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1. INTRCDUCTION

1.1 Overview

This report provides a summary of the geometrical factor results for
the GOES D, E & F Energetic Particle Sensor (EPS) Telescope, This unit
measures protons and alpha particles from approximately 1 to 20 MeV /nucleon.
Because GOES is a geosynchronous orbit satellite, the particle flux consists
essentially of that from solar proton events (in which the alpha particle inten-
sity is generally a few percent of the proton intensity}, superimposecd upon a
lower level of outer radiation bclt trapped protons having insignificant intensity
above a few MeV, Although this Telescope unit is similar to that used on the
previous GOES and SMS satellites, it is different in some significant design de-
tails. It was, therefore, decided that a program of engineering model calibra-
tion using particle accelerators would be carried out in order to determine the
variation of geometrical factors (i.e., the detection efficiency) with incident
particle energy and angle for both protons and alpha particles.

There are two types of geometrical factors of interest: that for the in-
aperture particles in the relatively low energy range to be measured, and that
for the high energy particles {cssentially protons) that are capable of penetrating
the Telescope shielding and producing spurious counts,

The Ylow energy' measurements were made at Brookhaven National Lab-
oratory on the Tandem Van de Graaff facility, which provided protons to more
than 30 MeV {threc-stage) and alpha particles to more than 40 MeV (two-stage),
The high energy work was done at the Harvard Cyclotron, which provides a fixed
energy ~160 MeV proton bearmn., The particle energy could be decreased by
absorbers, after exit from the cyclotron, in order to obtain data down to the low-
est encrgy capable of pecnetrating the ocut-of-aperture shielding,

This first section of the report contains a brief design description, includ-
ing a listing of the energy bins, and a summary of the accelerator data-taking
operations, The second section of the report is devoted to the primary geo-
mectrical factor determinations, while the third gives details of spurious count
resulis due to penetrating protons. The fourth section contains a brief sumunary of
all results and some conclusions. Acknowledgements conclude the report.

1.2 Design Description

A cross scction of the (basically) cylindrical Telescope Detector is shown
in IMigure 1.1, Esscntially, it consists of front and hack surface barrier delec-
tors, approximatcly 50 pm and 500 pm in thickness, respectively, with necessary
shiclding. The geometrical factor is defined by two Super Densalloy (tungsten
alloy} shiclds: the I'ront Collimator and the Shield. Therc is a 0, 145 mil alum-
inun {oil as a Light Shield, and a Magnet {not cylindrical) that eliminates poten-
tial pile-up cifects due to low cnergy clectrons (£ 50 keV)., The geometry is such
that any particle that can pass through the cylindrical hole in the Shicld must pass
through the main body of the dctector (s), well removed from their periphery,
This minimizes the possibility of abnormally small energy losses being produced
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by particles passing just through the detector edges, The various particle/
energy bins are formed by coincidence/anti-coincidence logic on the pulses
produced by passage of a particle through the detector(s).

1.3 Energy Bin Definition

In order to define the energy/ particle bins, it is necessary to calculate
energy losses in the foil and the two detectors for the types of particles of in-
terest. Here we use the following expression for the stopping power:

l-n
S(E) = -dE/ds = ( o )(E + €} (1. 1)

This is similar to the simple power law expression often used to approximate

the stopping power, except that the constant € is included. This causes S(E) to
approach a constant, rather than infinity, as E—0, Experimentally, itis found
that S{E) peaks at a very low energy {(~100 keV}, but this is unimportant for pre-
sent purposes because the range of protons and alphas €100 keV is small ($ lpm Si).

By use of (1.1), it is simple to show that the average energy just necessary
to pass through a pathlength s of any absorbing material, the so-called "range
energy', is

E = (%4 a9t/ "¢ (1. 2)

T
For particles of energy E less energy than E , on an average the entire energy
E is deposited in the material. Thus, the deposited energy is exactly

E = E E<CE .
For energies E greater than Er, there are two cases that must be differen-
tiated: small and large energy deposition. If E is small, it is appropriate te

use (1.1) directly, Thus, we use for the averageegnergy deposition

E = s S({E), s S{E}/ E £.001 (1.4}
dep E>E
T
For larger energy deposition, we obtain by use of {1. 1)
E = (E+e) - [(E +€)n-s/k]Jﬁ/n s S(E}/E >.001 (1. 5)
dep
E > Er

Equation (1.5} goes over into (1. 4) in the case (E + ¢ )n>>s," k, which is equivalent
to sS{E)/ E « 1. The choice of ,001 as the dividing point between use of (1, 4)
and (1.5) is arbitrary. Equation {l.5) is analytically correct for all E> E |, of
course, However, for small energy depositions, it requires the computatiron of
the difference between the two large numbers in order to obtain a small one. In
that instance, it is computationally more accurate to use (1. 4} directly. For
particles incident at an angle § from the normal to an absorber of thickness x, the
pathlength s is

s = x/cosg (1. 6)

Thus, to find an energy deposition for a particle of energy E incident at angle §
on an absorber (detector or foil} of thickness x, first calculate Er from (1.2). If

3



E<E , then use (1.3). Otherwise, calculate 5(E) from (1.1). i sS(E)/E <£.001,
use (L. 4); if not, use (L. 7).

The constants €, n, k depend upon the particle type, the absorber material,
and the units used to describe the particle energy and absorber thickness, The
following values have been used here:

TABLE 1.1

Energy Deposition Constants

Material — Aluminum Silicon

€ _ n k € n K
Particle {E in MeV) {sin mils) [(E in MeV) (sin pm)
Proton 0.257 1. 781 0.3934 0.353 1.795 10. 764
Alpha 1,222 1. 794 0.03145 1. 766 1.802 0.8665

For silicon, the theoretical stopping power data fitted were taken from Ref, 1,1;
for aluminum, the proton data were taken from Ref., 1.2, while the alpha particle
data came from Ref. 1.3, For protons, the range of validity is 0.5 - 100 MeV;

for alphas, itis 2 - 200 MeV. The {fit on 5(E) is within about +2% in all cases;
over most of the range of validity it is much better, Characteristics of the detec-
tors used in the engineering models and flight units are given in the following table;

TABLE 1,2

Telescope Detectors

Eng, Model Flight Units Area
2
Front 46. 9 pm 50 + 1 1.0 cm
2
Back 523.2 wm 512 +7m 2.0 cm

The thickness of these detectors was measured by an x-ray absorption method
developed at Panametrics specifically for this purpose {Ref. 1.4). All three
flight units are included within the thickness limits given,

By use of the above procedure and the ithicknesses given, calculations have
been made of the vnergy depositions (losses) in the front and back detectors by
alpha particles and protons for both the engineering model and the flight units.
Figure 1.2 shows results for the enginecring model for 0° and 35%angles of in-
cidence. On a graph such as this, the flight unit calculations are almost indis-
tinguishable, hence they are not shown. The experimental measurements on
the figure refer to data taken at the Brookhaven National Laboratory Tandem Van
de Graaff accelerator facility. They provide verificationofthe analytical results,

Three energy bins are defined for each particle type: Pl, P2, and P3 for
protons and Al, A2, and A3 for alphas. As shown, the energy deposition thres-
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holds 1 through 3 in the front detector, and 4 and 5 in the back detector, define
the energy bins, However, the actual energy limits associated with any par-
ticular bin depend upon the angle of incidence of the particle, Thus, in order

to define these in some average manner, we usc an incidence angle of 20°, This
is the location of the maximum in the geometrical factor (discussed below) var-
iation with @ . Results are given in the following table,

TABLE 1.3

Telescope Energy Bin Limits and Logic for Engineering
Model and Flight Units

Threshold - Coincidence~Anticoincidence Logic and
Threshold] Energy (MeV) | Energy Bin Limits {(MeV) Defined by Threshold
Pl P2 P3 Al Al A3
' Det. Eng. Flight _ - 4 = _ _ _
# Loc. Model| Units |1-2-3.4 |1.2.3.4.5]1.2-4.5 | 1+3-4 1-3-4 102°3-5
1 F 0.3104{ 0.325 L =0.,6 U=14.5
2 ¥ 0.460 | 0.490 U=8.7 |L=8.7
3 F 2,80 2.92 L=3.81U=21.3]|L=21.3
4 B 2.00 3.20 U=4,21L=4,2 U=9.9 {L=9.9
5 B 14.50 | 14.20 U=61.0

