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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 cm2), while D3 and D4 are 2 mm-thick lithium-drifted devices 
of 10.0 and 12.5 cm2 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 (~2μm, 0.9 mg/cm2) for electrical shielding, and an outer aluminised Kapton 
foil (~8μm, 1.0 mg/cm2) 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 
accommodate 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 (PI) 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+ biE2 = ai     (1) 

and  

E2(bi + E3) = ai    (2) 

where E1, E2 and E3 are the energies deposited in detectors D1, D2 and D3, 
respectively, and ai, bi are constants. For particles stopping in D2, the loci of points 
satisfying equation (1) for given pairs of (ai,bi) values define boundaries on the ΔE (≡ 
E1) 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 (ai, bi) values. A different functional 
form is required in this case because of the pronounced curvature of the ΔE 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. 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 unique 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 (Ll, 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 Ll 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): 

If X = 15 and Y = 6, C = 0 
If Y = 5, C = X + 1 

Otherwise, C = 1 + (X +16). 2N 
 
In the 27- to 12-bit mode (X contains 7 bits, Y contains 5 bits): 

If Y = 22 and X = 127, C = 0 
Otherwise, C = 1 + (X + 128). 2(N-8) 

 
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 

(13/11/B) 
   mI 

(13/11/B) 
 

|         
Ly   n 

(12/4/A) 
     

|         
 
In this example, data from channel Lx 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 Ly 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 mI corresponds to 
subformat number m in the next group of 8, i.e. mI = 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: 
 

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

 
• 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. 

 
• 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.  

 
• Marsden, R.G. et al., The Phobos Low Energy Telescope Charged Particle 

Experiment, Nucl. Instr. and Meth., 290, 211, 1990.  
 

• Marsden, R.G., LET Calibration Document, 1990. 

• 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)=αnβ 
 
where n is the channel number and α and β are constants. The fact that β ≠ 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 ΔE 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 He3 and He4), 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 He3 and He4, 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 (μm Si) = 11.9E (MeV)1.77 
     Z2M 0.77 

 

So that 
   E (MeV) = (A.R)β 
where 
   A = [Z2M (1/ β - 1)]/11.9 
and 
   β = 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 E0 stopping in the second detector with 
residual energy Eres and corresponding range Rres, the following relations apply: 
 
   E0  =  A β(t + Rres)β   
and 
   Eres  =  A β Rres

β  
so that 
   ΔE = E0 - Eres  = Eres Rres

-β [(t + Rres)β - Rres
β ] 

 
This last equation defines the locus of so-called “track end-points” in the ΔE 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, M1) and (Z2, M2) is given by 
 
   s = √ [(ΔE2 – ΔE1)2 + (E2 – E1)2] = C (A2

β – A1
β)  

where 
   C = √(B2 + Rres

2β ) 
and 
   B = (t + Rres)β - Rres

β  
 
Assuming that M ≈ 2Z, and substituting this in the expression for A gives 
 
   s = α Rres

0.565 (Z2
1.565

 - Z1
1.565

 ) 
 
where α 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 μm, 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 (Z1, M1) and (Z2, M2) 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: 
 

[sZ(MeV)]/[ sZ2(MeV)] = (Z1.565
 -  Z1

1.565)/( Z2
1.565

 -  Z1
1.565) 

but 
  

sZ / sZ2 = (Eres – E1,res) / (E2,res – E1,res) = r 
so that 
 
  Z = 1.565√ [Z1

1.565(1 – r) + rZ2
1.565] 

 
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/cm2) and Kapton (~1.0 mg/cm2), 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 ( γ0). A correction factor Fc is then applied 
according to the following equations: 
 
L1 (LP1)         

 
 
 
True rate =  
Fc * measured rate 

  γ0 < -3.5  Fc = 1.0 
-3.5 ≤ γ0 ≤ -0.5   -0.3 γ0 – 0.05 

  γ0 > -0.5   0.0 
L12 (LP5)        
  γ0 < -2.0  Fc = 1.0 

-2.0 ≤ γ0 ≤ +1.25   -0.275 γ0 + 0.45 
  γ0 > +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: I > 5.0 E+03   particles/cm2.s.sr.MeV/n 
L2: I > 7.5 E+02 
L22: I > 3.0 E+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,I3,3(X,I2),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:      (/cm2/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/cm2/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 
E1:    2-4 MeV Protons (/cm2/s/sr/MeV) 
EE1:   Error in E1            " 
E2:    4-6 MeV Protons (/cm2/s/sr/MeV) 
EE2:   Error in E2            " 
E3:    6-8 MeV Protons (/cm2/s/sr/MeV) 
EE3:   Error in E3            " 
E4:    8-16 MeV Protons (/cm2/s/sr/MeV) 
EE4:   Error in E4             " 
E5:    16-20 MeV Protons (/cm2/s/sr/MeV) 
EE5:   Error in E5              " 
H1:    4-6 MeV/n Helium (/cm2/s/sr/MeV) 
EH1:   Error in H1            " 



H2:    6-9 MeV/n Helium (/cm2/s/sr/MeV) 
EH2:   Error in H2            " 
H3:    11-20 Mev/n Helium (/cm2/s/sr/MeV) 
EH3:   Error in H3              " 
 
Time Resolution: daily 
 

8.3 PHA-derived O, N and Ne fluxes 
 
IYEAR: year 
IDOY:  day of year 
IHOUR: hour of day 
O1:    4-8 MeV/n Oxygen (/cm2/s/sr/MeV/n) 
EO1:   Error in O1            " 
O2:    8-12 MeV/n Oxygen (/cm2/s/sr/MeV/n) 
EO2:   Error in O2             " 
O3:    12-16 MeV/n Oxygen (/cm2/s/sr/MeV/n) 
EO3:   Error in O3              " 
O4:    16-20 MeV/n Oxygen (/cm2/s/sr/MeV/n) 
EO4:   Error in O4              " 
N1:    4-7 MeV/n Nitrogen (/cm2/s/sr/MeV/n) 
EN1:   Error in N1              " 
N2:    8-20 MeV/n Nitrogen (/cm2/s/sr/MeV/n) 
EN2:   Error in N2               " 
Ne1:   4-8 MeV/n Neon (/cm2/s/sr/MeV/n) 
ENe1:  Error in Ne1         " 
Ne2:   9-30 MeV/n Neon (/cm2/s/sr/MeV/n) 
ENe2:  Error in 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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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 

(cm2) (μm) (mg/cm2) 
D1 Si surface barrier Ortec 600-30 

S/N 22-235B 
32.2 7.503 6.0 

D2 Si surface barrier Ortec 600-100 
S/N 20-663C 

95.9 22.345 6.0 

D3 Li-drifted LBL 1000-2000 
S/N 4469 

2054 478.6 10.0 

D4 Li-drifted LBL 1250-2000 
S/N 4506 

2000 466.0 12.5 

D5 Plastic scintillator / 
PMT 

RCA C70102E 
4F4 

- - - 

      
Outer 
foil 

Aluminised Kapton  ~8 ~1.0  

Inner 
foil 

Titanium  ~2 ~0.9  

 



 
 
Table 1.2 COSPIN Low Energy Telescope Data Channel Summary. 
 
Channel Event 

Code 
Measurement GF 

(cm2sr) 
Time 
Res. 
(sec) 

Synch. Comp. 
Mode² 

L1/P1 0 proton 0.9 – 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 – 3.8  0.58 32 Format 2 
         
L4-L11 
/P3S¹ 

-  1.8 – 3.8  0.58 24/36 Spin 1 

         
L12/P4 4  3.8 – 8.0  0.58 32 Format 2 
         
L13-L20 
/P4S¹ 

-  3.8 – 8.0  0.58 24/36 Spin 1 

         
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 – 4.0  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 2.3 – 5.2  0.58 128 Format 1 
L27/H2 10  5.2 – 26.0  0.58 128 Format 1 
L28/H3 11 C,N,O 3.2 – 7.5  0.58 128 Format 1 
L29/H4 12  7.5 – 39.0  0.58 128 Format 1 
L30/H5 13 Z ≥10 3.9 – 9.5  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 

heights/flags 
  1 Format - 

   LET status   32 Format - 
 

1 8-sector rates 
2 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.I2.I3 
L2 LP2 D1B.D1C.D2A.D4.D5 L27 LH2 M3.I6.I7 
L3 LP3 M2.I1 L28 LH3 M2.I3.I4 
L4-L11  M2.I1 L29 LH4 M3.I7.I8 
L12 LP4 M3.D2B.D3B.I5 L30 LH5 M2.I4 
L13-L20  M3.D2B.D3B.I5 L31 LH6 M3.I8.I9 
L21 LP5 D1A.D2A.D3B.D4.D5 L32 LH7 M3.I9 
L22 LA1 D1C.D2A.D4.D5 L33 LE1 D1A.D3A.D4.D5 
L23 LA2 D1A.D2B.D3A.D4.D5.I1.I2 L34 D1 singles D1A.D4.D5 
L24 LA3 M3.D3C.I5.I6 L35 D2 singles D2A.D4.D5 
L25 LA4 D1A.D2A.D3C.D4.D5.I5.I6 L36 D3 singles D3A.D4.D5 
   L37 D4 singles D4 
   L38 D5 singles D5 
D1A.D1B ≡ D1A ANDNOT D1B etc.     M2 ≡ D1A.D2A.D3A.D4.D5      M3 ≡ D1A.D2A.D3A.D4.D5 
See Table 2.* for definitions of discriminator functions I1 – I9 
 
 
Table 2.1 Sensitivities and dynamic ranges for LET amplifier chains. 
 
Detector Nominal CSA 

output sensitivity 
Dynamic ranges PHA conversion factors1) 

E(MeV)=αnβ 
   α β 
D1 
(32.2 μm) 

20 mV/MeV 0 – 32 MeV 
0 – 205 

0.0318 MeV/ch 
0.2331 

0.98 
0.98 

     
D2 
(95.9 μm) 

6.25 0 – 32 
0 – 640 

0.0381 
0.7403 

0.98 
0.98 

     
D3 
(2054 μm) 

1.0 0 – 128 
0 – 4096 

0.1437 
4.150 

0.98 
0.99 

     
D4 
(2000 μm) 

20 - -  

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 
I1: E1 + 0.27*E2 > 3.3 MeV Z ≥ 2 I5: E2*(E3+7) > 53 MeV² Z ≥ 2 
I2: E1 + 0.27*E2 > 8.5  Z ≥ 3 I6: E2*(E3+18) > 355 Z ≥ 3 
I3: E1 + 0.27*E2 > 24 Z ≥ 6 I7: E2*(E3+67) > 3900 Z ≥ 6 
I4: E1 + 0.27*E2 > 52 Z ≥ 10 I8: E2*(E3+161) > 20342 Z ≥ 10 
  I9: E2 + 0.15*E3 > 375 MeV Z > 20 
* Actual values used in the flight instrument may differ slightly. 
 
 



Table 2.4 Priority System look-up table. 

 
 



Table 3.1 Resource breakdown for SIM-1 (ATs, LET, DPU). 
 
SIM-1 Unit Mass (kg) Power (W) Telemetry fraction1) 
ATs 1.23 5.1 (combined) 0.162 
LET 2.10 0.325 
DPU 1.69 0.0302) 

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 
assignment MSB                                                                                                                                                                        LSB 

43 42 - 40 39 - 36 35 34 33 32 31 30 29 - 20 19 - 10 9 - 0 
0                      CAL-OFF 
1                      CAL-ON 
 0                     SECTOR 

0-7 
(3 bits) 

 1 \                    
   0                   
   1                   
    0                  EVENT 

CODE 
0-15 
(4 bits) 

    1 \                 
      0                
      1                

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 
       1               
        0              ROM bit 3 
        1              
         0             ROM bit 2 
         1             
          0            ROM bit 1 
          1            
           0           PHA NOT 

START 
           1           PHA START 
            0          EVENT 

INHIBITED 
D4+D5 

            1          EVENT NOT 
IHIBITED 
D4+D5 

             0         PHA D3 
MSB              1 \        

               0       PHA D3 
LSB                1       

                0      PHA D2 
MSB                 1 \     

                  0    PHA D2 
LSB                   1    

                   0   PHA D1 
MSB                    1 \  

                     0 PHA D1 
LSB                      1 

 



Table 4.3 Bit assignment for status word L45. 
 

7 6 5 4 3 2 1 0 Status 
0        PTA MSB = 0 
1        PTA MSB = 1 
 0       PTA bit 2 = 0 
 1       PTA bit 2 = 1 
  0      PTA bit 1 = 0 
  1      PTA bit 1= 1 
   0     PTA LSB = 0 
   1     PTA LSB = 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 

 
Table 4.4 Bit assignment for status word L46. 
 

7 6 5 4 3 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 7 
L1, L45, 
L46 

2 2 4 4 6 6 0I 0I 

L2, L3, 
L12, 
L21 

1 3 3 5 5 7 7 1I 

L4-L11 2 3 4 5 6 7 0I 1I 
L13-L20 1 2 3 4 5 6 7 0I 
L22-L25 3 3 5 5 7 7 1I 1I 
 



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

 Accumulation period (subformat no.) 
Channel 0 - 3 4 – 7 
L26-L29 6I 6I 
L30-L32 4I 4I 
L33-L35 2I 2I 
L36-L38 0I 0I 

 
 
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 0I 
31 2 3 4 5 6 7 0I 1I 
 
 
Table 4.8 LET Analogue data channels. 
 
MUX 
ADDR. 

No. CHANNEL 
FUNCTION 

CONVERSION FORMULAE (Vout F.S. = 5.1 volts) 

0000 1 D1 current ID1 (μA) ≈ 2 x Vout (volts) 
0001 2 D2 current ID2 (μA) ≈ 4 x Vout (volts) 
0010 3 D3 current ID3 (μA) ≈ 8 x Vout (volts) 
0011 4 D4 current ID4 (μA) ≈ 8 x Vout (volts) 
0100 5 HV monitor HV (volts) ≈ 250 x Vout (volts) 
0101 6 +15 V monitor V15 (volts) ≈ 4 x Vout (volts) 
0110 7 +8.5 V monitor V8.5 (volts) ≈ 2 x Vout (volts) 
0111 8 -6 V monitor V-6 (volts) = +[1.833Vout – 12.5] (volts) 
1000 9 -15 V monitor V-15 (volts) = +[2.667Vout – 1.667] (volts) 
1001 10 Temp. (LET) T(ºC) Vout (volts) T(ºC) Vout (volts) 
   -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 
No. 

CHANNEL INFORMATION CHANNEL 
No. 

