET sensor comprises a solid-state detector
telescope surrounded by a plastic scintillator anti-coincidence shield, together with
associated analogue and digital electronics. The LET utilises the standard dE/dX vs. E
technique in order to identify the nuclear charge, and in some cases the mass, of the
incident particles. For particles stopping in the detector stack, the energy lost in one or
both of the thin detectors D1 and D2, together with the residual energy deposited in
the remaining detector(s), is measured. Comprehensive on-board particle identifier
electronics and an event priority system enable rare nuclei to be analyzed in
preference to the more common species.

A simplified block diagram of the LET system is shown in Fig. 1.1. The detecting
elements of the telescope are shown in cross-section in Fig. 1.2, together with
photographs of the hardware. Detectors D1 and D2 are surface-barrier devices with
equal active area (6.0 cm?), while D3 and D4 are 2 mm-thick lithium-drifted devices
of 10.0 and 12.5 cm?active area, respectively. The detailed characteristics of the
detectors mounted in the flight instrument are given in Table 1.1. D5, comprising a
cylindrical plastic scintillator element viewed by a single photomultiplier tube, forms
(together with D4) an anti-coincidence counter. The anti-coincidence shield is needed
to reject particles that enter the telescope outside the nominal acceptance cone, or that
penetrate part of the internal structure of the telescope, giving rise to spurious signals
in one or more detectors. The telescope aperture is covered by two thin foils, an inner
Ti foil (~2um, 0.9 mg/cm?) for electrical shielding, and an outer aluminised Kapton
foil (~8pum, 1.0 mg/cm?) for thermal protection.

Two main categories of scientific data are obtained from the LET system. Firstly,
counting rates for 22 different particle species/energy-range combinations, 2 of which
are further sub-divided into 8 angular viewing sectors in the spacecraft spin plane. At
the highest available spacecraft bit-rate (1024 bps real-time telemetry), counts are
accumulated over 32- or 128-sec intervals (telemetry-format synchronised) for the
non-sectored channels, and over an integral number of spins for the 16 spin-
synchronised, sectored channels. An overview of all 38 rate channels is given in Table
1.2, and the logic equations used to define these channels are summarised in Table
1.3.

The second type of data obtained consists of the event-by-event pulse-height values
from detectors D1, D2 and D3. Owing to telemetry limitations, a maximum of one
PHA event per second can be transmitted, the selected event being chosen by a
priority scheme (described in section 2.2). In addition to pulse height data and proton,
alpha and heavy ion rates, the LET data frame contains digital status information and
analogue housekeeping values, as well as counting rate data for the individual
detectors. Housekeeping information includes instrument voltages, the detector
leakage currents and temperature values for the detector telescope and electronics.



A detailed functional description of the instrument is given in section 2, and
information concerning the mechanical construction is provided in section 3. Details
of the telemetry word structures, analogue channels, engineering data, etc. are given
in section 4.2,

2. Functional description

The detailed operation of the instrument is best understood with reference to the LET
functional block diagram (Fig. 1.1). The main elements of the LET system are
described in the following sections and in the document “The prototype low-energy
telescope system for the international solar polar COSPIN experiment”, R.G.
Marsden, J. Henrion, Report ESA STR-202, 1979 (included as an appendix to this
Handbook).

2.1 Analogue electronics: functional data

In the following sections, the main functional characteristics of the analogue
electronics are presented.

2.1.1 Dynamic ranges, resolution, sensitivity

The output of each of the three solid state detectors D1, D2 and D3 is fed into an
individual amplifier chain consisting of a charge-sensitive preamplifier (CSA)
followed by 3 parallel pulse-shaping voltage amplifiers (PSA). In order to
accommaodate the large dynamic range required (~ 10,000), one low- and one high-
gain PSA has been used, selected via an analogue switch controlled by a third (fast)
PSA in conjunction with a discriminator. Detectors D4 and D5 utilise simpler CSA-
single (fast) PSA amplifier chains.

Table 2.1 shows the appropriate nominal values for dynamic range and sensitivity for
each of the amplifier chains. Also shown in this table are the actual PHA system
resolution values in keV per channel for the common 10-bit (1024 channel)
Analogue-to-Digital Converter (ADC).

2.1.2 Threshold discriminators

The fast PSAs (PSAF) are followed by a number of threshold disciminators, the
outputs of which are used in the coincidence logic to define the various rate channels
in accordance with the logic equations presented in Table 1.3. Figure 2.1 shows the
nominal threshold levels in relation to the pulse signatures for protons and 4He in
detectors D1, D2 and D3. In this diagram, the energy in MeV deposited in each of the
three detectors is plotted as a function of the initial energy for particles entering the
telescope system at an angle of 12.5° (the mean incidence angle for an isotropic flux).
Table 2.2 gives the nominal values assigned to the discriminators. Discriminators
denoted by DDnS are the high-level thresholds used to select the appropriate PSA
gain.

2.1.3 Particle Identifier system

The LET Particle Identifier (P1) system employs a set of analogue function generators
and discriminators to divide the multi-detector response into regions corresponding to
different incoming particle charge, mass and energy, making it possible to obtain the



counting rates corresponding to groups of nuclear species. The actual analogue
functions used are of two types, namely

E1+ biEz =q; (l)
and
Ex(bi+ E3) = & (2

where E1, E; and E3 are the energies deposited in detectors D4, D, and Ds,
respectively, and a;, b are constants. For particles stopping in D, the loci of points
satisfying equation (1) for given pairs of (aj,b;) values define boundaries on the AE (=
E,) vs. residual E (= E2) diagram that separate the tracks corresponding to different
elements or groups of elements into so-called "charge groups”. The charge groups
defined for the D1 - D2 range are: protons; (He-3, He-4); (Li, Be, B); (C, N, O); Z>
10 nuclei. In a similar way, charge group boundaries for particles stopping in D3 are
defined by equation (2) with suitable pairs of (a;, b;) values. A different functional
form is required in this case because of the pronounced curvature of the AE vs.
residual E tracks resulting from the large thickness of Dj relative to D,. The same
charge groups as before are defined for the D; - D, - D3 range, with the addition of a
high-Z group corresponding to Z > 20. In this latter case, the discriminator boundary
takes the simpler form of equation (1). Examples of the implementation of this
technique are illustrated schematically in Figs. 2.2 and 2.3. The nominal values of the
parameters used in the PI system are summarised in Table 2.3.

Each of the charge groups has an associated counting rate register which is
incremented each time a valid event within the group is observed. In addition to
providing counting rate information, the PI output is used to generate a 4-bit event
code that controls the Event Priority System, described in section 2.2.

2.2 Priority system

In order to maximise the PHA data collection efficiency for the less common nuclear
species in the incident cosmic ray flux, an Event Priority System has been
incorporated in the LET. The Priority weighting assigned to a given charge group at
any one time determines whether or not an event corresponding to that group will be
pulse height analysed. Since the PHA data rate is limited for telemetry reasons to one
per second, the Priority System only retains the pulse height information from the
event with the highest priority weighting occurring in a given sampling period. Each
valid event will, however, increment the appropriate charge group counting rate
register regardless of whether it is pulse-height analysed or not.

2.2.1 Priority look-up table

Each of the charge groups defined in Table 1.2 is given a uniqgue EVENT CODE
number in the range 0 to 15. The priority weighting values are contained in a look-up
table (stored in a ROM) which consists of a number (nominally 16) of PRIORITY
SEQUENCES which are stepped through sequentially in an 8192 second cycle (512
seconds per sequence). The location containing the weighting value for a given event
is specified by the event code number (column) and current sequence number (row),
and weighting is defined such that 1 corresponds to lowest priority. The contents of



the ROM are shown in Table 2.4. Measured cosmic ray abundances have been used to
determine the rate at which different event types are expected to be seen by the
instrument. These rates are a function of both the relative abundances and the energy
range corresponding to each event. From these expected event rates, priority
sequences with varying degrees of categorisation have been defined in such a way
that, when taken over a complete cycle, the sampling of all event types is as well
balanced as possible. This means that most of the rare events will be processed, whilst
at the same time obtaining good statistics for the more abundant species.

A consequence of including highly categorised weighting is that background
occurring in a channel corresponding to a rare event type could monopolize the PHA
data. An example would be possible spill-over of carbon events in to the adjacent Li-
Be-B region. For this reason the high-priority status of such rare events has been
suppressed in certain parts of the priority cycle.

3. Mechanical construction

3.1 Telescope

The LET sensor is shown in Fig. 1.2 (bottom left). Cross-sectional engineering
drawings of the LET telescope are reproduced as Figs. 3.1 and 3.2, while details of
the scintillator shield and the inner structure (including key dimensions in mm) are
shown in Figs. 3.3 and 3.4, respectively.

3.2 SIM-1

The LET telescope is mounted together with the associated analogue and digital
electronics in the central section of the SIM-1 package, with the Data Processing Unit
below and the Anisotropy Telescopes above (see Figs. 3.5, 3.6a and 3.6b). The LET
aperture is protected by a hinged cover that was deployed (opened) after launch, as
indicated in Fig. 3.6b. The resource breakdown (mass, power and telemetry) for the
units that make up SIM-1 is given in Table 3.1.

4. Telemetry

4.1 Digital data channels

The LET digital channels are defined in Table 1.2. Data from the counting rate
channels are compressed from 27 to 12 bits (LI, L2, L3, L12 and L21) or from 19 to 8
bits. Decompression algorithms for these data, given in section 4.1.1, are extracted
from ISPM Project document number ISPM-PH-0407, chapter 4.1. Channels LI to
L25 are accumulated over 32 seconds; channels L26 to L38 are accumulated over 128
seconds. The structure of the PHA and status words is described in sections 4.1.2 and
4.1.3, respectively.

4.1.1 Counting rate decompression

The data conversion algorithms described below are used to convert the counting rate
channel readouts (which have been compressed from 19 to 8 bits or from 27 to 12 bits
in the COSPIN data system) to the original counts registered in the accumulator.

These algorithms are used to recover the binary count, C, from the telemetered values



of X and Y. In the serial data stream, the value of Y is shifted out first, followed by X.
The MSB of each is transmitted first. Different algorithms are used for 27-bit and 19-
bit modes. In each case, the telemetered Y value must be converted to an N value
using the appropriate look-up tables (Table 4.1a and 4.1b). In the 19-bit mode, the
algorithm is as follows (X and Y both 4 bits long):
IfX=15andY=6,C=0
IfY=50C=X+1
Otherwise, C = 1 + (X +16). 2"

In the 27- to 12-bit mode (X contains 7 bits, Y contains 5 bits):
IfY=22and X=127,C=0
Otherwise, C = 1 + (X + 128). 2N®

In the 27-bit mode, certain values of Y should never occur. These are denoted by
“XX” in Table 4.1b. Fractional parts of a result are discarded.

The information given by the algorithm represents the lowest value of input count that
would result in the given X and Y values. For example, in the 19-bit mode, a read-out
with value (octal) 143 represents an X value of 3 and a Y value of 6 (N=14). Using
the algorithm above, the minimum input count is 311297. However, any input count
between 311297 and 327680 would result in a code of 143 (octal). The mean value of
all such input counts is therefore 319489, and so the user may wish to substitute 16.5
for 16 (or 128.5 for 128) in the algorithms.

4.1.2 PHA word structure

Table 4.2 shows the structure of the 44-bit PHA word, which is sampled in the
experiment once per second and read out at a rate of 32 per format. The bit
assignment for bits 30 to 35 is dependent on the value of the LSB of status word L46,
which indicates whether the Priority System is in operational or test mode.

4.1.3 Status word structure (L45/L46)

The 8-bit status words L45 and L46 are read out every 32 seconds. The bit assignment
for these words is given in Tables 4.3 and 4.4. Priority Table Address (PTA, L45, bits
4,5, 6 and 7) refers to the current row number in the Priority Look-up Table (see
section 2.3.1 and Table 2.4).

4.1.4 Telemetry format and timing

The LET digital data words are incorporated in the COSPIN Experiment Telemetry
Format, which is read out once every 32 seconds. The complete COSPIN data set is
read out in 8 so-called Experiment Subformats (i.e. once every 256 secs.). Data from a
given sensor read out in any one subformat do not normally correspond to one and the
same accumulation period. The timing reconstruction scheme for the LET is given in
Tables 4.5, 4.6 and 4.7. Data that were accumulated during the period corresponding
to a given block of 8 subformats (termed "accumulation period™ in the Tables) are
read out in the subformat numbers tabulated for each channel. Normally, a practical
reconstruction method would involve storage of all data read out in a given block of 8



subformats plus a number of temporarily stored words. The following is an example
of how to interpret the tables:

Example:
Accumulation Period
(Subformat number)
0 1 2 3 4 5 6 7
Channel
|
Lx m mi
(13/11/B) (13/11/B)
|
Ly n
(12/41A)

In this example, data from channel Ly accumulated during the 32 s corresponding to
subformat # 2 were read out in subformat # m. (frame 13, s/c word 11, CPU B), m >
2, and must be retrieved from that location. Data from channel L, accumulated during
the same 32 s as Lx were read out in subformat # n (n > 2, n # m a priori), and must
be retrieved from that location. (Note that subformat number ml corresponds to
subformat number m in the next group of 8, i.e. ml = m + 8).

In Tables 4.5, 4.6 and 4.7 only the subformat numbers are given, and not the frame,
s/c word and CPU locations. Note that the format is divided into two parts
corresponding to read-out from CPU A or CPU B in the COSPIN DPU. Spacecraft
words 2 up to and including 11 are read from CPU A; words 12 to 21 are read from
CPU B. In the case of the PHA words, Table 4.7 shows the read-out subformats
corresponding to the accumulation periods shown. In the Experiment Format the PHA
words are labelled as follows:

LET PHA 2 is the event collected during S/C FRAME 0

LET PHA 3 is the event collected during S/C FRAME 1

LET PHA 4 is the event collected during S/C FRAME 2

Etc.
And LET PHA 1 is the event collected during S/C FRAME 31

4.2 Analogue data, monitoring

4.2.1 LET analogue data

The LET analogue data comprise 12 channels that are multiplexed, each channel
having a 4-bit MUX address. The address to be read out is changed by the spacecraft
every format (nom. 32 secs), which leads to an updating of a given parameter every
16 formats (= 512 seconds). A list of the analogue parameters, together with their
conversion formulae, is given in Table 4.8. Note that the full-scale voltage of 5.1 volts
IS equivalent to 256 S/C telemetry counts (8-bit S/C ADC).

4.2.2 Monitoring

In addition to the analogue data described above, a number of (digital) channels were
monitored by the S/C OCOE during system-level testing. A complete description of



all parameters monitored, together with associated high, low and delta limits, is given
in the Project document ISPM-PH-0407-1L "ISPM System Level Check-out Software
Requirements for Experiment SIM-LET", chapter D1. A summary list of these
parameters is given in Table 4.9.

4.3 Telecommands

Memory load commands are given in the form of a 16-bit word, containing the 4-bit
LET address (bits 0 - 3) and a 1-bit internal LET identifier (bit 4, specifying word A
or word B). The bit assignment s given in Tables 4.10 and 4.11 for the two cases bit 4
=0 (LET command word A) or bit 4 =1 (LET command word B).

5. LET Calibrations

LET calibrations (and related instrumental characteristics) are discussed in detail in
the following documents that are included as Appendices to this document:

e Kamermans, R., J. Henrion, R.G. Marsden, T.R. Sanderson, K.-P. Wenzel,
Element and Isotope Separation for a Heavy lon Cosmic Ray Telescope with
Large Geometrical Factor, Nucl. Instr. and Meth., 171, 87, 1980.

e LeBorgne, J.F., J. Henrion, R.G.Marsden, T.R. Sanderson, K.-P. Wenzel,
Accelerator calibration of the Low Energy Telescope of the International Solar
Polar Mission COSPIN Experiment, Report ESA STM-224, 1981.

e Marsden, R.G., J. Henrion, T.R. Sanderson, K.-P. Wenzel, N. de Bray, H.P.
Blok, Calibration of a Space-Borne Charged Particle Telescope Using Protons
in the Energy Range 0.4 To 20 MeV, Nucl. Instr. and Meth., 221, 619, 1984,

e Marsden, R.G. et al., The Phobos Low Energy Telescope Charged Particle
Experiment, Nucl. Instr. and Meth., 290, 211, 1990.

e Marsden, R.G., LET Calibration Document, 1990.
e Henrion, J., LET Response to high fluxes, Technical Report, 1992.

5.1 Accelerator calibrations

The LET flight hardware was calibrated at a number of accelerator facilities, as shown
in Table 5.1. Reports and/or papers describing the results of these calibrations are also
listed in Table 5.1. The main objective of the heavy ion calibrations was to trim the
different discriminator levels in the Particle Identifier electronic circuitry against the
measured response of the instrument (dE/dX vs. E tracks). Ideally, beams covering
the full response in energy and nuclear species would have been used. In practice, this
coverage was approximated using high-mass primary beams that were fragmented on
a target, together with a variable-thickness absorber to achieve the required spread in
energy. Examples of charge histograms (see 6.1) obtained from runs at the GANIL
accelerator are shown in Figs. 5.1 and 5.2.

In addition, so-called “spot” measurements, using unfragmented beams of well-
defined energy with minimum spread were used in an attempt to derive first-order



energy calibrations and to study the energy-loss characteristics of the Ti and Kapton
aperture foils.

Finally, the response of the proton channels was mapped using proton beams of
known energy.

5.2 Electronic calibrations

In addition to accelerator calibrations, the electronic characteristics of the various
LET amplifier chains and ADC circuitry have been accurately determined.
Measurements included the overall linearity of the combined CSA (charge-sensitive
amplifier) => PSA (pulse-shaping amplifier) => ADC chains, as well as the relative
gains of the high- and low-gain amplifiers associated with each of the pulse-height
analysed detectors. The results are shown in Figs. 5.3, 5.4 and 5.5. Pulse-height vs.
energy conversion factors have been determined using high-precision programmable
pulse generators (PPG) to stimulate the different amplifier chains, in combination
with the known sensitivity of the CSAs (i.e., mV per MeV).

The ADC channel number-to-MeV conversion factors are listed in Table 2.1. The
function used for the conversion is of the form

E(MeV)=an”

where n is the channel number and a and B are constants. The fact that B # 1.0 reflects
a slight non-linearity in the system. High- and Low-gain factors are given for each of
the pulse-height analysed detectors D1, D2 and D3, to be applied depending on the
value of the appropriate gain flags in the PHA word (bits 33-35). High-gain mode is
indicated by a gain flag = 0; Low-gain is indicated by gain flag = 1.

6. LET PHA data reduction

A three-step procedure has been developed for the reduction of LET PHA data:

1. Creation of charge histogram (charge spectrum) using a charge interpolation
algorithm (see 6.2).

2. Application of a correction factor to take into account the energy lost in the
aperture foils.

3. Calculation of the incident energy per nucleon using the corrected incident
energy and a mass number based on the calculated charge, allowing relative
abundances and energy spectra to be computed.

6.1 Charge histograms

The channel number-to-MeV conversion factors have been applied to pulse-height
data from the accelerator calibration runs and flight data to define a set of reference
“tracks” on the AE vs. residual E plots (D1 vs. D2, D2 vs. D3) for the key elements
He, O, Si and Fe. These reference tracks are used as input to the charge interpolation
algorithm described in section 6.2 to produce charge histograms, examples of which
are shown in Figs. 6.1a,b, 6.2a,b, 6.3a,b and 6.4a,b for Helium (showing the clear
separation of the isotopes He® and He®), Oxygen, Silicon and Iron, respectively.
(Similar plots using PHA data from different periods throughout the mission show no
evidence of shifts in the track positions, indicating negligible instrumental drifts.)



Events falling within pre-set upper and lower limits of the charge value derived using
the interpolation routine are then summed to give the total number of events
corresponding to a given integer charge (and in the case of He® and He*, mass) value.
These limits are typically set at £ 0.5 charge units of the nominal value, i.e. 7.5 <Z <
8.5 charge units corresponds to Oxygen, etc.

6.2 Charge interpolation algorithm

The charge interpolation algorithm used to process LET PHA data is based on a
generalised range-energy relation for projectiles of charge Z and mass M of the form

R (um Si) = 11.9E (MeV)"”

ZZM 0.77
So that
E (MeV) = (AR)"
where
A=[z2M ¥ P-Y/11.9
and

B=1/1.77 = 0.565

Consider a 2-detector dE/dX vs. E telescope having detector thicknesses t and T,
respectively. For projectiles of initial energy Eq stopping in the second detector with
residual energy Eres and corresponding range Ryes, the following relations apply:

Eo = APt + Res)’
and
Eres = A P RresB
so that
AE = Eg-Eres = Eres Rres-B [(t+ Rres)B - RresB 1

This last equation defines the locus of so-called “track end-points” in the AE vs. Eres
diagram, and (within the constraints of the assumed range-energy relation) represents
a straight line (referred to here as the constant range line, illustrated in Fig. 6.5).

The separation s along a given constant range line of the endpoints corresponding to
two different nuclear species (Z1, M;) and (Z,, M) is given by

s=V[(AE2 - AE1)* + (E2 - E1)] = C (A - AY)
where

C =V(B? + Res™)
and

B=(t+ Rres)B - Rresﬂ

Assuming that M = 2Z, and substituting this in the expression for A gives

_ 0.565 1.565 1.565
S = Ryes (2> .2y )

where a is a constant ~ 0.33. Strictly speaking, this relation will only be valid over the
same energy range as the power-law approximation to the generalised range-energy
relation (i.e., for incident energies > ~ 5 MeV). For the constant range interpolation



charge determination method to work optimally, the relative spacing of individual
species tracks along given constant range lines must remain constant. For residual
ranges < ~ 20 pum, the approximation becomes less good, and slight broadening of the
charge peaks can occur. The contribution of this effect to the overall width of the
charge peaks is, however, small.