#L, U= lower, upper limit of bin.
F, B indicates bin limit defined by threshold in front, back detector. All calcula-
tions for average energy loss and 20° angle of incidence,

It is seen that the bin lirnits are the same for the engineering model and all flight
units. This is made possible, taking into account the difference in detector thick-
nesses of the engineering model and flight units, by using different energy depo-
sition thresholds - as shown, Note that for all bins, except Pl and P3, threshold one
coincidence is used only for timing purposes,

1.4 Experimental Observations Summary

1.4.1 Data Taking Periods

In order to obtain the necessary low energy data, it was decided that a
request would be made to the Broockhaven National Laboratory Tandem Van de
Graaff Program Advisory Committee (PAC). This was completed on April 10,
1978, with a request for 80 hours running time. The experiment was titled,
"GOES Particle Sensor Calibrations', and was assigncd cxperiment #188 by the
PAC. The submission was supported by an April 28, 1978 letter to the PAC
from Donald J. Williams, Director, Space Environment Laboratory, Environ-
mental Research Laboratories, NOAA, Boulder, CO. In this letter, it was
noted with regard to the GOES Energetic Particle Sensor that:

*The Space Environment Laboratory of NOAA is the final user of this
series of instruments. The data are used in real time by the Space Environ-
ment Services Center which is a part of our laboratory here in Boulder and is

6




archived for off-line use with World Data Center A. Although the data pro-
duced by the instrument directly is not of new exciting research potential, it

is used to support many other geophysical experiments which are at the (ron-
tiers of physics, For instance, the GOES particle data are currently used in
real time support of the International Ultraviolet Explorer satellite to help
minimize radiation damage to the detectors. It will also form the basis for the
control of radiation hazards to the operations of the NASA Space Shuttle."

Certainly, this information was of assistance in helping the PAC to make
a decision on the application,

On 26 April a trip was made to BNL to view the set-up and to determine
the interface equipment needed; and this was reported on to the PAC on 5 May
1978, Further submissions of information to the FAC were made on 9 June and
12 June 1978. Following the PAC meeting on 15 June 1978, we were notified
on 19 June 1978 that a period of two days (~48 hours) running time had been ap-
proved,

Approximately 32 hours of the allotted timne were used in the period 26 July
- 1 August 1978, During this period some difficulty was experienced with 2 5 mun
thick Si{Li} monitor detector (discussed in detail in Ref. 1.5} used to determine
the beam intensity. The most useful data were obtained for alpha particles in
the second of the two 16-hour runs after a switch had been made to a 750 pm sur-
face barrier detector as a monitor, All subsequent data were taken with this de-
tector.

As a consequence of the monitor detector difficulty, a request for an addi-
tional l16-hour run (tc bring requested total to 48 + 16 = 64 hours) was submitted
on 14 August 1978. An additional 12 hours was approved (via telcon to B. Sellers)
bringing the approved total to 48 + 12 = 60 hours. A lZ-hour run was carried out
on 12 September 1978, and a 16-hour run started at 2000 hours on 13 September
1978 and completed at 1200 hours on 14 September 1978. Thus, 60 hours of run-
ning time were carried out at BNL on protons and alphas {(Refs, 1.5 and 1. 6).

The high energy work was carried out at the Harvard Cyclotron, which pro-
vides a ~160 MeV proton beam. Data were taken during the 18 July - 20 July 1978
period with the Telescope Engineering Model and on 15 July 1979 with the Tele-
scope Protoflight Model,

1.4.2 Energy/ Angles Used

Calibration work on the SMS A, B, C and GOES B and C Telescope is detailed
in References 1.7-1.9. As noted in Ref. 1.7, it was found as expected that for
particles that penetrate the detectors the energy bins' limits depend upon the angle
of incidence. However, in carrying out the detailed calibration work (Refs, 1.8
and 1.9), the only work done was for normal incidence {# = 0). To some extent,
this was due to the difficulty of providing a method of varying # under vacuum. Ad-
ditionally, the maximum energy available on the Stanford Van de Graaff, where
the work was done, was about 16 MeV for protons. For the present design, this
would not have been sufficient to define the upper bin limits of the P 3 bin (taking
energy straggling effects into account), Thus, there were two principal objectives
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in the present calibration work on the new Telescope design:
and 1) determine effects of variation in angle of incidence
2) extend energy range upward to about 25 MeV for protons,

Both of these objectives were fulfilled by working at the BNL Van de Graaff,
Additionally, the alpha energy range could be extended upward to about 40 MeV,
although this was not sufficient to define the A3 upper bin limit.

Figure 1.3 shows the general set-up of the monitor detector, EPS Tele-
scope mounted on rotating platform, particle beam, scattering foil, and colli-
mators. The scattering angle from the foil is 8 = 24.5°. The angle of incidence
8 of the scattered particles on the Telescope is controlled externally by rotating
the platform by use of a rotating feed thru facility available at BNL, The mon-
itor collimator aperture diameter is 0.25 in, and that of the beam collimators is
. 125 in.

The Telescope is shown held on its mount {a rectangular plate} in Figure
1.4, The rotating platiorm and gearing is shown. This rotating platiorm is
also used at the Harvard Cyclotron; the set-up there is shown in Fig. 1.5, where
there is no need to use a vacuum chamber because the 160 MeV proton beam
exits directly into the laboratory. For that work, a series of disc-shaped plates
can be mounted on the wheel shown (without plates}. The wheel is then rotated
(by remote control) to vary the energy incident on the Telescope. The right hand
photograph in Figure 1.5 shows the Dome detector (not discussed here) held in
the rotating platform mount, For this work, a remote controlled servo drive was
used to vary 8. The monitor detector is hehind a 2" thick brass collimator just
to the left of the § readout. The beam is rather broad, so the monitor and mounted
instrument are exposed to very nearly the same intensity,

The set-up in the BNL vacuum chamber is given in Figure 1. 6. As shown
in Figure 1,3, the Telescope on the rotating platform is on the left and the moni-
tor is on the right. Each views the scattering foil through holes in the copper
plate. Because of symmetry, it is assumed that the intensity is the same at the
two locations.

The Energy/angular values used at Harvard are summarized in Tables 1.4

and 1.5,
TABLE 1.4
EPS Engineering Mcodel Telescope
Proton Data Taken at Harvard Cyclotron
{Energies In MeV)
?;t;dieflgg.de 1978* E}E Angles of Incidence {deg])
144 0, 15,30, 45, 60
#Data in Notebook GOES 133 0
EPS#2: p.28 and 33 for 128 0, 10
E, = 144 and 124 MeV, 124 ¢
in
all other data on p. 33 108 0
T 79 0
45 0
33 0
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Figure 1.4 Telescope on Rotating Platform Mount
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Fig. 1.5 SET-UP AT HARVARD CYCLOTRON
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TABLE 1.5

EPS Protoflight Model Telescope
Proton Data Taken at Harvard Cyclotron
{(Encrgies in MeV}
Data Period: 15 July 1979

Ein Angles of Incidence (deg)
90 180, 165, 150, 135, 1290
79 180, 165, 150, 135

70 180, 165, 150

60 180

¥Data Summary in Notebook GOES EPS#4, p. 59-60

1t will be noted that some work was done with the Protoflight model, as
given in Table 1.5,

Work done at BNL is summarized in Tables 1.6 and 1.7 for protons and
alpha particles,
TABLE 1.6

EPS Engineering Model Telescope
Proton Data Taken at BNL
(Energies in MeV)
Data Period: 12 September - 14 September 1978%

Ep Fin Zp Zin
25 25.0 9.0 8.9
23 23,0 8.0 7.9
22 22.0 7.0 6.9
21 21.0 6.0 5.9
20 20.0 5.5 5,4
18 18.0 5.0 4.9
17 : 17.0 4,5 4.4
16 16.0 4.0 3.9
15 15.0 3.5 3. 4
14 14.0 3,0 2.9
13 13.0 2.5 2.4
12 12.0 2.0 1.9
11 11.0 1.5 1.3
10 10.0

*Angles covered were 0°to +40°at 5°intervals at all energies. For 6 MeV protons,
the anples covered also included 0°to -35° at 5° intervals.

Energies shown are beam energy Eb and energy Ein incident on detectors after
passing through . 06 mil Au scattering foil.

Data recorded in Notebook GOES EPS#4 p. 5-10, 19-20, 26-31, and 37-39
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TABLE 1.7

EPS Engineering Moedel Telescope
Alpha Particle Data Taken at BNL
(Energies in MeV)

Data Period: ¥ Data Period: .