CHANNEL INFORMATION 

H016 LET PHA 1-01 H043 LET CAL 32 
H017 LET PHA 2-01 H044 LET L01 (LP1) 
H018 LET PHA 3-01 H045 LET L03 (LP3) 
H019 LET STATE -01 H046 LET L12 (LP4) 
H020 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 H050 LET L37 (LS4) 
H024 LET PHA 2-02 H051 LET L38 (LS5) 
H025 LET PHA 3-02 H052 LET D1 CURRENT 
H026 LET STATE –02 H053 LET D2 CURRENT 
H027 LET EVENT-02 H054 LET D3 CURRENT 
H028 LET SECTOR-02 H055 LET D4 CURRENT 
H029 LET CAL 02 H056 LET HV 
H030 LET PHA 1-31 H057 LET 15 V 
H031 LET PHA 2-31 H058 LET 8.5 V 
H032 LET PHA 3-31 H059 LET -6 V 
H033 LET STATE -31 H060 LET -15 V 
H034 LET EVENT-31 H061 LET TEMP EXP 
H035 LET SECTOR-31 H062 LET TEMP S/C 
H036 LET CAL 31 H063 LET S D123 
H037 LET PHA 1-32 H064 LET S D45 
H038 LET PHA 2-32 H065 LET S D123A 
H039 LET PHA 3-32 H066 LET S PTA 
H040 LET STATE –32 H067 LET S MODE 
H041 LET EVENT-32 H068 LET S PRIORITY 
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 2n LSB 
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

CAL OFF           0 0 1 1 0 1 
CAL ON           1 0 1 1 0 1 
MODE 1          0  0 1 1 0 1 
MODE 2          1  0 1 1 0 1 
HV ON         0   0 1 1 0 1 
HV OFF         1   0 1 1 0 1 
D1A ON        0    0 1 1 0 1 
D1A OFF        1    0 1 1 0 1 
D2A ON       0     0 1 1 0 1 
D2A OFF       1     0 1 1 0 1 
D3A ON      0      0 1 1 0 1 
D3A OFF      1      0 1 1 0 1 
D1 ON     0       0 1 1 0 1 
D1 OFF     1       0 1 1 0 1 
D2 ON    0        0 1 1 0 1 
D2 OFF    1        0 1 1 0 1 
D3 ON   0         0 1 1 0 1 
D3 OFF   1         0 1 1 0 1 
D4 ON  0          0 1 1 0 1 
D4 OFF  1          0 1 1 0 1 
D5 ON 0           0 1 1 0 1 
D5 OFF 1           0 1 1 0 1 
 WORD A A D=LET 
 
Table 4.11 LET Memory Load Command bit assignment (LET command word B). 
 
Bit 
assignment 

MSB Bit 2n LSB 
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

Event 
inhib. by 
D4+D5 

          0 1 1 1 0 1 

Event not 
inhib.  by 
D4+D5 

          1 1 1 1 0 1 

PHA prior.          0  1 1 1 0 1 
PHA 
M2M3P5 

         1  1 1 1 0 1 

PT rotated         0   1 1 1 0 1 
PT fixed         1   1 1 1 0 1 
PTA LSB        0    1 1 1 0 1 

       1    1 1 1 0 1 
PTA bit 2       0     1 1 1 0 1 

      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 
operate 

   0        1 1 1 0 1 

Priority 
test 

   1        1 1 1 0 1 

 NOT USED         1 1 1 0 1 
 WORD B B D=LET 



Table 5.1 LET Accelerator calibration history. 
 
Date Facility1) Beam2) Report/Paper 
19793) VICKSI-HMI Ne20 Kamermans et al., 1980 
14-23 Apr 19814) LBL Bevatron Ne20 

Ar40 
LeBorgne et al., 1981 

28 Jul 1982 – 
02 Aug 1982 

LBL Bevatron Si28 
Fe56 

 

17-20 May 1983 VU Cyclotron p, H2, He4 Marsden et al., 1984 
1-4 Apr 1984 MPK MP Tandem C12 

Ni58 
 

12-20 May 1984 LBL Bevatron Si28 
Fe56 

 

25-26 Oct 1984 VU Cyclotron p, H2, He4  
20-24 Nov 1988 GANIL Ar40  
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’Ions Lourds, Caen. 

2) Primary beam types (LBL and MPK: separate runs; VU all species simultaneously). 
3) LET prototype. 
4) LET Engineering Model. 



Table 6.1 Energy-loss look-up table for the LET aperture foils (Ti + Kapton). 
 

 



 
Table 6.1 (contd.) 



 
Table 6.1 (contd.) 



 
 
Table 6.1 (contd.) 
 



 
 
 
 

 
Fig. 1.1 Block diagram of the Low Energy Telescope (LET).



 
 

  
Fig. 1.2 (top) Cross-section of the LET sensor, showing the detectors and 
aperture foils; (bottom left) LET sensor assembly; (bottom right) Key elements of the 
LET sensor (PMT, detectors, tube structure). 
 
 



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

 
 
Fig. 2.2 Particle Identifier discriminator boundaries defining the charge groups 
in the D1-D2 range (particles stopping in detector D2). 
 



 
 
Fig. 2.3 Particle Identifier discriminator boundaries defining charge groups in 
the D2-D3 range (particles stopping in detector D3). 
 



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

 



 
 
Fig. 3.2 LET telescope: internal structure in detail. 



 
 
Fig. 3.3 LET sensor: cross-section of the plastic scintillator anti-coincidence 
shield, including key dimensions in mm. 



 
 
 
Fig. 3.4 LET telescope: internal tube structure, with key dimensions in mm. 
 



 
 

Fig. 3.5 SIM-1 package, with the Anisotropy Telescopes (top), Low Energy 
Telescope (middle) and Data Processing Unit (bottom). 
 

 
 
Fig. 3.6a Front view of SIM-1 package with LET in the centre (dimensions in 
mm). 



 

 
Fig. 3.6b Side view of SIM-1 package with LET in the centre (dimensions in 
mm). 



 
 
Fig. 5.1 D1-D2 response measured at the GANIL accelerator in Nov 1988. 

 
Fig. 5.2 D1-D2-D3 response measured at the GANIL accelerator in Nov 1988. 



 
 

Fig. 5.3 LET detector D1 linearity check. 
 
 
 

 
 

Fig. 5.4 LET detector D2 linearity check. 
 



 
 

Fig. 5.5 LET detector D3 linearity check. 



 

 
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.



 
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). 



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



 
Fig. 6.3a 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). 
 



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



 

 
Fig. 6.4a 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). 
 



 
Fig. 6.4b As for Fig. 6.4a, but for the D2-D3 range. 



 
 
Fig. 6.5 Constant range lines plotted on a typical dE vs. residual E diagram. 
 

 
 
 
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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Fig. 7.1 LET counting rate linearity curves for channels L1, L2 and L22. 
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TIIE PROTUNTPE ICW ENERGY Ttr.;ESCOPE SYSTEM FOR $IE

INIffiTIAIIO}GL SOI,AR POIAR COSPIN DGMN.{EIII

ABSTRACT

This report deseribes the Cesign utd pt'ototype eualuation of the Lou

Energy Telescope (LET) eharged patticle deteetor system ineLuded in

the Cosmie Ray utd SoLat Charged Pay'tiele Inuestigations (C2SPIN)

coLLaboratiue erperiment to be fLoun on the Europeot spaeeenaft of

the joint ESA/NASA fntermat{onaL Solar Polay Mission. The prineipal

features of the LET design are discussed, uzd the results of pneliminaznl

eaLibrations otd response sirruLtations are presented.

1. INIROU.]CTIChI

flre Cosnic Ray and Solar *rarged Particle Investigation (COSPIN) collaborative

erperirnent to be flcrn on the Eurq>ean spacecraft of the joint ESAAIASA

International Solar-Po1ar Mi-ssion is designed to prcnride ccnprehensive

npasursrents of solar and galacEic charged particles j-n the essentially

unerplored regions of ttre heliosphere out of the plane of the ecliptic

and cnrer the solar trnles. In order to accrcnnrodate the wide range of

nuclear species, energies and flu<es vrhich are like1y to be encountered,

the @SPIN ocperiment ctnprises forr i:rdependent detection q/stsns,

each optimised to provide high-resolution fiEasursnents with'jl a specific

range of paraneters. Thre systen descrjJoed in thris note, the t-otr
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Erergy Telescope (tES) , is desigrned and will be built by the Space

Science Departl€nt to measr:re the coqnsition and energy spectra of

nuclei of hydrogen through iron il the energy range 300 keV/nucleon (HI)

to gneater than 75 MeV/nucleon (re56) with high slntial ard tarporal

resolution. TLre results of these npasurslents will be used togetlrcr with

tlre data frcm the three ccrrplenrentary COSPIN detector qlstans to study

ttre as-1aet largely r:nsolved problems of solar particle propagation in

3 di;rcrrsions, the stnrctr:re of the heliosphere and related interplanetarl

phencrnera, and the mcdulation ard possible sources of tJle galactic cognic

rays.

Since ttre final weight of tJ:e scientific payload is crj-tica1 i-:r detennin-

ing the madJrnnn heliographic latitude vd:ich' the ttlo solar polar space-

craft can actrj,eve, a rnajor constraint on the design of tl.e @SPIN

qgstens is the weight available. In addition, tlre nature of the missj-on

is sudr that an ecperjment lifetime of at least four years is esserrtial

if the r-t*. t-rajectory is to be fuIly exploited. These criterj-a, togetlrer

with tlre ability to sunrive the harsh radiation envirormnent enountered

dr.rring the Jupiter srjng-by phase, form ttre (ssrere) botxdaqr conditions

within vhicLr tlre scientific objecEives of tfre LEt detector systen must be

neL.
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2. DESCRT!{MCD{ OF TT]E IOW.n{ERGY TEJES@PE

Ttre LElt rrses four silicon solid state detectors of the surface barrier

ard lithiun-drifted t1zpe, togetkrer wittr a plastic scintillator-photcmultiplier

ccnr5ination as charged particle detection elsnents. Ttrese detector elsnents

are shovar jn section in Figu:e ra. Dl and D2 are s'rrface ba.:crj-er devices

of equal active area (6.0 cnr2) havilg ncminal thiclcnesses of 30 ard 100

rnicrons respectively, vdrile D3 and D4 are 2000 rnicron-thick littrir-urrdrifted

devices of r0.0 ard L2.5 qrt2 active area respectively. such devices,

in paiiicular Dl, represent stateof-the-art in nrarrufacbr:re of charrged-

particte deteclors of this type. Together with D4, the plastic

scintj-lLator ryard coutter D5 forms the anLicoincidence shield for the

nrajl elgrents of the telescope. Figrre lb shor'rs tlpi-cal soli'f, s€ate ard

scintillator detector elsnents used for the prelirnilarT laboratory arro

accelerator studies, togetlrer with the prototype solid state detesEor

telescope housing w'ith r}e Dl device in position. It sLrould be noted that

the base plate of ttuis pr:ototipe housing llas designed. to interface with the

laboratory caljjcration chamber platform, and as suchr is not representative

of tlre envisaged flight hardraare configuration'

The signals frcm Dl, D2 and D3 are fed via cLrarge-sensitive preanplifiers

and pulseshaping voltage arplifiers to a series of tkrreshold discrjn"irators
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Figure 1a. Schematie of the Lou-energy telescope d'etectoz' system' Dn*

indicates a puLse-height-unly sed detector.

for cor:ntirrg rate inforrnation, and to the Particle Identifier Systen

(descrjbed. in detail in the no<t section) for species rate data' prioriQr

information ald for sanpling by 1024 (Df) and 2048 (D2 and D3) ctrannel

pulse height analysers (PHAs). In order to acccrwnodate the large (t tO4)

dlmanic range in pulse arplitude frcm Dl, D2 and D3 necessary for adequate

resolution of protons tlrrough iron nuclei, dual gain voltage anplifiers

are used. The gain selesbion is made in arnlogre sviitches controlled hryz

fast arplifiers and discrirninators-



ESA SIR-202 Januarlz 1979

Figure l,b. Lou-energy-teLescope antieoinc'idence shield. artd. prototype
deteetor telescope housing, uith typical sunfaee-barrie, ori Lithiun-
drifted solid-state detectors (D2- and D|-type).

Ttre constraints of radiation resistance and lorar raeight placed upon the

OSPIN experinent by ttre chraracterj-stics of the mission have to a large

srtent dictated the philosophy conoerning the construction of tlre LET

analogrue and digital electronj-cs. The logic fi:nctj-ons are perforned by

radiation-hardened O4OS integrated circuits, thjid<-film substrate tectr::o-

logy being enployed to prowide a rzery high degn:ee of pacJ<ing density and

reliability. The linear circuitry utilises predaninantly hylcrid and rrpno-

lithic rniqocj-rcuits (radiation hardened) wi.ttr sone disc:ete corgnnepts,
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Figure 2. SinrpLified diagron of LET eleetronics'

slnt s|-i.elded rnfiere necessa.4t. Ttrj.s qzpe of constnrcLion leads to a pack-

age hawing rninfuun veight for a system of high ccnplexity. A schernatj-c

of the LET arnlog:e and digital el-ectrcnics is shcnrn in Fig:re 2'
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Data frcrn tlte LET are telgnetered in the form of spin-averaged crn:nting

rate j-nforrnation for proton, alpha and heaq;-ion energy drannels,

together with pulse-height infornation on a sarrpled event-by-event

basis for Z l 2 events. Tn order to facilitate tlre study of the spatial

distribution of the particle flix, tlre counts in tluo of tl:e proton

channels are also accr-rrmlated in eight consecutive equatorial sectors

of 45o, tlre telescope axis being perpendicular to the spacecraft spin

axis.
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3. PRINC]PLE OF LEN OPERTIIICN

The LET utilises the well-kncnvn tednique of neasuring tlre energy loss in

one or npre thjn absorbers together lrittr tlte total incident parLicle energy

to distingu:lsh arong the rrarior:s nuclei of ra*ridr the darged, partj-cle fluc

consists. Ttris rettrod reli-es on the facb, that the range at a given energy

per nucleon of charged pa:ticles in matter is, to a first atrrp:oximation,

prcportional to ttrc rnass of the particle diwided by the square of its

clrarge., If tle energlz lost in a ttrin absorber is plotted as a fi-urcLion of

ttre residr:al enerrgy delnsited in a second absorber for particles stopping

in that. absorber, errents belonging to a given nuclear species will 1ie on

a r:nique "tracl<" in suctr a plot. In Figtu:ce 3, the loci of scne tlpical LET

traclcs are plotted in tlre D2 versus D3 plane, for errents jncident paral-leI

to the @lesmpe axis. In reality, errents will stronr scnre scatter about

these ideal lines, crari-ng to ttre finite tesolution of tJre j.:nstn-nenE. Ttris

!,ri11 be discussed in tLre noct sestion. Provided ttris scatter is not too

large, homever, ttre tradcs orrestrnndi-ng to individual species can be

identified jn such a matrix of Dt versu.s D2 or D2 rre::sus D3 pulse-height

data and thu.s enable relative abundances and energy spectra to be deter-

mined. In order to prcvide separate counting-rate info::natj-on for dif-

ferent gloq)s of nuclear species, tlre LET hras an on-board Pa:ticle Identi-
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6 0 0  M E V

Figure 3. fdeal LET nesponse cqrl)es (O2 us. DS) fon euents stopping in
DS-. Dashed Lines represernt nominal pattieLe identifier eystem ehatge-
di s etimination boundarie s .

fier Sletem, $fiich enploys a r:niqr-re set of analogue fi]ncticn generators

and dj-scriminators to divide tlre response ilto different reglors of dtarge

an6 mass. l1tre nuclide tradcs jn matrices of tlre tlpe descr5-bed aborre can

be fitted enpirically bV a fi:nction

AE. (EResidua' + a) = b

qihrere AE is tlre enerEg lost j.n ttre ttrin detector(s), EResidual is ttte

residr:al energy for stopping particles, and a and b a:re onstants for

a given species tracl<. It is clear that bcundaries having the sane

functional form can be u.sed to efficierrtly divide the 'h E versus
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residualE" matrjx into regi-ons of different rnass and charge. S<anples

of such bourdaries are shcnm in Figure 3 as dashed lines. The LET

Particle Identifier Systen generates, for each valid qrent stopping in

D3, for:r analognre fi.nctions of the tlpe

F i  =  5 2 * ( S 3 + a r )  i  =  L , 2 , 3 , 4

uihrere 52 and 53 are the analogrue signals frcm D2 and D3 respectively'

ard a, is a ccnstant. TLrese values are then applied to a series of

threshold discrirninators correstrnnding to different values of the

constant b to deterrnine to vtrickr region of the D2 vs. D3 natrix the

analysed event belongs. These regions crcr:eslnnd to the dtarge gr€trps

Z  = I ,  Z = 2 , 3 1  z < 6 , 6 ?  z  <  1 0  a n d Z : 1 0 .  A d d i t i o n a l a n a l o g u e

functi-ons having the form

ard

G i  =  S I + C i 5 2

G i  =  5 2 + C i 5 3

i = 1 1 2 1 3 t 4

i - = 5
I

are used to j-derrtify the conestrnnding charge grtoups for valid szents

sto6ping j:e D2 (i = I to 4) and Z > 20 qrents stopping j:r D3 (i = 5) .