Assuming now that (Z;, M;) and (Z,, M>) are reference species for which the track
positions are known, the charge corresponding to each event can be computed from
the relative spacing along the appropriate constant range line as follows:

[s2(MeV)]/[ s2(MeV)] = (Z+°%° . Z,2°%)1( 2,15 . 2,1°%)
but

Sz 1Sz = (Eres - El,res) / (E2,res - El,res) =r
so that

7= 1.565\/ [211.565(1 _ r) + r221.565]

This is shown graphically in Fig. 6.6.

6.3 Energy-loss in aperture foils

In order to determine the incident energy of protons and heavy ions stopping in the
LET, a correction factor has to be applied to take into account the energy loss
occurring in the two aperture foils. Range-energy data for the two materials
concerned, Ti (0.9 mg/cm?) and Kapton (~1.0 mg/cm?), have been used to construct a
look-up table for all species and covering all energies detected by the LET. In the case
of Kapton, for which no specific range-energy data exist, the polyethelene tabulations
of Northcliffe and Schilling (1970), hereafter NS70, were used. These were found to
be in reasonable agreement with experimental data acquired for carbon ions during
accelerator runs. NS70 data were also used for Ti. In both cases, extrapolations were
made beyond the maximum energy of 12 MeV/n in the NS70 tables. The resulting
look-up table is reproduced here as Table 6.1.

The following sources have been used in developing the LET PHA analysis software:

Butler, G.W., A.M. Poskanzer, D.A. Landis, Nuc. Instr. and Meth., 89, 189 (1970).

Goulding, F.S., Nuc. Instr. and Meth., 162, 609 (1979).

Greiner, D.E., Nuc. Instr. and Meth., 103, 291 (1972).

Janni, J.F., Techn. Rep. AFWL-TR-65-150, USAF (1966).

Littmark, U. and J.F. Ziegler, Stopping and ranges of ions in matter, 6, Pergamon
Press, New York (1979).

Northcliffe, L.C., R.F. Schilling, Nuc. Data Tables, 7 (1970).



7. LET LP1 and LP5 count rate correction factors

7.1 Background from high-energy protons

Under specific conditions, the LET rate channels L1 (LP1) and L12 (LP5) are affected
by background from high-energy particles that interact with, i.e. lose energy in, the
(passive) internal structure of the telescope. The degree to which this occurs depends
on the slope of the differential energy spectrum: the harder the spectrum, the higher
the background. A correction procedure has been developed using the results of
Monte Carlo simulations of the LET response. Channels L3 and L4, which are
coincidence channels and as such effectively unaffected by background events, are
used to determine the true spectral slope (yo). A correction factor Fc is then applied
according to the following equations:

L1 (LP1)
Yo < -35 Fc= 1.0
-35 < % < -05 -0.3 yo—0.05
Yo > -05 0.0 True rate =
L12 (LP5) Fc * measured rate
vo < -20 Fc= 1.0
-2.0 < v < +1.25 -0.275 yo + 0.45
vo > +1.25 0.0

7.2 Corrections due to counting limitations (“roll-over”)

Channels L1 (LP1), L2 (LP2) and L22 (LA1) show a non-linearity in input rate vs.
output rate at high counting rates (see Fig. 7.1). This so-called “roll-over” becomes
significant above the following MEASURED intensities:

L1: 1>5.0E+03 particles/cm2.s.sr.MeV/n
L2: 1>7.5E+02
L22: 1>3.0E+02

At somewhat higher intensities, the response curves turn over, so that ambiguities
occur.

8. User Notes for LET Data Products

The following is extracted from the User Notes that appear on the Ulysses Data
System web page for the COSPIN/Low Energy Telescope.

8.1 LET counting rate data
Record Format:

IMPLICIT REAL(L)
DIMENSION L4 _11(8),L13 20(8),L34_38(5)



C FREE FORMAT

READ(1,*) IYEAR, IDOY, IHOUR, IMIN, ISEC,

] L1,L2,L3,L4 11,L12,L13 20,L21,

] L22,L23,L24,L25,
] L26,L27,L28,L29,L30,L31,L32,L33,L34_38
C FIXED FORMAT

READ(1,100) IYEAR, IDOY, IHOUR, IMIN, ISEC,

) L1,L2,L3,L4_11,L12,L13 20,L21,

) L22,L23,L24,L25,

L26,L27,L28,L29,L30,L31,L32,L33,L34 38

100 FORMAT(I5,X, 13.3(X.12).38(X,G9.3))

Parameter List:

IYEAR: year

IDOY: day of year

IHOUR: hour

IMIN: minute

ISEC: second

L1: protons (0.9-1.2 MeV)

L2: " (1.2-3.0 MeV)

L3: " (1.8-3.8 MeV)

L4 11: " ' sectors 1 to 8
L12: " (3.8-8.0 MeV)
L13_20: " ' sectors 1 to 8
L21: " (8.0-19.0 MeV)
L22: alphas (1.0-5.0 MeV/n)
L23: " (1.9-3.7 MeV/n)
L24: " (3.7-8.4 MeV/n)
L25: " (8.4-19.0 MeV/n)
L26 Li,Be,B (1.9-4.9 MeV/n)
L27 " (4.9-26 MeV/n)
L28 C,N,O (2.6-7.1 MeV/n)
L29 " (7.1-39.0 MeV/n)
L30 Z>=10 (3.0-9.0 MeV/n)
L31 10<=Z<=20 (9.0-50 MeV/n)
L32 Z>=20 (12.0-75.0 MeV/n)
L33 electrons (0.3-1.0 MeV)

L34 38 single detector counting rates

Units:  (/cm?/s/sr/MeV/nucleon)
Time Resolution: 10 minutes

Notes:

1. Rate channel L1 (which nominally responds to protons in the energy range
0.9-1.2 MeV) is derived from a single-detector measurement, and as such is
sensitive to penetrating particles which lose part of their energy in the
detector. The background contribution depends on the energy spectrum of the
incident particle population, being negligible for (differential) energy spectral
slopes of -3.5 or steeper, increasing to 80% of the total counts for a slope of -
1.0 or harder.

2. Rate channel L2 is derived from a single detector measurement, and the
nominal energy response to protons (1.2-3.0 MeV) is approximate.



3. Rate channel L21 (which nominally responds to protons in the energy range 9-
19 MeV) is also sensitive to higher-energy particles which lose part of their
energy in the telescope structure. As in the case of L1, the background
contribution depends on the energy spectrum of the incident particle
population, being negligible for (differential) energy spectral slopes of -2.0 or
steeper, increasing to 80% of the total counts for a slope of +0.75 or harder.

4. Rate channel L22 is derived from a single detector measurement, and the
nominal energy response to alpha particles (1.0-5.0 MeV/n) is approximate.

5. Rate channel L25 (which nominally responds to alpha particles in the energy
range 8.4-19.0 MeV/n) is also sensitive to higher energy particles that lose part
of their energy in the telescope structure. As in the case of L21, the
background contribution depends on the energy spectrum of the incident
particle population (negligible for differential energy spectral slopes of -2.0 or
steeper).

6. Rate channel L26 (L27) suffers from background due to pulse pile-up for
proton fluxes in L2 greater than 10 (30) protons/cm?/s/sr/MeV.

7. The energy ranges for rate channels L28 — L32 are approximate (species
dependent).

8. The energy range for the electron rate channel L33 is approximate (L33
suffers from background from the RTG and GCR).

9. Rate channel L34 includes all particles depositing energy greater than the
minimum discriminator level (D1).

Rate channel L35 includes all particles depositing energy greater than the
minimum discriminator level (D2).
Rate channel L36 includes all particles depositing energy greater than the
minimum discriminator level (D3).
Rate channel L37 includes all particles depositing energy greater than the
minimum discriminator level (D4).
Rate channel L38 includes all particles depositing energy greater than the
minimum discriminator level (D5).

8.2 PHA-derived H and He fluxes
Parameter List:

IYEAR: year

IDOY: day of year

IHOUR: hour of day

El: 2-4 MeV Protons (/cmzls/sr/MeV)
EELl: ErrorinEl

E2: 4-6 MeV Protons (/cmzls/sr/MeV)
EE2: Errorin E2

E3: 6-8 MeV Protons (/cmzls/sr/MeV)
EE3: Errorin E3

E4: 8-16 MeV Protons (/cmzls/sr/MeV)
EE4: Errorin E4

E5:  16-20 MeV Protons (/cmzls/sr/MeV)
EE5: Errorin E5

H1: 4-6 MeV/n Helium (/cmzls/sr/MeV)
EH1: ErrorinH1



H2: 6-9 MeV/n Helium (/cm?%/s/sr/MeV)
EH2: Errorin H2 "

H3: 11-20 Mev/n Helium (/cmzls/sr/MeV)
EH3: Errorin H3

Time Resolution: daily

8.3 PHA-derived O, N and Ne fluxes

IYEAR: year

IDOY: day of year

IHOUR: hour of day

O1l: 4-8 MeV/n Oxygen (/cm2/s/sr/MeV/n)
EO1: ErrorinO1

02: 8-12 MeV/n Oxygen (/cm2/s/sr/MeV/n)
EO2: Errorin O2 "

03: 12-16 MeV/n Oxygen (/cm2/s/sr/MeVIn)
EO3: Errorin O3

0O4: 16-20 MeV/n Oxygen (/cm2/s/sr/MeVIn)
EO4: Errorin O4

N1: 4-7 MeV/n Nitrogen (/cm2/s/sr/MeV/n)
EN1: Errorin N1

N2: 8-20 MeV/n N|trogen (/cm2/s/sr/MeV/n)
EN2: Errorin N2

Nel: 4-8 MeV/n Neon (/lcm2/s/sr/MeV/n)
ENel: Errorin Nel "

Ne2: 9-30 MeV/n Neon (/cm2/s/sr/MeV/n)
ENe2: Errorin Ne2 "

Time Resolution: 20 days

8.4 Yearly PHA plots

Each plot provides a qualitative representation of pulse height measurements made by
the COSPIN/LET instrument over a complete year, indicating periods of significant
heavy ion fluxes. The plots are constructed using the charge histograms derived from
the PHA analysis of the D1 and D2 detectors of the LET instrument. The number of
PHA events in a charge bin (having a width of 0.01 of a unit of atomic number) is
accumulated over a period of a day, colour coded and plotted as a filled box.

During periods of enhanced particle fluxes, well defined peaks can be seen for typical
solar energetic nuclei. Persistent horizontal banding for certain ions (for example O,
N and Ne) indicates the presence of anomalous cosmic ray (ACR) populations.

Note that the number of PHA events for a given species shown in the plot does not
necessarily reflect its true abundance. This is due to the priority system used by the
instrument that maximizes the collecting efficiency of rarer ions. Further
normalization is required to produce accurate composition ratios (for example, p/He
and He/O). Note also that the majority of events that appear in the region between He
and C (i.e., Li, Be, B) are due to background effects in the instrument.
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Particle Identifier discriminator boundaries defining the charge groups
in the D1-D2 range (particles stopping in detector D2).

Particle Identifier discriminator boundaries defining charge groups in
the D2-D3 range (particles stopping in detector D3).

LET telescope: mechanical configuration, showing the internal
structure and the photomultiplier tube mounting.

LET telescope: internal structure in detail.

Let telescope: cross-section of the plastic scintillator anti-coincidence
shield, including key dimensions in mm.

LET telescope: internal tube structure, with key dimensions in mm.

SIM-1 package, with the Anisotropy Telescopes (top), Low Energy
Telescope (middle) and Data Processing Unit (bottom).

Front view of SIM-1 package with LET in the centre (dimensions in
mm).

Side view of SIM-1 package with LET in the centre (dimensions in
mm).

D1-D2 response measured at the GANIL accelerator in Nov 1988.
D1-D2-D3 response measured at the GANIL accelerator in Nov 1988.
LET detector D1 linearity check.

LET detector D2 linearity check.

LET detector D3 linearity check.

Event “tracks”for Helium ions derived from flight data in the D1-D2
range, together with the reference track used in the PHA analysis
routines (upper panel), and the corresponding charge histogram (lower
panel).

As for Fig. 6.1a, but for the D2-D3 range.

Event “tracks”for Oxygen ions derived from flight data in the D1-D2
range, together with the reference track used in the PHA analysis
routines (upper panel), and the corresponding charge histogram (lower
panel).

As for Fig. 6.2a, but for the D2-D3 range.
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Fig.

Fig.
Fig.
Fig.

Fig.

6.3a

6.3b
6.4a

6.4b
6.5
6.6

Event “tracks”for Silicon ions derived from flight data in the D1-D2
range, together with the reference track used in the PHA analysis
routines (upper panel), and the corresponding charge histogram (lower
panel).

As for Fig. 6.3a, but for the D2-D3 range.

Event “tracks”for Iron ions derived from flight data in the D1-D2
range, together with the reference track used in the PHA analysis
routines (upper panel), and the corresponding charge histogram (lower
panel).

As for Fig. 6.4a, but for the D2-D3 range.
Constant range lines plotted on a typical dE vs. residual E diagram.

Illustration of the LET charge interpolation algorithm using the
reference tracks for Z1 and Z2 and the constant range approximation.

LET counting rate linearity curves for channels L1, L2 and L22.



Table 1.1 Characteristics of the detectors and aperture foils installed in the flight
model LET. (Note that there is some uncertainty in precise thicknesses of the two
foils.)

Detector Type Thickness Area
(um) [ (mgiem?) | (cm?)
D1 Si surface barrier Ortec 600-30 32.2 7.503 6.0
S/N 22-235B
D2 Si surface barrier Ortec 600-100 95.9 22.345 6.0
S/N 20-663C
D3 Li-drifted LBL 1000-2000 2054 478.6 10.0
S/N 4469
D4 Li-drifted LBL 1250-2000 2000 466.0 12.5
S/N 4506
D5 Plastic scintillator / | RCA C70102E - - -
PMT 4F4
Outer | Aluminised Kapton ~8 ~1.0
foil
Inner Titanium ~2 ~0.9
foil




Table 1.2 COSPIN Low Energy Telescope Data Channel Summary.
Channel  Event Measurement GF Time  Synch.  Comp.
Code (cm?r)  Res. Mode?
(sec)
L1/P1 0 proton 09-1.2 MeV 9.1 32 Format 2
L2/P2 1 1.2-3.0 9.1 32 Format 2
L3/P3 3 1.8-338 0.58 32 Format 2
L4-L11 - 1.8-3.8 0.58 24/36 Spin 1
/P3St
L12/P4 4 3.8-8.0 0.58 32 Format 2
L13-L20 - 3.8-8.0 0.58 24/36 Spin 1
[P4St
L21/P5 5 9.0-19.0 0.58 32 Format 2
L22/A1 2 alpha 1.0-5.0 MeV/n 9.1 32 Format 1
L23/A2 6 1.9-40 0.58 32 Format 1
L24/A3 7 4.0-9.0 0.58 32 Format 1
L25/A4 8 9.0-19.0 0.58 32 Format 1
L26/H1 9 Li,Be,B 23-52 0.58 128 Format 1
L27/H2 10 52-26.0 0.58 128 Format 1
L28/H3 11 C,N,0 32-75 0.58 128 Format 1
L29/H4 12 7.5-39.0 0.58 128 Format 1
L30/H5 13 Z>10 39-95 0.58 128 Format 1
L31/H6 14 9.5-50 0.58 128 Format 1
L32/H7 15 Z>20 12-75 0.58 128 Format 1
L33/E1 - electron 0.35-1.5 MeV - 128 Format 1
L34/S1 D1 singles 128 Format 1
L35/S2 D2 singles 128 Format 1
L36/S3 D3 singles 128 Format 1
L37/S4 D4 singles 128 Format 1
L38/S5 D5 singles 128 Format 1
PHA Pulse 1 Format
heights/flags
LET status 32 Format -

! 8-sector rates
Z Data compression modes: 1 = 19-to-8 bits; 2 = 27-to-12 bits



Table 1.3 Discriminator logic equations for LET counting rate channels.

Channel Logic equation Channel Logic equation
L1 LP1 D1A.D1B.D2A.D4.D5 L26 LH1 M2.12.13
L2 LP2 D1B.D1C.D2A.D4.D5 L27 LH2 M3.16.17
L3 LP3 M2.11 L28 LH3 M2.13.14
L4-L11 M2.11 L29 LH4 M3.17.18
L12 LP4 M3.D2B.D3B.I5 L30 LH5 M2.14
L13-L20 M3.D2B.D3B.15 L31 LH6 M3.18.19
L21 LP5 D1A.D2A.D3B.D4.D5 L32 LH7 M3.19
L22 LA1 D1C.D2A.D4.D5 L33 LE1 D1A.D3A.D4.D5
L23 LA2 D1A.D2B.D3A.D4.D5.11.12 L34 D1 singles D1A.D4.D5
L24 LA3 M3.D3C.15.16 L35 D2 singles D2A.D4.D5
L25 LA4 D1A.D2A.D3C.D4.D5.15.16 L36 D3 singles D3A.D4.D5
L37 D4 singles D4
L38 D5 singles D5

D1A.D1IB=DIA ANDNOT D1Betc. M2=DI1A.D2A.D3A.D4.D5 M3 =DI1A.D2A.D3A.D4.D5
See Table 2.* for definitions of discriminator functions 11 — 19

Table 2.1 Sensitivities and dynamic ranges for LET amplifier chains.

Detector Nominal CSA Dynamic ranges PHA conversion factors®
output sensitivity EMeV)=an”
a B

D1 20 mV/MeV 0-32 MeV 0.0318 MeV/ch 0.98
(32.2 pm) 0-205 0.2331 0.98
D2 6.25 0-32 0.0381 0.98
(95.9 um) 0-640 0.7403 0.98
D3 1.0 0-128 0.1437 0.98
(2054 pum) 0 - 4096 4.150 0.99
D4 20 - -

(2000 um)

1) Based on flight data evaluation, where n is the PHA channel number

Table 2.2 Nominal discriminator thresholds.

Discriminator Threshold Discriminator Threshold
DD1A 300 keV DD3A 300 keV
DD1B 900 DD3B 6500
DD1C 2100 DD3C 28 MeV
DD1S 32 MeV DD3S 128
DD2A 300 keV DD4 300 keV
DD2B 3400

DD2S 32 MeV




Table 2.3 LET Particle Identifier nominal parameters*.

D1 - D2 Events Charge range D2 — D3 Events Charge range
11: E1 +0.27*E2>3.3MeV Z>2 I5: E2*(E3+7) > 53 MeV? 7>2
12: E1 +0.27*E2 > 8.5 Z>3 16: E2*(E3+18) > 355 >3
13: E1 + 0.27*E2 > 24 Z>6 17: E2*(E3+67) > 3900 Z>6
14: E1 +0.27*E2 > 52 Z>10 18: E2*(E3+161) > 20342 Z>10
19:E2 +0.15*E3>375MeV  Z2>20

* Actual values used in the flight instrument may differ slightly.
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Table 3.1 Resource breakdown for SIM-1 (ATs, LET, DPU).

SIM-1 Unit Mass (kg) Power (W) Telemetry fraction”
ATs 1.23 5.1 (combined) 0.162

LET 2.10 0.325

DPU 1.69 0.030%

1) COSPIN telemetry total = 5176 8-bit words per instrument cycle (256 S/C frames).
2) Contains spin counters, CPU status and synch words.

Table 4.1a Y to N look-up table for 19-bit mode.

Y N Y N Y N

0 0 6 14 11 9

1 11 7 13 12 4

2 10 8 8 13 7

3 1 9 3 14 6

4 12 10 2 15 5

5 0

Table 4.1b Y to N lookup table for 27-bit mode.

Y N Y N Y N Y N
0 13 8 21 16 XX 24 5
1 24 9 16 17 8 25 0
2 23 10 15 18 7 26 XX
3 14 11 22 19 XX 27 6
4 25 12 17 20 9 28 1
5 12 13 20 21 XX 29 4
6 11 14 19 22 27 30 3
7 26 15 18 23 10 31 2




Table 4.2 LET PHA word structure.

Bit Bit

MSB LSB | assignment
43 |42 |- 140139 |-(36|35|34[33|32]|31[30(29|-]20[19|-]10]9]|-

0 CAL-OFF

1 CAL-ON

0 SECTOR

1 |\ 0-7

0 (3 bits)

0 EVENT

1 ]\ CODE

0 0-15

1 (4 bits)

PRIORITY OPERATE (L46, LSB=0)

0 GAIN3 HI

1 GAIN3 LO

0 GAIN2 HI

1 GAIN2 LO

0 GAIN1 HI

1 GAIN1 LO

0 D4 NOT
TRIGGERED

1 D4
TRIGGERED

0 D5 NOT
TRIGGERED

1 D5
TRIGGERED

0 EVENT
INHIBITED
D4+D5

1 EVENT NOT
IHIBITED
D4+D5

PRIORITY TEST (L46, LSB=1)

0 ROM bit 4

0 ROM bit 3

0 ROM bit 2

0 ROM bhit 1

0 PHA NOT
START

1 PHA START

0 EVENT
INHIBITED
D4+D5

1 EVENT NOT
IHIBITED
D4+D5

0 PHA D3

1 \ MSB

0 PHA D3

1 LSB

0 PHA D2

1 ]\ MSB

0 PHA D2

1 LSB

0 PHA D1

11\ MSB

0 | PHAD1

1| LSB




Table 4.3 Bit assignment for status word L45.