30 July - 1 August 1978 12 September - 14 September 1978
o Zin b Cin
10.0 9.5 36 35.8
9.0 B.5 34 33.8
8.0 7.4 30 29.7
7.0 6.4 26 25.17
6.2 5.5 24 23.7
5.5 4,8 23 22.7
4.5 3.7 22 21.7

21 20.7
20 19.7
19 18.7
17 16.6
15 14.7
13 12.6
11 i0.5
10 9.5
9 8.5
8 7.4
6 5.3
5 4.7
*Angles covered were -5°to +35°at 5°intervals at all energies except at E_ =

5.5 MeV; angles were -40°to +35°at 5,5 MeV.
Data in Notebook GOES EPS#2; p. 59-70, 76-82

*tAngles covered were 0°to +40° at 5°intervals at all energies,

Data in Notebook GOES EPS #4, p. 14-18, 32-.36
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2. PRIMARY GEOMETRICAL FACTOR DETERMINATION

2.1 Method of Approach
2.1.1 Basic Energy Dependent Geometrical Factor

For a detector such as the telescope in Figure 1.1, the count rate
per unit solid angle C(E, ), cps/sr, due to an angular flux of particles of
encrgy E from direction §2,F(E,Q), p/{cm - sr-sec), can be written

C(E,Q) = dCO(E,Q)/dQ = F(E,Q)A(E,Q) (2. 1)

-

where A(E, ), cm“, is the clicctive area of the sensor in the direction of 2,

and Co’ cps, is the count rate found by integrating over
CO(E) = f FE, ) AE, Q) df2 (2.2}

For unisotropic angular flux, F can be rcmoved from the integral, and

C (E) = F(E)f A(E, Q) dQ (2. 3)
= F(EY G{E) (2.4)
where G(E) = f AE, Q) af cmz - sy {2.5)

is the isctropic geometrical factor for energy E. For an analytical deter-
mination of G(E), it is convenient to express the count rate per unit solid
angle C(E,2) as a function of F(E,{!) and the dctection system parametors,
and then find A(E, ) by use of (2. 1}:

A(E, Q) = CI(E,Q)/FI(E, Q) (2.6}

This result is then placed in {2.5) and integrated over § to find G(E),

Experimentally, the particle beam in ¥igure 1.3 is almost monodirec-
tional, so that the solid angle is quite small, In that case, itis convenient
to write A(E, ) from (2.1) as

dC_(E,Q) ac (E, Q)
ALY = T ayae © AL(E, Q) (&)

where, in direction §£2, AC is the increment of count rate produced by a
. O, : . . .
measured increment of essentially monodirectional angular intensity

AL(E, Q) = F(E,Q)AQ p/ (cm2 - sec) (2.8)

Thus, in both thc analytical and cxperimental cases, the isotropic geometrical
factor is found by use of Eq. {2.5),
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for determination of A(E,{2), however, (2.7} is better for the experimental
determination of G{E), while (2. 6) is used for the analytical appreoach. Further-
more, we note that there are variables upon which the count rate depends that
are not shown in (Z,6) or (2,7). These are assumed to be contained implicitly
and are discussed below.

2.1.2 Experimental Energy Dependent Geometrical Factor

Experimentally, as described in Sectien 1, the approach is to irradiate
the telescope at different angles of incidence with a particle flux of known in-
tensity, having known energy, and measure the counts produced. In that way,
the geometrical factor is defined by use of (2.7} and {2.5), The intensity Al
is just the rate at which particles are incident on a spherical surface, in
part/{cm - sec), which is obtained by measurement of the counts C__ recorded
in some time t by the monitor detector, _(Figure 1.2) whose area is Tm Then,
the intensity is C /{A 1), (cm - sec) ~ at the monitor detector, But the tele-
scope is located at exaf:rkly the same distance from the scattering foil, and at the
same scattering angle 8. Thus, the intensity there is assumed to be the same,
and

Al = C_/(A_ 1) 2.9
I Im

During this time t the counts recorded in the telescope are C . Hence, by re-
placing the integral with a swrumation over the number of values of i used, wc

btai
obtain A 1 01(91)
G(E}) = — E ———  AQ. 2,10
t C_(6) 1
i m i
Thus, Ct( 2] i} and C_(g.) are the values of those guaniities recordced while the
telescope is oricnted at . degrees to the incident particle direction. These can

vary with time, of course, but use of the monitor in this way eliminates the tem-
poral effects, Hence, t cancels in (2. 10} and the result is

G(E) =ZN(9_1) G, {2.11)
1

where the number of telescope counts observed per monitor count, while the tele-
scope is oriented at angle 6 , is
- i

N(g,} = Cl6,)/C_(6) (2.12)

and a geometrical factor associated with the particular measurement at angle Gi
is

G, = A AQ. (2.13)
i m i
which, becausce of symmelry in the azimuthal angle, is
G. = 2% A sin §, AQ. (2. 14)
i m i !

Here A Gi’ radians, i1s the width of the § bin centered on g g

The procedure then is to measure C (g.) and C ( g.) at a scries of values

of & g IN{ Qi) is calculated {rom {2.12), dhd since Arn is known, the G, are found
1
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Irom (2. 14). Then G(E)} is calculated from (2.11).

2. 1.3 Analytical Encrgy Dependent Geometrical Factor
2.1.3.1 General Equation

Figure 2.1 is a scaled enlargement of the portions of Figure 1.1 needed
for this calculation. From Figure 1.1, itis apparent that any particle passing
through the "Delection Apertare’ of Figure 2. 1 will be counted if it produces
& pulsc of proper size {or one of the energy bins,

For the analytical determination ol G{E), use is madc of Egs. (2, 6) and (2. 5).
Here, we write explicitly the variables upon which C, cps/sr, depends. Thus,

E,E ,E_,AE , AE , - F(E E_, , : B
CIE,E,E,, AE , AE ,6) = F(E,Q)cos§ A_ . (6) P(E, » Eon AE L AE L 6) (2.15)

95
Hence, in Eq. (2.]) the effective sensor area A{E, Q) = A P cos 8. Now,

since F(E,{1) is the angular {lux, F cos § is the flux in thé plane of the detec-
lion aperlure. All particles passing through the entrance aperture do not, how-
ever, pass through the delection aperture; the {raction that do depends upon the
angle of incidence 8. For 8< 350, the effective detection area, A ., is just the
overlap area formed by projection of the entrance aperture on the {ILel.ecLion o
aperture, as shown in the top left in the figure. Rays incident at angles 2 37 are
totally obscured by the Collimator, Between 35 and 3?0, the rays are partially
obscured by the collimator, hence, the effective area is less than the Overlap
area. Aeff { @) is discussed in Section 2. 1. 3.2 below.

In general, the quantity P in (2, 15) must be the probability that a particle
of energy E incident at angle § will produce a count. Table 1.3 (p. 6) shows that,
strictly speaking, an analytical calculation will require determination of the
energy losses in both detectors for all bins except P3, However, in order to
investigate the possibility of making an analytic calculation of the geometrical
i{actor, we provide helow the expression for the particular casc in which the
response is defined by oniy onc detector, and the particle has suficient cnergy
to penctirate the detector, For P3, this is the {front detector,

As discusscd in Scction 1, and shown by the calculations in Figure 1.2,
it is straightforward te calculate the average energy loss in such a detector.
Zowever, there is a distribution of enerey lossces about this average, which
is almost Gaussian {Ref, 2,1) {or the cnergy losses here. The situation is
further complicated by the fact that a pulse distribution {(also nearly Gaussizn)
will be produced by a series ol encrgy lesscs all of the same magnitude.
This is caused by electronic noise. Thus, a particle of encrgy E incident on
:x detector produces a distribution of pulses that is a convolution of energy
loss (straggling) and noise distributions, characterized by FWHMs of AE
and AE , respectively. The probability P thus depends on E, 8, .SES, '&En'
and the'lower and upper pulsc height (cnergy) thresholds E_ and E, of the
bin, 1In practice, the expression can also be applied to finc} the variation of
C{E) in the vicinity of any one threshold, provided the eliect of the other

16
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s

threshold is small in that energy range. For example, as can be judged
from Figure 1.2 {p. 5), for bin P2 the effect of threshold 4 (in the back de-~
tector) is very small for protons that deposit energies in the front detector
near the threshold 2. Those protons deposit an average of about 7 - 9 MeV
in the back detecter, which is more than twice the energy of threshold 4,
Since the width of the energy loss straggling distributions is on the order of
0.1 MeV, there is, therefore, little chance that such a proton will produce
a pulse that does not exceed threshold 4. The expression for P is given in
Section 2, 1.3, 3 below,