Eactr of the above chrarge groups has an associated countingrrate register

rnilrich is iscrsnented each tjme a valid enrent within ttrat grroup is obsenred.

In addition, ttre sj-gnals for all Z z 2 events r,rfrrich stcp i.:a either D2 or

D3 and do not trigger the arrtj-coincidence elsnents are puls*height

analysed and stored in a tengnraqz buffer in the LET EVent Priority Slzsten.

In order to maximise tLre ollectj-on efficienry of ttre rarer species in the

inc:dent flwr, the LET transnlts the highest priority anent occr:rrj-ng

w:Lthi3r eacJr telsnetrT rycle accordi:rg to a set of predeteLrniLIed errent-

priority lsrels. Each prioritlz assign:rnerrt is maintained for a ntrnber of
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telanetrlz rycles arrd. tfien replaced on a rotational basis by a different

sequence. Such a priority System is necessa:1r, becar:se ttre ljmitation

in available telsnetqr allows LET PHA data to be t-rangn:itted at a

nracimr-rn rate of only'r' I event per secord'

Itre ccrnbjned operation of the Particle Identifier systan ard the EVent

priority systsn ensures that no single eivent tlpe dcnr:inates the PtiA data

sarpling dgring high-cor:rrting=ate conditj-ons, whilst at the sane tjrne

nnintaililg cor:rrting=ate j-nforrnation for all valid events' Ttre ccnplete

table of LEt priority a-ssigrnnrents is to be stored in a single RoM'
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4. INSTRLN4BII RESOLT}TICbI

ltre ability to identify the different nuclides incident on the instnment

is clearly dependent on the degiree of parlicle tracl< separation apparent

in the data rnatrices. flris tracl< separation is a fi:ncbion of tLre spread

in energy loss for a given particle of a given incident enelgy traversing

one or both of the thin Dl arrd D2 detectors, ard. it is trnssiJrle to

identify several indeperdent contrjJcutions to the spread. Namely,

Pathlength variations in the thin detector(s) due to the

finite c'pening angle of the telescope qrzstern.

Pathlength varlations in the tJlin detecltor(s) due to variations

in the thickness of these detectors asross thei^r active areas.

Fluctuations in energy loss due to the statistical nature of the

processes involved.

Electronic noise introduced into the systan-

!,flkrile, during the designr of tlre LET, attenpts were rnade to rninimise the

first two oontributions to spread jr:st listed, j-t was necessarry to bear

in mind at all stages the requirsnents inposed by tLre scientific aims of

ttre operiment. On the crne hand, the LET mst possess sufficient dlarrge

and rna.ss resolution to perform charge identification of species frcnt

hyd:ogen W to and including tlre iron $ror.p nuclei fncm as lcnr an energy

13

1)

2)

3 )

4 )
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as possible, wtrile also being able to identify separately the i-sotopes of

helir-un 3g. *rd 
4tt". on the other hand, cff:tng to the nature of tlre s;Ece-

craftrs trajectory after it Iearres tte plane of the ecliptic, ttrc sanpling

tfure wlttr-irr a given band of heliographic latitude is relatirrely short (of

the order of 30 days). Sjnce tJre particle flun in these regions can be

epected to be lsir, the ollecLing pcs\,er of the LET must be macirnised.

Tkris, in turn, inplies a-s large a gecrnetrical facbor a,s possible. TLrese

tr,,io reguirenents - h-igh mass resolution and large gecnetrical factor - €rre

fi:ndanentally onflicbing jn Bdo areas. Firstly, a large gecnetrical fac-

tor inplies a larrge opening angle, h,hjtdr i-n turn causes large 'variations

jn path length tluou$r ttre teles@pe. Seondly, given the ctrrrent state

of tlre alt, thi:: solid-state detectors having la:rge area.s suffer frcrn an

jntrinsic variation of thid<rress acllss their actirrc area, rrttlich is due to

ttre etctring process inrrclved in their marrufastr::e. In the case of the LET,

tJlis latter pr:oblem j-s nost actrte for Dl, r,vtterer €verl vilen strisL selesEion

criterj-a are applied to fjnished flight-quality detectors, it is difficult.

to aclrieve a r:nifo:rrLitv better than ca. t6t for a ncnr-i.:ra]. 30 un thicJ< device

of 600 nm2 acLive al€a. In addition to limiting the jntrinsic rnass reso-

lution for errents stopping in D2 (so-calIed 2-D or 2-paraneter errents),

this ttricicness varj-ation problem also affeets tlre 3-D resolution, since the

energ!' lost il both t}.nn detestors is ocnpared to provi-de a self-ccnsis-

tenql checJ< for errents stoppiag i:'t D3. The final LEf specifications are the

result of a carefu-L trade-off between ttese tr,rc confU-cLing requj.renents.

Ttre tlr-ird source of resolution degradation listed above is largely a

physical Umitation and represents the marjmun addevable resolution for

an j-deaI telesoope in $tlich al1 otlrer oontrilcutions are negligible. the

effects are largest for energy losses that a:e srall ccrparea with the
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total incident energy and result in ttre r,vell-known Landau boadening of

ttre energy-loss distributlon tcnnrds higher energy losses. For tlre

greater part of the LET response, tiris effect is not expected to be serj-ous.

TLre contributj-on of eleetronic noise to the energy resolution, and hence to

the rnass resolution, j-s governed. to scnre extent by the extrerely large

dynanic range needed f:rcnr the LHf analogrue elesbonics and also by the

intrinsic elecbon:ic noise of tlre solid-state devices ttrsnselves. Thi-s

inposes a threshold of i, :OO keV on the DI and D2 detestor sigrnals, but

does not represerrt a contribution to tlre mass-resolution degradation of

the sare magnritude as that of the path-length rzariations.

I5
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5. PRtr,IMI}IART ACWI.;ERT{IOR CALIBRATICNS

As was discussed in ttre previous section, the thicicness unifo::nr-ity of tlre

thi:r sr-:rfac*ba:=ier solid-sta@ devices to be used as theDl and D2 detec-

ting elenents of tlre LET plays an essential :ple jn deternini-ng tLrc reso-

lution of tLre telesoope. With ttris in mirld, a p::elirninarlr filaPping of tuo

"off-the-she1f" 30-um, 6-a# devices using carbon-I2 accelerator beams of

42 and 54 iUeV was perfor:red w:ift tlre qlclot:pn at tie UnirrersiQr of

Iounain-Ia-Neurre, Belgiurn, dr:ri.::g April L97V. TLe techirique r:.sed was

to study the rzariation in energy loss (for a penetrating bean of

car:lcon-I2 particles incident nor:nal to tte detector surface) neasured

at different points on the detector surface. Using standard range
+

enerE/ cru:ves'rthese variations in enerEg loss were converted to

eguivalent variations in detector thickness. Sj.::ce the mapped devices

were in no way preselected frcrn the point of vierp of r:nifor:n-ity, tlre

neasllrsnents were intended primarily to provide a realistic anrideU-ne

against whicLr nrore stringent flight-qualit1r device specifications could be

made. An er<anple of a nreasured uniforniQ'profile is shcn'm in Figure 4,

qihere the inferred detestor tlr-ickness is plotted for several positions

along a dianeter. Also shcr,rn is a scale givlng the actual measured

'see AppencLLX.

T7
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Figure 4. Thiekness profiLe of standard. 30 w 6 "mZ surface-barv'ier
detectov, as measured uith a 54 MeV catbon-7? acceleratot beon

errcrgy loss at each trrcint in D'IeV. As can be seen, tlris profile shcnvs

a range of thicknesses frcrn r' 2'7 to 33 microns, an unacceptably larrge

spread for use as a flight-Erality LET Dl elgnent. Tkre secord device

shcrlied scrnsrrhat better unifornitlz, but was stiIl belovv an acceptable

flight standard. Or the basis of these lleasurelnents taken togrether vrith the

ocperiment design ajrs, a rnaxifium allcnrable variation of t 1.75 mieons
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in thickness has been established for the flight detector specifications

concerning Dl and D2-

In addition to prcnriding a measursnent of the relative wriforrnity of the

thin Dl elsnents, the carbon-l2 accelerator ranns are useful in establish-

ing a reference pojnt for the enerEl-Ioss calculations needed to predict

the resgnnse of tJle instrunent to otlrer heavy ions' Hcnrever, si:rce

such ertratrnlations rely to a larrge o<tent on calculated rang*energy

data rthj-ch are kncnrrtocontain rather large r:ncerbainties, further

accelerator calibratj-ons using the ccnplete telescope will be needed'

to determine the detailed reslnnse of the instnunent.
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6. LET RESPON]SE SIMUIATICNS

In order to gai-n an insight at an early stage in the LET desigrn into which

paraneters nrost sensitively affect tl:e telesccpe perforrnance, a serj-es

of ccnputer-based calculations was carried out to sinnrlate the response

of tlre LSI detector elenrents to directional and isotropic fluxes of

charged pa:ticles. Ihe basis for such calcrrlations was the evaluatj-on

of the energy lost by an incident ion in a series of absorbers

representing both the active telescq>e elernents as well as t}e

nechanical- strrrsture, follcrvred by the application of appropriate logic

conditj-ons to the resulting "signa1s".

EVents were selected by a l'lonte Carlo nethod in uihich ion enerE4 and

arrj-val direction were chosen at randcrn frcrn given distributions,

together with the point of inpact upon the absorber configuratj-on.

In order to sinplify the gecrnetry, all absorbers were required to be

annular or disk-Iike il form. The jnitial trajectory j::fo::naticrr enabled

the patJrlengths in all intersected absorbers to be calculated and,

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

absorber to be for:nd.. rn a tlpical n:n, sorce 5000 - r0 oo0 events r^jere

analysed. Tlre sigrnals frcrn tLre actj-ve detecting elgnents Dl through

D5 were anAlysed for coincidence cqrnditj-ons and threshold discrjminator

2L
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firing in the sarrp rnanner as is effected bV the ocperiment electronics,

i.:e addition to possiJrle pulseheight information analysis for DL I D2

or D3. Sjlce ttre energy pass-bands of tlre LET counting rate ctrannels are

defined on the basis of a given ccnrbination of coincidence and discriminator

Iogic, l4onte Carlo n:ns of tJre tlpe described abcve are eltJ€nely usefril

vtren attenpts are rnade to ernh.nte ttre etrEent to vflldl a given fate dtannel

having a certain ncrninal energy band^ridth is liJcely to be ontarni-nated'

by h-igher- (or lcnrcr-) ener3lr events. llLris particularly tnte in the case

of protons, for vitrich no pulse-height. information is anli-citrnted in tle

p:stotlpe I-EII desigin. Results of calculations trnrfonred for serreral of

the LET prcton drannels a:e stst^rn in I'ign::e 5, togettrer w"itlr the ncndnal
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drannel widtis. As can be seerr, the opecbed mntan"ilation in these cases

is ::atter $1411, indicatilg "cleart" channels.

Ibnte Carlo runs usjng hearryr ions (helitm through iron) have been used

to investigate the o<pected resolution of the LE'I PIIA data. For these

runs, ttre effests of thickness variations in the solid state detectors

and statistical varj-ations in the energy loss were also taken j-nto

account. Frcrn each run a data set of '- 12 000 events was ccrrpiled,

including up to 13 different species with specified relative abundances

a1ld energlg spectra, frcrn which subsets could be made on the basis of,

for eranple, the nt-urdcer of detectors triggered. A display of a tlpical

data set is given in Frgnrre 6, where a D2 versus D3 nntrix of helluti

ttrrough argon enrents is shcx,,rn together with the appropriate Particle

Identifier Systern discriminator bor:ndarj-es. At each location in the

matrix is printed, according to a coding systan, the nrmdcer of events

poss"sding that pair of pulse heights. The species tracks are clearly

visiJcle j:r this exanple, since the relative abundances of the rarer

lnrL.icles have been artificially increased over their orpected l-eve1s

for purposes of illustration.

Figrure 7 slrcp,rs a sinrilar matrix, this tjme displaying heliun-3 ard heliurn-4

? 4
data with an input ratio 'He7*He of 0.1. In so-called ".rHe-rich" solar flare

1 " ? \
events LtL'Jt thris ratio can take val-ues ranging frcm 0.2 Lo greater than

n, 5; tlre walue of 0.1 thus represents a ryorst-case sitr:ation. So thnt

tLre predicted mass rss6fur-ion for heliun could be investigated, the matrix

data were srlrned along tlre particle tradcs in intenzals of 0.1 mass un:its

(ann:) . fhe resulting mass histogrram is shcwn in Figure 8. As can be seeq,,

both mass peaks are clearlv wisijole. ttre heliun-4 di-strilcution has a F!{llM

23
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D3CHANNEL NUMBER

Figure 6. Matt4r of sirruLated LET pulse-height data for, 2 < Z < L4
euents stopping in D3. Dashed Lines z,epresent nominaL partiele identi-
fi er sy s t em ehaz,g e- di s etzninati on b ounday4e s .
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l.

c o  u n t s , /  b i n
H e

I

2.5 3 .0 3 .5 1..0 1..5 5 .0  omu

Figute B. Mass histognqn for heliun conrputed from the data presented
in Eigzne 7.

of ,r,0.5 arnr (o T,0.22 amu) , giving a peak setrnration of ru4.5 o in the energBr

range onsidered (4 to 14 l,leV/nucleon for 4".). It should be noted that no

bacJcgror:nd event generatj-on was jlcluded in th€ sirrn-rlatlon program, so the

results slrcwn here a::e to a certain degree best case. Nonetheless, tley do

confi::n th,at the detecbor paraneters cl:psen in the LET desigrn (e.g. thid<-

ness-r:nifonnity limits etc.) a:ce ccnpatiJcle w:i-th tLp instrurent :esolution

dictated by the scientific aims of ttre e>per.inent.
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7. OCDICI,IJSICbI

The aim of the l-ow E:er3y Telescope systern' as stated' jJI the int':rodust'j'on

to ttris report, is to rreasure - wittr high sPatj-at and tenqnral nesolution -

the ocnqnsj-tion and energy spectra of nuclei of hydrogen tlucough iron jn

ttre energy range 300 kev/nucleon for Protons to g:=ater ttran 75 l4eV/nucleon

for ir:on-grcw nuclei. l4oreotrer, tlrcse neasr-::enerrts a:re to be rnade witlt an

instnmen't, of lcni wei$rt, and hi$r reliability, eqrecially wittt respect to

its resistance to radiatj-on. Thre design evah:atj-on and simulations descrjlced

t

here hanre shc'$tn that the protrnsed LET qgstem can actrieye tlese aims'

F\:rtlrer cau-brations using the prototlpe instnment wittr beams of acceler-

ated nuclei are planned, i-:r order to provide a ccnplete pictr:re of the

telesoope reslDnse, and ttrese neasursrents stroul-d confirm the r:esults of

the ccngmter-sinu.rlated response stud'ies, vrhile at the sare tine providing

an input to inpr:orre their acsuraqr. In tlr-ls way, the LET design can be

optirnised to plovide an instnurent trnssessing the capabilities that will'

enable it to operate effectively in tlre variety of (esserrtially unkncrun)

conditj-ons it will encotulter dr:ring tlre International solar Polar },lission'

27
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A P P E N D I X

RAIGE-Eb[ffi6I DNTA

In order to ccnpute an accllrate representation of the response of a given

solid-tate-detector telescope confj-gr:ration to charged-particle radiation,

it is first necessattr/ to produce a realistic set of range-energv cuuves

for energetic nuclei in silicon, ard arry otlrer materials used in tlre con-

stnrsticn of the telescope. Since there are rp operfurental data

coveri-ng the required dynanutc range in mass and energy (I - 60 amu;

< 0.01 
,- 

1000 l4eV/nucleon) encountered in crcsnic-ray o<periments, it

beccrnes necessary to rely on semi-erpirical ectratrnlations of the

available data. Detatled tabulations based on tlris technique have been

given bV Barkas ana eerger ) and Northcliffe and Schillirrgs), ard it

is the latter v,hid:l are nonnally used in calculations of detector response.