~

6[(5|4(3|2]1]|0 Status
PTAMSB =0
1 PTAMSB=1
0 PTAbit2=0
1 PTADbit2=1
0 PTAbit1=0
1 PTAbit1=1
0 PTALSB=0
1 PTALSB=1
0 Mode 1

1 Mode 2

0 D1A on

1 D1A off

0 D2A on

1 D2A off

0 D3A on

1 D3A off

o

Table 4.4 Bit assignment for status word L46.

716[/5[4]13]2|1]0 Status
0 D1 on
1 D1 off
0 D2 on
1 D2 off
0 D3 on
1 D3 off
0 D4 on
1 D4 off
0 D5 on
1 D5 off
0 PHA priority events
1 PHA M2+M3+P5
0 Priority table rotated
1 Priority table fixed
0 Priority operate
1 Priority test
Table 4.5 Timing reconstruction for channels having 32 s time resolution.
Accumulation period (subformat no.)
Channel 0 1 2 3 4 5 6
L1, L45, 2 2 4 4 6 6 0l
L46
L2, L3, 1 3 3 5 5 7 7
L12,
L21
L4-111 2 3 4 5 6 7 0l
L13-L20 1 2 3 4 5 6 7
L22-L25 3 3 5 5 7 7 1l




Table 4.6 Timing reconstruction for channels having 128 s time resolution.

Accumulation period (subformat no.)
Channel 0-3 4-7
L26-L29 6l 6l
L30-L32 41 41
L33-L35 21 21
L36-L38 0l 0l

Table 4.7 Timing reconstruction for PHA words. PHA events are read out once
per S/C FRAME (i.e. nominally once per sec.)

Accumulation period (subformat no.)

FRAME 0 1 2 3 4 5 6 7

0-30 1 2 3 4 5 6 7 0l

31 2 3 4 5 6 7 0l 1l

Table 4.8 LET Analogue data channels.

MUX No. CHANNEL CONVERSION FORMULAE (Vg F.S. = 5.1 volts)

ADDR. FUNCTION

0000 1 D1 current ID1 (uA) = 2 x Vg (VOILS)

0001 2 D2 current ID2 (uA) = 4 x Vo (Volts)

0010 3 D3 current ID3 (HA) = 8 X Vot (VOILS)

0011 4 D4 current ID4 (nA) = 8 X Vot (VOILS)

0100 5 HV monitor HV (volts) ~ 250 x V, (Volts)

0101 6 +15 V monitor V15 (volts) = 4 x Vot (Volts)

0110 7 +8.5 V monitor V8.5 (volts) = 2 x Vg (VOItS)

0111 8 -6 V. monitor V-6 (volts) = +[1.833V,,; — 12.5] (volts)

1000 9 -15 V monitor V-15 (volts) = +[2.667V, — 1.667] (volts)

1001 10 Temp. (LET) T(°C) Vout (VOIts) T(°C) Vout (VOIts)
-40 4.70 +10 2.35
-30 4.42 +20 1.80
-20 4.08 +30 1.34
-10 3.57 +40 0.97

0 2.98 +50 0.70

1010 11 Temp. conv. 1 TBD

1011 12 Temp. conv. 2 TBD

1100-1111 | 13-16 | Not used




Table 4.9

LET Monitor Parameters.

CHANNEL | CHANNEL INFORMATION CHANNEL | CHANNEL INFORMATION
No. No.

H016 LET PHA 1-01 H043 LET CAL 32

HO017 LET PHA 2-01 H044 LET LO1 (LP1)
H018 LET PHA 3-01 H045 LET LO3 (LP3)
H019 LET STATE -01 H046 LET L12 (LP4)
HO020 LET EVENT-01 H047 LET L34 (LS1)
H021 LET SECTOR-01 H048 LET L35 (LS2)
H022 LET CAL 01 H049 LET L36 (LS3)
H023 LET PHA 1-02 HO050 LET L37 (LS4)
H024 LET PHA 2-02 HO51 LET L38 (LS5)
H025 LET PHA 3-02 HO052 LET D1 CURRENT
H026 LET STATE -02 HO053 LET D2 CURRENT
H027 LET EVENT-02 H054 LET D3 CURRENT
HO028 LET SECTOR-02 HO055 LET D4 CURRENT
H029 LET CAL 02 HO056 LET HV

HO030 LET PHA 1-31 HO57 LET 15V

HO31 LET PHA 2-31 HO058 LET 85V

H032 LET PHA 3-31 HO059 LET -6 V

HO033 LET STATE -31 HO060 LET -15V

H034 LET EVENT-31 H061 LET TEMP EXP
HO035 LET SECTOR-31 H062 LET TEMP S/C
HO036 LET CAL 31 H063 LET SD123

HO037 LET PHA 1-32 H064 LET S D45

HO038 LET PHA 2-32 H065 LET SD123A
HO039 LET PHA 3-32 H066 LET SPTA

H040 LET STATE -32 HO067 LET S MODE
H041 LET EVENT-32 H068 LET SPRIORITY
H042 LET SECTOR-32 H069 LET S OP/ROT




Table 4.10 LET Memory Load Command bit assignment (LET command word A).

Bit
assignment

MSB

Bit 2"

2]
vy]

15 14

13

12

11 | 10

8

7

CAL OFF

o

CAL ON

MODE 1

MODE 2

HV ON

HV OFF

D1A ON

D1A OFF

D2A ON

D2A OFF

D3A ON

D3A OFF

D1ON

D1 OFF

D2 ON

D2 OFF

D3 ON

D3 OFF

D4 ON

D4 OFF

D5 ON

D5 OFF

IR RIS

R R R R R LY

O|O|O|0O|O0|O|0o|O|0|0|o|o|o|o|o|o|o|o|o|o|o|o|k

R R R R =

WORD A

> OO0 |0|0|0|0|0|0|0|0|0|0|0|0|o|o|0o|o|o|o|o|~

O
1
ik
m
—

Table 4.11 LET Memory Load Command bit assignment (LET command word B).

Bit MSB Bit 2" LSB
assignment | 15 14 |13 |12 | 11 | 10 8 |7 5 |4 |83 |2 |1 |0
Event 0 1 1 1 |0 1
inhib. by
D4+D5
Event not 1 1 1 1 |0 1
inhib. by
D4+D5
PHA prior. 1 |1 |1 (0 |1
PHA 1 /1 |1 (0 |1
M2M3P5
PT rotated 0 1 |1 |1 |0 |1
PT fixed 1 1 |1 |1 |0 |1
PTALSB 0 1 |1 |1 |0 |1
1 1 |1 |1 |0 |1
PTA bit 2 1 |1 |1 |0 |1
1 |1 |1 |0 |1
PTA bit 3 0 1 |1 |1 |0 |1
1 1 |1 |1 |0 |1
PTA MSB 0 1 |1 |1 |0 |1
1 1 |1 |1 |0 |1
Priority 0 1 (1 |1 (0 |1
operate
Priority 1 1 (1 |1 (0 |1
test
NOT USED 1 |1 |1 |0 |1
WORD B B D=LET




Table 5.1 LET Accelerator calibration history.

Date Facility” Beam? Report/Paper
19799 VICKSI-HMI Ne” Kamermans et al., 1980
14-23 Apr 19819 LBL Bevatron Ne? LeBorgne et al., 1981
Ar40
28 Jul 1982 - LBL Bevatron Si®
02 Aug 1982 Fe>®
17-20 May 1983 VU Cyclotron p, H?, He* Marsden et al., 1984
1-4 Apr 1984 MPK MP Tandem cl;
Ni
12-20 May 1984 LBL Bevatron Si®
FeSG
25-26 Oct 1984 VU Cyclotron p, H?, He*
20-24 Nov 1988 GANIL Ar®
Notes:

1) HMI: Hahn-Meitner Institut, Berlin; LBL: Lawrence Berkeley Lab; VU: Amsterdam Free
University; MPK: Max-Planck-Institut fuer Kernphysik, Heidelberg; GANIL: Grand
Accelerateur National d’lons Lourds, Caen.

2) Primary beam types (LBL and MPK: separate runs; VU all species simultaneously).

3) LET prototype.

4) LET Engineering Model.



Energy-loss look-up table for the LET aperture foils (Ti + Kapton).

Table 6.1
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g m 25 A= 55

Einstr (MeV/n) : 1.0
Eext (MaV/n) : .30
Einstr{MaeV./n) : 5.00
Eext {MeV/nj) : 5.90
Einstr{MaVv,/n) : o, 00
Fext(MeV/n) : 9.70
Einstr{HeV/n}: 50.00
Eext{MeV/n) : 50.24
i = 26 A= 56

Einstr(MeV¥/n) : 1.00
Eaxt(MaV/n): 2.30
Einstr(MeV/n) : 5.00
Eext(MeV/n) : 5.90
Einstr{MeV/n) : 9.00
Eext (MeV/n) : 9.70
Einatr(MeV/n)}: S0.00
Bext (MaeV,/n): L0, 28
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Low Energy Telescope Block-Diagram
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Fig. 1.1 Block diagram of the Low Energy Telescope (LET).



KAPTON FOIL —

(8 pm) o
TITANIUM FOIL

(2 pm) I
COLLIMATOR /

—

D1
(32.2 ym, 6 cm?

D5 —
(NE102A)

COLLIMATOR

D2 ,
(95.9 pm, 6em’) —___ |

D3
(2054 pm, 10 cm?)

(2000 pm, 12.5 cm?)

/!

d

Fig. 1.2 (top) Cross-section of the LET sensor, showing the detectors and

1cm

PMT

aperture foils; (bottom left) LET sensor assembly; (bottom right) Key elements of the
LET sensor (PMT, detectors, tube structure).



AE T T T TT11T] T I:!4|||| T flllllf
MeV

| R EER TV W 1 B
N

D3C |/

10

llllll'

10

L A I 0 e o | Lo | f RERENY I 0

0,1 10 . 10 100 MeV

Fig. 2.1 Nominal discriminator threshold levels for detectors D1, D2 and D3,
together with the energy loss characteristics for protons and alpha particles.

& Giralig

~_LET Charg
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Fig. 3.1 LET telescope: mechanical configuration, showing the internal
structure and the photomultiplier tube mounting.
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Fig. 3.5

SIM-1 package, with the Anisotropy Telescopes (top), Low Energy

Telescope (middle) and Data Processing Unit (bottom).
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Front view of SIM-1 package with LET in the centre (dimensions in
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Fig. 5.2 D1-D2-D3 response measured at the GANIL accelerator in Nov 1988.
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Fig. 6.1a Event “tracks”for Helium ions derived from flight data in the D1-D2
range, together with the reference track for 4He used in the PHA analysis routines
(upper panel), and the corresponding charge histogram (lower panel). Separation of
the isotopes 3He and 4He is clearly seen.



Fig. 6.1b

As for Fig. 6.1a, but for the D2-D3 range.
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155-165/1991 PHA Events: O 9290/42
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Fig. 6.2a Event “tracks”for Oxygen ions derived from flight data in the D1-D2
range, together with the reference track used in the PHA analysis routines (upper
panel), and the corresponding charge histogram (lower panel).
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Fig. 6.3a Event “tracks”for Silicon ions derived from flight data in the D1-D:
range, together with the reference track used in the PHA analysis routines (upper
panel), and the corresponding charge histogram (lower panel).
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Fig. 6.5 Constant range lines plotted on a typical dE vs. residual E diagram.
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Fig. 6.6 Illustration of the LET charge interpolation algorithm using the
reference tracks for Z1 and Z2 and the constant range approximation.
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THE PROTOTYPE LOW ENERGY TELESCOPE SYSTEM FOR THE

INTERNATIONAL SOLAR POLAR COSPIN EXPERIMENT

ABSTRACT

This report describes the design and prototype evaluation of the Low
Energy Telescope (LET) charged particle detector system included in

the Cosmic Ray and Solar Charged Particle Investigations (COSPIN)
collaborative experiment to be flown on the European spacecraft of

the joint ESA/NASA Intermational Solar Polar Mission. The principal
features of the LET design are discussed, and the results of preliminary

calibrations and response simultations are presented.

1. INTRODUCTION

The Cosmic Ray and Solar Charged Particle Investigation (COSPIN) collaborative
experiment to be flown on the European spacecraft of the joint ESA/NASA
International Solar-Polar Mission is designed to provide camprehensive
measurements of solar and galactic charged particles in the essentially
unexplored regions of the heliosphere ocut of the plane of the ecliptic

and over the solar poles. In order to accammodate the wide range of

nuclear species, energies and fluxes which are likely to be encountered,

the COSPIN experiment camprises four independent detection systems,

each optimised to provide high-resolution measurements within a specific

range of parameters. The system described in this note, the Low
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Energy Telescope (LET), is designed and will be built by the Space
Science Department to measure the camposition and energy spectra of
nuclei of hydrogen through iron in the energy range 300 keV/nucleon (Hl)
to greater than 75 MeV/nucleon (Fe56) with high spatial and temporal
resolution. The results of these measurements will be used together with
the data fram the three complementary COSPIN detector systems to study
the as-yet largely unsolved problems of solar particle propagation in

3 dimensions, the structure of the heliosphere and related interplanetary
phencmena, and the modulation and possible sources of the galactic cosmic

rays.

Since the final weight of the scientific payload is critical in determin-
ing the maximum heliographic latitude which' the two solar polar space-
craft can achieve, a major constraint on the design of the COSPIN

systems is the weight available. In addition, the nature of the mission
is such that an experiment lifetime of at least four years is essential

/

if the unique trajectory is to be fully exploited. These criteria, together
with the ability to survive the harsh radiation envirorment encountered
during the Jupiter swing-by phase, form the (severe) boundary conditions
within which the scientific objectives of the LET detector system must be

met.
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2. DESCRIPTION OF THE LOW-ENERGY TELESCOPE

The LET uses four silicon solid state detectors of the surface barrier

and lithium-drifted type, together with a plastic scintillator-photamiltiplier

carbination as charged particle detection elements. These detector elements
are shown in section in Figure la. Dl and D2 are surface barrier devices
of equal active area (6.0 cn?) having nominal thicknesses of 30 and 100
microns respectively, while D3 and D4 are 2000 micron-thick lithium-drifted
devices of 10.0 and 12.5 cm2 active area respectively. Such devices,

in paréicular D1, represent state—of-the-art in manufacture of charged-
particle detectors of this type. Together with D4, the plastic
scintillator guard counter D5 forms the anticoincidence shield for the
main elements of the telescope. Figure lb shows typical solid state ard
scintillator detector elements used for the preliminary laboratory and
accelerator studies, together with the prototype solid state detector
telescope housing with the D1 device in position. It should be noted that
the base plate of this prototype housing was designed to interface with the

laboratory calibration chamber platform, and as such is not representative

of the envisaged flight hardware configuration.

The signals from D1, D2 and D3 are fed via charge-sensitive preamplifiers

and pulse-shaping voltage amplifiers to a series of threshold discriminators
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Figure la. Schematic of the low-energy telescope detector system. Dn*
indicates a pulse-height-analysed detector.

for counting rate information, and to the Particle Identifier System
(described in detail in the next section) for species rate data, priority
information and for sampling by 1024 (Dl) and 2048 (D2 and D3) channel
pulse height analysers (PHAs). In order to accammodate the large (v 104)
dynamic range in pulse amplitude from D1, D2 and D3 necessary for adequate
resolution of protons through iron nuclei, dual gain voltage amplifiers
are used. The gain selection is made in analogue switches controlled by

fast amplifiers and discriminators.
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Figure 1b. Low-energy—telescope anticoincidence shield and prototype
detector telescope housing, with typical surface~barrier and Lithiwm-
drifted solid-state detectors (D2- and D3-type).

The constraints of radiation resistance and low weight placed upon the
QOSPIN experiment by the characteristics of the mission have to a large
extent dictated the philosophy concerning the construction of the LET
analogue and digital electronics. The logic functions are performed by
radiation-hardened (MOS integrated circuits, thick-film substrate techno—
logy being employed to provide a very high degree of packing density and
reliability. The linear circuitry utilises predominantly hybrid and mono—

lithic microcircuits (radiation hardened) with some discrete components,
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Figure 2. Simplified diagram of LET electroniecs.

spot shielded where necessary. This type of construction leads to a pack-
age having minimum weight for a system of high camplexity. A schematic

of the LET analogque and digital electronics is shown in Figure 2.



ESA STR-202 January 1979

Data from the LET are telemetered in the form of spin-averaged counting
rate information for proton, alpha and heavy-ion energy channels,
together with pulse-height information on a sampled event-by-event
basis for Z 2 2 events. In order to facilitate the study of the spatial
distribution of the particle flux, the counts in two of the proton
channels are also accumulated in eight consecutive equatorial sectors

of 450, the telescope axis being perpendicular to the spacecraft spin

axis.
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3. PRINCIPLE CF LET OPERATION

The LET utilises the well-known technique of measuring the energy loss in
one or more thin absorbers together with the total incident particle energy
to distinguish among the various nuclei of which the charged particle flux
consists. This method relies on the fact that the range at a given energy
per nucleon of charged particles in matter is, to a first approximation,
proportional to the mass of the particle divided by the square of its
charge.l If the energy lost in a thin absorber is plotted as a function of
the residual energy deposited in a second absorber for particles stopping
in that absorber, events belonging to a given nuclear species will lie on
a unique "track" in such a plot. In Figure 3, the loci of some typical LET
tracks are plottéd in the D2 versus D3 plane, for events incident parallel
to the telescope axis. In reality, events will show same scatter about
these ideal lines, owing to the finite resolution of the instrument. This
will be discussed in the next section. Provided this scatter is not too
large, however, the tracks corresponding to individual species can be
identified in such a matrix of D1 versus D2 or D2 versus D3 pulse-height
data and thus enable relative abundances and energy spectra to be deter-
mined. In order to provide separate counting-rate information for dif-

ferent groups of nuclear species, the LET has an on-board Particle Identi-
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100 200 300 400 500 600 MEV

Figure 3. Ideal LET response curves (D2 vs. D3) for events stopping in
D3. Dashed lines represent nominal particle identifier system charge-
diserimination boundaries.

fier System, which employs a unique set of analogue function generators
and discriminators to divide the response into different regions of charge
and mass. The nuclide tracks in matrices of the type described above can

be fitted empirically by a function

AE. (EResidual +a = Db

where AE is the energy lost in the thin detector(s), EResiS 1 is the
residual energy for stopping particles, and a and b are constants for
a given species track. It is clear that boundaries having the same
functional form can be used to efficiently divide the "AE versus

{
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residual E" matrix into regions of different mass and charge. Examples
of such bourdaries are shown in Figure 3 as dashed lines. The LET
Particle Identifier System generates, for each valid event stopping in

D3, four analogue functions of the type

F, = S2% (S3+a,) i =1,2,3,4

where S2 and S3 are the analogue signals fram D2 and D3 respectively,
and a; is a constant. These values are then applied to a series of
threshold discriminators corresponding to different values of the
constant b to determine to which region of the D2 vs. D3 matrix the
analysed event belongs. These regions correspond to the charge groups
2 =1,2=2,3%2<6,6%7<10andZ210. Additional analogue

functions having the form

Gy

sl +C, 2 i=1,2,3,4

and G,
i

S2 +C, S3 i=5
i

£

are used to identify the corresponding charge groups for valid events

stopping in D2 (i = 1 to 4) and 2 > 20 events stopping in D3 (i = 5).

Each of the above charge groups has an associated counting-rate register
which is incremented each time a valid event within that group is cbserved.
In addition, the signals for all Z > 2 events which stop in either D2 or
D3 and do not trigger the anticoincidence elements are pulse-height
analysed and stored in a temporary buffer in the LET Event Priority System.
In order to maximise the collection efficiency of the rarer species in the
incident flux, the LET transmits the highest priority event occurring
within each telemetry cycle according to a set of predeterminad event-

priority levels. Each priority assigrment is maintained for a number of
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telemetry cycles and then replaced on a rotational basis by a different
sequence. Such a Priority System is necessary, because the limitation
in available telemetry allows LET PHA data to be transmitted at a

maximum rate of only ~ 1 event per secord.

The combined operation of the Particle Identifier System and the Event
Priority System ensures that no single event type daminates the PHA data
sampling during high—counting-rate conditions, whilst at the same time
maintaining counting-rate information for all valid events. The camplete

table of LET priority assignments is to be stored in a single ROM.
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4. INSTRIMENT RESOLUTION

The ability to identify the different nuclides incident on the instrument
is clearly dependent on the degree of particle track separation apparent

in the data matrices. This track separation is a function of the spread

in energy loss for a given particle of a given incident energy traversing
one or both of the thin D1 and D2 detectors, and it is possible to

identify several independent contributions to the spread. Namely,

1 Pathlength variations in the thin detector(s) due to the
finite opening angle of the telescope system.

2) Pathlength variations in the thin detector(s) due to variations
in the thickness of these detectors across their active areas.

3) Fluctuations in energy loss due to the statistical nature of the
processes involved.

4) Electronic noise introduced into the system.