2.1,3,.2 Effective Area

Neglecting collimator-induced obscuration, the effective area A , (8)
is the overlap area f{ormed by projection of the entrance aperture on the de-
tection aperture, It is shown as the area of intersection of two circles of
radius r in Figure 2.1 and reproduced below:

Figure 2,2 Diagram for Intersection Area Calculation

From the standard formula for the area of a sector of a circle, we
have the intersection area A

s I 2

A

1
[~
p—————
= |
[
3
_————
1w
-
[ ITY
[ ]
H
T~
+
e ]
[
I
[
o]
1
[
ey
B
—
S gt

(2.16)

1l
=
e ]
3
sy
e
L]
—
1
c
]
w
o
=]
¥
p—
o
I

where u = x/r

In order to use this expression, we must express x in terms of h and 6 .
Thus, from the above figure, it is seen that
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v = tT-(w-1r)=2r-w
u = v/Z:r-.W/Z
W
50 x=u+w-r=r-—2—+w-r
= w/2
but w = htan@ (from Figure 2.1)
h

s % == tan @

which is the desired expression, and thus

n o= = tang (2. 17)
2r :

for use in (2. 16).

For 8 £ 35°, A = A . For 37°8 >35°, the collimator partially obscures

the intersection area,e and for § 2 37°the obscuration is complete, Thus, we
define the following correction function

cley =1 ' § < 35°
CJO)=(N-6V2 35%¢ @< 37° (2. 18)
Cste) = 0 37°< 8

which produces a linear obscuration over the 2° affected by the collimator.
Then,

Aeﬁ(ﬁ) = AS(G)CS(G) {2.19)
with As given by {2.16), uby {(2.17) and CS(G) by {(2.18), For the Telescope,

h 0, 125"

T

n

0.070" _ (2.20)

2.1,3,3 Detection Prohability
2.1,3,3.1 Gaussian Approximation

As discussed with regard to Eq, (2. 15}, the quantity P is just the prob-
ability that a particle of energy E, incident at angle § on a detector character-
ized by an electronic noise induced distribution having T WHM of AE , will
produce a pulsc with height between thresholds E. and E_. Inte raction of the
particle with the detector produces a "straggling'! distribution of encrgy losses
having a FWHM of AE . Here, for simplicity, we restrict the analytical de-
velopment to the case f an energy bin defined by thresholds E_ and E_ in a
single detector (such as bin P 3), or to the case in which the résponse near one
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threshold is nearly independent of the value of the other threshold (as for
threshold 2, bin P2, which is nearly independent of the effects of threshold
4}.

Here we will assume that both the noise and straggling distributions
are essentially Gaussian, The convolution of two such distributions pro-
duces another Gaussian which can be characterized by an exponential width
E , so that the probability P can be written

d E 2, .2
2 -(E_ - E) /E
P =f Ppe P ¥ 4E (2.21)
E,0° P

Here E is the energy loss pulse height produced by interaction of the
particlg of energy E with the detector, and E_  is its average value, E
discussed in Section 1.3, There are several equivalent ways to expresesp
the width of 2 Gaussian distribution. These are related as follows;

2
B ° - 26%° - 1% AES 2.22)

where 0 is the "standard deviation", and AE is the full width at half maxi-
mum, "FWHM', The value of k is

1
Z ’lInZ

The fact that the convolution of two Gaussians produces a Gaussian means
that

i

kK = . 601 (2.23)

AEZ = AE 2 + AE . {2.24)
n s
which is a convenient representation f{rom the viewpoint of the noise effect,
because it is AE that is usually specified. However, the energy straggling
eifect is normalﬁr discussed in terms of ¢ , the straggling standard deviation,
From (2.22), we obtain ®

2 2, 2
AE = 20 “/x° = (8m2)e °
<3 S =]

2
= 5,545 O’S {2.25)

2
Th%s, given O 2 and AE AESZ is found from (2.25), AEZ from (2. 24), and
Ew from (2.2%). o is discussed in the following section,

Now, P must be normalized to unity so that it represents a probability.
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Hence, we require

2

2
E -(E -E)°/E
1 = P e P ¢ ¥ 4E (2.26)
] 0 P

The minimum possible pulse height E is clearly 0, and the maximum E
is the particle energy E. From (2.26)], the ncrmalization constant P0 is
found to be

-1
P = E“’Tﬂ_ ri E——-fi +  erf it 2.27)
o - 2 © E E .
- w W
where the error function is defined by

x 2
-u

) erf(x) = e du (2.28)

n
0

Integration of (2.21) and use of (2.27} causes the term Ew" T /2 to

cancel. Noting that erf{{-x) = -erfix) yields
_ erI(TZ) - eri(Tl)
P = (2‘0 29]
erf(TZO) + erf(TlO)
where '1'2 = (EZ - Ed)/Ew
} _ ) E
Tl (El Ed}/ W (2.30)
= - E E
TZO (£ d)/ W
= E /E
TlO d/ w

In order to evaluate erf(x), we have made use of a rational approximation
{Ref, 2.2, Eg. 7.1.2.6).

This completes the determination of the count probability P, except
ior expressing AE in terms of E and the detector characteristics. This is
discussed below,

2.1.3,3.2 Energy Loss Straggling

When a particle passes through a detector whose thickness is small
compared to the particle's range, the average energy deposited in the detector-
and lost by the particle- can be calculuted as in Section 1.3, There is, however,
a distribution of energy losses around this average that can be characterized



by some standard deviation o, . In the most general case, this distribution
can be highly asymmetrical, with a most probable energy loss that differs
significantly from the average energy loss, This occurs, for example, when
relativistic protons lose extremely small amounts of energy in a detector,
The general distribution of Vavilov has been treated by Seltzer and Berger
(Ref. 2.1}, and under some rather wide ranges of energy loss, the general
distribution can be approximated quite well by a Gaussian (Ref. 2,1, Eq. 15).
Certain corrections to this distribution have been made by Bichsel (Ref, 2,3,
Eq. 4). From Refs. 2.1 and 2.3, we can write

052 = 52(1 - 52/2) FC/K (2.31)

Here, B is the ratio of the particle' s velocity to that of light, determined as
follows:

g7 T+ 2/ + 1)} @.32)
~ 2T T« }
where T = E/ (Mcz) (2.33)

. . 2
E is the particle’ s kinetic energy, and Mc 1is its rest mass energy. For pro-
tons

2
Mc = 938 MeV (2.34)
The quantity ¢ is defined as follows:

¢ = VS/BZ (2.35)

2 . . . .
where s, g/ em”, is the detector thickness in the direction of travel of the
particle-the pathlength-and

2 2
v = ,30058 mc (Z/A)z (2.36)
2
me = .511 MeV = electron rest mass energy (2.37)
z = mno, electronic charges on particle (2.38)
z = 1 for protons and z = 2 for alpha particles. Z is the atomic number

and A the atomic weight for the detector material. For silicon, the detector
material of interest here,

Z/A = ,4984 (2.39)
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The quantity K is defined by

K = E/emax (2.40)
where € is the maximuwmn energy transfer in a single collision, given
approximral}i%ﬁy by

2 mcz .
erna.x = > (2. 41)
1 - B

P : .
which is correct for § « 1 and m <« M, both good approximations here,

F 1is the correction factor derived from results of Bichsel (Ref. 2. 3)
c :
FC = Q1 + q (2. 42)
g is a2 quantum mechnical correction, defined in terms of BZ;

(0.00186/132) fn {102 ﬁz + 0.746)
0.0005 < BZ< 0.0075
(0.0009/52) In (306 52)
0.0075 < B°

q

(2. 43)

n

Q' is a factor that takes into account the increase in straggling due to spread
in energy as the particle passes through the detector. It is defined by Bichsel
(Ref 2.3, Eq. 8) at thrée values of the stopping number B, which can be ex-
pressed as {see Ref. 2.3, Fig, 4)

2
]
B = -—-ﬁ‘-—z'- (2. 44}
. 1531 =

Here, S is the stopping power, Eq, (1.1). We have {fitted the three values of
Q' given by Bichsel to a power law form and obtained the following result:

u
E
Q' = .99 <—~—-——-—~), 2.3 < B «<6.9 (2. 45)
E - E
d
with
u = .59(£n.55??B)'4114 (2.46)