These particular tables have disadvantages, hcrarever, in that they o<tend

il energy only to 12 l4eV/nucleon, and that no diresb tabulation is given

for silicon (aluninir-m being the nearest stopping mediun given). The

range-energy data used predcnr:Lnantly in the LET simulations are the

result of ccnputations based upon the treatment of GreinerS) which

takes as its startilg point the proton enengy-loss calculations of ;anni7)

Itrich agree rather well with erperimental deterninations. Co:=ectj-ons are

agplied to tl::ese pnoton data to include effests lrprtant wlren hearryz ions

3 I
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a:e 
ansidered. 

Of ttrese effects, the nost inportant al€ dlarge neutralisation

b1r electron capture and nuclear stopping. Sjlce hearry nuclei of the

energties of interest here do not pass *rrough an absorbing rediun fully

stripped of electrons, tJ:e nuclear charge Z must be replaced by a velocity-

clependent effective charge, hilLicLr j-s less than Z at lcnr velocities. The so-

called nuclear stogping correction is due to the fact that a snall fracbion

of tlre incident particle energy is lost to the absorbirrg meditrn without

causi:rg ionisation, and as such is not reasured by a solid-state detector.

Applyilg these corrections leads to an e:q:ression for dE,/dx, tle energ[r

Iost by a givel ion per unit pathlengtlt in a given medh-un for enerrgies

frcnr 0.01 MeV/nucleon up to 1000 MeV/nucleon tabulated at energy

j-nterrals sufficiently snall to allcnv linear intertrnlation. Clearly,

srrch erpirically deduced tables may shcnr systanratic differences fron

t1-e available experjnental data, especially at ve4' low energries. Never

thelessr,tley do for:n a self-consistent data set f:sn diictt useftil calcrrla-

tions can be rnade, the results of rdhich can be re-normalised to experi-

nentally determined charged particle telescope response data if nec€ssarfr.
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LET ACCELERATOR CALIBRAT iON ( ISPM COSPIN)

ABSTRACT

In thi's pefrerL, the ne,su.tts o[ !,teavq-ion ca-LLbna.tion me.aauLemenLt pettdowrvd

wi-th the Low Enengq Te,(-zrcope o[ the Intenna.tiona.{- Solan PoInn l,Li,s,sion,a
c0sP/A/ exytenLment aLe rrlt-Qae,nte-d. rt iA ,shown tha.t the instnunent i,s

capa"bLz o( ne'solving adiacent e.(-zmentA at Leatt. up to allgon, with a
'sepwta.tion o{1 be-tLen tl'tan Aeven ttandand devi-a,LLons in tlp enerLgtl ,Lange

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 Cosrnic Ray and Solar Charged Part ic le invest igat ion (COSPIN) forms part

of  the payload of  the ESA spacecraf t  in the Internat ional  Solar Polar

Miss ion  ( ISPM) .  Th is  co l labora t ive  exper iment  i s  des igned to  p rov ide

comprehensive npasurennnts of  solar and galact ic charged part ic les in the

reg ion  ou t  o f  the  ec l ip t i c  p lane tha t  the  spacecra f t  w i l l  exp lo re .  The

Low Energy Telescope (LET) is one of  the f ive sensors forming COSPIN. I t

is  designed to measure the compsoit ion and energy spectra of  hydrogen to
jron nuclei  in the energy range extending from 1300 keV/nucleon ( tH) to
greater than 75 MeV/nucleon (s6fe) wi th high spat ia l  and temporal

reso I  ut i  on.

The pr inc ipa l  fea tures  o f  the  LET des ign  and pre l im inary  ca l ib ra t ion

results have been reported by Marsden and Henrion (1979) and by Karnermans

et al .  (1980).  This paper reports fur ther accelerator cal ibrat ion data

obtained dur ing exposure of  the LET engineer ing uni t  (EU) to argon and

neon beams at the BEVALAC-BEVATR0N accelerator of the Lawrence Berkeley

Labora tory  (LBL)  a t  the  Un ivers i ty  o f  Ca l i fo rn ia ,  Berke ley .

2 THE LOW ENERGY TELESCOPE (LET)

The instrument (of  which Figure La is a photograph and Figure 1.b a schema-

t ic representat ion) consists of  a four-elenent sol id-state detector

te lescope (D1-D4) ,  sur rounded by  a  cy l indr ica l  p las t i c  sc in t i l l a to r  an t i -

coincidence shield (D5).  The te ' lescope aperture is covered by two thin
fo i l s ,  an  inner  t i tan ium fo i l  2  um th ick  and an  ou ter  Kapton  fo i l  7  um
thick.  Dl  and D2 are surface barr ier  devices of  equa' l  act ive area (6.0 cm2)

hav ing  nomina l  th icknesses  o f  30  and 100 um respec t ive ly ,  wh i le  D3 and D4
are  2  000 um th ick  l i th ium-dr i f ted  dev ices  o f  10 .0  and I2 .5  cm2 ac t ive

area respec t ive ly .  D4 fo rms par t  o f  the  an t ico inc idence sh ie ld .
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Fi gure 1a Photograph of  the LET
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A b lock  d iagram o f  the  L tT  e lec t ron ics  i s  shown in  F igure  2 .  The s igna ls

f rom Dl ,  D2 and D3 are  fed  in to  ind iv idua l  ampl i f ie r  cha ins  cons is t ing  o f

a  charge-sens i t i ve  p reampl i f ie r  fo l lowed by  a  para11e1 combina t ion  o f

th ree  pu lse-shap ing  vo l tage ampl i f ie rs  (PSAs) .  In  o rder  to  accommodate

the large dynamic range required, one low- and one high-gain PSA have been

used,  se lec ted  v ja  an  ana logue swi tch  cont ro l led  by  a  th i rd  ( fas t )  PSA in

con junc t ion  w i th  a  d isc r im ina tor .  The se lec ted  ou tpu ts  a re  fed  in to  a

common 10-b i t  (1024 channe l )  ana logue- to -d ig i ta l  conver te r ,  wh ich  prov ides

pu' lse-he' ight  informat ion.  The fast  PSAs are fo l lowed by a number of

th resho ld  d isc r im ina tors ,  the  ou tpu ts  o f  wh ich  are  used in  the  co inc idence

log ic  to  de f ine  a  ser ies  o f  count ing- ra te  channe ls .  In  add i t ion ,  the

outpu ts  o f  the  s lower  PSAs are  fed  in to  a  Par t i c le  Ident i f ie r  Sys tem to

provide both event-pr ior i ty and count ing-rate informat ion,  as descr ibed

be l  ow.

For  par t i c le  ident i f i ca t jon ,  the  LET u t i l i ses  the  proven techn ique o f

measur ing the energy loss in one or more thin detectors,  together wi th

the  to ta l  ' i nc ident  par t i c ' le  energy .  I f  the  energy  los t  in  a  th in

detec tor  i s  p lo t ted  as  a  func t ' ion  o f  the  res idua l  energy  depos i ted
' in  a  second de tec tor  in  wh ich  par t i c les  a re  s topped,  events  be long ing  to

a  g i v e n  n u c l e a r  s p e c i e s  w i l l  l ' i e  o n  a  u n i q u e  " t r a c k " .  T h e  t r a c k s  c o r r e s -
p o n d i n g  t o ' i n d i v i d u a l  s p e c ' i e s  c a n  b e  i d e n t i f i e d  i n  a  p l o t  o f  D 1  v s  D 2  o r

D2 vs  D3 pu lse-he igh t  da ta .  Th is  enab les  re la t ' i ve  abundances  and energy

spec t ra  to  be  de termined.  The on-board  Par t i c le  Ident i f ie r  Sys tem makes

i t  p o s s i b l e  t o  o b t a i n  t h e  c o u n t i n g  r a t e  o f  g r o u p s  o f  n u c l e a r  s p e c i e s .

The Ident i f ie r  has  a  se t  o f  ana logue func t ' ion  genera tors  and d isc r im ina-

to rs  to  d iv ide  the  response in to  d i f fe ren t  reg ' ions  o f  charge"

The ana logue func t ions  are  de f ined as  fo l lows:

G i  ( S 1 , 5 2 )  =  S 1  +  C . ' S 2

G j  ( S 2 , S 3 )  =  5 2  +  C . i S 3

F i  ( S 2 , S 3 )  =  S 2  ( S 3  +  C i )

where  51 ,  52  and 53  are  the  ana logue

respec t ive ly ,  and C. ,  a re  cons tan ts .

o r  D3 the  va lues  o f  the  appropr ia te

assoc i  a ted  d i  sc r i  m i  na tor  th resho l  ds

ser ies  o f  1og ' i c  parameters  I . '  ( ' i  -  1

i  =  1  1 2 1 3 1 4

i  = 9

i  =  5 , 6 , 7 , 8

s igna ls  f rom detec tors  D1,  D2 and D3

F o r  e a c h  v a l i d  e v e n t  s t o p p i n g  ' i n  D 2

ana logue func t ions  are  compared w i th

l i ( j  =  1  t o  9 )  i n  o r d e r  t o  d e f i n e  a

t o  9 )  a s  f o l l o w s :
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I G i  ' t r i

I i  =  
{ t 1  r r i
[ G i  1  r i

t i  =

ESA STM-224 (December 1981)

I , 2 , 3 , 4

5 , 6 . 7  , g
9

L 1 2 1 3 , 4

5 , 6  n 7  , g

9

The values of  the constant C, and the thresholds r . '  expressed in energy

un i ts  a re  g iven in  Tab le  I .  0n  the  respec t ive  D l  vs  D2 or  DZ vs  D3 d ia -
grams,  where  DI ,  DZ and D3 are  now the  energ ies  depos i ted ' in  de tec tors

D 1 ,  D 2  a n d  D 3  i n  M e V ,  t h e  l o c i  o f  p o i n t s  s a t i s f y i n g  t h e  e q u a l i t i e s

D 1  = ) , i + C . t D 2 ' i  =  1 , 2 r 3 , 4

l .
oz = p3fq-y i  =  5 , 6 , 7 , 8

D 3  =  I t  -  C i D 3 i  = 9

def ine  the  boundar ies  separa t ing  groups  o f  e lements  (charge groups) .

F igure  3  shows the  pos i t ions  o f  these boundar ies  p lo t ted  together  w i th

the  pred ic ted  par t i c le  t racks .  The t racks  are  ca lcu la ted  fo r  nomina l

de tec tor  th ickness  us ' ing  s tandard  range-energy  ca ' l cu la t ions  as  descr ibed
' in l4arsden and Henrion (1979).

Each o f  the  charge groups  has  an  assoc ' ia ted  count ing  ra te  reg is te r  wh ich
' i s  inc remented each t ime a  va l id  event  w i th in  tha t  g roup is  observed.

These ra te  channe ls  a re  l i s ted  in  Tab le  I I  toge ther  w i th  the  cor respond ing
groups .

3  CALIBRATION

The ca l ib ra t ion  o f  the  Eng ' ineer ing  Un i t  (EU)  o f  the  Low Energy  Te lescope

was penformed at  the Lawrence Berkeley Laboratory (LBL) Bevalac acceler-

a to r  us ing  beams o f  neon and argon nuc le i  o f  energy  250 MeV/n  and

'i =

i =

l =

i -

i =

i -

. 
-- 

l '.
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LET Par t ' i  c l  e  I  dent ' i  f i  er  anal  ogue funct i  ons and threshol  d
d i  sc r i  m i  na to r  I  eve l  s  .

T a b l e  I .

I d e n t i  f  i e r
Pa rarne te r

Ana l  ogue
Funct i  on

Log i  c
I

D' isc r im i  na tor
Leve l  r

I 1

T2
t 1

I 4

I 5

I 6

I 7

I B

I 9

5 1  +  0 . 2 7  S z
5 1  +  0 . 2 7  S z
5 1  +  0 . 2 7  S z
5 1  +  0 . 2 7  S z
S 2 x ( S 3 +  7 )
5 2 x ( S 3 + 1 8 )

5 2 x ( S 3 + 6 7 )

5 2  x  ( S 3  + 1 6 i )

5 2  +  0 . 1 5  5 3

3. 3 Nev ''l

8 .5  Mev 
!

2 4 . 0  M e V  I

52.0  Mev J
53 Mevz )
355 rqev2 t
a1B7 MeVz \
20342t!eY2 |
375 Mev )

D 1 - D 2

D 2 - D 3

T a b l e  I I .  L E T  c o u n t i n g  R a t e  c h a n n e l s  a n d  c h a r g e  G r o u p  d e f i n i t i o n s .

Ra te  Channe l L o g i c a l  f u n c t j o n S p e c i e s  s e l e c t e d

t ?

L 1 2

L23

L24

L25

L26

L 2 7

L28

L29

130

1 3 1

L32

TT
f r
l 3

n w
I 3  l O

15 T6-.
I2 T3
1 6 v
I J  I 4

17 Tg

I 4

18 T9

I 9

p r o t o n s  L 7
pro tons  3 .8
H e  1 . 9

H e  3 . 7

H e  8 . 4

L ' i  ,Be  ,B  I  "7
Lr '  ,Be  ,B  4 .  9

c , N , 0  2 . 4

c , N , 0  7 . 0

z > I 0  2 . 8

10<7<20 9 .0

z > 2 0  1 2

3 . 8  M e V

8 . 0  M e V

3 . 7  M e V / n

8 . 4  M e V / n

19  MeV/n

4 . 9  M e V / n

26 MeV/n

7.0 l r leV/n

38 lt'leV/n

9 . 0  M e V / n

51 I ' leV/n

75 MeV/n



284

ESA STM-224 (December 1981)

Figure 3a Theore t i ca l  LET  response  cu rves  (D2  vs  D3)  fo r  pa r t i c l es
s t o p p i n q ' i n  D 3  ( d a s h e d  l i n e s ) .  S o l i d  l i n e s  r e p r e s e n t  n o r n i n a l
Pa r t i c l e  I den t i f i e r  boundar ies .  Ra te  channe l  numbers
co r resDond ing  to  the  respec t i ve  cha rge  g roups  a re  i nd i ca ted .
Thi  s  f  i  gure shows the fu l  I  dynam' ic  range.