While, during the design of the LET, attempts were made to minimise the
first two contributions to spread just listed, it was necessary to bear
in mind at all stages the requirements imposed by the scientific aims of
the experiment. On the one hand, the LET must possess sufficient charge
and mass resolution to perform charge identification of species from

hydrogen up to and including the iron group nuclei from as low an energy
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as possible, while also being able to identify separately the isotopes of
helium e ana 4He. On the other hand, owing to the nature of the space-
craft's trajectory after it leaves the plane of the ecliptic, the sampling
time within a given band of heliographic latitude is relatively short (of
the order of 30 days). Since the particle flux in these regions can be
expegted to be low, the oollecting power of the LET must be maximised.
This, in turn, implies as large a geometrical factor as possible. These
two requirements -~ high mass resolution and large geometrical factor - are
fundamentally conflicting in two areas. Firstly, a large geametrical fac-
tor implies a large opening angle, which in turn causes large variations

in path length through the telescope. Secondly, given the current state
of. the art, thin solid-state detectors having large areas suffer from an
intrinsic variation of thickness across their active area, which is due to
the etching process involved in their manufacture. In the case of the LET,
this latter problem is most acute for D1, where, even when strict selection
criteria are applied to finished flight—quality detectors, it is difficult
to achieve a uniformity better than ca. #6% for a nominal 30 pm thick device
of 600 rrm2 active area. In addition to limiting the intrinsic mass reso-
lution for events stopping in D2 (so-called 2-D or 2-parameter events),
this thickness variation problem also affects the 3-D resolution, since the
energy lost in both thin detectors is campared to provide a self-consis-
tency check for events stopping in D3. The final LET specifications are the

result of a careful trade-off between these two conflicting requirements.

The third source of resolution degradation listed above is largely a
physical limitation and represents the maximum achievable resolution for
an ideal telescope in which all other contributions are negligible. The

effects are largest for energy losses that are small compared with the
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total incident energy and result in the well-known Landau broadening of

the energy-loss distribution towards higher energy losses. For the

greater part of the LET response, this effect is not expected to be serious.
The contribution of electronic noise to the energy resolution, and hence to
the mass resolution, is governed to some extent by the extremely large
dynamic range needed from the LET analogue electronics and also by the
intrinsic electronic noise of the solid-state devices themselves. This
imposes a threshold of A 300 keV on the D1 and D2 detector signals, but
does not represent a contribution to the mass-resolution degradation of

the same magnitude as that of the path-length variations.
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5. PRELIMINARY ACCELERATOR CALIBRATIONS

As Qas discussed in the previous section, the thickness uniformity of the
thin surface-barrier solid-state devices to be used as theDl and D2 detec-
ting elements of the LET plays an essential role in detemmining the reso-
lution of the telescope. With this in mind, a preliminary mapping of two
"off-the~shelf" 30-um, 6—cm2 devices using carbon-12 accelerator beams of
42 and 54 MeV was performed with the cyclotron at the University of
Louvain-la-Neuve, Belgium, during April 1977. The technique used was

to study the variation in energy loss (for a penetrating beam of

carbon-12 particles incident normal to the detector surface) measured

at different points on the detector surface. Using standard range

enerqgy curveéf,these variations in energy loss were converted to
equivalent variations in detector thickness. Since the mapped devices
were in no way preselected from the point of view of uniformity, the
measurements were intended primarily to provide a realistic guideline
against which more stringent flight-quality device specifications could be
made. An example of a measured uniformity profile is shown in Figure 4,
where the inferred detector thickness is plotted for several positions

along a diameter. Also shown is a scale giving the actual measured

Tsee Appendix.
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Figure 4. Thickness profile of standard 30 um 6 cm2 surface-barrier

detector as measured with a 54 MeV carbon-12 accelerator beam

energy loss at each point in MeV.

As can be seen, this profile shows

a range of thicknesses fram ~ 27 to 33 microns, an unacceptably large
spread for use as a flight-quality LET D1 element. The second device
showed samewhat better uniformity, but was still below an acceptable
flight standard. On the basis of these measurements taken together with the

experiment design aims, a maximum allowable variation of ¥ 1.75 microns
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in thickness has been established for the flight detector specifications

concerning D1 and D2.

In addition to providing a measurement of the relative uniformity of the
thin D1 elements, the carbon-12 accelerator runs are useful in establish-
- ing a reference point for the energy-loss calculations needed to predict
the response of the instrument to other heavy ions. However, since

such extrapolations rely to a large extent on calculated range—energy
data which are known to contain rather large uncertainties, further
accelerator calibrations using the camplete telescope will be needed

to determine the detailed response of the instrument.
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6. LET RESPONSE SIMULATIONS

In order to gain an insight at an early stage in the LET design into which
parameters most sensitively affect the telescope performance, a series

of camputer-based calculations was carried out to simulate the response

of the LET detector elements to directional and isotropic fluxes of
charged particles. The basis for such calculations was the evaluation

of the energy lost by an incident ion in a series of absorbers
representing both the active telescope elements as well as the

mechanical structure, followed by the application of appropriate logic

conditions to the resulting "signals".

Events were selected by a Monte Carlo method in which ion energy and
arrival direction were chosen at random fram given distributions,
together with the point of impact upon the absorber configuration.

In order to simplify the geametry, all absorbers were required to be
annular or disk-like in form. The initial trajectory information enabled
the pathlengths in all intersected absorbers to be calculated and,

hence, via standard range-energy tables, the energy lost in each such

absorber to be found. In a typical run, scme 5000 - 10 000 events were
analysed. The signals fram the active detecting elements D1 through

D5 were analysed for coincidence conditions and threshold discriminator
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Figure 5. Simulated LET _grﬁton counting rate channel response for an
input spectrum dJ/dE o E ~°°. The nominal energy bandwidths are also
indicated.

firing in the same manner as is effected by the experiment electronics,

in addition to possible pulse-height information analysis for D1, D2

or D3. Since the energy pass-bands of the LET counting rate channels are
defined on the basis of a given combination of coincidence and discriminator
logic, Monte Carlo runs of the type described above are extremely useful
when attempts are made to evaluate the extent to which a given rate channel
having a certain nominal energy bandwidth is likely to be ocontaminated

by higher- (or lower-) energy events. This particularly true in the case

of protons, for which no pulse-height information is anticipated in the
prototype IET design. Results of calculations performed for several of

the LET proton channels are shown in Figure 5, together with the nominal
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channel widths. As can be seen, the expected contamination in these cases

is rather small, indicating "clean" channels.

Monte Carlo runs using heavy ions (helium through iron) have been used
to investigate the expected resolution of the LET PHA data. For these
runs, the effects of thickness variations in the solid state detectors
and statistical variations in the energy loss were also taken into
account. Fram each run a data set of ~ 12 000 events was campiled,
including up to 13 different species with specified relative abundances
and enerqy spectra, from which subsets could be made on the basis of,
for example, the number of detectors triggered. A display of a typical
data set is given in Figure 6, where a D2 versus D3 matrix of helium
through argon events is shown together with the appropriate Particle
Identifier System discriminator boundaries. At each location in the
matrix is printed, according to a coding system, the number of events
posseséing that pair of pulse heights. The species tracks are clearly
visible in this example, since the relative abundances of the rarer
particles have been artificially increased over their expected levels

for purpcoses of illustration.

Figure 7 shows a similar matrix, this time displaying helium-3 and helium-4

data with an input ratio 3He/4He of 0.1, In so-called "3He-rich“ solar flere

events 1,2,3)

this ratio can take values ranging fram 0.2 to greater than

n 5; the value of 0.1 thus represents a worst-case situation. So that

the predicted mass resolution for helium could be investigated, the matrix
data were sumed along the particle tracks in intervals of 0.1 mass units

(amu) . The resulting mass histogram is shown in Figure 8. As can be seen,

both mass peaks are clearly visible. The helium~4 distribution has a FWHM
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Figure 6. Matrix of sitmulated LET pulse-height data for 2 < Z < 14
events stopping in D3. Dashed lines represent nominal particle identi—
frer system charge-discrimination boundaries.
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Figure 8. Mass histogram for helium computed from the data presented
in Figure 7.

of 0.5 amu (0 ~0.22 amu), giving a peak separation of ~4.5 ¢ in the energy
range considered (4 to 14 MeV/nucleon for 4He) . It should be noted that no
background event generation was included in the simulation program, so the
results shown here are to a certain degree best case. Nonetheless, they do
confirm that the detector parameters chosen in the LET design (e.g. thick-
ness—uniformity limits etc.) are compatible with the instrument resolution

dictated by the scientific aims of the experiment.
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7. COONCLUSION

The aim of the Low Energy Telescope system, as stated in the introduction

to this report, is to measure - with high spatial and temporal resolution -
the composition and energy spectra of nuclei of hydrogen through iron in

the energy range 300 keV/nucleon for protons to greater than 75 MeV/nucleon
for iron-group nuclei. Moreover, these measurements are to be made with an
instrument of low weight and high reliability, especially with respect to

its resistance to radiation. The design evaluation and simulations described

here have shown that the proposed LET system can achieve these aims.

Further calibrations using the prototype instrument with beams of acceler-
ated nuclei are planned, in order to provide a camplete picture of the
telescope response, and these measurements should confirm the results of
the computer-simulated response studies, while at the same time providing
an input to improve their accuracy. In this way, the LET design can be
optimised to provide an instrument possessing the capabilities that will
enable it to operate effectively in the variety of (essentially unknown)

conditions it will encounter during the International Solar Polar Mission.
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APPENDTIX

RANGE-ENERGY DATA

In order to campute an accurate representation of the response of a given
solid-state-detector telescope configuration to charged-particle radiation,
it is first necessary to produce a realistic set of range—energy curves
for energetic nuclei in silicon, and any other materials used in the con-
struction of the telescope. Since there are no experimental data

covering the required dynamic range in mass and energy (1 - 60 amu;

< 0.01 - 1000 MeV/nucleon) encountered in cosmic-ray experiments, it
becomes necessary to rely on semi-empirical extrapolations of the
available data. Detailed tabulations based on this technique have been
given by Barkas ard Bexger4) and Northcliffe and Schillings) , and it

is the latter which are normally used in calculations of detector response.
These particular tables have disadvantages, however, in that they extend
in energy only to 12 MeV/nucleon, and that no direct tabulation is given
for silicon (aluminium being the nearest stopping medium given). The
range-energy data used predaminantly in the LET simulations are the

result of camputations based upon the treatment of Greiner® which

takes as its starting point the proton energy-loss calculations of Janni7)
which agree rather well with experimental determinations. Corrections are

applied to these proton data to include effects important when heavy ions
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are considered. Of these effects, the most important are duargg"_neutralisation
by electron capture and nuclear stopping. Since heavy nuclei of the

energies of interest here do not pass through an absorbing medium fully
stripped of electrons, the nuclear charge Z must be replaced by a velocity-
dependent effective charge, which is less than Z at low velocities., The so-
called nuclear stopping correction is due to the fact that a small fraction

of the incident particle energy is lost to the absorbing medium without

causing ionisation, and as such is not measured by a solid-state detector.

Applying these corrections leads to an expression for dE/dx, the energy
lost by a given ion per unit pathlength in a given medium for energies
fram 0.01 MeV/nucleon up to 1000 MeV/nucleon tabulated at energy

intervals sufficiently small to allow linear interpolation. Clearly,

such empirically deduced tables may show systematic differences fram

the available experimental data, especially at very low energies. Never-
theless, .thev do form a self-consistent data set from which useful calcula-
tions can be made, the results of which can be re-normalised to experi-

mentally determined charged particle telescope response data if necessary.
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ABSTRACT

In this paper, the results of heavy-Lon calibration measurements performed
with the Low Enengy Telescope of the International Solan Polar Mission's
COSPIN experiment are phesented. 1t 4s shown that the instrument is
capable of resolving adjacent elfements at Least up to argon, with a
separation of bettern than seven standard deviations in the energy range

5 to 50 MeV/n.
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ACCELERATOR CALIBRATION OF THE LOW-ENERGY TELESCOPE
OF THE INTERNATIONAL SOLAR POLAR MISSION COSPIN EXPERIMENT

1 INTRODUCTION

The Cosmic Ray and Solar Charged Particle investigation (COSPIN) forms part
of the payload of the ESA spacecraft in the International Solar Polar
Mission (ISPM). This collaborative experiment is designed to provide
comprehensive measurements of solar and galactic charged particles in the
region out of the ecliptic plane that the spacecraft will explore. The

Low Energy Telescope (LET) is one of the five sensors forming COSPIN. It
is designed to measure the compsoition and energy spectra of hydrogen to
iron nuclei in the energy range extending from ~300 keV/nucleon (lH) to
greater than 75 MeV/nucleon (56Fe) with high spatial and temporal
resolution.

The principal features of the LET design and preliminary calibration
results have been reported by Marsden and Henrion (1979) and by Kamermans
et al. (1980). This paper reports further accelerator calibration data
obtained during exposure of the LET engineering unit (EU) to argon and
neon beams at the BEVALAC-BEVATRON accelerator of the Lawrence Berkeley
Laboratory (LBL) at the University of California, Berkeley.

2 THE LOW ENERGY TELESCOPE (LET)

The instrument (of which Figure la is a photograph and Figure 1b a schema-
tic representation) consists of a four-element solid-state detector
telescope (D1-D4), surrounded by a cylindrical plastic scintillator anti-
coincidence shield (D5). The telescope aperture is covered by two thin
foils, an inner titanium foil 2 um thick and an outer Kapton foil 7 um
thick. D1 and D2 are surface barrier devices of equal active area (6.0 cm?)
having nominal thicknesses of 30 and 100 um respectively, while D3 and D4
are 2 000 um thick 1ithium-drifted devices of 10.0 and 12.5 cm? active

area respectively. D4 forms part of the anticoincidence shield.
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Figure la Photograph of the LET
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A block diagram of the LET electronics is shown in Figure 2. The signals
from D1, D2 and D3 are fed into individual amplifier chains consisting of
a charge-sensitive preamplifier followed by a parallel combination of
three pulse-shaping voltage amplifiers (PSAs). In order to accommodate
the large dynamic range required, one low- and one high-gain PSA have been
used, selected via an analogue switch controlled by a third (fast) PSA in
conjunction with a discriminator. The selected outputs are fed into a
common 10-bit (1024 channel) analogue-to-digital converter, which provides
pulse-height information. The fast PSAs are followed by a number of
threshold discriminators, the outputs of which are used in the coincidence
logic to define a series of counting-rate channels. In addition, the
outputs of the sTower PSAs are fed into a Particle Identifier System to
provide both event-priority and counting-rate information, as described
below.

For particle identification, the LET utilises the proven technique of
measuring the energy loss in one or more thin detectors, together with
the total incident particle energy. If the energy lost in a thin
detector is plotted as a function of the residual energy deposited

in a second detector in which particles are stopped, events belonging to
a given nuclear species will 1lie on a unique "track". The tracks corres-
ponding to individual species can be identified in a plot of D1 vs D2 or
D2 vs D3 pulse-height data. This enables relative abundances and energy
spectra to be determined. The on-board Particle Identifier System makes
it possible to obtain the counting rate of groups of nuclear species.
The Identifier has a set of analogue function generators and discrimina-
tors to divide the response into different regions of charge.

The analogue functions are defined as follows:

G, (S1,52) = S1 + C,S2 i=1,2,3,4
G, (S2,83) = S2 + C.S3 i=9
F. (52,83) = 52 (S3 + C;) i =5,6,7,8

where S1, S2 and S3 are the analogue signals from detectors D1, D2 and D3
respectively, and Ci are constants. For each valid event stopping in D2
or D3 the values of the appropriate analogue functions are compared with
associated discriminator thresholds Ai(i =1 to 9) in order to define a
series of logic parameters Ii (i =1to9) as follows:
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Gi > A i=1,2,3,4
I1 = Fi > X i=5,6,7,8
Gi >)\1. i=9
i Gi A i=1,2,3,4
Ii = Fi <A i=5,6,7,8
G. <2 i=9

The values of the constant Ci and the thresholds A expressed in energy
units are given in Table I. On the respective D1 vs D2 or D2 vs D3 dia-
grams, where D1, D2 and D3 are now the energies deposited in detectors
D1, D2 and D3 in MeV, the loci of points satisfying the equalities

D1 = At CiDZ i=1,2,3,4

D2 = Tﬁ§—21677 i=5,6,7,8
i

D3 = Ay - C1D3 i=9

define the boundaries separating groups of elements (charge groups).
Figure 3 shows the positions of these boundaries plotted together with

the predicted particle tracks. The tracks are calculated for nominal
detector thickness using standard range-energy calculations as described
in Marsden and Henrion (1979).

Each of the charge groups has an associated counting rate register which
is incremented each time a valid event within that group is observed.
These rate channels are listed in Table II together with the corresponding

groups.

3 CALIBRATION

The calibration of the Engineering Unit (EU) of the Low Energy Telescope
was performed at the Lawrence Berkeley Laboratory (LBL) Bevalac acceler-
ator using beams of neon and argon nuclei of energy 250 MeV/n and
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Table I. LET Particle Identifier analogue functions and threshold
discriminator levels.

Identifier Logic Analogue Discriminator
Parameter I Function Level i

11 S1 + 0.27 S2 3.3 MeV

12 S1 + 0.27 S2 8.5 MeV \ ..
13 S1 + 0.27 S2 24.0 MeV

14 S1 + 0.27 S2 52.0 MeV

15 S2 % (S3+ 7) 53 Mev2

16 52 % (S3 + 18) 355 Mev?

17 S2 % (S3 + 67) 4187 Mev? \ D2 - D3
18 S2 % (53 +161) 20342Me V2

19 52 +0.15 S3 375 MeV

Table II.  LET Counting Rate channels and Charge Group definitions.

Rate Channel Logical function Species selected

L3 11 protons 1.7 - 3.8 MeV
L12 15 protons 3.8 - 8.0 MeV
L23 11 12 He 1.9 - 3.7 MeV/n
L24 I5 T6 He 3.7 - 8.4 MeV/n
L25 15 T6 He 8.4 - 19 MeV/n
L26 12 T3 Li,Be,B 1.7 - 4.9 MeV/n
L27 16 17 Li,Be,B 4.9 - 26 MeV/n
L28 I3 14 C,N,0 2.4 - 7.0 MeV/n
L29 17 18 C,N,0O 7.0 - 38 MeV/n
L30 14 Z>10 2.8 - 9.0 MeV/n
L31 18 T9 10<Z<20 9.0 - 51 MeV/n

L32 IS Z>20 12 - 75 MeV/n
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Figure 3a Theoretical LET response curves (D2 vs D3) for particles
stopping in D3 (dashed lines).

Particle Identifier boundaries.

Solid 1ines represent nominal
Rate channel numbers

corresponding to the respective charge groups are indicated.

284 MeV/n, respectively.

- This figure shows the full dynamic range.

The aim of these calibration runs was twofold:

(1) to set the thresholds of the Particle Identifier discriminators

described in Section 2;
(2) to test the full dynamic range of the instrument.

Before the LBL calibration, the Particle Identifier thresholds were set on

the basis of system sensitivities determined by means of 2%41Am o sources.

The LBL runs were used initially to refine these settings and to measure

accurately the relative positions of the nuclide tracks and the Particle

Identifier loci.

To this end, copper and polyethylene absorbers were

placed in the beam path, in order to fragment the primary nuclei, thereby

producing species of lower nuclear charge, while at the same time reducing

the particle energies to between about 5 and 50 MeV/n.

This made it
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Figure 3b This is an enlargement of the lower left-hand part of Figure 3a.
The arrows show the level at which gain switching occurs.

possible to obtain data points for tracks corresponding to nuclides other
than the primary species. After adjustments to the discriminator thres-
holds, the instrument was exposed to the beam again, in order to verify
the settings. The results presented in this paper were obtained during
these latter exposures.

In 1979, a scientific development model of the LET, which used standard
laboratory electronics, was exposed to neon beams of 7.4 MeV/n and

20.1 MeV/n at the Hahn Meitner Institut (HMI) in Berlin (Kamermans et al.
1980). Because of the Timited maximum energy available at the facility,
it was not possible to exercise the full dynamic range of the instrument
during this experiment. It was therefore the intention to calibrate the
EU LET at the Bevalac using iron nuclei to provide energy losses of up to
4 GeV in D3. Owing to technical difficulties with the LBL facility, how-
ever, only beams of neon and argon were available. Nevertheless, it was
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Figure 4 Example of the on-line data display.

still possible to stimulate the LET over approximately three quarters of
the full dynamic range.

For the calibration runs described here, the Beam 40 spectrometer facility
of the LBL Bevalac was used. Experiment instruments employing this faci-
lity are placed in air, the beam leaving the vacuum section of the spectro-
meter via a thin window. This arrangement has the advantage of allowing
easy access to the instruments at any time when the beam is off. In the
case of the LET, however, operation in air had a serious disadvantage,
since particles with energies corresponding to the lower range of the
instrument lost a noticeable part of their energy in the air gap between
detectors D1 and D2. For details of this effect, refer to Section 4.

The data-acquisition system was placed 50 m from the room in which the LET
was situated. This distance necessitated the communication of data
through cables terminated by line drivers and receivers. The acquisition
system included a HP 21 MX computer interfaced to the LET to allow real-
time acquisition. The software had been designed to give an on-Tine
display of the data together with their record on magnetic tape. The
terminal screen displayed on-line the diagrams of energy loss in Dl vs-
energy loss in D2 and energy loss in D2 vs energy loss in D3, the counting
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rates of each Particle Identifier channel, the status of telecommands and
of multiplexed monitor signals. An example of such a display is shown in
Figure 4.

4 EXPERIMENTAL RESULTS

Energy loss versus residual energy diagrams for the raw neon and argon
beam data are shown in Figures 5 and 6, respectively. In these figures,
data from the high-gain amplifiers are scaled to fit with low-gain data
by dividing the channel numbers by the known gain ratio. The energy
scales shown are approximate, since no precise energy calibration of

the individual detectors has been possible. This is due to the fact
that, although the initial beam energy was known to better than 0.5%,
the use of the absorbers in the beam path prevented an accurate determ-
ination of the energy of particles reaching our instrument. Consequent-
ly, the energy assignment used in this paper is based on an extra-
polation of 5 MeV o-source calibrations.