This allows calculation at all values of E for which B lies in the range given

in (2.45), Thus, to find F for a given E, 5is found from (1.1), 8 from (2.32},
q from (2.43), B from (2.‘54), u from (2.46), E, from Section 1.1, Q' from
{2.45), and Fc from (2.42)., Since qis positive and Q' is generally somewhat
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larger than unity, the correction factor FC is a number greater than unity.
Hence, its effect is to increase the width 6f the straggling distribution,

Now using the above results and specializing to the case of silicon,
we obtain by use of (2,31) in (2. 25),

z
2 FA - 2
AE = 0.4338¢z ( 1 -8/ ) ¥ os I\/![e\a’2 {2.47)
5 2 o :
1 -8
The pathlength s through the detector in the direction 8 ofzt.he particle's
travel is given in terms of the detector thickness x, g/cm”™, by Eq. (l.6).
Eq. (2.47) is the result that is used in {2, 24) along with AE to find AE.
Ew is then calculated from (2, 22), and the probability P is found from (2.29).
2.1.3.4 Geometrical Factor Equation
Now substituting P from (2.29), and A __{ @) from (2. 19) into (2. 15),
placing the result in (2, 6}, and making use of ‘iﬁf 5), yields
erf(Tz) - erf(Tl)
erf('l'zo) +eri{T 10)

G(EY = AS(G)CS( 6 ) cos 8 df2 (2.48)

97

As expected, the angular flux dependence cancels, and G(E) depends only on
the detection system parameters. Here, A and C are found from (2, 16) and
(2. 18}, and the T's are defined in (2,30). For use®in (2.30), the encrgy dep-
osition £ {or particle energy E is calculated as in Section 1.3, and E is
found from (2.22) by the procedure discussed in Section 2.1,3,3.2. v

The integral is carried out over the aperture. Because the telescope
possesses azimuthal symmetry, that integral yields 27, and the 2 integral re-
duces to an integral over § , with

df2 = 2msing 48 (2.49)

The integral must be determined numerically due to the complexity of the
analytical functions in the integrand. This is discussed in Section 2.2 below.

2.1.4 Average Geometrical Factor

At times it is adequate not to take into account the detailed energy de-
pendency of the flux within a given energy region, such as in each channel,
but to make the approximation that, essentially, the flux is constant within
the region,

Here, we will present resylts for an isotropic differential {in energy)
angular flux spectrum £(E}, (cm’ - sec - st - MeV)™ ", The number of particles
between E and E + dE is then {{(EYdE, and thc count rate for a specified G(E) 1s
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c = f £{E} G(E)dE (2.50)

If it is assumed that {(E) is essentially constant over the region of interest,

defined by *limits" E ., and E__, then
li 2i
f(E}) =~ f(E)
. T -
where (EZi + Eli)/z (2.51)

is the average energy characterizing that region, and

c(E) = { (E) fG(E)dE

Now the integral can be written
G(E)AE = f G(E) dE

‘he = K - E 2.52
where AE 23 1: (2.52}

thus delining E}-(E) as

G(E) = -A—IE—- G(E) dE (2. 53)

Hence, c{k) can be expressed as

c(E) = {(E)G(E) oE (2.54)

within the approximate range AE.

Given the count rate and G(E} AE, the average flux in the region is given
by: '

v
-

(E) = c(E)/(G(T) AE) (2.55)

In the case of the primary geometrical factor determination, there is
gencrally only one value of G{E) of interest: that averaged over the channel
limits and called the '""channel average ceometrical factor', However, {or
spurious rusponscs, there may be several encrgy regions which contribute to
2 given energy channel; and those are called the ''spuricus average geometrical
factors' for a given cnergy channel, Effectively, the calculated spurious
counts in the channel of interest must be subtracted from observed counts be-
forec the average {lux in the channel can be defined by use of (2.55).
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The quanLiLy_:[-{E} determined {rom (z'l 55) is then to be interpreted as
the approximate number of particles/{cm - scc - sr - McV) in the region
E_to E_,. It is a relatively crude approximation, which can be improved
siglnifica}ntly by straightforward reiteration methods involving assumptions
zbout the dependence of f(E} on E, other than that f(E} is constant within
the region. The details of such approaches are beyond the scope of the pre-
sent efiort, however, {See Rel, 2.4 for some examples).

[

.2 Results

.2.1 Energy Dependent Geometrical Factor

™~ 2

.2.1,1 Experimecental

The experimental data arc in the form of the number of counts, C , re-
corded in a given energy channel at angle § during the time t requirgd for
the monitor detector to record a fixed number of counts, usually 10" {or
rcasons of statistical accuracy. This allows a determination of N{(f}, as
defined in Eq. {2.12), which is the quantity of interest, F rom the values of
N( € ) at the various values of #, the energy dependent geometrical factor,
G{E), is determined by use of Eq. (2.11),

The particle energies and angles used at BNL Tandem Van de Graaff
for the Engineering Model Telescope are given in Tables 1.6 and 1.7,
Table 2.1 below sumumarizes the angles, 6 , and associated geometrical
factors, G, found from Eq. (2. 14}, As not &d previously, the diameter of
the monitor detector apcrturc was 0.25', which corresponds to an arca

2
A = 0.3167 cm {2.56)
m
TABLE 2.1
Angular Bins and Associlated Geometrical I“actors used at BI\'L:':
with Engincering Model Telescope
Bin 8;(©) Ag. {©9) AQi {s1) (.:i (cim -5}
1 1.25 2.5 5.98 - 3 1.89 - 5
2 5,0 5.0 4.%8 - 2 1.51 -2
3 10.0 5.0 .52 - 2 3.02 - 2
4 15. 5.0 1.42 - 1 4,49 - 2
5 20,0 5.0 1.88 -1 5.94 - 2
6 25.0 5.0 2.32 - 1 T34 -2
7 30.0 5.0 2 73 - 1 S.68 - 2
g 35.0 5.0 3.14 -1 9.96 -~ 2

-
*Read N - mas N x 10
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Bin #1 data were actually taken at 8 = 00, but are assigned to 8 = 1.25°
to provide continuity in the boundaries of the angular bins, Thus, the data
in each bin belong to the angular range 8 + A6 /2.

1= 1

The variation of N(§.) with E for each of the values of 8, in the table
is plotted in Figures 2.3 -*2.10 for the proton channels and in 2.11 - 2.18
for the alpha particle channels. Thg continuous curves have been drawn by
eye as fits to the data, Although 40 incidence angle data are not given here,
they were recorded, and the counts do go to zero at that angle in all chan-
nels.

For use in Eq. (2. 11}, the values of N( g ) were read from the contin-
uous curves in the data plots. The values of G. were taken from Table 2.1,
with results given in Figures 2.19 and 2. 20, Also shown in Figure 2.19
are the results of the analytical approach for channel P3 and a portion of
channel P2, These results are discussed in the next section,

When compared with Table 1.3, it is observed {rom the figures that
the channel limits are correct experimentally within a few tenths MeV for
both particles and angles. This verifies the calculations for both detectors,
the detector thickness measurements, and the coincidence and counting cir-
cuitry,

Two factors require explanation in the proton data. At high energics
(channel P3}, some particles are not counted duc to loss below discrimina-
tor level 1 as a result, principally, of energy loss straggling in the front
detector, Thus, the P3 decrease at high energics is not sharp. In fact,
the maximum value of G(E) neay 12 MeV does not quite rcach the theoreti-
cal maximum of about , 055 cm’ - sr because of this effect.