MeV/n ,  respec t ive ly .  The a im o f  these ca l ib ra t ion  runs  was twofo ld :

to  se t  the  th resho lds  o f  the  Par t i c le  Ident i f ie r  d isc r im ina tors
descr ibed in  Sec t ion  2 ;

to  tes t  the  fu l l  dynamic  range o f  the  ins t rument .

Before  the  LBL ca l ib ra t ion ,  the  Par t j c le  Ident i f ie r  th resho lds  were  se t  on
the bas' is of  system sensi t iv i t ' ies determ' ined by means of  2aIAm cr sources.
The LBL runs  were  used in i t ia l l y  to  re f ine  these se t t ings  and to  measure
accura te ly  the  re la t i ve  pos i t ions  o f  the  nuc l ide  t racks  and the  Par t i c le
Ident ' i f ie r  loc i .  To  th is  end,  copper  and po lye thy lene absorbers  were
p laced in  the  beam path ,  in  o rder  to  f ragment  the  pr imary  nuc le i ,  thereby
produc ing  spec ies  o f  lower  nuc lear  charge,  wh i le  a t  the  same t ime reduc ing
the  par t i c le  energ ies  to  be tween about  5  and 50  MeV/n .  Th is  made i t

( 1 )

( 2 )

MeV

600

I

D 3
GeV
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MeV \

\ RATEL 3 1

\
R A T E \ L 2 9

N
RATE
L 2 7

\ L i

_ _ j
1.00

D 3

F igu re  3b  Th is  i s  an  en la rgemen t  o f  t he  l ower  l e f t -hand  pa r t  o f  F igu re  3a .
The  a r rows  show the  l eve l  a t  wh ich  ga jn  sw i t ch ing  occu rs .

poss ' ib le  to  ob ta in  da ta  po in ts  fo r  t racks  cor respond ing  to  nuc l ides  o ther
than the  pr imary  spec ies .  A f te r  ad jus tments  to  the  d isc r im ina tor  th res-
ho lds ,  the  ins t rument  was exposed to  the  beam aga in ,  in  o rder  to  ver i f y
the  se t t ings .  The resu l ts  p resented  in  th is  paper  were  ob ta ined dur ing
these la t te r  exposures .

In  1979,  a  sc ien t i f i c  deve lopment  mode l  o f  the  L tT ,  wh ich  used s tandard
labora tory  e lec t ron ics ,  was  exposed to  neon beams o f  7 .4  MeV/n  and
2 0 . 1  M e V / n  a t  t h e  H a h n  M e i t n e r  i n s t ' i t u t  ( H M I )  i n  B e r l i n  ( K a n e r m a n s  e t  a l .
1 9 8 0 ) .  B e c a u s e  o f  t h e  l i m i t e d  m a x i m u m  e n e r g y  a v a i l a b l e  a t  t h e  f a c i l i t y ,
i t  was  no t  poss ib le  to  exerc ise  the  fu l l  dynam" ic  range o f  the  ins t rument
dur ing  th is  exper iment .  I t  was  there fore  the  in ten t ion  to  ca l ib ra te  the
EU LET a t  the  Beva lac  us ing  i ron  nuc le i  to  p rov ide  energy  losses  o f  up  to
4  G e V  i n  D 3 .  O w i n g  t o  t e c h n i c a l  d i f f i c u l t i e s  w i t h  t h e  L B L  f a c i l i t y ,  h o w -
ever ,  on ly  beams o f  neon and argon were  ava i lab le .  Never the less ,  i t  was
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F igu re  4  Examp le  o f  t he  on - l i ne  da ta  d ' i sp lay '

s t i  I  I  poss i  b l  e  t o  s t i  mu l  a te  the  LET  ove r  app rox i  ma te ' l y  t h ree  qua r te rs  o f

the  fu l l  dynamic  range .

Fo r  the  ca l ' i b ra t i on  runs  desc r ibed  he re ,  t he  Beam 40  spec t romete r  f ac ' i 1 i t y

o f  t he  LBL  Beva lac  was  used .  Exper imen t  ' i ns t rumen ts  emp loy ing  th i s  f ac i -

l i t y  a r e  p l a c e d  i n  a i r ,  t h e  b e a m  l e a v i n g  t h e  v a c u u m  s e c t i o n  o f  t h e  s p e c t r o -

me te r  v ia  a  th in  w indow"  Th is  a r rangemen t  has  the  advan tage  o f  a l l ow ' i ng

easy  access  to  the  i ns t rumen ts  a t  any  t ' ime  when  the  beam i s  o f f .  I n  t he

c a s e  o f  t h e  L E T ,  h o w e v e r ,  o p e r a t i o n ' i n  a i r  h a d  a  s e r i o u s  d i s a d v a n t a g e .

s ince  pa r t i c l es  w i th  ene rg ies  co r respond ing  to  the  l ower  range  o f  t he

j n s t r u m e n t  l o s t  a  n o t j c e a b l e  p a r t  o f  t h e i r  e n e r g y ' i n  t h e  a i r  g a p  b e t w e e n

de tec to rs  D i  and  D2 .  Fo r  de ta i l s  o f  t h i s  e f fec t ,  re fe r  t o  Sec t i on  4 .

The  da ta -acqu ' i s i t i on  sys tem was  p laced  50  m f rom the  room in  wh ich  the  LET

was  s i t ua ted .  Th i s  d ' i s tance  necess i ta ted  the  commun ica t i on  o f  da ta

through cabl  es termi  nated by I  i  ne dr i  vers and recei  vers .  The acqu' i  s i  t i  on

sys tem inc luded  a  HP 21  l 4X  compu te r in te r faced  to  the  LET  to  a l l ow  rea l -
' L i n e  a c q u i s j t i o n .  T h e  s o f t w a r e  h a d  b e e n  d e s ' i g n e d  t o  g i v e  a n  o n - l j n e

d i sp lay  o f  t he  da ta  toge the r  w i th  the i r  reco rd  on  magne t i c  t ape .  The

t e r m ' i n a l  s c r e e n  d i s p l a y e d  o n - l i n e  t h e  d i a g r a m s  o f  e n e r g y  l o s s  i n  D 1  v s '

e n e r g y  l o s s  i n  D 2  a n d  e n e r g y  l o s s  ' i n  D 2  v s  e n e r g y  l o s s  ' i n  D 3 ,  t h e  c o u n t i n g
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ra tes  o f  each Par t i c le  Ident i f ie r  channe l ,  the  s ta tus  o f  te lecommands and

o f  m u l t i p l e x e d  m o n ' i t o r  s i g n a l s .  A n  e x a m p l e  o f  s u c h  a  d i s p l a y  i s  s h o w n  i r r

F i  gure  4 .

4 EXPERIMENTAL RESULTS

Energy loss versus residual  energy diagrams for the raw neon and argon

beam data  are  shown in  F igures  5  and 6 ,  respec t ive ' l y .  In  these f igures ,

da ta  f rom the  h igh-ga ' in  ampl i f ie rs  a re  sca led  to  f i t  w i th  low-ga in  da ta

by div id ing the channel  numbers by the known gain rat io.  The energy

sca les  shown are  approx imate ,  s ince  no  prec iSe energy  ca l ib ra t ion  o f

the . indi  v i  dual  detectors has been poss' ib1e "  Thi  s i  s due to the fact

tha tn  a l though the  in j t ja l  beam energy  was known to  be t te r  than 0 '5%'

the use of  the absorbers ' in the beam path prevented an accurate determ-

ina t . ion  o f  the  energy  o f  par t ' i c les  reach ' ing  our  ins t rument -  Consequent -

1y ,  the  energy  ass ignment  used in  th is  paper  i s  based on  an  ex t ra -

p o l a t i o n  o f  5  M e V  u - s o u r C €  c a l i b r a t i o n s -

The raw data  p ' lo ts  shown in  F jgures  5  and 6  conta in  severa l  spur ious

background fea tures ,  these be ing  la rge ly  the  resu l t  o f  the  h igh  pr imary

beam' in tens i ty  wh ich  had to  be  used in  o rder  to  ob ta in  a  su f f i c ien t

y ie ' ld  o f  secondary  par t i c les .  S ince  the  par t ' i c le  beam produced by  the

Beva lac  is  pu ' l sed ,  the  sensor  was exposed ins tan taneous ly  to  very  h ' igh
. input  ra tes  o f  pp imary  nuc le i .  Fur thermore ,  the  in te rna l  t ' im ing  o f  the

EU was no t  op t im ised a t  the  t i rne  o f  the  LBL ca l ib ra t ion ,  and the  comb' i -

nat jon of  these two ef fects was nesponsible for  the extraneous background.

The. in te rna l  t im ing  in  the  ins t rument  has  s ince  been jmproved,  and no

prob lems o f  th is  na ture  are  expec ted  in  f l igh t .  Moreover '  such a  pu lsed

i n p u t  i s  n o t  c h a r a c t e r j s t i c  o f  t h e  c h a r g e d  p a r t i c l e  f l u x e s ' i n  s p a c e '

1 1

An example  o f  the  spur ious  fea tures

F iqure  5 ,  where  incor rec t  opera t ion

d iscussed above can be  seen in

o f  t h e  h i g h / l o w  g a i n  m o d e  s e i e c t j o n
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Figure u ql . rnr- loss diagrarns for  the neon-beam data.  In the
d iagram,  the  spec ies  f rom boron to  neon are  v is ib le .
in  the . tex t ,  background counts  a re  the  resu l t  o f  the
i n t e n s i t i e s  u s e d .

D2 vs D3
As exp la ined

h igh  beam
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D E

Figure 6 As F' igure 5,  but  for  the argon-beam data.  Species f rom boron to
a r g o n  a r e  v i s i b l e .
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gave  r i  se  to  add i  t i ona l  t racks  seen  ' i n  t he  D1  vs  D2  p l  o t  a t  va l  ues  o f  D1

around  5  MeV fo r  D2  be tween  ca .  75  and  125  MeV,  and  j n  the  D2  vs  D3  p lo t

a t  va lues  o f  D3  a round  100  MeV fo r  D2  be tween  ca .  50  and  100  MeV.  A l so

to  be  seen  i n  the  da ta  p lo t s  a re  t races  ex tend ' i ng  f rom the  nomina l  t rack

end  po in t s  back  towards  the  o r i g in "  These  po ' i n t s  a re  apparen t l y  due  to

the  fac t  t ha t  t he  an t i  co inc i  dence  c i  r cu i  t r y  assoc ia ted  w i  t h  D4  occas i  on -

a1 l y  fa i l ed  to  respond  to  pa r t ' i c i es  wh ich  pene t ra ted  D3 .  Th i s  e f fec t

c a n n o t  b e  c l e a r l y  a t t r i b u t e d  t o  t n e  h i g h - c o u n t - r a t e / i n t e r n a l - t i m i n g

p rob lem and  needs  fu r the r  i nves t ' i ga t i on  du r ing  fu tu re  acce le ra to r  runs .

Ano the r  anoma ly  wh ich  has  oeen  iden t ' i f i ed ,  no t  re la ted  to  the  above

prob ' l ems ,  j s  t he  appearance  o f  c ross ta l k  be tween  D3  and  D4 ,  f o r  s igna ls

jn  D3  g rea te r  t han  ca "  1  GeV.  Th ' i s  resu l ted  i n  t he  l oss  o f  good  even ts

d u r i n g  t h e  a r g o n  r u n s ,  s i n c e  m a n y  p a r t ' i c l e s  s t o p p i n g ' i n  D 3  w e r e  t r e a t e d

as  though  they  had  pene t ra ted .  The  reduc t i on ' i n  t he  number  o f  da ta

p o i n t s  d u e  t o  t h i s  p r o b l e m  i s  c l e a r l y  s e e n  j n  F ' i g u r e  6 "  T h e  o r i g i n  o f

the  c ross ta l k  i s  cu r ren t l y  be ing  i nves t i ga ted  by  means  o f  
' l abo ra to ry

tes ts  us ing  an  LED to  s t imu la te  the  de tec to r  conce rned '

The ver i f i ca t ' ion  o f  the  va lues  o f  the  Par t i c le  Ident i f ie r  parameters  fo r

the  D1 -  D2 range o f  tne  ins t rument  has  been car r ied  ou t  us ' ing  da ta  f rom

the H l ' l I  exposure  (see Sect ion  3) .  F igure  7  shows D1 vs  D2 p lo ts  o f

these da ta ,  wh jch  were  ob ta ined w i th  the  LET sensor in  vacuum"  As

s ta t ,ed  ear l ' i e r ,  the  tJ1  -  D2 da ta  ob ta ined a t  LBL had to  be  cor rec ted

for  the  energy  loss  in  the  53  mm a i r  gap be tween D l  anc i  D2;  the  energy

loss  in  the  5  mm gap be tween D2 anc i  D3 was neg i ig ib le "  For  th is  cor rec t -

ion ,  the  energy  depos i ted  in  D2 w i thout  a i r  be tween the  de tec tors  D l  and

D 2  h a s  b e e n  c a l c u l a t e d  a s  f o l l o w s "  I f  E Z  i s  t h e  a c t u a l  e n e r g y  d e p o s i t e d

i n  D 2 ,  t h e n  t h e  r a n g e  o f  a  g i v e n  p a r t i c l e  i n  a ' i r  e m e r g i n g  f r o m  D l  i s

gi ven by

X  =  R u i ,  ( E Z )  +  5 3  m m

where  Ru. i , ^  (E)  j s  the  range o f  a  par t i c le  o f  energy  E in  a i r ,  de termined
in  our  case f rom range-energy  tab les  fo r  n i t rogen (Nor thc l i f fe  and
s c h j l l i n g ,  1 9 7 0 ) .  I f  A E a  i s  t h e  e n e r g y  l o s t  i n  t h e  a i r  g a p  b e t w e e n  D 1
a n d  D 2 ,  t h e n

X  =  R u j  r  ( f Z  +  n E u )  =  R a i  r  ( E 2 ' )
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Dl vs D2 energy- loss diagram for the LBL data af ter  correct ion
for  absorp t ion  in  a ' i r .  0n1y  neon and argon par t i c le  t racks  are
v i s ' i b l e .  T h e  d a s h e d  l i n e s  a r e  t h e o r e t i c a l  t r a c k s  c a l c u l a t e d  f r o m
range-energy  tab les .  Crosses  represent  the  theore t ica l  end po in ts
fo r  each t rack .

F' igure B
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where  E2 '  i s  t he  ene rgy  wh ich  wou ld  have  been  depos i ted  i n  D2  in  vacuum.
E2 'has  been  ob ta ined  f rom the  same range-energy  tab les ,  and  p lo t ted

a g a i  n s t  t h e  e n e r g y  
' l o s t  

i  n  D 1 .