The raw data plots shown in Figures 5 and 6 contain several spurious
background features, these being largely the result of the high primary
beam intensity which had to be used in order to obtain a sufficient
yield of secondary particles. Since the particle beam produced by the
Bevalac is pulsed, the sensor was exposed instantaneously to very high
input rates of primary nuclei. Furthermore, the internal timing of the
EU was not optimised at the time of the LBL calibration, and the combi-
nation of these two effects was responsible for the extraneous background.
The internal timing in the instrument has since been improved, and no
problems of this nature are expected in flight. Moreover, such a pulsed
input is not characteristic of the charged particle fluxes in space.

An example of the spurious features discussed above can be seen 1in
Figure 5, where incorrect operation of the high/low gain mode selection
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Figure 5 Energy-loss diagrams for the neon-beam data. In the D2 vs D3
diagram, the species from boron to neon are visible. As explained

in the text, background counts are the result of the high beam
intensities used.
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Figure 6 As Figure 5, but for the argon-beam data. Species from boron to
argon are visible.
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gave rise to additional tracks seen in the D1 vs D2 plot at values of DI
around 5 MeV for D2 between ca. 75 and 125 MeV, and in the D2 vs D3 plot
at values of D3 around 100 MeV for D2 between ca. 50 and 100 MeV. Also
to be seen in the data plots are traces extending from the nominal track
end points back towards the origin. These points are apparently due to
the fact that the anticoincidence circuitry associated with D4 occasion-
ally failed to respond to particles which penetrated D3. This effect
cannot be clearly attributed to tne high-count-rate/internal-timing
problem and needs further investigation during future accelerator runs.
Another anomaly which has been identified, not related to the above
problems, is the appearance of crosstalk between D3 and D4, for signals
in D3 greater than ca. 1 GeV. This resulted in the loss of good events
during the argon runs, since many particles stopping in D3 were treated
as though they had penetrated. The reduction in the number of data
points due to this problem is clearly seen in Figure 6. The origin of
the crosstalk is currently being investigated by means of laboratory
tests using an LED to stimulate the detector concerned.

The verification of the values of the Particle Identifier parameters for
the D1 - D2 range of the instrument has been carried out using data from
the HMI exposure (see Section 3). Figure 7 shows D1 vs D2 plots of
these data, which were obtained with the LET sensor in vacuum. As
stated earlier, the D1 - D2 data obtained at LBL had to be corrected

for the energy loss in the 53 mm air gap between D1 and D2; the energy
lToss in the 5 mm gap between D2 and D3 was negligible. For this correct-
ion, the energy deposited in D2 without air between the detectors D1 and
D2 has been calculated as follows. If E2 is the actual energy deposited
in D2, then the range of a given particle in air emerging from D1 is
given by

X =R E2) + 53 mm

air (
where Rair (E) is the range of a particle of energy E in air, determined
in our case from range-energy tables for nitrogen (Northcliffe and

Schilling, 1970). If AEa is the energy lost in the air gap between D1
and D2, then

X =R

air (E€ *8E ) =R (E2')

air
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where E2' is the energy which would have been deposited in D2 in vacuum.
E2' has been obtained from the same range-energy tables, and plotted
against the energy lost in DI.

The data have been split into two parts according to the measured pulse
height in the first detector. Particles losing less than 50 MeV in D1
have been treated as neon nuclei, whereas losses of 50 MeV or greater
have been attributed to argon nuclei. The corrected LBL data are shown
in Figure 8. Owing to the Tow production rate of secondary particles in
the Beam 40 spectrometer experiment, only the tracks for neon and argon
events are readily identifiable. The absence of data points at low

15

energies is a result of nuclei.which have stopped in the air layer. Also

shown in Figure 8 are the calculated positions of the neon and argon
tracks. These curves, derived from the range-energy table for silicon,
agree quite well with the data points with the exception of a slight
deviation at low energies. Theoretical track end points, also calcu-
lated with the aid of range-energy tables for silicon and nitrogen, are
given in Table III. These end-point values, indicated by crosses in
Figure 8, are consistent with our measurements.

Table III. Theoretical neon and argon track end points for particles
just penetrating D2.

Species D1 (MeV) D2 (MeV)

Ne 24.3 168.5
Ar 64.9 387.6

From the corrected D1 vs D2 data we have been able to set the value of
the Particle Identifier discriminator corresponding to the Logic para-
meter I4. Since insufficient LBL experiment data points were obtained
in the low-energy regions for particies other tnan Ne and Ar, the
primary neon track has been used to normalise the HMI data set to that
obtained in the current experiment. From these normalised data, the
discriminator settings corresponding to lTogic parameters I1 to I3 have
been determined. The associated Particle Identifier boundary lines

are shown in Figures 7 and 8.
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Figure 9 D2 vs D3 energy-loss diagrams for the LBL data, showing the loci
of the Particle Identifier thresholds.

Owing to limitations in the available beam energy for the HMI experiment,
it was not possible to use HMI data to set any of the discriminator
thresholds for the high-energy D2 - D3 range of the Particle Identifier.
As stated in Section 3, this was one of the aims of the LBL experiment.
Since the production of secondary particles in the copper absorber used
to reduce the primary beam energy increases with increasing beam energy,
the data of Figures 5 and 6 corresponding to events stopping in the
relatively thick D3 detector show a higher abundance of non-primary
species than in the low-energy D1 - D2 case. As a result, the tracks
for all elements from boron up to and including the primary beam species
are easily identified. With the help of these data we have been able to
set the discriminator thresholds corresponding to 17 (separating the
Li-Be-B group from the C-N-O group), I8 (separating C-N-O0 from Ne and
heavier) and 19 (Fe-group identification). Figure 9 shows the D2 vs D3
pulse height data together with the Identifier boundaries derived
internally from these discriminator settings. It should be noted that
the data did not allow us to fix the thresholds for the identification
parameters I5 (proton-He separation) and 16 (separating He from the
Li-Be-B group) directly, since the background in the Z = 1,2 region
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obscured any genuine hydrogen or helium events. These thresholds have
therefore been provisionally determined by computing the expected
positions of the Z = 1 and Z = 2 tracks and normalising these to the
measured tracks corresponding to particles of higher nuclear charge.

In order to investigate the elemental resolution of the LET we have

used our D2 vs D3 data as input to an algorithm described by Seamster
et al. (1977) and Kamermans et al. (1980). In an iterative calculation,
an identification parameter having the form

PL ~ (3a25)1/3

for a particle of mass A and charge Z is derived, and plotted in histo-
gram form.

As can be seen, PI is effectively the particle charge. Figures 10 and

11 show particle identification spectra computed from the neon and argon
beam data, respectively. As a measure of the telescope resolution, values
of the FWHM of the neon and argon peaks have been obtained, and are given
in Table IV. These results imply a separation from adjacent charge peaks
for neon and argon of 10 and 7 standard deviations, respectively.

Table IV. Charge-resolution parameters derived from the LBL D2 vs D3
pulse height data.

Element FWHM oy
Ne 0.23 0.10
Ar 0.32 0.14

It should be noted that the PI algorithm gave good results only for the
light and medium nuclides (A < 25). When calculated with the data from
heavier species, the value of the parameter, normally constant for a
given nuclide, increased with decreasing energy. This tended to cause
a broadenihg of these histogram peaks. It should also be noted that
the values given in Table IV do not include the effects of path-length
differences due to the finite opening angle of the LET; the effects of
detector thickness variations are, however, included.
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5 CONCLUSION

In this paper, we report measurements made with the COSPIN Low Energy
Telescope Engineering Unit at the Lawrence Berkeley Laboratory Bevalac
facility. The instrument was exposed to beams of 250 MeV/nucleon neon and
284 MeV/nucleon argon. The results of this accelerator experiment have
been used to determine the optimum settings of the LET Particle Identifier
discriminators for the high-energy response region. Data from previous
calibration were normalised to the LBL data, enabling equivalent
discriminator settings to be optimised for the low-energy region. Thres-
holds used to separate protons from helium could not be set directly. The
experiment has demonstrated that the Engineering Unit telescope is capable
of separating adjacent elements in the range ca. 5 to 50 MeV/n at least up
to argon, and in the case of the latter, with a régafhfion of better than
seven standard deviations.

0ff-Tine analysis of the calibration data has revealed some cross talk
between the anticoincidence detector D4 and the residual-energy detector
D3. This problem is currently under investigation. Further investigations
are also needed to determine the cause of the particle track tail-back
observed in the D2-D3 data. It is planned to expose the LET Flight Unit

to heavy-ion beams at the Bevalac in 1982, in particular to °®Fe nuclei,
since these were not available at the time of the EU calibration. It is
also the intention to attempt a direct energy calibration of the Flight
Unit with the aid of a facility that produces ion-beam energies lower

than is possible at the Bevalac.
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The charge and mass response of a space-borne solid state cosmic ray detection system for heavy ions is discussed. Its large
geometrical factor causes pathlength variations due to the large opening angle of the telescope, and to the thickness non-uniformity
of the thin large area detectors. Accelerator experiments with 147 MeV and 402 MeV 20Ne beams have been performed and the
effect of the pathlength variations in addition to the intrinsic energy-straggling distribution on the heavy ion identification is

presented.

1. Introduction

Telescopes consisting of several solid state detec-
tors are widely used for the identification of heavy
ions. Particle identification is obtained by measuring
the energy-loss in the different detectors. In the many
cases where contributions due to electronic noise,
thickness non-uniformity and window effects play a
minor role, the particle identification is determined
by the intrinsic spread in the energy-loss distribution.
For heavy ions in the region where the energy-loss
in a detector is comparable with the total energy, the
energy spread is not only of statistical nature but also
depends on the change of the average rate of energy-
loss during the slowing down process. Calculations of
the energy-loss distribution in this region have been
performed by Tschaldr [1], in good agreement with
the experimental results for light ions (Z < 2). Dis-
crepancies found for heavier ions are partly removed
if atomic corrections due to the electron binding
energies are included [2]. However experimental
information in this area is still rather scarce and
mainly limited to energies below 1 MeV n™!.

The detection system whose response is described
in this paper is a development model of the Low
Energy Telescope [3] which will be flown as part of
the Cosmic Ray and Solar Charged Particle Investiga-

* Now at: Space Division, Fokker VI'W BV, Schiphol Oost,
P.O. Box 7600, The Netherlands.

tions (COSPIN) on the European spacecraft of the
joint ESA/NASA International Solar Polar Mission
[4]. The telescope is designed to separate elements up
to Fe and isotopes up to He, using the AE-E method,
in an energy range from 1.7 MeV (H) up to 4 GeV
(Fe) with high spatial and temporal resolution. The
telescope consists of four Si solid state detectors of
which the last is used as an anticoincidence detector.
The required large geometrical factor conflicts with
a high mass resolution due to pathlength variations
in the AFE detectors caused by the large opening angle
and by the thickness non-uniformity of the large area
detectors. The stringent limitation on the mass of the
payload, which affects the maximum heliographic
latitude that can be reached in this mission, excludes
the use of position sensitive detectors to correct for
these effects. However the recently observed *He rich
flares [5] lead to the requirement of isotope separa-
tion for the He group. Moreover abundances of indi-
vidual Be isotopes are of great interest in cosmic ray
studies. For example the long half-ife of '°Be has
been used to deduce the age of cosmic rays from the
10Be/Be ratio [6] and also the yield of the pure elec-
tron-capture isotope ’Be gives information on the
solar modulation process [7].

The accelerator experiments described in this
paper have been performed in order to investigate the
element and isotope response for a wide range of
masses that can be achieved with this instrument. A
description of the cosmic ray heavy ion telescope is
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presented in section 2. The experimental techniques
and data handling are described in section 3. In sec-
tion 4 the experimental results are shown and the ele-
ment and mass separations that can be obtained are
discussed.

2. Cosmic ray heavy ion telescope

The telescope, a cross section of which is shown in
fig. 1, consists of four Si solid state detectors (D1—
D4), surrounded by a plastic scintillator—photomulti-
plier combination (D5). D4 and D5 form the anti-
coincidence shielding for background rejection in
space and will not be considered here. D1 is a 6 cm?
surface barrier detector with a thickness of 30 um
and a resistivity of 450 €2 ¢m. Its window thicknesses
are 40 pg cm™2 (Au) and 80 ug cm™2 (Al). D2 is a
6 cm? surface barrier detector with a thickness of 100
um and a resistivity of 1.8 k&2 cm. Its window thick-
nesses are 40 ug cm”? both for the Au and the Al
layer. Both detectors are operated at a bias voltage of
about 1 V um™!, which is twice as high as the deple-
tion voltage, in order to reduce the plasma recombi-
nation effect. These devices, especially D1, represent
the state-of-the-art in the manufacture of solid state
detectors of this type. D3 is a 2 mm thick Li drifted
Si detector with an active area of 10 cm? and an
entrance window dead layer of 0.5 um Li. The geo-
metrical factor of this telescope is 1.1 cm? sr.

In contrast to nuclear physics experiments where
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Fig. 1. Schematic cross section of the Low Energy Telescope
with D1 =30 um, D2 =100 um, D3 =D4 = 2 mm and DS =
anticoincidence shielding with photomultiplier tube (PMT).

normally the direction of the incoming flux is well
defined and the mass separation is mainly deter-
mined by the shape of the energy-loss distribution,
the situation for heavy ion cosmic ray detection is
quite different. The limited sampling times during the
passage of the spacecraft over the solar poles and the
expected particle fluxes require a large geometrical
factor, which has two important implications for the
mass separation that can be obtained. First the large
opening angle of 55° causes pathlength variations and
secondly thin large area detectors suffer from an
intrinsic thickness variation due to the etching pro-
cess involved. The effect of these variations on the
element and isotope response of this detection system
will be discussed in section 4.

3. Experimental techniques and data handling

A development model of the telescope has been
exposed to the 2°Ne beam at the VICKSI-accelerator
of the Hahn-Meitner Institut in Berlin. The incident
energies of 147 MeV and 402 MeV were determined
from the NMR-frequency of the momentum analys-
ing system and were known with an accuracy of
better than 1%. In these experiments particles result-
ing from nuclear scattering in thin foils have been
used. The advantage of this procedure is that time
consuming tuning of the accelerator is avoided, and
information concerning system performance is ob-
tained for a wide range of energies and elementsin a
relatively short time.

Self-supporting targets of %7 Au (200 ug cm™2 and
6 mg cm™?) and '*C (52 ug cm™?) were bombarded
and the emerging particles were detected in the tele-
scope which was placed at a distance of 20 cm from
the target position, with an angular acceptance of
0.6°. Elastic scattering from '°7Au detected at an
angle of 15° with respect to the beam axis results in
outgoing 2°Ne energies of 146 MeV and 398 MeV
respectively. The 6 mg cm™ °7Au foil had to be
used in the 402 MeV 2°Ne beam due to the low beam
current (i, < 3 nA). These measurements give detailed
information on the straggling effect in the AF detec-
tors and on the energy resolution of the whole sys-
tem. Reaction products resulting from 2°Ne + 12C
collisions measured at somewhat larger scattering
angles have a wide range in mass and energy and con-
sequently yield information about the isotope and
charge separation within a large dynamic range.

Apart from the charge-sensitive preamplifiers
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designed for space flight, standard electronics was
used. For each coincidence the energy losses in the
three detectors D1, D2 and D3 were written as a
3-fold event on magretic tape for subsequent “soft-
ware” particle identification. The energy calibration
for each detector chain was obtained with a-particles
from 2*'Am in conjunction with precision pulse gen-
erators. In this way the gains of the three separate
detector chains could be matched in the off-line
analyses. By the same method the linearity of the
overall system was checked.

4. Experimental results and discussion

The measured energy-loss distribution in D1 of
146 MeV 2°Ne is shown as the histogram in fig. 2.
The FWHM of this distribution is 630 keV corre-
sponding to 2.0%. Measurements and calculations of
the straggling distribution for heavy ions, including
binding energy effects, have been presented by
Avdeichikov [2]. In their calculations they found
that the energy-loss distribution was rather constant
for detector thicknesses between 10 um and 40 um
and for energy-loss ratios between 0.2 and 0.8. For
20Ne the calculated FWHM = 1.9% which is in good
agreement with our experimental results. The some-
what higher value measured by the authors of ref. [2]
is therefore more probably due to their total energy
resolution and detector non-uniformity than to the
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Fig. 2. Energy-loss distribution for D1/D2 coincidences.
(E20Ne = 146 MeV). Corrections due to pathlength varia-
tions are shown by the solid lines. The arrows estimate the
thickness non-uniformity effect.

contribution of charge exchange processes.

As was discussed in section 2 the pathlength varia-
tions, caused by the opening angle of 55° and the
thickness variation of the thin detectors, will strongly
affect the element and mass separation that can be
obtained with this telescope. The effect of the path-
length variations due to the opening angle can be cal-
culated by the reasonable assumption of an isotropic
incident flux. The relative contribution to the count
rate as function of the incidence angle for an iso-
tropic flux is shown in fig. 3 {8]. Folding our experi-
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Fig. 3. The relative contribution of the count rate as function of the angle of incidence assuming an isotropic incident flux.
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mental distribution with the angular response given in
fig. 3 yields the solid curve in fig. 2 which represents
the energy-loss distribution in D1 from an isotropic
flux of 2°Ne nuclei. To demonstrate the element
separation also the distribution for '°F is shown. The
same shape of the distribution is assumed for both
elements. Due to the low statistics in our experiment
for '°F at the same incident energy as 2°Ne the posi-
tion of the '°F peak relative to the 2°Ne peak was
obtained from stopping-power calculations for !°F
in Silicon [3]. The stopping-power calculations are
based upon the treatment of Greiner [9], which takes
as its starting point the proton energy-loss tables of
Janni [10]. In these calculations corrections for
nuclear stopping and charge neutralization have been
taken into account. For energies below 12 MeV n™!
the stopping-power was compared with the tabulated
values given by Northcliffe and Schilling {11] and
was found to agree within 4%. The calculated energy-
loss differences for F and Ne are consistent with our
experimental results.

The flight-quality detectors are being strictly
selected to have thickness uniformity of better than
*1.75 um for both the D1 and D2 detectors. A con-
servative estimate of this non-uniformity effect,
assuming uncorrelated thickness variations across the
detector area will result in a peak broadening as indi-
cated by the arrows in fig. 2.

The experimental energy-loss distribution in D2 =
100 um of 398 MeV 2°Ne (elastically scattered 402
MeV 2°Ne from !°7Au) is shown as the histogram in
fig. 4. The solid lines and the arrows were obtained as
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Fig. 4. Energy-loss distribution for D2/D3 coincidences
(E20Ne = 398 MeV). Corrections for pathlength variations
are shown by the solid lines. The arrows estimate the thick-
ness non-uniformity effect.
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Fig. 5. D1 versus D2 energy-loss matrix from the 29Ne + 12C
reaction (E20N, = 147 MeV). Characters used in this matrix
are a non-linear representation of the raw data.

described above for fig. 2. From figs. 2 and 4 it is
clear that even if the pathlength variation effects are
included element separation in this mass region can
be obtained.

The interaction of heavy ions with Si solid state
detectors is more complex than for light ions result-
ing in a total energy resolution for a heavy ion which
is quite different from the one for light ions. Both for
146 MeV and 398 MeV 2°Ne the total energy resolu-
tion is 0.3%. For example the total energy resolution
for E2one = 146 MeV is 470 keV. Main contributions
to the energy resolution are the energy dispersion due
to nuclear collisions, calculated to be 350 keV
[12,13] the effect of kinematical broadening of 170
keV and the energy spread due to recombination of
the ionization plasma. In our experiment this latter
effect is about 250 keV in agreement with the values
quoted in ref. {13].

As an example of the overall performance of the
telescope the results from the 2°Ne + 12C reaction
(F20ne = 147 MeV) are shown in fig. 5 for D1/D2
coincidences. It must be pointed out that in such
reactions more than one isotope per element can be
produced. This experiment has been performed with
a small acceptance angle and consequently does not
include the pathlength variation effects, however the
data show the performance of the system for the
different masses over the whole D1/D2 energy range.
A particle identification spectrum was obtained from
these data using an algorithm described by Seamster
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Fig. 6. Particle identification distribution from the 29Ne +
12¢ reaction (E20pe = 147 MeV).

et al. [14] For each event, in an iterative procedure,
a particle identification parameter PI = (£ MZ*)'? was
calculated by integrating the Bragg curves using the
Bethe—Bloch equation. Fig. 6 gives the particle iden-
tification distribution which clearly shows the heavy
element separation for the whole energy range.

As was mentioned in the introduction the obser-
vation of *He rich flares [S] requires mass separation
for the He group. Direct experimental evidence for
*He/*He isotope separation is hard to obtain due to
the much higher *He yield in the type of nuclear reac-
tions described above. In order to evaluate the iso-
tope separation we have therefore followed the same
procedure as for the Ne, F charge separation
described above. In the left hand part of fig.7 is
shown the D2 energy-loss distribution for £, =34
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Fig. 8. Be mass distribution for 45 MeV < Eg, < 80 MeV.