In the low energy proten bin, P11, the geometrical factor exceceds
that expected {the alpha particle low energy geometrical factor is generally
as expected). The scattering cross section from the foil is proportional to
the factor:

sin™? (8/2)

which varies strongly with f. A 20% variation in scattercd intensity is
caused by about 1 wvariationin f. Such a variation could easily be caused
by the carth's field (for 1-5 McV protons) following the last focussing mag-
nets in the beam line. The efiect would be much less for alphas due Lo their
creater mass. A similar effect, although not as large, was also seen in the
GOES B and C instruments {see Aeronutronic Report Ref. 1.8, p. 22). We
believe these low energy proten data should probably be normalized down-
ward somewhat, in such a way that the peak of G{E) is as cxpected, while
the variation of G(E) with E 1s retained,

2.2,1.2 Analytical

Equation (2.48) is the expression used for analytical determination of
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G(E). That expression gives the geometrical factor for any two encrgy
pulse height limits E_aund E,. To {ind the value of G for any particular
bin, these limits are set to the correct values for that bir. For numer-
ical evaluation, the integral is replaced by a summation as follows:

G(E}y = E 2,
(E) ); &(E, 6.) A6 (2.57)
wherc A@, rad, is the width of the angular integration bins, and

2
g(E, 91) = gw(ei) P(El, EZ’ E, Bi) em - sr/rad (2.58)

is the ''geometrical factor contribution’ per radian at angle 9 Here, P
is given by (2.28) and

goo(ei) = 21 Aeff(ei) sin 6i cos Gi (2.59)

with A defined in (2.19). The reason this is labeled g is that it is
the valte of g obtained when the energy deposition pulse he1ght limits
become as wide as possible, i,e. EI = 0, EZ = E, which yields from
(2.29)

PO, E, E,0) = 1 (2. 60)

Thus, g has its limiting value g , in this case, and from (2.57) and (2.58),
the maximum value of G is found to be

2
G o= Z gw(ﬁi)AG cm - Sr (2. 61)

A FORTRAN program, given in Figure 2,21, has been written for
determination of G(E)} by use of Eq. (2.57}. In additicn to the energy de-
position constants in Table 1.1, the program also requires as input data
the type particle used (TO = Mc~ = 938 MeV and z = 1 for protons) and
the detection systern data in Table 2.2 below. The detector thicknesses
are equivalent to those in Table 1.2, and the energy noise widths are the
result of laboratory measurements with the indicated unit. The preamp-
lifier is capable of better noise than is indicated, but due to power limita-
tions, it was necessary to limit the input power somewhat, which degrades
the performance, It is still completely acceptable due to the larpe value of
threshold level 1 (Table 1.3) compared to the noise width.
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TABLE 2.2

Detection System Input Data for Analytical G(E) Determination,

Channel 3

Parameter Eng. Model Flight Units
Detector thickness, x, g/ c:m2 0.01090 0.01165
Entrance 1’&}:n=,-‘1'tureZ}-"Area2
(Fig. 2.1), A=7r , cm 0.0993 0.0993
C = h/(2r) (Fig. 2.1 and Eq (2.20)) 0.8929 0.8929
P3 Lower Pulse Height, El, MeV 0.310 0.325
P3 Upper Pulse Height, EZ' MeV 0.460 0.490
Energy Noise Width
AEn = DEN, MeV 0.070 0.060

Figure 2,.2] is a copy of the FORTRAN program, TELFAC, which cal-
culates G(E), and Figurcs 2,22 and 2.23 are the output tabulations resulting
from running the program for Bin P3 by use of the data in Tables 1,1 and 2. 2.
The numerical integralion is carried out at A = 1 incremecnts,

On the output tabulations, the particle energy is labeled T, rather than

E as above, and the {following additional identilics are used:

THETA = Gi

GITH = g_ (6, Eq.(2.59)
EO

It

Ed (the energy deposited in detector, Sec. 1. 3)

QP = Q', Eq. (2.45)

DELS = AE_, Eq. (2.47)

EW = Ew’ Eq, (2.22)

FRAC = P(El’ EZ’ E, 0), Eq. (2.29)
GTH = g(E,Gi), Eg. (2.58)

BSQ = B°, Eq. (2.32)

B = Stopping number, Fq. (2. 44)
0 = q, Eq. (2.43)

G = G(E), Eq. (2.57)



Figure 2.21 Program TELFAC for Calculation of Energy Dependent
Geometrical Factor of Telescope

COFY TTY:<FLF:TELFAC.FT
FILES COPIED:
TELFAC.FT
C TELFAC.FT: G(E)XFOF TELESCOFE,B/24/79
CcCOMMOM Y. CSEC
DIMENSION Y(27),SEC(ZT
i FEADCISIR13X,A,C
FEADC1,182)E).EP,PEN
DTH=.01745
C=C.
T 5 I=1,27
TH=FLOAT{1)*ITH-.0CETCS
SECLI>=1./00°(TH)
U=C*TAl(TH)
ER=SCFTC(l =V r)

Sl 266 (USEQ+ATAN (U /E( )
UsEePE0«COS{THI®SIN(TH)*ER* 2
THEFLOAT(I>=-.5
IF(TH-2E.)3, 5,72
U'=0*(27.-THI/E.

Y(I)eU
G=G+U'«DTH
5 CCLTIINIE
WVFITECl, E@)C
FEADC1,1@3)TvoLlZsELSEL, _°F
DE=]1./(ER=*=FEN)
VeEMN-1.
ENI=I./EL
YK=X/EK
i@ FEAL (L2, 1CA4)EE,DELEF.L
IF(L-1314,12,12
1z VEITEC(I,1D28)
DD 12 1=1,37
TH=FLOAT(1)=.5
13 WEITECL,1@921,TH, SECLIN,LY (I
EG=6.532/22%*2
P2 656TeZZx SCPT(X)
H=TEN= %
E=Ef-PE
5 E=L+DE
Uv=E/TC
PO=Ud (U4 2. /(U4 1) %%2
CeL % (E«EF O dwad{~11)
F=FC*+P0w &
Ve e 20X (ALOCCWEETTT )2 i1 1 2y
G=Ff.
IF(L=-105,00.,20
VFITELI 105
Lo ER I=1,237
E@=Ca¥s CECC(1)D
U'=l.-ES/E
IF(U=-. APl YDR, EB. 26
26 EG=E+EPC
E@=EC-(EQ*%EN~YKs CECC(I))%=EN]
o8 QF={l «-EC/E ynal’
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IF(EZ2-.2@75) 38,35, 35 )

C=(.C21EE/E2)*ALOGCICZ »EL+ . TU6)

GO TO 4@

C=(.QCL9/P2I*ALOC(386.#FF)

EV=C(l.=+5%F2)/(1.~-P2)
DES=D*SQFPT(SECCI)*EU= (] .+R)%QP)

EVe .00« SCFT(H+CES %% 2)

M=]

P=(E}~E@)/EV

GO TO 78

EFl =EFF

M=2

F=(EZ-E@)/EW

GO TO 7@

EFPI=EFF-EPI

M=3

F=EQ/EVW

¢0 TC 7@

EF2=EPF

M=4

F=({E-FE€)/EV

CC TC 7¢

F=EFI1/(EF2+EPF)

GTH=F»Y(I)

C=G+CGTH»DTH

IF(L~-1)8¢C,68,6C

TH=FLOAT(1)=.5

UFITECI, 1BEXTH,EC, QT DECLEV.FLCTH
C TO B2

Efrr=l.

IFITYTY 275,71

Z=ADPI(F)

IF(Z=-9)70,75,75

TPE]l /01 ++.3275911%2)

U=.254B829500% TP-. 284406726+ TP#% 2+ 1 42141 374%TP*x3

U=U-1.45315202 7« TP*x4+ ) 06] 485429« TP%x5
EFF=-2x%x2

EFF=(]l «.~-UxEYFP(EFF))»*E/2

CO TOCa4s5,50.,55,58)M

CORTINVE

VFITECI,1@0TYELELLE, 0,0

IF(E-EF)15,10,1¢€

FOPMATC(' Y='F7.5/' A="F7.5/' C='F7.5)
FOFMAT(' E1='FS5.2/' ESc*'F5.2/'"DEN="F5.3)
FOFIAT(' T@=e'FE.0/? Z='F2.2/" N='F6.3/"
FOFMATC(® ES='Fd4.]/* DE='Fa.l/"' EF='Fa.1/"
FOFRAT(/ /7" THETA EC or LCELYS

FOFMAT(F6E.],6F8.4)

FOTMATCO'T="F5.1," FSQ="'F7.5,' F='FE€.0,"°
FOrMATC! I THETA SECART GITH")
FOFMAT(I2,FTe122F9.4)
FOFHATC(// ' CLIAY='F6. 4)

ENTD
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K='Fl@.7/'EF&="F5,3)

L='12)
Ew FraC

G='F6.3,"
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Figure 2.22b Variation of g(E, 8 ) with § for E = 8 MeV
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Figure 2,22 ¢ Variation of G(E) with Energy for E = § to 22 MeV
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As shown in Figure 2,22 a, the program f{irst tabulates g_ (§ ) over

the range 0 to 37° at 1° increments. This ¢imply shows the effects of the
detection system geometry. Without the effect of P, the region near 22°
contributes most significantly to G{E). The maximum value of G is given,
and it is
2
G = 0,053%7 cm - sr {2.62)
max