The  da ta  have  been  sp l i t  i n to  two  pa r t s  acco rd ' i ng  to  the  measured  pu l se

h e i g h t  i n  t h e  f i r s t  d e t e c t o r .  P a r t i c l e s  l o s i n g  l e s s  t h a n  5 0  M e V  i n  D 1
have  been  t rea ted  as  neon  nuc le j ,  whereas  l osses  o f  50  Mev  o r  g rea te r

nave been at t r i  buted to  argon nucl  e i  .  The cc l r rected LBL data are shr- rwn
i n  F i g u r e  8 .  O w i n g  t o  t h e  l o w  p r o d u c t i o n  r a t e  o f  s e c o n d a r y  L r a r t i c l e s  i n

the  Beam 40  spec t romete r  expe r imen t ,  on l y  t he  t racks  fo r  neon  and  a rgon
e v e n t s  a r e  r e a d j l y  i d e n t i f i a b l e .  T h e  a b s e n c e  o f  d a t a  p o i n t s  a t  l o w

e n e r g ' i e s  i s  a  r e s u l t  o f  n u c l e i . w h i c h  h a v e  s t o p p e d  i n  t h e  a i r  l a y e r .  A l s o
shown  jn  F ' i gu re  B  a re  the  ca l cu la ted  pos i t i ons  o f  t he  neon  and  a rgon

t r a c k s .  T h e s e  c u r v e s ,  d e r i v e d  f r o m  t h e  r a n g e - e n e r g y  t a b l e  f o r  s i l i c o n ,

a g r e e  q u i t e  w e l l  w i t h  t h e  d a t a  p o i n t s  w i t h  t h e  e x c e p t i o n  o f  a  s l i g h t
dev i  a t i  on  a t  1  ow  energ i  es  .  Theore t i  ca l  t r ack  end  po i  n t s  ,  a1  so  ca l  cu -
l a t e d  w i t h  t h e  a i d  o f  r a n g e - e n e r g y  t a b l e s  f o r  s i l i c o n  a n d  n i t r o g e n ,  a n e
g i v e n  i n  T a b l e  I I I .  T h e s e  e n d - p o i n t  v a l u e s ,  i n d i c a t e d  b . y  c r o s s e s  i n

F i g u r e  B ,  a r e  c o n s i s t e n t  w i t h  o u r  m e a s u r e m e n t s .

Tab le  I I I .  Theore t i ca l  neon  and  a rgon  t rack  end  po" in t s  f o r  pa r t i c l r : s

j u s t  p e n e t r a t i n g  D 2 .

S p e c i e s Di  (MeV) Dz (Mev)

15

Ne

Ar

2 4 . 3

6 4 . 9

1 6 8 . 5

3 8 7 . 6

From the  co r rec ted  D l  vs  D2  da ta  we  have  been  ab le  to  se t  t he  va lue  o f
t h e  P a r t i c l e  I d e n t i f i e r  d i s c r i m ' i n a t o r  c o r r e s p o n d i n g  t o  t h e  L o g i c  p a r a -

m e t e r  I 4 .  S j n c e ' i n s u f f i c i e n t  L B L  e x p e r i m e n t  d a t a  p o i n t s  w e r e  o b t a ' i n e d
in  the  1ow-energy  reg ions  fo r  pa r t i c l es  o the r  t nan  Ne  and  A r ,  t he
p r imary  neon  t rack  has  oeen  used  to  no rma l i se  the  H i4 l  da ta  se t  t o  t ha t
ob ta ' i ned  i n  the  cu rnen t  expe r imen t .  F rom these  no rma l i sed  da ta ,  t he
d i s c r i m i n a t o r  s e t t i n g s  c o r r e s p o n d i n g  t o  l o g i c  p a r a m e t e r s  I 1  t o  I 3  h a v e
b e e n  d e t e r m i n e d .  T h e  a s s o c j a t e d  P a r t i c l e  I d e n t ' i  f i e r  b o u n d a r y ' l ' i n e s
a r e  s h o w n  i n  F i g u r e s  7  a n d  8 .
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Fi  gure 9 D?
o f

vs  D3 energy-1oss  d ' iagrams fo r  the  LBL data ,  showing the  loc i
t h e  P a r t i c l e  I d e n t i f i e r  t h r e s h o l d s .

gw ing  to  l im i ta t ' i ons  i n  t he  ava ' i l ab le  beam energy  fo r  t he  H i ' 1 I  expe r imen t ,

j t  was  no t  poss jb le  to  use  H t ' l I  da ta  to  se t  any  o f  t he  d j sc r im ina to r

th resho lds  fo r  t he  h igh -ene rgy  D2  -  D3  range  o f  t he  Par t i c l e  I den t i f i e r "

As  s ta ted  i n  Sec t ' i on  3 ,  t h i s  was  one  o f  t he  a ims  o f  t he  LBL  exper imen t "

S ince  the  p roduc t ' i on  o f  secondary  pa r t i c l es  j n  t he  copper  abso rbe r  used

to  reduce  the  p r imary  beam energy  i nc reases  w i th  i nc reas ing  beam energy ,

the  da ta  o f  F igu res  5  and  6  co r respond ing  to  even ts  s topp ' i ng  i n  t he

re la t i ve1y  th i ck  D3  de tec to r  show a  h ighe r  abundance  o f  non -p r imary

spec ies  than  i n  the  1ow-energy  D l  -  D2  case .  As  a  resu l t '  t he  t racks

fo r  a l l  e lemen ts  f rom bo ron  up  to  and  i nc lud ing  the  p r imary  beam spec ies

a re  eas ' i 1y  i den t i f i ed .  l , ' l i t h  t he  he lp  o f  t hese  da ta  we  have  been  ab le  to

s e t  t h e  d j s c r i m i n a t o r  t h r e s h o l d s  c o r r e s p o n d i n g  t o  I 7  ( s e p a r a t i n g  t h e

L i -Be -B  g roup  f rom the  C-N-O g roup ) ,  IB  ( separa t i ng  C-N-Q f rom Ne  and

h e a v i e r )  a n d  1 9  ( F e - g r o u p  i d e n t ' i f i c a t i o n ) .  F i g u r e  9  s h o w s  t h e  D 2  v s  D 3

pu lse  he igh t  da ta  toge the r  w i th  the  Iden t i f i e r  boundar ies  de r j ved

i n t e r n a l l y  f r o m  t h e s e  d ' i s c r i m i n a t o r  s e t t i n g s .  I t  s h o u l d  b e  n o t e d  t h a t

t h e  d a t a  d i d  n o t  a l l o w  u s  t o  f i x  t h e  t h r e s h o l d s  f o r  t h e  i d e n t i f i c a t i o n

paramete rs  I5  (p ro ton -He  separa t i on )  and  I6  ( sepa ra t i ng  He  f rom the

L i - B e - B  g r o u p )  d i r e c t l y ,  s ' i n c e  t h e  b a c k g r o u n d ' i n  t h e  Z  =  I , 2  r e g i o n
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obscured any  genu ine  hydrogen or  he l ium events .  These th resho lds  have
there fore  been prov is ' iona l l y  de termined by  comput ing  the  expec ted
pos i t ions  o f  the  Z  =  1  and z  =  2  t racks  and normal is ing  these to  the
measured t racks  cor respond ing  to  par t i c les  o f  h igher  nuc lear  charge"
In  o rder  to  jnves t iga te  the  e lementa l  reso lu t ion  o f  the  LET we nave
used our  D2 vs  D3 da ta  as  input  to  an  a lgor i thm descr ibed by  Seamster
e t  a l .  ( 1 9 7 7 )  a n d  K a m e r m a n s  e t  a l .  ( 1 9 8 0 ) .  I n  a n  i t e r a t i v e  c a l c u l a t i o n ,
an  ' iden t i f i ca t ion  parameter  hav ing  the  fo rm

PI  t  (  Lnzz1r /s

fo r  a  par t i c le  o f  mass  A and charge 7  is  der ived ,  and p ' lo t ted  in  h ' i s to -
gram form.

As can be  seen,  P I  i s  e f fec t i ve ly  the  par t i c le  charge.  F igures  10  and
11 show par t i c le ' iden t i f i ca t ion  spec t ra  computed f rom the  neon and argon
b e a m  d a t a ,  r e s p e c t i v e l y .  A s  a  m e a s u r e  o f  t h e  t e l e s c o p e  r e s o l u t i o n ,  v a l u e s
of  the  FWHI4 o f  the  neon and argon peaks  have been ob ta ined,  and are  g iven
' in  Tab le  IV .  These resu l ts  imp ly  a  separa t ion  f rom ad jacent  charge peaks
for  neon and argon o f  10  and 7  s tandard  dev ia t ' ions ,  respec t ive ly .

T a b l e  I V . Charge- reso lu t ion  parameters  der ived  f rom the  LBL D2 vs  D3
p u 1  s e  h e i  g h t  d a t a .

El  ement Ft^JHM oz

i,le

Ar

0 . 2 3

0 . 3 2

0 .  1 0

0 .  1 4

I t  shou ld  be  no ted  tha t  the  PI  a lgor i thm gave good resu l ts  on ly  fo r  the

l i g h t  a n d  m e d i u m  n u c l i d e s  ( A  <  2 5 ) .  W h e n  c a l c u l a t e d  w i t h  t h e  d a t a  f r o m

heav ie r  spec ies ,  the  va lue  o f  the  parameter ,  normal ' l y  cons tan t  fo r  a
g ' i ven  nuc l  ide ,  inc reased w i th  decreas ' ing  energy .  Th is  tended to  cause

a  b r o a d e n i n g  o f  t h e s e  h i s t o g r a m  p e a k s "  I t  s h o u l d  a l s o  b e  n o t e d  t h a t

t h e  v a l u e s  g i v e n  i n  T a b l e  I V  d o  n o t  i n c l u d e  t h e  e f f e c t s  o f  p a t h - l e n g t h

d i f fe rences  due to  the  f in i te  open ing  ang le  o f  the  LET;  the  e f fec ts  o f
d e t e c t o r  t h i c k n e s s  v a r i a t j o n s  a r e ,  h o w e v e r ,  i n c ' l u d e d .
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F ' igure  10  Charge h is togram fo r  LBL neon da ta  (par t i c les  s topp ' ing  in  D3) .
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5  CONCLUSION

In th is  paper ,  we repor t  measurements made wi th  the COSPIN Low Energy

Te lescope  Eng ' i nee r ing  Un i t  a t  t he  Lawrence  Berke ley  Labora to ry  Beva lac

fac i l i t y .  The  i ns t rumen t  was  exposed  to  beams  o f  250  MeV/nuc leon  neon  and

284  MeV/nuc leon  a rgon .  The  resu l t s  o f  t h i s  acce le ra to r  expe r imen t  have

been  used  to  de te rm ine  the  op t imum se t t . i ngs  o f  t he  LET  Par t i c l e  I den t i f i e r

d i sc r im jna to rs  fo r  t he  h igh -ene rgy  response  reg ' i on .  Da ta  f ro rn  p rev ious

c a l i b r a t i o n  w e r e  n o r m a l i s e d  t o  t h e  L B L  d a t a ,  e n a b l i n g  e q u i v a l e n t

d i sc r im ina to r  se t t i ngs  to  be  op t im ised  fo r  t he  l ow-energy  reg ion .  Th res -

ho lds  used  to  separa te  p ro tons  f rom he l i um cou ld  no t  be  se t  d i rec t l y .  The

exper imen t  has  demons t ra ted  tha t  t he  Eng inee r ing  Un i t  t e lescope  i s  capab le

o f  sepa ra t i ng  ad jacen t  e lemen ts  i n  t he  range  ca .  5_ !o  50  MeV/n  a t  l eas t  up

to  a rgon ,  and  j n  the  case  o f  t he  l a t t e r ,  w i th  a  reso lu t i on  o f  be t te r  t han

seven standard devi  a t ' ions .

O f f - l ' i ne  ana lys i s  o f  t he  ca l ' i b ra t i on  da la  has  revea led  some c ross  ta l k

be tween  the  an t i co inc idence  de tec to r  D4  and  the  res ' i dua l -ene rgy  de tec to r

D 3 .  T h ' i s  p r o b l e m ' i s  c u m e n t ' l y  u n d e r  i n v e s t i g a t i o n .  F u r t h e r i n v e s t i g a t i o n s

a re  a l so  needed  to  de te rm ' i ne  the  cause  o f  t he  pa r t i c l e  t rack  ta i l - back

o b s e r v e d  i n  t h e  D 2 - D 3  d a t a .  I t ' i s  p l a n n e d  t o  e x p o s e  t h e  L E T  F f i g h t  U n i t

t o  h e a v y - i o n  b e a m s  a t  t h e  B e v a l a c  i n  1 9 8 2 ,  j n  p a r t i c u l a r  t o  s 6 F e  n u c l e i ,

s i nce  these  were  no t  ava i l ab le  a t  t he  t ime  o f  t he  EU ca l i b ra t i on .  I t  i s

a l so  the  i n ten t i on  to  a t tempt  a  d i rec t  ene rgy  ca l i b ra t i on  o f  t he  F l ' i gh t

Un i t  w i th  the  a id  o f  a  fac i l i t y  t ha t  p roduces  i on -beam energ ies  l ower

t h a n  i s  p o s s i b l e  a t  t h e  B e v a l a c .
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The charge and mass response of a space-borne solid state cosmic ray detection system for healy 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 402MeY 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.

8 7

l. 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 energyJoss 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 identif ication 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 [ l], 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
main ly  l imi ted to energies below I  MeV n-1.

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 Div is ion,  I rokker VFW BV, Schiphol  Oost ,

P.O. Box 7600, The Nether lands.

t ions (COSPIN) on the European spacecraft of the
joint ESA/NASA International Solar Polar Mission

[a] . The telescope is designed to separate elements up
to Fe and isotopes up to He, using the Al---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 A.E detectors caused by the large opening angle
and by the thickness non-uniformity of the large area
detectors. The stringent l imitation 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 3He 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-life of 10Be has

been used to deduce the age of cosmic rays from the
roBeTBe 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 healy 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 tl-re experimental results are shown and tl 're 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
f ig .  1,  consis ts  of  four  Si  so l id  s tate detectors (D1-
D4), surrounded by a plastic scinti l lator photornulti-
plier combination (D5). D4 and D5 form the anti-
coincidence shielding for background rejection in
space and wil l not be considered here. D1 is a 6 cm2
surface barrier detector with a thickness of 30 pm

and a resistivity of 450 Sl cm. lts window thicknesses
are 40 pg crn-z (Au) ancl 80 pg cm-2 (Al). D2 is a
6 crn2 surface barrier detector with a thickness of 100

,um and a resistivity of 1.8 kQ cm. Its window thick-
nesses are 40 prg crn-2 both for the Au and the A1
layer. Both detectors are operated at a bias voltage of
about 1 V p.-t, 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 stateof-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 l0 cm2 and an
entrance window dead layer of 0.5 pm Li. The geo-

metr ica l  factor  of  th is  te lesct- rpe is  I  . l  cm2 sr .
In contrast to nuclear physics experiments where

normally the direction of the incorning 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 

o 
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 20Ne beam at the VlCKSl-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%. ln 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 elements in a
relatively short time.

Self-supporting targets of 1e7Au (200 1tg cm-2 and
6 mg cm-2) and r2C (52 pg 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
0.6o. Elastic scattering from reTAu detected at an
angle of 15" with respect to the beam axis results in
outgoing 2oNe energies of 146 MeV and 398 MeV
respectively. The 6 mg .*-2 1ez4u foil had to be
used in the 402 MeV 2oNe beam due to the low beam
current (t" < 3 nA). These measurements give detailed
information on the straggling effect in the A,E detec-
tors and on the energy resolution of the whole sys-
tem. Reaction products resulting from 2oNe + l2C

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

D2--

03 . -
D4..