MeV. The data was obtained by only selecting from
the continuous a-spectrum those events with E, =
(34.0 £0.1) MeV. On the right hand side of fig. 7 the
D1 straggling distribution from a 2!?Po source (K, =
8.785 MeV) is given. Both energy-loss distributions
have a fwhm of 7% (~250 keV) in agreement with
the results of ref. [2]. With this fwhm, which is larger
than for 2°Ne, the relative contribution of the path-
length variations to the mass resolution will be
smaller. Moreover the thickness non-uniformity effect
for D2 (left hand side) is only 1.8% compared with
6% for D1 (right hand side). Comparison with the cal-
culated distributions in fig. 6 shows that isotope sepa-
ration between *He and *He is possible both for D1/
D2 and D2/D3 coincidences.

Information on the isotope separation for Be,

T T T T T T
E“He: 34 MeV E‘*He= 8.9 MeV
D2=100um D1=30 um
FWHM=250 KeV FWHM=240 KeV
600 3He bhe 3He 4pe B
400 |- —
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Fig. 7. 3He/*He isotope separation both for D1/D2 and D2/D3 coincidences.
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which is important for the understanding of the solar
modulation process [7] and the age of cosmic rays
[6], has also been extracted from the measurements.
In our experiments the Be yield is too low to analyse
the data at fixed energies, as in the *He case. However
in a D2 versus D3 pulse height display the "Be—°Be
energy separation is almost constant. Therefore we
have summed the data with 45 MeV < £, <80 MeV
along the particle tracks and the result is presented in
fig. 8. Asin figs. 2,4 and 7 the solid lines indicate the
effect of the opening angle whereas the arrows repre-
sent the thickness non-uniformity effect. The separa-
tion of Be isotopes, although dependent on the rela-
tive abundances, seems to be quite feasible.

5. Conclusions

In this paper we discussed the response to heavy
ions of a three-detector telescope for cosmic ray
studies. The detection system will be flown on the
International Solar Polar Mission, where a large geo-
metrical factor and a low mass are required. Accelera-
tor experiments with 2°Ne beams of 147 MeV and
402 MeV have been performed, yielding experimental
straggling distributions which are well described by
the calculations of Tschaldr [1], if corrections due to
the electron binding energy are included [2]. In addi-
tion to the intrinsic energy-loss distribution, effects
of the pathlength variation in the thin large area
detectors caused by the large opening angle and the
non-uniformity of the detector thicknesses have been
presented. It is shown that isotope separation for
light nuclei such as He (and probably for Be isotopes)
and good charge separation for elements demon-
strated up to Ne and expected up to Fe, can be
achieved. Further experiments using high energy Fe
beams will be performed in the near future.

We would like to thank Drs. W. v. Oertzen, W.
Bohne and B. Lehr for their help and hospitality
during the experiments at the Hahn-Meitner Institut
in Berlin. Two of the authors (RK and RGM) were
supported by ESA Research Fellowships during the
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Detailed measurements of the response to protons in the energy range 0.4 to 20 MeV of a charged particle telescope to be flown on
the International Solar Polar deep-space Mission (ISPM) have been carried out using the cyclotron facility of the Free University,
Amsterdam. The purpose of the measurements was two-fold; firstly to accurately calibrate the energy bandwidths of the instrument
measurement channels, and secondly to study the effect of two thin foils (0.98 mg/cm? aluminised Kapton required for thermal
control of the instrument when on the spacecraft, 0.91 mg/cm? titanium needed for electrical screening) which cover the telescope
aperture. The particle beam used for the measurements was derived from the population of inelastically-scattered protons produced by
the interaction of the primary cyclotron beam with a scattering target. The energy of the protons arriving at the telescope was selected
by means of a magnetic spectrograph. This procedure enabled changes in incident energy to be made easily and with high precision.
Details of the measurement technique are given, together with examples of the telescope response data.

1. Introduction

The accurate determination of the response of
charged particle telescopes for space applications to all
types of incident particles is essential if the full scien-
tific potential of the data returned is to be exploited.
This is particularly true in the case of an instrument to
be flown on a unique, exploratory mission like the
International Solar Polar Mission (ISPM) [1.2], which
will for the first, and probably the only time, make in
situ measurements of the charged particle populations
and plasma environment away from the plane of the
ecliptic. In this paper, we discuss measurements per-
formed using the Engineering Model of the Low Energy
Telescope (LET) of the Cosmic Ray and Solar Charged
Particle Investigation (COSPIN) experiment [3] which
will be launched into deep space on board the ISPM
spacecraft in May 1986. The LET, which is described in
more detail in sect. 2 of this paper, is designed to
measure the energy spectra and elemental composition
of cosmic rays in the energy range from ~ 1 MeV('H)
to 75 Mev/n (°°Fe), its charge resolution extending up
to Z = 26. The instrument, in addition to returning data
on heavy 1ons, also includes 5 counting rate channels
devoted to protons. These channels, which have energy
windows defined by a combination of particle range

0167-5087 /84 ,/503.00 © Elsevier Science Publishers B.V.
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and energy threshold triggering requirements, provide
data from which energy spectra and absolute fluxes can
be derived. The proton measurements described in this
paper were performed with a view to accurately de-
termining the boundaries of the energy windows for all
five channels, with particular emphasis on the lower
threshold of the lowest energy channel.

In order to perform such calibration measurements
in an efficient way, it is desirable to have a beam of
protons for which the energy is known to high precision,
but whose energy can be continuously, and easily varied
throughout the range of interest. Since the LET re-
sponds to protons having energies between ~ 1 and 20
MeV, it would in principle be possible to use the
primary beam from a cyclotron to provide particles at
specific energies. Such a method has the disadvantage,
however, of requiring time-consuming accelerator tun-
ing for each change in energy, as well as providing
intensities which are in general too high. It was there-
fore decided to extract the particles needed for the
calibration measurements from the population of in-
elastically-scattered protons produced by the interaction
of the primary cyclotron beam with a scattering target,
using a magnetic spectrograph. This technique had the
advantage that the protons entering the detector tele-
scope had a well-defined, yet continuously variable en-
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ergy, at a beam intensity which could be safely handled
by the instrument.

In the following sections we firstly describe the main
features of the LET, and then discuss in detail the
experimental configuration. Finally, we present exam-
ples of the data obtained, and compare these with the
results of theoretical calculations based on standard
energy-loss tabulations [4,5].

2. The low energy telescope

The Low Energy Telescope (LET) sensor shown in
schematic form in fig. 1 consists of a four-element
solid-state detector telescope (D1-D4), surrounded by a
cylindrical plastic scintillator anti-coincidence shield
(D35). D1 and D2 are surface barrier devices of equal
active area (6.0 ¢cm?) having average thicknesses of 31.1
and 104 pm respectively, while D3 and D4 are 2 mm
thick lithium-drifted devices of 10.0 and 12.5 cm? active
area, respectively. The useful areas of the D1 and D2
detectors are limited to 4.4 cm? by two mechanical
collimators, in order to reduce edge effects. The instru-
ment operates in the double dE/d X vs E mode, with
D4 forming part of the anti-coincidence shield. The
telescope aperture is covered by two thin foils, an inner
titanium foil of 0.91 mg/cm? and an outer aluminised
Kapton foil of 0.98 mg/cm?. The titanium foil acts as
an electrical screen for D1, since this detector is oper-
ated with its aluminium contact facing outwards in
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Fig. 1. Schematic representation of the COSPIN Low Energy
Telescope. DY, indicates a detector that is pulse-height analysed.

order to reduce radiation damage; the outer Kapton foil
is included in order to meet the thermal requirements of
the instrument when integrated into the ISPM
spacecraft.

The signal from each of the detectors 1s fed via a
separate amplifier chain to a set of threshold dis-
criminators, the outputs of which are combined in the
coincidence logic circuitry in order to define a series of
counting-rate channels. The values of the approprnate
discriminator thresholds, together with the logic equa-
tions used to define the five LET proton channels, are
given in table 1. As can be seen, each detector has a
nominal lower triggering level of 300 keV. Also shown
in the table are the nominal energy windows corre-
sponding to each channel, calculated on the basis of
standard energy-loss tabulations [4,5].

As a result of the additional absorbing material
introduced into the telescope field-of-view by the thin
foils, the lowest incident particle energy to which the
instrument responds no longer corresponds to the trig-
gering threshold D1A (300 keV), but to some higher
value, as indicated by the nominal energy response for
channel LP1 (0.9-1.2 MeV). This effect will also be
present, although to a lesser extent, in the other,
higher-energy, channels. Since the calculation of abso-
lute fluxes in space requires a precise knowledge of the
energy response of the LET detector system, it is clearly
important to determine the effect of the foils on this
response experimentally.

3. Experimental techniques

The Philips variable energy AVF cyclotron of the
Free University, Amsterdam, is capable of accelerating
the following particles: protons, deuterons, alpha par-
ticles and *He ions to maximum energies of 30, 16, 32
and 45 MeV, respectively. The beam can be brought to
several experimental areas by means of a bending mag-
net. In the present experiment, protons travelled along a
high-resolution beamline, including slits and an analys-
ing magnet, to a scattering chamber and magnetic spec-
trograph, shown schematically in fig.2. The energy
spread and angular dispersion in the beam are reduced
by the slits and magnet at the expense of the beam
current.

The magnetic spectrograph is of the split-pole type
described by Spencer and Enge [7]. It has good focusing
characteristics as a result of two extra magnet edges,
which give almost perfect focusing in the horizontal
direction and near-focusing in the vertical direction. In
its normal mode of operation, the spectrograph is used
to measure reaction products from nuclear reactions
arising from the interaction of beam particles with
target nuclei. Such reaction products are detected in a
detector chamber by means of a number of one-dimen-
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Table 1

LET discriminator threshold values and proton counting-rate channel logic equations. The logic parameters I1 and 15 are derived from

the LET Particle Identifier circuit [6].

Disc. Nominal threshold Disc. Nominal threshold Disc. Nominal threshold

[MeV] [MeV] [MeV]
D1A 0.30 D2A 0.30 D3A 0.30
DIB 0.90 D2B 3.40 D3B 6.50
D1C 2.10 D3C 16.0
Channel Logic equaticn Nominal energy response

[MeV]

LP1 D1A DIB D2ZA D4 D5 09-1.2
LP2 D1B DIC D2A D4 D35 1.2-3.0
LP3 D1A D2A D3A D4 D5 T 1.8-3.8
LP4 D1A D2A D3A D2BD3B D4 D5 I5 3.8-8.0
LP5 DIA D2A D3B D4 D5 I5 8.0-19

sional position-sensitive solid state detectors (PSD) [8.9].
The angle between the incoming beam and the detected
reaction products can be varied continuously between
—90° and +160°.

In order to satisfy the LET requirement for a beam
of particles for which the energy was known to high
precision, but whose energy could be continuously and
easily varied throughout a given range, the following
procedure was adopted. The LET was mounted on an
adjustable baseplate inside the detector chamber of the
spectrograph (i in fig. 2), thereby simplifying the mecha-
nical and electrical interfaces. This arrangement also
enabled the LET axis to be aligned with the incoming
beam. A collimator of 5 mm diameter, incorporating
two broom magnets to deflect secondary electrons, was
placed in front of the LET aperture, with carbon shield-

Fig. 2. Schematic representation of the magnetic spectrograph
used to perform the LET calibration, showing (a) the incoming
proton beam, (b) the scattering chamber, (c) the target, (d) the
magnet chamber, (e) the entrance slit, (f) the magnet pole-pieces,
(g) paraffin blocks, (h) the LET mounting platform and col-
limator, (i) the detector chamber and (1) the LET package.

ing extending from both sides of the collimator plate in
order to reduce the production of neutrons by particles
not passing through the collimator aperture. As further
protection from neutrons, paraffin blocks were placed
in the detector chamber between the scattering chamber
and the LET.

A beam of 25 MeV protons was allowed to impinge
on a thick target placed in the scattering chamber (b in
fig. 2). The reaction products leaving this target com-
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Fig. 3. Yield curves for secondary particles produced by
scattering 25 MeV protons on thick carbon and nickel targets,
as measured in the detector chamber at the location of the LET
using standard spectrograph detectors: (1) protons from carbon
target; (2) protons from nickel target; (3) a particles from
carbon target; (4) deuterons from carbon target; (5) a particles
from nickel target.
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prised elastically- and inelastically-scattered protons, as
well as protons, deuterons and alpha particles resulting
from the break-up of the target nuclei. For the purpose
of the measurements described here, the entrance aper-
ture of the spectrograph was oriented at 15° with re-
spect to the incoming beam direction in order to maxi-
mise the secondary yield, at the same time avoiding
unwanted scattering from a Faraday cup used to moni-
tor the beam current. The measured energy distribution
of the particles so produced is shown in fig. 3 for carbon
and nickel targets of thickness 200 and 25 mg/cm?,
respectively. As can be seen, there is a considerable
difference in yield between the carbon and nickel targets.
The peaks in the proton distribution from the carbon
are due to the excitation of the inelastic levels, smeared
out due to the target thickness. In nickel there are so
many inelastic peaks that these are seen as a continuum.
The slower fall-off in proton yield with decreasing en-
ergy below 5 MeV for carbon as compared with nickel
is thought to be due to the lower Coulomb barrier of
carbon. The peak in the deuteron spectrum from carbon
below 5 MeV is due to the (p.d) reaction on '>C, which
has a Q-value of —16.5 MeV. The few counts seen
above 5 MeV must be due to the (p,d) reaction on B,
Because of the requirement to measure the LET proton
response down to ~ 500 keV, it was decided touse a 1
mm (200 mg/cm?) carbon target for the measurements
described in this paper, owing to its higher yield over
the energy range of interest as compared with nickel.
By varying the magnetic field in the spectrograph,
the momentum, and thereby the energy, of the particles
passing through the collimator and impinging on the
LET could be varied. The advantage of this procedure is
that it was possible to expose the LET to protons
having energies within the desired range by simple
adjustment of the spectrograph magnetic field, without
having to perform a time-consuming retuning of the
cyclotron. The above is also true for the secondary
deuterons and alpha particles, within the constraints
implied by the yield curves of fig. 3. It was necessary,
however, to perform a separate calibration of the energy
of the particles vs the magnetic field, since the location
of the LET inside the detector chamber was different
from that of the PSDs normally used in measurements
with the spectrograph. For the purpose of these energy
calibration measurements, the LET was replaced by a
PSD and a thin (~ 50 pg/cm?) carbon target was used.
The energy of the incoming beam was determined to an
accuracy of 0.1% by means of the analysing magnet. By
determining the magnetic field strength at which the
peaks due to elastic and inelastic scattering from 12c
were seen in the PSD, an energy calibration could be
made, since particle momentum and magnetic field are
linearly proportional for a fixed location in the detector
chamber. The internal consistency of this calibration,
which is also correct for the other particle species pre-

sent, was better than 0.1% in momentum, giving an
uncertainty in energy of less than 0.2%.

The main contribution to the spread in energy of the
particles arriving at the LET was from the finite width
of the collimator aperture. This spread can be calculated
from the known dispersion of the spectrograph, and was
found to be approximately 0.5%. The angular spread in
the beam at the location of the LET can be calculated
as follows: the opening angle of the spectrograph in the
vertical and horizontal directions is 1.75° and 0.62°,
respectively; the known magnification factors of 0.33
and 3.0 then give a spread of 0.58° in the vertical and
1.86° in the horizontal direction.

In the following section we present some examples of
LET data obtained using the above procedure.

4. Experimental results

In order to achieve the experimental objectives de-
scribed in sect. 1, two types of beam exposures were
employed as follows. Firstly, proton beams having con-
stant, well-defined energies (so-called spot energies) were
used to determine the triggering thresholds of the five
different LET proton energy channels. Secondly, the
characteristic tracks for protons, deuterons and alpha
particles in the D1 vs D2 and D2 vs D3 pulse height
matrices (see sect. 4.2.) were populated by sweeping the
beam energy slowly and continuously over the available
range. Subsets of these two types of exposures included
runs with the outer aluminised Kapton foils removed,
and runs for which the LET was positioned with its axis
at an angle of 35° with respect to the incident particle
direction. A summary of the different beam exposures is
given in table 2.

The single-foil measurements were made in order to
estimate the relative energy degradation caused by each
of the foils, since it is planned for thermal control
reasons to cover the aperture of other sensors in the
COSPIN experiment package with Kapton foil of the
same thickness. The off-axis runs were performed in
connection with the response of the two lowest energy
channels; as can be seen from table 1, these channels
respond to particles which trigger only the front detec-
tor D1. The relative contribution to the telescope geo-
metrical factor (and hence count rate) as a function of
incidence angle for such events is shown in fig. 4,
assuming an isotropic incident flux. The peak in the
response curve is around 35°, and so a number of
measurements were performed with the LET axis rotated
accordingly, in order to determine the low-energy cut-off
in this configuration. In addition, because the single-de-
tector channels also respond to high-energy particles
which penetrate D1 and then are stopped in the internal
telescope structure without triggering the anticoinci-
dence shield D5, data were taken at energies up to 10
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Table 2
Summary of LET calibration exposures.

Incidence angle [degrees) Foil Energy range Exposure type
(»\;11\h} resp'eC.I‘IO F1 - 0.98 mg/cm? Kapton covered Spot Energy
telescope axis) F2 - 0.91 mg/cm? titanium (MeV] energies sweep
0 F1+F2 0.8-20 x x

F2 0.4-20 x x
35 F1+F2 0.9-10 x

RELATIVE CONTRIBUT!ON (arb.units)

[ I E (VU VO
15 30 45 60 75 90

INCIDENCE ANGLE (deg.)

0

Fig. 4. Normalised relative contribution to the telescope geo-
metrical factor as a function of incidence angle (dG/d#) for
channels LP1 and LP2, assuming an isotropic incident particle
flux.

MeV in order to evaluate the background contribution
of such events,

4.1. Energy channel threshold determination

Figs. 5 and 6 show examples of LET pulse-height
distributions corresponding to beams of protons with

DZ CH # 50

Fig. 5. D1 vs D2 pulse-height distributions plotted on a loga-
rithmic scale for protons of 2.0 and 2.5 MeV incident energy
stopping in detector D2.

D3 cHy 0

Fig. 6. D2 vs D3 pulse-height distribution plotted on a logarith-
mic scale for protons of 7.5, 8.0 and 8.5 MeV incident energy
stopping in detector D3.

well-defined (< 0.5% spread) energies entering the in-
strument and stopping in D2 and D3, respectively.
Despite broadening caused by straggling in the two foils
and one or both thin silicon detectors, it was still
possible to determine the triggering thresholds of the
respective energy channels to better than 1% using such
beams. This can be shown as follows. Assuming the
distributions of deposited energy to be approximately
Gaussian, the uncertainty in the incident energy for
which the counting rate in two adjacent channels is

RELATIVE RESPONSE
Ll

T 20 26 V3 w0 76 80 8L 88
INCIDENT PRGTON ENERGY (MeV)

Fig. 7. Relative response of channels LP2, LP3, LP4 and LP5
as a function of incident proton energy.
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equal is given by
S8E < (2w)1/2053r,

where 8r is the measured uncertainty in the adjacent
channel counting-rate ratios and o, is the standard
deviation of the appropriate pulse-height distribution.
From the data, 6r~0.06 (20) and o has a value
between ~ 85 and 120 keV. This gives 8 E < 20 keV for
all channels, so that §E/E < 0.01.

For each pair of adjacent energy channels, measure-
ments were made of the counting rates at a number of
incident energies distributed around the nominal
threshold between the two channels. Fig. 7 shows a plot
of the relative response of the channels LP2, LP3, LP4
and LP5 as a function of incident proton energy derived
from these data. The clean separation between the chan-
nels is evident. The threshold determination in the case
of the lowest energy channel LP1 was complicated by
the change in incident flux as a function of energy
described in sect. 3. Taking the yield curves of fig. 3 for
protons on carbon gives the following relationship

Y(E)~ E+1'0,

where Y(E) is the yield in particles MeV ™! uC~! for
protons of incident energy E MeV. Integrating this
expression gives the number of particles per second,
N(E), where

N(E) _ E+2'0.

Relative response curves based on counting rates nor-
malised in this way are shown in fig. 8 for both 0 and
35° orientations of the telescope axis.

Thresholds for all five proton channels are sum-
marised in table 3. Also given in the table are the
nominal thresholds derived from range—energy compu-
tations. The agreement between measured and com-
puted values is in general good. The measured threshold
for LP1 at the 50% response level is somewhat higher
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Fig. 8. Relative response of channel LP1 as a function of
incident proton energy for particles incident at 0 and 35° with
respect to the LET axis.

Table 3
LET energy channel thresholds.

Channel Threshold [MeV]
Measured Calculated
LP1 0.93(0°) 1.02(35°) 0.85(0°) 0.95(35°)
LP1/LP2 1.30 1.2
LP2/LP3 1.95 1.8
LP3/LP4 3.95 3.8
LP4/LPS 8.05 8.0
LP5 ~ 19 (upper) 19

than the calculated value, but the latter assumed a D1A
discriminator level of 300 keV and analysis of the D1 vs
D2 pulse-height data (see sect. 4.2) indicates a value
closer to 450 keV for the instrument tested. Presented in
fig. 9 are the results of proton energy-loss calculations
based on the data of Northcliffe and Schilling [4] and
Littmark and Ziegler [5] for the two thin foils. The
residual energy is plotted as a function of incident
energy for particles penetrating a 2 micron (0.91 mg
cm ™2} titanium foil (curve (a)), a 7 micron (0.98 mg
cm~2) Kapton foil (curve (b)), and the combination of
the two (curve (¢)). Also shown in fig. 9 is the nominal
position of the D1A low-level discriminator, together
with the inferred level D1A’. As can be seen, the mea-
sured LP1 response data are consistent with this latter
value.