The program then allows an option of tabulating the variation of g(E, 8 ) with
g for each energy, or of simply tabulating G(E} vs. E, Figure 2,22 b shows
the tabulation of g{E, 8) for E = 8 MeV. Here, it is scen that the maxi-
mum contribution to G(E) comes from the region 12 - 130. This is caused
by the variation of energy deposition, and, hence, the probability P, with E.
For particle energies nearer the center of the energy channel, g(E, 68 ) peaks
nearer that of g © {8). In general, itis found that @ = 20 is a reasounable
angle to use as an "average' angle of incidence for purposes of approximate
cnergy channel definitions. Note also that the energy straggling width AE
is about ,07 - .08 MeV. Hence, this effect contributes about as rmuch to

the observed pulse distribution width as does the noise, AE .
n

It is interesting to note that G(E), delined by Eq. (2.53) for a given
channel, will generally yield a result that is very close to the analytical
maxinium in Eq. (2. 61). This is because the effects of AE and AE on
G(E) are simply to increase its value outside the AE = EZi - E i lifhits by
the same amount that it is decreased within the limits, Thus, t‘ll-le integral -
over all energy must yield the same result as if these spreading cffccts did
not exist,

Figure 2,22 ¢ and Figure 2,23 show the variation of G{E) with energy
{or the engineering model and {light units, respectively., These are the re-
sults that are plotted in Figure 2. 19 for channel P3. Also shown there are
calculations made {or the response near level 2 for channel P2,

In general, there are two important obscervations to be made regard-
ing the results in Figure 2.19:

1) The two analytical results are quite close to each other, showing
that there is little difference between the engineering model and flight
unit responses, This is because the energy deposition thresholds
(Table 1. 3) were adjusted to take into account the small differences
in detector thicknesses (Table 1. 2).

2) The analytical and experimental results agree reasonably well
with each other. There are several degrees of approximation in
calculation of the energy loss straggling. The simplest is the Gaus-
sian approximation used above. The next simplest approximation
does take into account some possible asymmetry in the energy loss
distribution (Ref, 2,1), but requires an additional numerical inte-
gral. This was actually done here for several energies, but the
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difference was only marginally significant, The difference be-
tween the analytical and experimental results in Figure 2,19
appears, in our judgment, to be slightly outside the experimen-
tal uncertainty of the measurements., A completely detailed cal-
culation of the straggling effects could perhaps improve the agree-
ment, but it is not warranted for present purposes,

From the agreement of analytical calculations with each other, and
the fact that the results also agree reasonably well with experiment, we
conclude that (1)} the observed, rather broad, response in P3 is correct, and
(2} the engineering model experimental G(E) values can be used for the flight
units,

We believe that it was necessary to carry out the analytical calculations
in order to prove these two important conclusions,

2.2,2 Channel Average Geometrical Faclor

Following the procedure in Section 2, 1.4, we have integrated the ex-
perimental results in Figures 2,19 and 2,20 in accord with Ea. {2.53). The
results are given in Table 2.3,

TABLE 2.3

Experimental Values of Channel Average Geometrical Factors

Channel Eli (MeV)} E2i (MeV) AE (MeV) T (MeV)  G(E)(cm’-sr)
P1 0.6 4,2 3.6 2.4 . 0665
P2 4.2 8.7 4,5 6.5 .0536
P3 8.7 14.5 5.8 11.6 .0583
Al 3.8 9.9 6.1 6.9 .0534
A2 9.9 21.3 - 11.4 16. 1 . 0538
A3 21.3 61,0 39.7 41.2 .0515

The experimental data for channel A3 did not extend past 36 MeV, How-
ever, the shape cf G(E) in the region where the channel begins to count (near
Eli= 21.3), and the very flat response within the channel show that the average

value, G(E), will be just the fiat maximum value - hence, the result given {or
A3,

With the exception of channel P1, all gf these results are within +8% of
the analytical maximum value of 0.0557 cm - sr, Eq. (2.62). As noted in

55



Section 2.2.1.2, this is to be expected. The only result that is not with-
in this limit is channel P]l. A discussion of possible reasons for this
channel G(E)} being too high has been given in Section 2,2.1.1. We can-
not, however, state with certainty ihat any particular experimental pro-
blem caused this effect. Nevertheless, we know no reason that it should
be higher than the analytical maximum,; and our best julgment is that the
correct value is nearer 0,056 cm - sr,

It ig our conclusion that all of the values of G(E) should be taken as
0.056 cm”™ - sr within the experimental uncertainties, Furthermore, if
the values of G(E) in Figures 2.19 and 2,20 are to be used, they should
probably be normaljzed in such a way that each resulting E(E} will have
the value 0,056 cm - sr, rather than the results given in Table 2. 3,
This is a very small effect in all cases except for channel PI,

3, SPURIOUS GEOMETRICAL FACTCR DETERMINATION

3.1 Method of Approach

The only significant spurious effects expected are due tc very ener-
getic protons that can penetrate the out-of-aperture shielding of the Tele-
scope. Although all alpha channels are affected to a small degree by
> 100 MeV protons, none are affected significantly by lower energies, ex-
cept for a very narrow region near 90 MeV that affects Al.

The method of approach is to determine the results expected analy-
tically, correlate these with the experimental data, and combine the two
approaches to obtain the best estimate of the spurious geometrical factors.
Because the problem is one of, essentially, finding the background effects
in the primary channels, the detailed dependence G(E) of the geometrical
factors is not needed and is not determined. Rather, it is the energy av-
erage geometrical factor, discussed in general in Section 2, 1. 4, that is
appropriate and is determined in the following section.

3.2 Results

3.2.1 Analytical '

Considering the coincidence mode of operation, the analytical ap-
proach proceeds as follows., The directions for the incident protons are
split into small and large angles to the telescope axis for the front and rear
entry. An examination of the detector shielding gives the approximate
shielding and other factors as listed below in Table 3. 1..



TABLE 3,1
Approximate Shielding and Maximuwn Possible Geometrical Factors

Effective detector

Shielding A ] Thicknesses¥%*
Direction Angular Thickness Gpprox. First/Second
of incidence range{deg) W eqmvalent{g/cmz) max(cm -57) (F=front, R=rear)
Front (1) 0 - 45 6 . 6 58. 6(F)/ 586. (R)
Front (2} 45 - 75 15 0.7 100 (F)/ 1,000 (R)
Rear (2) 105 - 135 20 0.7 1,000 {R)/100 (F)
Rear (1) 135 - 180 10 1.6 586 (R)/58.6 (F)

*W = tungsten

#uThicknesses in pm.

The above parameiers were then used to calculate direct proton detection
ranges The procedure was similar to that in Section 1. 3, cxcept
that enerquoss parameters for tungsten were used, Note that the rear
entry particles have a larger amount of shielding to account for electronics,
spacecraft, etc,, shielding. The direct proton detection ranges for each pro-
ton channel are listed below in Table 3,2, along with the total G AE .. The
values of G AE are obtained summing the products of the Gmaxvaldues in

Table 3.1 wnft%hthedappro;:riatc energy detection ranges, AE , Shown.
TABLE 3.2
Values of G AE
max d
Total
Proton Energy detection ranges (in MeV) for Gm' xAEd
Channel Front(l) ' Front(2) Rear(2) Rear{l) (cm -sr-MeV)
Pl 56.55-56.98 96.86-97.25 --- 116.18-116. 31 0.96
P2 56.98-58.55 97.25-101.07 77.62-79,13 116.35-119.75 10.1

77.61-77, 62 116.12-116, 18
P3 58.55-61,03 101.07-106. 31 79.13-80.80 119.75-124.26 13.5

The actual tclescope shielding varies significantly with direction; there-
{ore, the total G AE  above was assigned to a total energy bin width AE
- covering the entiFe 1 range of calculated energies, The G values given below were
obtained by dividing the GmaxAEd values in Table 3.2 by the indicated values of AE.
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TABLE 3.3

Analytical Results {or Spurious Average Geometrical Factors

Average
Channel Width Geometric _}_&verage Area

Proton Energy AE Fac&or G A {cm )
Channel Range{(MeV} {MeV}) {cm - sr) (for Af) =~ 9. 3sr)

P1 50 - 100 50 ' 0.019 0.0021

P2 50 - 125 7 0.13 0.014

P3 60 - 125 65 0.21 0.022

Al 90 - 100 10 0,04 0.004

The average area A is calculated by dividing G by 9.3 sr, the approximate to-
tal solid angle (AQ}} of detection, The alpha particle channels have no proton
detection, except for the single Al channel, wherc 90 - 100 MeV protons at
angles greater than 50 degrees can be detected and are shown in the table a-
bove. Protons below 50 MeV are cffectively eliminated by shielding in all
out-of-aperture directions, except ior a small contribution from particles
penctrating only part of the collimator edgus, This is expected to be much
smaller than the direct G factors and so 1s neglected.