I tM'
Fig. l. Schematic cross section of the Low Energy Telescope
with Dl = 30 pm, D2 = 100 pm, D3 = D4 = 2 mm and D5 =
anticoincidence shielding with photomultiplier tube (PMT).
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designed for space flight, standard electronics was
used. For each coincidence the energy losses in the

three detectors Dl, D2 and D3 were written as a
3-fold event on magnetic tape lbr subsequent "soft-

ware" particle identif ication. The energy calibration
for each detector chain was obtained with a-particles
from 2arAm in conjunction with precision pulse gen-

erators. In this way the gains of the three separate
detector chains could be matched in the off-l ine
analyses. By the same method the l inearity of the
overall system was checked.

4. Experimental results and discussion

The measured energy-loss distribution in D1 of
146 MeV toNe is shown as the histogram in fig.2.
The FWHM of this distribution is 630 keV corre-
sponding to 2.O%. Measurements and calculations of
the straggling distribution for healy 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  th icknesses between 10gm and 40pm
and for energyJoss ratios between 0.2 and 0.8. For
2oNe 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

E 2 0 N e  =  1 4 5  M e V

O l  =  3 0  ! m
F W H M  =  6 3 0  K e V

r 9 r  2 0 r u u

3 0
E  (  M e V )

Fig.2. Energy-loss distribution for D1/D2 coincidences.
(Ezory" = 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, wil l 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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Irig.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 20Ne nuclei. To demonstrate the element
separation also the distribution for 1eF is shown. The
same shape of the distribution is assumed for both
elements. Due to the low statistics in our experiment
for 1eF at the same incident energy as 2oNe the posi-
tion of the teF peak relative to the ?oNe peak was
obtained from stopping-power calculations for 1eF

in Sil icon [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 l2 MeV n-l
the stopping-power was compared with the tabulated
values given by Northcliffe and Schil l ing [11] and
was found to agree within 4%.The calculated energy-
loss ditferences 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 Dl and D2 detectors. A con-
servative estimate of this non-uniformity effect,
assuming uncorrelated thickness variations across the
detector area wil l result in a peak broadening as indi-
cated by the arrows in fig.2.

The experimental energy-loss distribution in D2 =

100 pm of 398 MeV 2oNe (elastically scattered 402
MeV 2oNe from 1e7Au) is shown as the histogram in
fis. 4. The solid l ines and the arrows were obtained as

E  2 O N e  =  3 9 8  M e V

D 2  =  1 0 0 p m
F W H M :  1  3 4 M e V

L o  
E ( M e v )  

5 0

Ir ig.4. Energy{oss distr ibution for D2iD3 coincidences
(fzo11" = 398 MeV). Corrcct ions for pathlength variat ions
are shown by the solid lines. The arrows estimate the thick-
ncss non-uniformity effect.

Fig.  5.  Dl  versus D2 energy- loss matr ix  f rom the 2oNe + l2C

reaction (Ezo11" = 147 MeV). Characters used in this matrix
iue a non-linear represcntation of the raw data.

described above for f ig.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 2oNe the total energy resolu-
tion is 0.3%. For example the total energy resolution
for dzop" = 146 MeV is 470 keV. Main contributions
to the energy resolution are the energy dispersion due
to nuclear coll isions, 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 toNe + 12C reaction
(Ezop" = 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.  Part ic lc  ident i f icat ion dist r ibut ion f iom the 2oNe +
I  2C reaot ion (Ez oy" = 147 MeV).

et al. [14] For each event, in an iterative procedure,
a particle identification parameter Pf = (+ MZ2)to was
calculated by integrating the Bragg curves using the
Bethe Bloch equation. Fig.6 gives the particle iden-
tification distribution which clearly shows the healy
element separation for the whole energy range.

As was mentioned in the introduction the obser-
vation of 3He rich flares [5] requires mass separation
for the He group. Direct experimental evidence for
3He/4He isotope separation is hard to obtain due to
the much higher aHe 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 f ig.7 is
shown the D2 energy-loss distribution for Eo= 34

----l-J--

E ,  =  34  N4eVq  
H e

D 2  = 1 0 0 p m
FWHf . l=250 KeV

3 H "  4 H "

| - - - T
4 5 M e v <  E A e  <  8 0 M e V

2 A -

I"ig. 8. Be mass distributi":.r;;rt ( ds" ( 80 Mev.

MeV. The data was obtained by only selecting from
the continuous o-spectrum those events with [lo =
(34.0 t 0.1) MeV. On the right hand side of f ig. 7 the
Dl straggling distribution from a 212Po source (6o=
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 2oNe, the relative contribution of the path-
length variations to the mass resolution will be
smaller. Moreclver 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 3He and aHe is possible both for Dl/
D2 and D2lD3 coincidences.

Information on the isotope separation for Be,

t ,  =  E g M e V
q H e

0 1 = 3 0 p m
FWHr\,t= 240 KeV

4 H e

A,{\
20 25 3.0

E  ( M e V )

Fig. 7. 3He/4He isotope separation both for D1lD2 and D2i 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 neasurements.
In our experiments the Be yield is too low to analyse
the clata at f ixed energies, as in the oHe case. However
in a D2 versus D3 pulse height display the ?Be eBe

energy separation is almost constant. Therefore we
have summed the data with 45 MeV ( Is" ( 80 MeV
along the particle tracks and the result is presented in
fig.8. As in figs. 2,4 and 7 the solid l ines 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 2oNe beants of 147 MeV and

402 MeV have been performed, yielding experimental
straggling distributions which are well described by
the calculations of Tschaldr I l ], i f 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 l ike 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
course of this work. The Low-Energy Telescope is
part of the Cosmic Ray and Solar Charged Particle
Investigation developed by several scientif ic institutes
with Prof. J.A. Simpson of the University of Chicago
as Principal Investigator.

References

[1]  C.  Tschal ; i r ,  Nucl .  Inst r .  and Mcth.  61 (1968) 141;Nucl .
Instr. and Meth.64 (1968) 237.

[2]  V.V.  Avdeichikov,  E.A.  Ganza and O.V. Lozhkin,  Nucl .

Instr .  and Meth.  131 (1975) 61.

[3]  R.G. Marsden and J.  Henr ion,  Report  ESA STR-202
(  I  979 )  ( unpub l i shed ) .

[4]  K.-P.  Wenzel ,  Phi l .  Trans.  Roy.  Soc.  (1979) in press.

[5]  J.D.  Angl in,  W.P. Dietr ich and J.A.  Simpson, Proc.  15th
Int .  Conf.  on Cosmic rays 5 (1977) p.  43.

[6 ]  M. Garcia-Munoz,  G.M. Mason and J.A.  Simpson,
Astrophys.  1.201 (1975) l4 l .

[7]  G. Raisbeck,  C.  Perron,  J.  Toussaint  and F.  Yion,  Proc.

13th Int .  Conf.  on Cosmic rays t  (1973) 534.

[B]  T.R. Sanderson and D.E. Page, Nucl .  Instr .  and Meth.

r04 (1972) 493.

[9] D.E. Grciner, Nucl. Instr.  and Meth. 103 (1972) 291.

[10] J.F. Janni, Report AFWL-TR-65-150 (1966) (unpub-
lished).

[11] L.C. Northcliffe and R.F. Schilling, Nucl. Data Tables
7 ,L9'10\ 34.

[12] E.L. Haines and A.B. Whitehead, Rev. Sci.  Instr.  37
(1 966) I  90.

[13] J.B.A. England, Proc. 1Sth Summer School in Physics.
St. Andrews 1977 (D. Rcidel, Dordrecht, The Nether-
lands).

[14] A.G. Seamster, R.E.L. Grecn and R.G. Kortel ing, Nucl,
Ins t r .  and Meth .  145 (1977)  583.



Nuclear Instruments and Methods in Physics Research 221 (1984) 619 626
North-Hol land.  Amsterdam

CALIBRATION OF A SPACE-BORNE CHARGED PARTICLE TELESCOPE USING PROTONS
IN THE ENERGY RANGE 0.4 TO 20 MeV

R.G. MARSDEN, J.  HENRION, T.R.  SANDERSON and K.-P.  WENZEL

Spate Science Department of ESA, ESTEC, Noordwijk, The Netherlands

N. DE BRAY and H.P.  BLOK

N atuurkundig Laboratorium, Vrije U niuers iteit, Amsterdam, The N etherlands

Received 8 November 1983

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 seoondly to study the ef fect  of  two th in fo i ls  (0.98 mg7cm2 aluminised Kapton required for  thermal
control of the instrument when on the spacecraft, 0.91 mg/cm2 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.
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l. Introduction

The accurate determination of the response of
charged particle telescopes for space applications to all
types of incident part icles is essential i f  the ful l  scien-
t i f ic potential of the data returned is to be exploited.
This is part icularly 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
ecl ipt ic. 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
Part icle Investigation (COSPIN) experiment [3] which
wil l  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 MeV1rH;
to 15 Mev/r (toF"), i ts charge resolut ion extending up
to Z :26. The instrument, in addit ion to returning data
on hea\ry ions, 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,/$03.00 io Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

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 eff icient way, i t  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 fol lowing sections we f irst ly describe the marn
features of the LET. and then discuss in detai l  the
experimental configuration. Final ly, we present exam-
ples of the data obtained, and compare these with the
results of theoretical calculat ions based on standard
energy-loss tabulat ions [4,5].

2. The low enerpry telescope

The Low Energy Telescope (LET) sensor shown in
schematic form in f ig. I  consists of a four-element
sol id-state detector telescope (Dl D4), surrounded by a
cyl indrical plast ic scint i l lator anti-coincidence shield
(D5). Dl and D2 are surface barrier devices of equal
active area (6.0 cm2 ) having average thicknesses of 31.1

and 104 pm respectively. while D3 and D4 are 2 mm
th iek  l i rh ium-dr i f ted  dev ices  o f  10 .0  and 12 .5  cm2 ac t ive
area, respectively. The useful areas of the D1 and D2
detectors are l imited to 4.4 cm2 by two mechanical
col l imators, in order to reduce edge effects. The instru-
ment operates in the double dE/dX vs E mode. with
D4 forming part of the anti-coincidence shield. The

telescope aperture is covered by two thin foi ls, an rnner

t i tan ium fo i l  o f  0 .91  mg/cm2 and an  ou ter  a lumin ised
Kapton foi l  of 0.98 mg7cm2. The t i tanium foi l  acts as
an electr ical screen for Dl, since this detector is oper-
ated with i ts aluminium contact facinq outwards in

K A P T O N  F O I L

T L T A N I U M  F O I L
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order to reduce radiation damage; the outer Kapton foil
is included in order to meet the thermal requirements of
the instrument when inteerated into the ISPM
spacecraft.

The signal from each of the detectors is fed via a
separate ampli f ier 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 appropriate
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 tr iggering 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 tabulat ions [4,5].

As a result of the addit ional absorbing material
introduced into the telescope f ield-of-view by the thin
foi ls, the lowest incident part icle energy to which the
instrument responds no longer corresponds to the trig-
gering threshold DlA (300 keV), but to some higher
value, as indicated by the nominal energy response for
channel LP1 (0.9-1.2 MeV). This effect wi l l  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, i t  is clearly
important to determine the effect of the foi ls on this
response experimentally.

3. Experimental techniques

The Philips variable energy AVF cyclotron of the
Free University, Amsterdam, is capable of accelerat ing
the fol lowing part icles: protons, deuterons, alpha par-
t icles and 3He 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-resolut ion beamline, including sl i ts 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 part icles with

target nuclei. Such reaction products are detected in a
detector chamber by means of a number of one-dimen-
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Fig. l. Schematic representation of the COSPIN Low Energy
Telescope. D| rndicates a detector that is pulse-height analysed.
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Table 1
LET discr iminator  threshold values and proton count ing-rate channel  logic equat ions.  The logic parameters I1 and I5 are der ived f rom

the LET Part ic le ldent i f ier  c i rcui t  [6] .

Nominal threshold

IMeV ]

627

Disc.  Nominal  threshold Disc.

IMeVl

Nominal  threshold Disc

IMeV]

D1A
D I B
D I C

0.30
0.90
2 . 7 0

D2A
D2B

0.30
3.40

D3A
D 3 B
D3C

0.30
6.s0

16.0

Channel Logic equatic n Nominal  energy response

IMev ]

LP I

LP2

LP3

LP4

LP5

DlA DIB D2A
DIB DTE D2A

DIA D2A D3A
D1A D2A D3A
D1A D2A D3B

D4 D5
D]i D5
Drt D5 n
D2BD3B D'i D5 I-
D4 D5 15

0 .9  r . 2
1 .2  3 .0
1 . 8 - 3 . 8
3 .8  8 .0
8 .0  19

sional posit ion-sensit ive sol id state detectors (PSD) [8.9].
The angle between the incoming beam and the detected
reaction products can be varied continuously between
- 9 0 "  a n d  + 1 6 0 o .

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 col l imator 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 cal ibrat ion,  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 (l) the LET package.

ing extending from both sides of the col l imator 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

f ig. 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: (l) protons from carbon

target; (2) protons from nickel target; (3) c particles from

carbon target; (4) deuterons from carbon target; (5) a particles

from nickel target.
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prised elast ical ly- and inelastical ly-scattered protons, as

well  as protons, deuterons and alpha part icles result ing

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 direct ion in order to maxi-

mise the secondary yield, at the same t ime avoiding

unwanted scattering from a Faraday cup used to moni-

tor the beam current. The measured energy distr ibution

of the part icles so produced is shown in f ig. 3 for carbon

an<l nickel targets of thickness 200 and 25 mg/cm2.

respectively. As can be seen, there is a considerable

difference in yield between the carbon and nickel targets.

The peaks in the proton distr ibution from the carbon

are due to the excitat ion 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

be low 5  MeV is  due to  the  (p .d )  reac t ion  onr2C.  wh ich

has a Q-value of - 16.5 MeV. The few counts seen

above 5 MeV must be due to the (p,d) reaction on' lC.

Because of the requirement to measure the LET proton

response down to - 500 keV, i t  was decided to use a 1

mm (200 mg/cm2 l carbon target for the measurements

described in this paper, owing to i ts higher yield over

the energy range of interest as compared with nickel.

By varying the magnetic f ield in the spectrograph,

the momentum, and thereby the energy, of the part icles

passing through the col l imator and impinging on the

LET could be varied. The advantage of this procedure is

that i t  was possible to expose the LET to protons

having energies within the desired range by simple

adjustment of the spectrograph magnetic f ield. without

having to perform a t ime-consuming retuning of the

cyclotron. The above is also true for the secondary

deuterons and alpha part icles, within the constraints

implied by the yield curves of f ig. 3. I t  was necessary.

however, to perform a separate calibration of the energy

of the part icles vs the magnetic f ield, since the location

of the LET inside the detector chamber was dif ferent

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 prg/cmz1 carbon target was used.