Data from the runs performed without the outer
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Fig. 9. Theoretical energy-loss curves for protons penetrating a
091 mg/cm® titanium foil (curve (a)), a 0.98 mg/cm?
aluminised Kapton foil (curve (b)) and the combination of the
two foils (curve (c)), based on range-energy tabulations by
Northcliffe and Schilling [4] and Littmark and Ziegler [S]. Also
shown are the normal (D1A) and inferred (D1A") positions of
the low-level discriminator of detector D1.
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Kapton foil have been compared with the predicted
threshold values given by curve (a) of fig. 9. Again these
data are consistent with the inferred D1A’ level of 450
keV, corresponding to an incident proton energy
threshold of ~ 600 keV at the 50% response level. It
should be noted, however, that this value has an associ-
ated uncertainty of ~ 50 keV owing to the lower inci-
dent flux.

4.2. Pulse-height data

In addition to signal processing via threshold
discriminators and coincidence logic, the outputs from
the D1, D2 and D3 detectors are pulse-height analysed
by means of a common 10-bit (1024 channel) analogue-
to-digital converter, permitting particle identification
using the dE/dx vs E technique. Because of the large
dynamic range needed to measure heavy ions up to iron,
dual-gain pulse-shaping amplifiers are used, giving full-
scale ranges for D1, D2 and D3 of 32, 32 and 128 MeV
and 210, 640 and 4096 MeV in high- and low-gain
modes, respectively. Figs. 10 and 11 are pulse-height
matrices for events stopping in D2 and D3 respectively,
both in high-gain mode. The characteristic tracks for
protons, deuterons and a particles, obtained by sweep-
ing through the range of incident particle energies are
clearly seen, although the effect of reduced production
efficiency for a particles at higher energies (> 12 MeV)
is evident in both matrices.

The proton track in the D1 vs D2 matrix shows
evidence of a low-energy cut-off for D1 at ~ 450 keV,
50% higher than the nominal 300 keV threshold for the
DIA discriminator. This effect is also seen in the LP1
counting rate channel, as described in section 4.1. With
the discriminator set at its nominal value, all protons
stopping in D2 will give a signal in D1 which is above
the threshold.
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Fig. 10. D1 vs D2 pulse-height matrix (high-gain mode), show-
ing the characteristic tracks for protons, deuterons and alpha
particles. The proton track shows evidence of a cut-off caused
by an increase in the detector D1 low-level discriminator
(D1A) from 300 to circa 450 keV.
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Fig. 11. D2 vs D3 pulse-height matrix (high-gain mode), show-
ing the characteristic tracks for protons and deuterons. Owing
to the reduced yield above ~12 MeV, the alpha particle track
is not clearly evident.

The measured particle track positions will be used in
combination with data obtained from heavy ion calibra-
tions at the Lawrence Berkeley Laboratory Bevatron, in
order to define the reference levels required for the LET
Particle Identifier circuit [6].

5. Conclusions

In this paper we have described the calibration of a
cosmic ray detector telescope using protons in the en-
ergy range 0.4 to 20 MeV. The use of a magnetic
spectrograph to extract particles of well-defined en-
ergies from a continuum of elastically- and inelastically-
scattered protons and reaction products has been shown
to be a successful and efficient technique, enabling an
accurate determination of the thresholds and band-
widths of the low energy telescope proton channels. The
measurements performed have demonstrated the clean
separation between these channels, confirming the abil-
ity of the instrument to measure accurately proton
energy spectra in space. The low-energy cut-off in-
troduced by aluminised Kapton and titanium foils
covering the telescope aperture was found to be con-
sistent with calculations based on range-energy tabula-
tions by Northcliffe and Schilling [4] and Littmark and
Ziegler [5]. It is planned to perform similar calibrations
of the LET Flight and Flight Spare models in early
1984.

COSPIN is an international collaborative experiment
with Prof. J.A. Simpson as Principal Investigator.
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The Low Energy Telescope (LET) experiment on board the Phobos 1 and 2 spacecraft measures the flux, energy spectra and
elemental composition of solar energetic particles and cosmic ray nuclei from hydrogen up to iron in the energy range ~1 to ~ 75
MeV /n. The LET sensor system comprises a double d E/d X vs E solid-state detector telescope surrounded by a cylindrical plastic
scintillator anticoincidence shield, and the instrument is equipped with a comprehensive particle identifier and event priority system
that enables rare nuclei to be analysed in preference to the more common species. Isotope separation for light nuclei such as He is
also achieved. The sensor is mounted on a rotating platform to enable coarse anisotropy measurements of low energy protons to be

made.

1. Introduction

Measurements of solar energetic particles and low
energy cosmic rays made by instruments on board the
two Soviet Phobos spacecraft contribute to the study of
the propagation and acceleration of charged particles
on the Sun and in interplanetary space during the rising
phase of solar cycle 22. This period is of particular
interest since it coincides with the transition between
the steady, recurrent solar wind flow patterns character-
istic of solar minimum, and the transient flows, often
related to energetic flare events on the Sun, encountered
at solar maximum. The instrument described in this
paper, the Low Energy- Telescope (LET), is part of the
ESTER experiment package on board Phobos [1] that
has been designed to make measurements of the solar
wind, the suprathermal and energetic particle popula-
tions, and low energy cosmic rays.

Specifically, the LET experiment measures the flux,
energy spectra and elemental composition of solar en-
ergetic particles and low energy cosmic ray nuclei from
hydrogen up to iron. The instrument covers an energy
range from ~1to ~75MeV /n, usingadoubledE/d X
vs E solid-state detector telescope surrounded by a
cylindrical plastic scintillator anticoincidence shield. A
comprehensive particle identifier and event priority sys-
tem enables rare nuclei to be analysed in preference to
the more common species, and isotope separation for

light nuclei such as He is also achieved. The sensor is
mounted on a rotating platform to enable coarse direc-
tional measurements of low energy protons to be made.
The paper is organized as follows. In section 2 we
describe the LET experiment hardware, including a
brief discussion of the thermal design. Section 3 deals
with the performance of the LET in flight, illustrated by
an example of data obtained during the cruise phase.
Concluding remarks are contained in section 4.

2. Instrumentation

The LET experiment hardware, which is identical on
both Phobos spacecraft, comprises three elements: the
LET sensor unit itself; a rotating platform on which the
sensor is mounted in order to permit coarse directional
information to be obtained on the 3-axis stabilised
spacecraft; the LET Interface Unit (LIU). A block
diagram of the complete LET instrument is shown in
fig. 1. All three components are attached to a common
mounting frame that also accommodates the ESTER
SLED experiment [2]. The LET flight instrument, shown
in the photograph of fig. 2, weighs 6 kg (excluding
mounting frame and thermal hardware) and has an
average power consumption of 2.5 W. The electrical
interface to the spacecraft is provided by the ESTER
Data Processing Unit (DPU-B) [1].

0168-9002,/90,/$03.50 © 1990 — Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. Block diagram of the LET experiment, including the LET sensor, the rotating platform and the LET interface unit.

2.1. LET sensor

The LET sensor consists of a four-element solid-state
detector telescope surrounded by a cylindrical plastic
scintillator anticoincidence shield, together with its as-
sociated analog electronics. The telescope is shown in
schematic form in fig. 3. Detectors D1 and D2 are
large-area (6 cn’) surface barrier devices having nomi-
nal thicknesses of 30 pm (D1) and 100 pm (D2), while
D3 and D4 are 2000 pm thick Li-drifted devices of 10.0
and 12.5 cm? active area, respectively. D4 forms part of
the anticoincidence shield. Relevant physical parame-
ters for the detectors used in the flight sensors are given
in table 1. The aperture of the telescope is covered by
two thin foils, an inner Ti foil (2 pm) and an outer
Kapton foil (8 um), included for electrical screening
and thermal control purposes, respectively. The tele-
scope geometrical factor, defined by two circular col-
limators mounted in front of D1 and D2 in order to
reduce unwanted edge effects, has a value of 0.58 cm?sr
for the coincidence channels. Low resolution single-de-
tector (D1 only) measurements of protons and alpha

particles are also made. In this case, the geometrical
factor is ~ 4 cm?sr.

The signals from detectors D1, D2 and D3 are fed
into individual amplifier chains consisting of a charge-
sensitive preamplifier followed by a parallel combina-
tion of three pulse-shaping voltage amplifiers (PSAs).
To accommodate the large dynamic range required,
separate low- and high-gain PSAs have been used,
selected via an analog switch controlled by the third
(fast) PSA in conjunction with a discriminator. The
selected outputs are fed into a common 10-bit (1024-
channel) ADC that provides pulse height information.
The fast PSAs are followed by a number of threshold
discriminators, the outputs of which are used in the
coincidence logic to define a series of counting rate
channels.

In addition, the outputs of the slower PSAs are fed
into a Particle Identifier (PI) circuit that provides both
counting rate and event priority information. The LET
PI circuit makes it possible to obtain the counting rates
corresponding to groups of nuclear species, and com-
prises a set of analog function generators and dis-
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Fig. 2. The LET experiment configuration, showing the LET sensor unit, rotating platform and LIU, mounted on the common
ESTER mounting frame.
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Fig. 3. Schematic representation of the LET detector telescope:

Dm* denotes a pulse height analysed detector.

criminators that divide the instrument response into
regions of different nuclear charge. The actual analog
functions used are of two types, namely

El+bE2=a,, (1)
and
E2(b,+ E3)=a,, (2)

where E1, E2 and E3 are the energies deposited in
detectors D1, D2 and D3, respectively, and a,, b; are
constants. For particles stopping in D2, the loci of
points satisfying eq. (1) for given pairs of (a;, b;) values
define boundaries on the AE(= E1) vs residual E(=
E?2) diagram that separate the tracks corresponding to
different elements or groups of elements into so-called
“charge groups”. The charge groups defined for the
D1-D2 range are: protons; (3He,4He); (L1, Be, B);
(C.N,0): Z>10 nuclei. In a similar way, charge group
boundaries for particles stopping in D3 are defined by
eq. (2) with suitable pairs of (a,, b;) values. A different
functional form is required in this case because of the
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Table 1

Phobos LET detector summary

Detector  Type @ Thickness Area

(b.m] [mg/cm’]  [cm’]

Phobos-1
D1 SSB (Ortec) 27.6 6.43 6.0
D2 SSB (Ortec) 95.2 22.18 6.0
D3 Si(Li}LBL) 2038 474.8 10.0
D4 Si(LIXLBL) 2000 466 125

Phobos-2
D1 SSB (Ortec) 287 6.69 6.0
D2 SSB (Ortec) 103.8 24.19 6.0
D3 Si(Li}LBL) 2031 473.2 10.0
D4 Si(Li)LBL) 2000 466 12.5

“ $SB - silicon surface barrier.

pronounced curvature of the AE vs residual E tracks
resulting from the large thickness of D3 relative to D2.
The same charge groups as before are defined for the
D1-D2-D3 range, with the addition of a high Z-group
corresponding to Z > 20. The boundaries corresponding
to the (C,N,O) charge group are illustrated schemati-
cally in figs. 4 and 5 for the D1-D2 and D1-D2-D3
ranges, respectively.

Each of the charge groups has an associated count-
ing rate register which is incremented each time a valid
event within the group is observed. Accumulation inter-
vals are 236 s for the proton and alpha particle rate
channels and 1180 s for the heavy ion rate channels. In
addition to providing counting rate information, the PI
output is used to generate a 4-bit event code that
controls the Event Priority System. The latter is in-
cluded in order to maximise the LET PHA data-collec-
tion efficiency for the rarer nuclear species in the cosmic
ray flux. Such a system i1s needed because the LET
telemetry allocation (2.4 bits per s) limits the number of
PHA events that can be transmitted to 2 per minute.
Each pulse-height-analysed event is assigned a 4-bit

50 ;

T T T
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Fig. 4. LET particle identifier boundaries (dashed lines) plotted
for (C, N, O) groups events stopping in D2.

priority value on the basis of its event code via prede-
fined sequences stored in a ROM. Only the pulse heights
corresponding to the highest-priority event occurring
within every 30 s sampling period are transferred to the
telemetry stream. The sequence of priority assignments
for all event codes is changed periodically in order to
prevent biasing effects. In addition to pulse height data
and proton, alpha and heavy ion rates, the 360-byte
LET data frame contains digital status information and
analog housekeeping values, as well as counting rate
data for the individual detectors. Housekeeping infor-
mation includes instrument voltages, the detector
leakage currents and temperature values for the detector
telescope and electronics. A summary of the LET digital
data channels is given in table 2.

Also included in the instrument is an In-Flight
Calibrator (IFC) circuit that checks, on command, the
electrical characteristics of the instrument by delivering
a sequence of pulses having well-defined amplitudes to
all amplifier inputs.

2.2. Rotating platform

In order to measure the directional characteristics of
the particle fluxes, the LET sensor is mounted on a
rotating platform. The full rotation range of the plat-
form (175°) is adjusted so that in the extreme positions,
the sensor axis is oriented close to the average direction
of the interplanetary magnetic field. This range is di-
vided into steps of 44°, data accumulation occurring
for a fixed period of 236 s at each of the five positions.
In normal operation, the platform makes a complete
+60° (with respect to the spacecraft X-axis) —» —115°
— 4+60° scan cycle in 40 min, corresponding to two
telemetry periods. The scan plane of the platform is
tilted with respect to the ecliptic by 12° in order to
avoid obscuring the LET field-of-view by other payload
elements.

The main components of the platform unit are a
stepper motor and its associated transmission gear that

125— T T T T
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a: E2 (E3+60) =3900 MeV
100 b: E2(E3+1301=19235
>
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=
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Il 1 b 1
0 80 160 240 320
£3 {(MeV)
Fig. 5. As for fig. 4, but for particles stopping in D3.
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Table 2
Phobos LET data channel summary
Channel  Code Measurement Time
no. resolution
[s]
1 P1 proton 0.9-1.2 MeV 240
2 P2 1.2-3.0 240
3 P3 1.8-3.8 240
4 P4 3.8-8.0 240
5 P5 9.0-19 240
6 Al alpha 1.0-50 MeV/n 240
7 A2 1.9-4.0 240
8 A3 4.0-9.0 240
9 A4 9.0-19 240
10 H1 Li,Be,B 23-52 1200
11 H2 5.2-56 1200
12 H3 C,N,O 32-75 1200
13 H4 7.5-39 1200
14 H5 Z=>10 3.9-9.5 1200
15 Hé6 9.5-50 1200
16 H7 Z=20 12.-75 1200
17 El e~ 0.35-1.5 MeV 1200
18 S1 D1 singles 600
19 S2 D2 singles 600
20 S3 D3 singles 600
21 S4 D4 singles 600
22 S5 D5 singles 600
PHA pulse heights /flags 30
LET status 1200

drives the circular platform which is supported at its
rim by two rows of Delrin ball-bearings. Two flexible
cables, consisting of two layers of printed copper tracks
enclosed in three layers of 50 pm Kapton foil, are
wrapped around the axis of the platform and provide
the electrical connection between the LET and LIU. A
high precision potentiometer delivers accurate (better
than 0.5%) measurements of the platform position, and
end-switches followed by mechanical stops are incorpo-
rated to prevent rotation beyond the +60° or —115°
positions.

During flight, the platform, which is controlled by
DPU-B via the motor drive circuitry incorporated in the
LIU (see below), can be operated in two modes: normal
mode and high power mode. In normal mode, the
platform moves between each of the five pointing posi-
tions in 4 s; in high power mode, a higher (by a factor
4) motor torque is provided, and the travel time be-
tween positions is correspondingly longer. This latter
mode is included for operation under special conditions
(test, platform malfunction, extreme temperatures, etc.).
The platform can also be commanded to move directly

to either end position, stopping once it reaches +60°,
or starting the normal scan from the —115° position.

2.3. LET interface unit (L1U)

The LET Interface Unit, as the name implies, serves
as the interface between the LET analog electronics and
the ESTER DPU-B (see fig. 1). The unit is physically
separate from the LET sensor and, as mentioned above,
also houses the motor drive control electronics for the
platform. Functionally, the LIU comprises: the LET
rate channel and PHA digital data interfaces; the tele-
command and status interfaces; the analogue
housekeeping interface and the power supply interface.
In addition, the LIU provides the timing signals neces-
sary for correct operation of the LET.

2.4. LET thermal design

The thermal design is driven by two contradictory
boundary conditions, namely (1) temperature extremes
of —20° and +50°C are to be expected for equipment
mounted on the spacecraft body, and (2) the operating
temperature of the solid-state detectors should never
exceed +35°C (danger of irreversible damage). These
constraints dictate that the LET sensor unit be ther-
mally isolated from the rotating platform and other
structural elements. Thermal control is then achieved as
follows: the power dissipated inside the LET sensor
(~2 W) is radiated to space through a ca. 100 cm?
white-painted radiator surface on top of the sensor box,
while a 0.5 W heater prevents excessive cooling. This
thermal design has proven to be very effective in flight,
and the detector telescope is maintained at a stable
temperature ranging between —5° and +10°C.

3. LET performance in flight

The Phobos spacecraft 1 and 2 were successfully
launched from the Baikonur Cosmodrome on 7 and 12
July 1988, respectively. Following a period of ca. 12
days to allow for outgassing, the LET experiments were
switched on on 19 July, 00:30 UT (Phobos 1) and 25
July, 05:59 UT (Phobos 2). Initial data showed that the
LET sensors on both spacecraft were functioning nomi-
nally, although the rotating platform on Phobos 1 was
apparently unable to move from the —115° launch
position. Attempts to free the platform by telecommand
were unsuccessful, and the condition persisted up to the
end of August 1988, at which time radio contact with
Phobos 1 was lost. As an example of the data obtained
on Phobos 2 during the cruise phase from Earth to
Mars, fig. 6 shows pulse height information plotted in
the AE vs residual E format for particles stopping in
D2. The data cover a 4 d period starting at 00:00 UT on
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Fig. 6. Flight data from the LET experiment on Phobos 2.
Shown is the D1 vs D2 pulse height matrix for the solar flare
event of 17-20 December 1988.

17 December 1988, and represent particles of solar
origin that have been accelerated during solar flare
events and transported out to the location of Phobos 2.
The tracks corresponding to the different nuclear species
are clearly seen. By normalising the pulse height data to
the total number of counts registered in each charge
group rate accumulator, the relative abundance and
energy spectrum of each individual element may be
derived.

In addition to the flight data, a substantial database
on the performance of the LET has been accumulated
during ground testing. The LET sensors for the Phobos
mission are, with the exception of the interface to the
DPU, largely identical to the Low Energy Telescope to
be flown on the much-delayed Ulysses mission [3]. In
particular, the detector telescopes have the same specifi-
cations as the Ulysses LET instrument. The latter has
already been extensively calibrated at particle accelera-
tor facilities, with exposures to both heavy ion and
proton beams {4-6].

4. Conclusions

The performance of the LET instruments on the
multidisciplinary Phobos mission has matched that ex-
pected from ground calibration and test, and the experi-
ments will make important contributions to our knowl-
edge of the particle populations in interplanetary space
during the transition phase between solar minimum and
solar maximum. Furthermore, based on the measured
performance of the Phobos flight hardware, the LET
experiment on the exploratory Ulysses mission to the
solar poles is confidently expected to provide high-qual-
ity data following its launch in 1990.
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LET CALIBRATION DOCUMENT

1. Scope

The purpose of this document is to provide information on the calibration parameters
needed to interpret the raw data from the COSPIN Low Energy Telescope (LET). In
addition, we give a brief overview of the LET calibration history, and an outline of the
data reduction procedure to be applied to the LET pulse height information. Many of
the parameter values given are preliminary, and may be updated when flight data become

available.

2. Overview

The COSPIN LET solar energetic particle/cosmic ray instrument [1, 2, 3] measures
the flux, composition and energy of nuclei from hydrogen up to iron in the energy range
~ 1 to ~ 75 MeV/n. The sensor is a double dE/dX vs. E solid state detector telescope
surrounded by a plastic scintillator anticoincidence shield, as shown in schematic form in
Figure 1. The characteristics of the various detector elements are summarised in Table
2. In addition to these active elements, the two thin foils covering the entrance aperture
form part of the sensor assembly. The inner foil is titanium (2 pum), and the outer foil is
aluminised Kapton (8 ym). Table 1 summarises the digital data output from the LET,
which is in the form of counting rates and pulse-height information. In order to optimise
the use of the telemetry allocation, the instrument employs a system of onboard particle
identification (PI), together with a PHA event priority system (EPS) to provide a balanced
sample of pulse-height analysed events.

2. LET Calibrations
2.1 Accelerator calibrations

Since their manufacture in 1982 (!), the two flight models of the LET have been
calibrated at a number of accelerator facilities, as shown in Table 3. The main objective
of the heavy ion calibrations has been to trim the different discriminator levels in the PI
electronic circuitry against the measured positions of the particle dE/dX vs. E tracks, and
to verify the stability of these settings with time. In an ideal world, the LET instruments
would have been exposed to all nuclear species within their detection range, and at all
measurable energies, i.e. from H (0.9 - 19 MeV) to Fe (3 - 75 MeV/n). In practice,
this ideal exposure was satisfactorily approximated using a high-mass primary beam (e.g.
Fe or Ar) which was fragmented on a target, together with a variable-thickness absorber
to achieve the required spread in energies. The above technique was employed at LBL,

Berkeley and GANIL, Caen.

Additional calibration information has been obtained from so-called “spot” measure-
ments, for which unfragmented beams of well-defined energy with minimum spread were
used in an attempt to derive a first-order energy calibration, and to study the energy loss
characteristics of the aperture foils. Measurements of this type were performed at the
Heidelberg MP Tandem.