The energy of the incoming beam was determined to an

accuracy of 0.7Vo by means of the analysing magnet. By

determining the magnetic f ield strength at which the

peaks due to elast ic and inelastic scattering from l2C

were seen in the PSD, an energy calibration could be

made, since part icle momentum and magnetic f ield are

linearly proportional for a fixed location in the detector

chamber. The internal consistency of this cal ibrat ion,

which is also correct for the other part icle species pre-

R.C. Marsden et al. / Calihration of a thurged partitle telescope

sent, was better than 0.1,Vo in momentum, giving an

uncertainty in energy of less than 0.2%.
The main contribution to the spread in energy of the

part icles arr iving at the LET was from the f ini te width

of the collimator aperture. This spread can be calculated
from the known dispersion of the spectrograph, and was

found to be approximalely 0.5Vo. 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

vert ical and horizontal direct ions is 1.75' and 0.62',
respectively; the known magnif icat ion factors of 0.33

and 3.0 then give a spread of 0.58" in the vert ical and

1.86"  in  the  hor izon ta l  d i rec t ion .
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
part icles in the Dl 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
luns 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 rs

given in table 2.
The single-foil measurements were made in order to

estimate the relative energy degradation caused by each

of the foi ls, since i t  is planned for thermal control
reasons to cover the aperture of other sensors in the

COSPIN experiment package with Kapton foi l  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 relat ive contr ibution 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 35o, 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 addit ion, because the single-de-

tector channels also respond to high-energy particles

which penetrate Dl 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 cal ibrat ion exposures.
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Incidence angle [degrees] Foil
(wi th respect  to
te lescope axis)

Fl  0.98 mg/cm2 Kapton
, )

r 2  u . v l  m g l c m -  t r t a n l u m

E.nergy range
covered

IMev ]

Exposure type

Spot
energi  es

Energy
sweep

35

F 1 + F 2
F2
F l + F 2

0.8  20
o.4 20
0.9  10
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Fig. 4. Normalised relative contribution to the telescope geo-

metrical factor as a function of incidence angle (d6/dd) for

channels LPI and LP2, assuming an isotropic incident particle

f lux.

MeV in order to evaluate the background contribution

of such events.

4. l. Energt channel threshold determination

Figs. 5 and 6 show examples of LET pulse-height

dist r ibut ions corresponding to beams of  protons wi th

50

Fig. 5. Dl 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.

70

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 (<0.5Vo 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 1Vo 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

r  r  r r J t t  r  f  r r

L P 4U
ln
z.
o

tn
U
e.
U

k
U
E

'1.6 8.0 8.4 8.8

INCIDENT 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

6 E < ( 2 r ) 1 / 2 a u 6 r ,

where 6r is the measured uncertainty in the adjacent
channel counting-rate ratios and oo is the standard
deviat ion of the appropriate pulse-height distr ibution.
F r o m  t h e  d a t a , 6 r - 0 . 0 6  ( 2 o )  a n d  o u  h a s  a  v a l u e
between - 85 and 120 keV. This gives 6E <20 keV for
a l l  channe ls ,  so  tha t  6E/E <0.01 .

For each pair of adjacent energy channels, measure-
ments were made of the counting rates at a number of
incident energies distr ibuted around the nominal
threshold between the two channels. Fig. 7 shows a plot
of the relat ive 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

v ( E )  -  E * r  o ,

where I(E) is the yield in part icles MeV I prC I for
protons of incident energy .E MeV. Integrating this
expression gives the number of particles per second,
N(  E) ,  where

N ( E )  -  E + 2 r r .

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 50Vo response level is somewhat higher

0.6 0.8 '1.0 1.2 1. t*

INC IDENT PROTON
ENERGY (MeV)

Fig. 8. Relative response of channel LPl as a function of
inc ident  proton energy for  part ic les inc ident  at  0 and 35'wi th
respect to the LET axis.

Table 3
LET energy channel thresholds

Channel  Threshold[MeV]

Measured Calculated

LPr  0 .93 (0 ' )  1 . 02 (3s ' )
LPl  /LP2 1.30
LP2/LP3 1.95
LP3/LP4 3.95
LP4/LP5 8.05
LP5 -  19 (upper)

0.8s(0 ' )  0 .95(35" )
7 . 2
1 . 8
3 .8
8 .0

1 9

than the calculated value. but the latter assumed a D1A
discriminator level of 300 keV and analysis of the Dl 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 part icles penetrat ing a 2 micron (0.91 mg
cm 2; t i tanium foi l  (curve (a)),  a 7 micron (0.98 mg
cm 2; Kapton foil (curve (b)), and the combination of
the two (curve (c)).  Also shown in f ig. 9 is the nominal
position of the D1A low-level discriminator, together
with the inferred level D1A'. As can be seen. the mea-
sured LPI 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
O.97 mg/cm2 titanium foil (curve (a)), a 0.98 mg/cm2
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 [5]. Also
shown are the normal (D1A) and inferred (D1A') positions of
the low-level discriminator of detector Dl.
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Kapton foil have been compared with the predicted
threshold values given by curve (a) of f ig. 9. Again these
data are consistent with the inferred DlA, level of 450
keV, corresponding to an incident proton energy
threshold of - 600 keV at the 50Vo response level. It
should be noted, however, that this value has an associ-
ated uncertainty of - 50 keV owing to the lower inci-
dent f lux.

1.2. Pulse-height data

In addit ion to signal processing via threshold
discriminators and coincidence logic, the outputs from
the Dl, D2 and D3 detectors are pulse-height analysed
by means of a common 10-bit  (1024 channel) analogue_
to-digital converter, permitt ing part icle identi f icat ion
using the dE/dx vs E technique. Because of the large
dynamic range needed to measure healry ions up to lron.
dual-gain pulse-shaping ampli f iers are used. giving ful l-
scale ranges for D1. D2 and D3 of 32.32 and 128 MeV
and 210, 640 and 4096 MeV in high- and low-garn
modes, respecrively. Figs. 10 and l l  are pulse-height
matrices for events stopping in D2 and D3 respectively.
both in high-gain mode. The characteristic tracks for
protons, deuterons and n particles, obtained by sweep_
ing through the range of incident particle energies are
clearly seen, although the effect of reduced production
eff iciency for a part icles at higher energies (> l2 MeV)
is evident in both matrices.

The proton track in the Dl vs D2 matrix shows
evidence of a low-energy cut-off for Dl at - 450 keV.
507o higher than the nominal 300 keV threshold for the
DlA discriminator. This effect is also seen in the Lpl
counting rate channel, as described in section 4.1. With
the discriminator set at i ts nominal value, al l  protons
stopping in D2 wil l  give a signal in Dl which is above
the threshold.

* \ .

1 , 2

H e

4 5 O  k o V

. . H
\.1ifu1

5  1 0

D2 (MeV)

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 Dl low-level discriminator
(DlA) f rom 300 to c i rca 450 keV.

2 0  4 0

D 3  ( M e V )

Fig.  11.  D2 vs D3 pulse-height  matr ix  (h igh-gain mode),  show-
ing the characteristic tracks for protons and deuterons. Owing
to the reduced y ie ld above -12 MeV, the alpha part ic le t rack
is not clearly evident.

The measured part icle track posit ions wil l  be used in
combination with data obtained from hearry ion cal ibra_
tions at the Lawrence Berkeley Laboratory Bevatron, rn
order to define the reference levels required for the LET
Part icle Identi f ier circuit  [6].

5. Conclusions

In this paper we have described the cal ibrat ion of a
cosmic ray detector telescope using protons in the en_
ergy range 0.4 to 20 MeV. The use of a magneric
spectrograph to extract particles of well-defined en_
ergies from a continuum of elast ical ly- and inelastical ly_
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 proron
energy spectra in space. The low-energy cufoff 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
w i th  Pro f .  J .A .  S impson as  Pr inc ipa l  Inves t igaror .
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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
lleY/n. The LET sensor system comprises a double dE/dX 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 priorily 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.

l. lntroduction

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-
t ions. 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 - 1 to - 75 MeY /n,using adouble dE/d X
vs t 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

G. ERDOS 1I, J.P.G. HENRION
4), s. SZRLAI 4), A. VARGA 4),
3 )

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. ln 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 rn
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 o 1990 - Elsevier Science Publishers B.V. (North-Holland)
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LOI ENEBGY TELESCOPE (LETJ

OISCFIXINATOFS

t . ,

L E T  I N T E F F A C E  U N I T  ( L I U )

particles are also made. In this case, the geometrical
f a c t o r i s  - 4 c m 2 s r .

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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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 cm2; surface barrier devices having nomr-

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 cm2 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 pm), included for electrical screening

and thermal control purposes. respectively. The tele-

scope geometrical factor, defined by two circular col-

limators mounted in front of Dl and D2 in order to

reduce unwanted edge effects. has a value of 0.58 cm2sr

for the coincidence channels. Low resolution single-de-

tector (Dl only) measurements of protons and alpha
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Fig.  2.  The LET exper iment conf igurat ion,  showing the LET sensor uni t ,  rotat ing plat form and LIU'  mounted on the common

ESTER mount ing f rame.

K A P T O N  F O  L
1 8  ! m l

T L I A N  U M  F O  L
i 2  ! n l

T O L L l I A T O R

0 5

criminators that divide the instrument response into

regions of different nuclear charge. The actual analog

func t ions  used are  o f  two types .  namely

I  t H

Fig.  3.  Schemat ic representat ion of  the LET detector  te lescope:

Drn * denotes a pulse height analysed detector'
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and

E 2 ( b i +  E 3 ) :  a

where .E1. E2 and E3 are the energies deposited in

detectors Dl, D2 and D3, respectively, and ai '  bi  are

constants. For part icles stopping in D2, the loci of

points satisfying eq. (1) for given pairs of (c,,6,) values

define boundaries on the AE( = E1) vs residual E( =

E2) diagram that separate the tracks corresponding to

different elements or groups of elements into so-called
"charge groups". The charge gloups. defined for the

Dl D2 range are: protons; ( 'He. "He); (Li,  Be, B);

(C, N. O); Z > 70 nuclei.  In a similar way, charge group

boundaries for particles stopping in D3 are defined by

eq. (2) with suitable pairs of (a,,  bi) values' A dif ferent

functional form is required in this case because of the

D-.,-_--{

__il r
r\- '-- -- -- l
U U

G

:

( 1 )

(2)

T C L L I M A T O R

c  2 r

D 4



2).4

Table 1
Phobos LET detector summary
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Detector Typ" '' Thickness

----- r
lpml  lmg lcm- l

") SSB , 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
Dl D2-D3 range, with the addition of a high Z-group
corresponding ro Z > 20. The boundaries corresponding
to the (C,N,O) charge group are illustrated schemati-
cal ly in f igs. 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 hearry 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 is 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

5 0
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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 heary 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 directron
of the interplanetary magnetic field. This range is di-
vided into steps of 44" , d,ata 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"

- -l- 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

0 80 160 zr,o 320

E 3  { M e V )

Fig. 5. As for fig. 4, but for particles stopping in
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Table 2
Phobos LET data channel summary

1200
1 200

r200
I 200

1 200
1200

1200

1 200

600
600
600
600
600

30
1 200

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 0.57o) measurements of the platform position, and
end-switches followed by mechanical stops are incorpo-
rated to prevent rotat ion beyond the *60" or -115"

posit ions.
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 posi'"ions is correspondingly longer. This latter
mode is included for operation under special conditions
(test, platform malfunction, extreme temperatures, etc.).
The platform can a'lso be commanded to move directly

to either end posit ion, stopping once i t  reaches *60",
or start ing the normal scan from the -115" posit ion.

2.3. LET interface unit (LIU)

The LET Interface Unit, as the name implies, serves
as the interface between the LET analog electronics and
the ESTER DPU-B (see f ig. l) .  The unit is physical ly
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 cm2
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 7 and 2 were successfully
launched from the Baikonur Cosmodrome on 7 and 12
July 1988, respectively. Following a period of ca. 72
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

Channel Code
no.

Measurement Time
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A1 alpha
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S3
S4
S5
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7.2  3 .O
1.8-3 .8
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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 healy ion and
proton beams [4 6].

R.G. Marsden et al. / The Phobos low energ,t telescope experimenl
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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 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 µsec 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*104 cps. 
With a random distribution of the event occurrences the response 

saturates for a lower average value, about 2.8*104 cps. This is 
due to the loss of the events closer to 18 µsec in the counts 
distribution. 
Although the dead time is independent 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 µsec) 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 increases. 
The shift is amplitude and rate dependent. 

The effect a/ is predominant and becomes important above 104 cps, 
Effects b/ and c/ work in opposite directions but do not cancel each 
other. 
The combination of the different effects leads to a response which 
is depending at the same time on the energy distribution (spectrum) 
and the population (counting rate) of the incident events. 
Therefore it is very difficult, if not impossible, to correct the 
data collected with the instrument deeply into saturation, as it 
was the case on Day 39, 1992, where the sum of the counts collected 
in LP1, LP2, LP3, LA1 and LP5) exceeded the 
saturation level of approx. 3*104 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". 
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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. It 
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 

LP1/input LP2/input

(cps) 
ratio: ratio 

1 1 0.0001
150 1 0.0001
500 0.991 0.0002
750 0.989 0.0003
1010 0.979 0.0004
1500 0.97 0.0005
2010 0.962 0.0007
3000 0.945 0.001
5000 0.91 0.0016
7500 0.87 0.0027

10000 0.833 0.0036
15000 0.766 0.0056
20080 0.706 0.0073
25090 0.654 0.0087
30100 0.609 0.01
40050 0.531 0.013
50140 0.468 0.016
60070 0.416 0.019
70100 0.372 0.02
80060 0.336 0.023
100100 0.278 0.025
121000 0.229 0.028
150000 0.185 0.03
175000 0.156 0.031
200700 0.135 0.032
250100 0.106 0.032
300400 0.088 0.031
403000 0.069 0.03
527000 0.053 0.029
756000 0.04 0.029
936000 0.036 0.029  

Up to 104 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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Table 2 gives similar data for the LP1, LP2 and LA1 channels when 
pulses are centred in the channel LP2. 

Table 2. LP1. LP2 and LA1 response to LP2 events. 
 

In counts LP1/input LP2/input LA1/input 
(cps): ratio ratio ratio 

1
150 0 1 0
500 0 0.99 0.0002 
750 0 0.985 0.00029 
1010 0 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*104 cps and reaches 14% at 105 
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 LA1 channel is also very similar to LP1 and 
LP2. 
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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-
up effect if the repetition frequency is too short for the selected 
fall 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 it 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 LPl response 
(Y axis) is the average of 5 different conditions where the input 
counts (random) in LP1 were comprised 
between about 5*103 and 2*104 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*104 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. 
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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 µsec 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*104 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.1 the response of the instrument, i.e. the sum of 
the rate channels, which is the same as one specific channel 
(here the LP1), decreases by 10% at 5*103 cps, by 20% at 1.3*104

cps by 50% at 3.5*104 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 in 
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. 

 
 



6 
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) in channels LP1, LP2, LP3, 
LP4 and LA1 approaches the 1.5 to 2*104 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 (Fig.4), where LP1 reaches 2.2*104 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) is 
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 4H00) LP1 increases dramatically up 
to 1.5*104 cps, LP2 and LP3 follow behind. When LP2 passes 
approx. 104 cps it produces a decreases in LP1. 
In its turn when LP3 passes the 5 to 6*103 cps its increase 
produces a further decrease in LP1 and LP2. 
At the same time LA1 is also increasing and peaks at 2H45 at 
about 5*103 cps Fig.6) At that time the sum of the counts in the 
four channels is approximately 

5*103 (LP1) + 8.5*103 (LP2) + 9*103 (LP3) + 5*103 (LA1) = 2.75*104 cps 
 
which is the maximum counts observable in the rate channels. 
The flattening of the peak in the LA1 curve between 2 and 4H00 is 
likely due to the saturation of the channel. 
The dip E (day 039 between 5 and 7h00) is also real and is also 
visible in the "singles". 
 
In F (day 039, 8H00 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 13H00 and after 17H00 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. 
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