The energy windows of the five LET proton channels were mapped using the magnetic
spectrograph of the Amsterdam Free University cyclotron [4].



2.2 Electronic calibrations

In addition to the accelerator calibrations discussed above, the electronic character-
istics of the various LET amplifier chains and ADC circuitry have been accurately de-
termined. These calibrations include a measurement of the overall linearity of the com-
bined CSA (charge sensitive amplifier) — PSA (pulse shaping amplifier) — ADC chains,
as well as the relative gains of the High- and Low-Gain amplifiers associated with each
of the pulse-height analysed detectors. The results are reproduced as Figures 2, 3 and
4. Pulse height-to-energy conversion factors have been determined using high precision
programmable pulse generators (PPG) to stimulate the different amplifier chains, in com-
bination with the known sensitivity of the CSAs (i.e. mV per MeV). The ADC channel
number-to-MeV conversion factors are listed in Table 4. Note that two values are given
for each detector, corresponding to the High- and Low-Gain modes. In order to determine
which factor should be applied, the appropriate gain flags (bits 33 — 35 of the PHA word,
see Table 5) must be checked as follows: High-Gain mode is indicated by a gain flag value
of 0; Low-Gain mode is indicated by a gain flag value of 1.

3. LET PHA Data Reduction

COSPIN LET flight data will be processed using the same set of algorithms that
have been used to analyse data from the Phobos LET [5]. A three-step procedure has
been developed in which the first step consists of a charge (Z) interpolation algorithm that
creates a charge spectrum, or histogram, followed by the second step in which a correction
factor is applied to the measured total energy of each PHA event to take into account the
energy lost in the two aperture foils. Finally, an “energy per nucleon” value is derived
using the corrected incident energy and a mass number based on the calculated charge,
allowing relative abundances and energy spectra to be computed.

3.1 Charge spectra

The conversion factors given in Table 4 have been applied to pulse height data from
the GANIL accelerator runs in order to define a set of reference particle “tracks” when the
data are plotted in “AE vs. residual E” format. Reference elements are He, O, Si and Fe.
Using these so-called “reference tracks” as input to the charge interpolation algorithm as
described in Appendix A, the charge spectra shown in Figures 5 and 6 have been derived.
The spectrum of Figure 5 corresponds to events stopping in D2 (single dE/dX vs. E
mode), whereas events stopping in D3 (double dE/dX vs. E mode) are presented in Figure
6, to which no background rejection has been applied. Experience with the Phobos data
confirms that the in-flight resolution is equal to (and often better than) that seen in the

accelerator data.
3.2 Energy loss in aperture foils

In order to determine the incident energy of heavy ions stopping in the LET, a cor-
rection factor has to be applied to take into account the energy loss occurring in the two
aperture foils. Range-energy data for the two materials concerned, titanium and Kapton,
have been used to construct a look-up table for all species and covering all energies detected
by the LET. In the case of Kapton, for which no range-energy data exist, the tabulations
of Northcliffe and Schilling [6], hereafter NS70, for polyethylene were used. These were
found to be in reasonable agreement with experimental data acquired for carbon ions at the
MPK MP Tandem accelerator (energy loss in flight-quality foils measured at three incident
energies). NS70 data were also used for titanium. In both cases, extrapolations were made
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beyond the maximum energy given in the NS70 tables (12 MeV/n). The resulting look-up
table is reproduced here as Table 6. A list of other range-energy tabulations/computations
that have been used to define nominal energy ranges etc. is given in Appendix B.
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Figure Captions

Schematic representation of the LET detector telescope; Dm* denotes a pulse height
analysed detector.

LET SFM D1 amplifier chain: gain and linearity characteristics.

LET SFM D2 amplifier chain: gain and linearity characteristics.

LET SFM D3 amplifier chain: gain and linearity characteristics.

Charge spectrum corresponding to 2-parameter (D1D2) events constructed using data
from GANIL accelerator calibration (LET SFM).

Charge spectrum corresponding to 3-parameter (D1D2D3) events constructed using
data from GANIL accelerator calibration (LET SFM).
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Table 1. LET digital data channels

Channel Measurement GF Time resoln.  Synchron.
(em?sr) (sec)
LP1 proton 0.9-1.2 MeV 9.1 32 Format
LP2 1.2-3.0 9.1 32 Format
LP3 1.8-3.8 0.58 32 Format
LP3S* 1.8-3.8 0.58 24/36 Spin
LP4 3.8-8.0 0.58 32 Format
LP4S* 3.8-8.0 0.58 24/36 Spin
LP5 9.0-19 0.58 32 Format
LA1 alpha 1.0-5.0 MeV/n 9.1 32 Format
LA2 1.9-4.0 0.58 32 Format
LA3 4.0-9.0 0.58 32 Format
LA4 9.0-19 0.58 32 Format
LH1 Li,Be,B 2.3-5.2 0.58 128 Format
LH2 5.2-26 0.58 128 Format
LH3 CN,O 3.2-7.5 0.58 128 Format
LH4 7.5-39 0.58 128 Format
LH5 z>10 3.9-9.5 0.58 128 Format
LH6 9.5-50 0.58 128 Format
LH7 z>>20 12-75 0.58 128 Format
LE1 e~ 0.35-1.5 MeV - 128 Format
LS1 D1 singles 128 Format
LS2 D2 singles 128 Format
LS3 D3 singles 128 Format
LS4 D4 singles 128 Format
LS5 D5 singles 128 Format
PHA pulse heights/flags d Format
LET status 32 Format

* 8-sector rates
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Table 2. COSPIN SFM LET detector summary

Detector Type Serial no. Thickness

(pm)  (meg/em?)
D1 Ortec 600-30 22-235B 32.2 7.503
D2 Ortec 600-100  20-663C 95.9 22.345
D3 LBL 1000-2000 4469 2054 478.6
D4 LBL 1250-2000 4506 2000 466.0
D5 RCA C70102E  4F4 = =

Table 3. COSPIN LET accelerator calibration history

Date Facility®’ Beam?
14-23 Apr 1981% LBL Bevatron Ne?0

Ap*?
28 Jul 1982 - LBL Bevatron §ie
2 Aug 1982 Fe®¢
17-20 May 1983 VU Cyclotron o
1-4 Apr 1984 MPK MP Tandem £

Ni58
12-20 May 1984 LBL Bevatron Si%®

FCSG
25-26 Oct 1984 VU Cyclotron p, H?, He*
20-24 Nov 1988 GANIL Ar*?

Notes:
1) LBL: Lawrence Berkeley Lab; VU: Amsterdam Free University; MPK: Max-Planck-
Institut fiir Kernphysik, Heidelberg; GANIL: Grand Accélérateur National d’Tons

Lourds, Caen.
2) Primary beam types (LBL and MPIH: separate runs; VU: all species simultaneously).

3) LET Engineering Model

11



Table 4. LET SFM channel number-to-MeV conversion factors

Detector Conversion (MeV /channel)

High-Gain  Low-Gain

D1 0.0322 0.2534
D2 0.0300 0.5932
D3 0.1244 3.9480

Table 5. LET PHA data word

Bits Content
(LSB=0)

0 - 9 : detector D1 pulse height
10 - 19 : detector D2 pulse height
20 - 29 : detector D3 pulse height
30 - 32 : status flags

33 : detector D1 gain flag
34 : detector D2 gain flag
35 : detector D3 gain flag
36 - 39 : event code
40 - 42 : sector ID
43 : CAL ON flag

Table 6. Energy loss look-up table for LET aperture foils (data are listed on following pages).

Notes:

. The (Z,A) values refer to the incident ion.

. All energy values are tabulated in MeV /nucleon.

. Einstr is the energy per nucleon measured in the LET.

. Eext is the incident energy per nucleon corrected for energy losses in the two foils.

12
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Appendix A: Charge Interpolation Algorithm

The charge interpolation algorithm used to process LET PHA datais based on a generalized
range-energy relation for projectiles of charge Z and mass M of the form

11.9E (MeV)!-77

R (pm Si) =

Z2M0.77

so that
E (MeV) = (4 x R)?
where
z2 )31

T 11.9
and ]

P=1m

Consider a 2-detector dE/dX vs. E telescope, having detector thicknesses ¢t and T', re-
spectively. For projectiles of initial energy Eo stopping in the second detector with residual
energy Eres and corresponding range Rres, the following relations apply:

Eo = AP (1 + Ryes)”

and

Eres = APRP

TEeS

so that
AE =Ey — E s

= AP ((t + Rres)’ — R‘fe,)

= B, B ((t+ Reeo)’ - RS )

TES TES

This last equation defines the locus of so-called track end-points in the AE wvs. E.cs
diagram, and (within the constraints of the assumed range-energy relation) represents a
straight line (referred to here as the constant range line, illustrated in Figure Al).

The separation s along a given constant range line of the endpoints corresponding to two
different nuclear species (21, M;) and (Z2, M>) is given by

s = (AE, — AE,)? + (B2 — Ey)?
— ¢ (45 - A7)

where

C =1/ B? + R,

and

B=(t+Ryes)’ — R?

TES
Assuming that M ~ 2Z, and substituting this in the expression for A gives

17



. 0.565 ( »1.565 1.565
gi== gl " (Zg‘ - Z3 )

where a is a constant ~ 0.33. Strictly speaking, this relation will only be valid over
the same energy range as the power-law approximation to the generalized range-energy
equation (i.e. for incident energies 25 MeV). For the constant range interpolation charge
determination method to work optimally, the relative spacing of individual species tracks
. . . . 2
along given constant range lines must remain constant. For residual ranges ~ 20um the
approximation becomes less good, and slight broadening of the charge peaks can occur.
The contribution due to this effect to the overall width of the charge peaks is, however,

small.

Assuming now that (Z;,M;) and (Z,, M) are reference species for which the track posi-
tions are known, the charge corresponding to each event can be computed from the relative
spacing along the appropriate constant range line as follows:

SZ(MeV) B Zl.565 _ Z}'SGS
22, (MeV) ~ Z}F% _ g1

but
sz Ere, _El,res

== nl
SZ, E2,res — LY] res

so that

7 = Lse{/zll.se‘.s(l — 7,) + T,Zzl.SGS

This is shown graphically in Figure A2.

AE

Fig. A1l Constant range lines.
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AE

Fig. A2 Charge determination using constant range interpolation.

Appendix B: Range-Energy Relations: Tables/Computations/Useful References

The following range-energy tabulations and/or computations have been used during the
course of the development of LET hardware and software:

Northcliffe, L.C. and R.F. Schilling, Nucl. Data Tables, 7, (1970).

Littmark, U. and J.F. Ziegler, Stopping and ranges of ions in matter, 6, Pergamon Press,
New York, (1979).

Janni, J.F., Techn. Rep. AFWL-TR-65-150, USAF, (1966).

Some other useful references:

Butler, G.W., A.M. Poskanzer and D.A. Landis, Nucl. Instr. and Meth., 89, 189, (1970).
Goulding, F.S., Nucl. Instr. and Meth., 162, 609, (1979).
Greiner, D.E., Nucl. Instr. and Meth., 103, 291, (1972).
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LET RESPONSE TO HIGH FLUXES - JCA DATA EVALUATION.
(prepared by J. Henrion - 29 Sept.1992.)

1 - LET response to high fluxes.

1.1 - Introduction.

The response of the LET rate channels and the LS1, LS2 and LS3
"singles" channels is affected with at least 3 different effects
originating in the electronic circuits

a/ Dead time effect. The detection of one event is affected with a
dead-time of approx.18 psec created in the Event Clock. With
repetitive events a maximum counting rate of about 55 kHz can be
reached. For a higher counting rate the LET output

saturates and remains 5.5*10% cps.

With a random distribution of the event occurrences the response
saturates for a lower average value, about 2.8*10* cps. This is
due to the loss of the events closer to 18 psec iIn the counts
distribution.

Although the dead time is iIndependent of the pulse amplitude (or
the energy) it may create a distortion of the energy spectrum
calculated from the different energy channels since the most
populated part of the particle stream is more affected by the dead
time.

b/ Pulse pile-up, When two or more events arrive too close to each
other (within a few psec) they will be detected as a single event
of higher amplitude (or energy). This corresponds to a shift of the
event energy toward higher values. This effect is important around
the energy boundaries of the channels.

c/ Baseline shift, The apparent amplitude of the pulses decreases
as the rate iIncreases.
The shift is amplitude and rate dependent.

The effect a/ is predominant and becomes important above 104 cps,
Efﬁects b/ and c/ work in opposite directions but do not cancel each
other.

The combination of the different effects leads to a response which
iIs depending at the same time on the energy distribution (spectrum)
and the population (counting rate) of the iIncident events.
Therefore it is very difficult, if not impossible, to correct the
data collected with the instrument deeply iInto saturation, as it
was the case on Day 39, 1992, where the sum of the counts collected
in LP1, LP2, LP3, LAl and LP5) exceeded the

saturation level of approx. 3*10* cps.

An attempt to determine the importance of each effect was performed
on the LET EM with a series of measurements made by E. Rouat
(stagiaire) using random pulse generators to simulate the events.
The results are reported in the Annex 1: "Study of the LET
counting rate performance'.



1.2 - Rate channel response to mono-energetic random pulses.

The Table 1 gives the LP1 and LP2 channels response as fractions

of the input counts randomly occurring with constant amplitude
corresponding approximately to the centre of the energy window.
also gives the fractions of incident LP1 counts recorded in LP2

due to pile-up.

Table 1. LP1 and LP2 response to LP1 events.

In
counts

(cps)

1

150
500
750
1010
1500
2010
3000
5000
7500
10000
15000
20080
25090
30100
40050
50140
60070
70100
80060
100100
121000
150000
175000
200700
250100
300400
403000
527000
756000
936000

LP1/input LP2/input

ratio:

O0O000000000000000000000o0o0oooorF

.609
.531
.468
.416
.372
.336
.278
.229
.185
.156
.135
.106
.088
.069
.053
.04

-036

ratio

eolelololololololololojolololololololojololololololololololole]

-0001
-0001

.0002
.0003
.0004
.0005
.0007
.001
.0016
.0027
.0036
.0056
.0073
.0087
.01
.013
.016
.019
.02
.023
.025
.028
.03
.031
.032
.032
.031
.03
.029
.029
.029

Up to 10* cps the response stays above 80%.

The pile-up effect (b/) remains low because of the input pulse
amplitude is far apart from the channel boundary. The baseline
shift effect (c/) is not measured here since the affected events

are lost under the D1A threshold.

The results are plotted on Fig.l.
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3
Table 2 gives similar data for the LP1, LP2 and LAl channels when
pulses are centred iIn the channel LP2.

Table 2. LP1. LP2 and LAl response to LP2 events.

In counts LP1/input LP2/input LAl1/input

(cps): ratio ratio ratio
1
150 O 1 0
500 O 0.99 0.0002
750 O 0.985 0.00029
1010 O 0.981 0.00042
1500 0.0046 0.973 0.0007
2010 0.01 0.963 0.0008
3000 0.015 0.945 0.0012
5000 0.024 0.91 0.0022
7500 0.034 0.871 0.0033
10000 0.044 0.831 0.0045
15000 0.06 0.764 0.007
20080 0.075 0.705 0.0093
25090 0.086 0.652 0.011
30100 0.097 0.605 0.013
40050 0.11 0.527 0.017
50140 0.12 0.463 0.02
60070 0.13 0.41 0.023
70100 0.133 0.366 0.025
80060 0.137 0.327 0.027
100100 0.14 0.267 0.03
121000 0.14 0.218 0.033
150000 0.13 0.17 0.036
175000 0.122 0.139 0.037
200700 0.114 0.115 0.038
250100 0.096 0.084 0.037
300400 0.081 0.067 0.036
403000 0.061 0.052 0.031
527000 0.053 0.044 0.029
756000 0.044 0.032 0.027
936000 0.041 0.029 0.027

The LP2 response is very similar to LP1.

The baseline shift effect is clearly seen in the LP1/input ratio. It
exceeds 10% of the counts above 3*10* cps and reaches 14% at 10°
cps. The pile-up effect does not exceed 3.8%. It should be kept in
mind that these numbers correspond to a

mono-energetic input signal and would probably be different with a
wide distribution of the energies.

The response of the LAl channel is also very similar to LP1 and
LP2.



1.3 - Response to a wide energy distribution.

The difficulty to generate a broad energy spectrum together with a
random pulse occurrence resides in the lack of suitable instruments.
Pulse generators generate either random pulses with constant
amplitude (exempt of pile-up effect) or repetitive pulses with
adjustable amplitude and fall time which would suffer from the pile-
gpl?ffect if the repetition frequency is too short for the selected
a time.
This last property was used to simulate random amplitude
distribution by means of two pulse generators a (DB2) pulser
used as random trigger to a normal "tail pulse'™ generator (9010).
The output amplitude decreased exponentially with the time between
two pulses (cfr. E. Rouat report, ch.3).
However 1t was difficult to control separately the average rate and
the amplitude distribution because of the relation between these
two parameters in the "9010" pulse generator. Moreover the MCA
(Tennelec PCA) used to measure the spectrum was also too slow to
give an undistorted spectrum from which the input counts to the LET
could be measured.

Nevertheless this set-up was used study the response of LP1 to a
"solar™ type spectrum.

The curve of Fig.2 shows the LP1 response to a "solar™ type
spectrum.

This response is similar to the response with mono-energetic
pulses, perhaps slightly better.

These measurements should be confirmed with faster measuring
equipment (faster MCA or fast single channel analyser with
counters).

1.4 - Rate-channel response vs. pulses in adjacent channel.

Another set of measurement was taken with random counts in LP1 and
repetitive counts in LP2 (cfr. E. Rouat report ch.2). The graph of
Fig-3 shows the response of LP1 to interference. The LPI response
(Y axis) is the average of 5 different conditions where the iInput
counts (random) in LP1 were comprised

between about 5*10° and 2*10* cps. All results were very similar and
could be averaged.

The scale gives the normalised values to the LP1 counts without
interference (about 1,3*10% cps). The

interfering counts (x axis) are

(LS1 - LP1) counts repetitive

The output decreases proportionally to the interference. Additional
measurements are needed to establish the mechanism of this
interference effect.



1.5 - Conclusion,

Dead-time is the principal factor affecting the rate channel
response.

Since all the events detected by the LET need about 18 pusec to be
recorded in a rate channel the total dead-time depends on the sum of
the counting rates in all the channels This means that, close

to the saturation limit of about 3*10* cps, to any increase of the
counting rate in one of the channels corresponds a decrease of the
counting rate observed in the other channels.

As seen on Fig.1l the response of the instrument, i.e. the sum of
the rate channels, which is the same as one speC|f|c channel

(here the LP1), decreases by 10% at 5*10° cps, by 20% at 1.3*10*
cps by 50% at 3.5*10% cps, etc....

How the response of each individual channel is affected depends on
the distribution of the counting rates in all the channels.

A "first order™ correction to the data might consist of checking
first the sum of the counting rates in all the channels, then
correcting it for the response losses (curve "LP1" of Fig.-1). In a
second step the counting rates of the different channels should be
individually corrected according to the counting rates observed iIn
the other channels.

This could be further studied when time and suitable measuring
instruments are available.

The "second order™ correction would take the pile-up and baseline
shift effects into consideration.



2 - JCA data evaluation.

The analysis of the plots of Days 038, 039 and 040 (1992), shows
that when the sum of the counts (cps) |n channels LP1, LP2, LP3,
LP4 and LAl approaches the 1.5 to 2*10* cps the variations
observed in one particular channel is reflected In opposite
direction in the other channels.

A First example of this might be in the feature A of day 038 at
15H00 (Flg 4), where LP1 reaches 2.2*10* cps then decreases in
steps. A" 'mirrored” feature can be observed in LP2, at much lower
counting rate.

The feature in B might be of the same type.

Feature C (large drop in counting rate between 22 to 23H00)
obviously correct since the "singles™ do the same (Fig.5).

The real saturation effect is clearly seen In the part D of the
plot (day 039 from OH30 to 4HO0) LP1l increases dramatically up
to 1.5*10* cps, LP2 and LP3 follow behind. When LP2 passes
approx. 10* cps it produces a decreases in LP1.

In its turn when LP3 passes the 5 to 6*10° cps its increase
produces a further decrease in LP1 and LP2.

At the same time LAl is also increasing and peaks at 2H45 at

about 5*10° cps Fig.6) At that time the sum of the counts in the
four channels is approximately

5*10° (LP1) + 8.5*10° (LP2) + 9*10° (LP3) + 5*10° (LA1l) = 2.75*10* cps

which 1s the maximum counts observable in the rate channels.

The flattening of the peak in the LAl curve between 2 and 4HOO 1is
likely due to the saturation of the channel.

The dip E (day 039 between 5 and 7h00) is also real and is also
visible 1n the "singles™.

In F (day 039, 8HOO to 24H00) the 3 lower channels LP1, LP2 and LP3
follow each other rather well, the counts ratios are probably close
to reality, here again the counting-rates seem to "mirror"

the LP5 curve variations.

The decreases in LP5 around 13HOO and after 17HOO0 allow the lower
LP channels to re-increase to a similar value as in the D period.
The likely situation during period F is that the LP1 to 3 channels
were probably "stable™ at levels similar to the period D but were
distorted by the large increase of LP5.



Rate channel response

LP1 and LP2 response to LP1 events.
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Fig.l - LP1 and LP2 response to LPl events.
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Fig. 2 - LP1 response to a "solar" energy spectrum.



LP1 COUNTS VARIATION
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Fig.3 - LPl response to interference in the D1 channel.
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