3.2.2 Experimental Results

The proton beam measurements at the Harvard Gyclotron are sum-
marized in the following Table 3. 4,

TABLE 3.4

Experimental Measurements of G(E)

Proton  Incident Partial G(E) (cm® - sr) for Channel’
Energy Angle range
{(MeV) (degrees) P P2 P3 Al A2 A3
144 g - 90 0.013 0.008 0.018 1.6-4 1.6-5 1,.3-5
90 90 - 189 0.0048 0,036 0.036 Al
79 90 - 180 0.0018 0.034 0.026 <5 4
70 90 - 180 <b.- 4 0.0049  0.0036 T
60 G0 - 180 --- - _———

sN-n = Nx10 ©

*%Actual data have been extrapolated to allow calculation for an entire hemisphere,
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The above results are integrated over the measurements made with
front and rear irradiations, and each covers only half of a full 4% sr. If
the 90 MeV results are doubled, they are about half of the theoretical values
of G listed in Table 3. 3. The measurements also show a weak sensitivity
to very high energy protons, most likely due to nuclear reactions in the Si
detectors,

3.2.3 Spurious Average Geometrical Factor

The above analytical and experimental results have been combined to
give an estimate of the actual scnsitivity of the telesgope channels to high
energy protons, The resulting G(E) factors, in {(cm - sr), are listed in
Table 3.5 below,

TABLE 3.5

Spurious Average Geometrical Factors Summary

Channel Proton Energy(McV) AE (MeV) GIE){cm® -sr)
Pl 50 - 100 50 0.02
Pl > 100 0.02
P2 50 - 125 75 g.10
P2 > 125 0.02
P3 60 - 125 65 0.20
P3 > 125 0.04
Al 90 - 100 10 0.04
Al > 100 0.0003
AZ > 100 0.0003

A3 > 100 0.0003

The above E(E) factors are estimated to be accurate to 50% and have
been biased upward closer to the theoretical values, They should thus al-
ways indicate when high energy contamination is a likely problem.

Strictly, these results apply only for an isotropic angular flux, If
the flux is non-isotropic, the angle-averaged flux should be used.

As discussed in Section 2. 1.4, in order to define the average flux in
a given channel by use of (2,55), it is necessary first to subtract the effects
of spurious counts in the channel due to the response to energetic protons,
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This is done for a given channel by summing the effects of the geometrical
factors for each region, as delined in Table 3.5. Thus, the spurious count
rate for channel n is

c_ = Z fni (E) Eni{E} cps (3. 1)
i

o 2 -1
where for a differential energy channel, the average flux Fni’ {cm -sec-sr) ,
is

F (E) = { .(E) AE _, (3. 2)
ni nli n:

. _ 5 -
with AEn, MeV, the width of the channel, and {  (E), (cm -sec~sr-MeV) 1,

the averalge angular differential flux, Eor an in%}a%ral energy range in Table 3.5,
Fni (E) is simply the integral flux, {cm -sec-sr) ~, above the indicated en-
ergy.

Thus, to define the channel average flux by use of {2,55), the count_
rate {3. 1) is subtracted from the observed count rate, and the values of G
and AE from Table 2.3 are used for calculation of?(E). It should be noted
that, although the values of GAE for spurious counts are larger than the re-
sults {or the primary radiation in Table 2,3, in general the count C_ will be
much smaller than the observed count and will, in fact, represent crzlnly a
correction, This is because the shape of solar proton spectra are such that
the flux normally decreases rapidly with energy. A condition in which this
is not true, however, can occur in the first few hours of a flare, when only
the most energetic particles have had time to arrive. Effectively, the
DOME data sheould be used to calculate the corrections € ; and these should
only be applied when they represent small corrections to'the observed count
rate, c.

4, SUMMARY AND CONCLUSIONS

4,1 Summary

Calibration Work on the previous GOES and SMS Telescope assemblies
(Refs. 1.7-1.9) did not determine the angular dependence of the geometrical
factors, although such effects were known to exist {Ref, 1.7, p. 5). Addi-
tionally, the maximum proton energy available at the Stanford accelerator,
where the work was done, was about 16 MeV, Both of these deficiencies have
been corrected in the present work: the in-aperture angular response was
measured at the Brookhaven National Laboratory Van de Graaff Accelerator
throughout the region 0 - 40° (response is zero at 400), and the energy range
was extended to at least 25 McV for protons (Figures 2.3 - 2.10) and to 36 MeV
for alpha particles (Figures 2,11 - 2,18).

The cxperimental data were integrated over angle assuming an isotropic
flux to obtain the results for the energy dependent primary geometrical factor,
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G(E), for each particle channel, as shown in Figures 2,19 and 2, 20.
These results compare satisfactorily with a detailed, analytical approach,
For convenience, it is sometimes assumed that the flux is, essentially,
independent of energy within the immediate region of each energy chan-
nel. Under these conditions, it is possible to define the channel average
geometrical factor, G(E), as in Section 2.1.4, The results are tabulated
in Table 2,3, Section 2.2.2. As statgd there, itis our judgment that the
best value of G(E) to use is 0.056 cm -sr for all channels. The average
flux is then defined by use of Eq. (2,55), the observed count rate, and the
AE data in Table 2. 3.

Corrections to the observed count rate must be made due to spurious
counts produced by energetic protons {2 50 MeV) which are able to pene-
trate the shielding. Measurements made at the Harvard Cyclotron have
been combined with analytical resulls to obtain the spurious average geo-
metrical factors summarized in Table 3.5, Section 3, The method of cor-
recting the observed counts for penctrating protons is discussed in that
section.

4.2 Conclusions and Comparisons with Previous GOES Telescopes

Proton Calibration data taken at normal incidence are given in Fipures
4.1 and 4.2 for SMS B and C (SMS 2 and GOES A in present nomenclaturc).
The thresholds (Table 1, Ref. 1.8) were set at values similar to those used
here, and the results shown in Figures 4.1 and 4.2 are consistent with the
energy deposition diagram for the two detectors {Figure 4, Ref, 1.8), which
is equivalent to Figure 1.2 here, The variation of G{E) for SMS B and C is
generally very similar to the results here - compare with Figure 2.19, for
example. The long ''tails" on the distribution were probably due to particles
penetrating the {ront detector (which must be mostly near its edge) and mis-
sing the back detector, This effecl was completely eliminated in the present
design (Figure 1. 1) by utilizing tungsten collimators and by choosing the de-
tector areas in such a way that any particle passing through the front detec-
tor must be incident on the back detector,

The design for GOES A was, apparently, changed in the direction to
eliminate that problem, also, Response curves are given in Figure 4. 3,
In this instance, the tails in the response are attributed to anomaleus beam-
induced counts in the monitor detector {Ref, 1.9, p. 20}. The 'peaks’ cor-
respond to changes in the monitor detector threshold energy.

Comparision of Figure 2.3, taken for normal incidence, with Figure
4.3, shows the following. The response characteristics in the Pl and P2
channels are not greatly different, although the rate of change with encrgy near
the channel edges is probably semewhat more rapid for GOES C. This sug-
gests that the noise width AE of the GOES C preamplifier is lower than the
. 060 MV {or the present Tef?esco;)e. As noted earlier, this noise figure
is the result of operating the preamplifier at a low input power level. It
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causcs no difficulty in the instrument becausc the lowest threshold sct-
ting (#1, {Table 1.3}) is about 0.3 MeV. However, for GOES C, the level
] setting was lowered to about 0. 15 MeV (Ref, 1.9, p. 3). The ¢nergy
loss diagram for GOES C (Ref. 1.9, Figure 12) is quite similar to that

in Figure 1.2, There it can be seen that lowering #1 to 0,15 causes the
energy channel limit to be defined by the coincidence requirement with
level 4, rather than level 1 as in the SMS and present Telescopes. From
the GOES B and C detector thicknesses and thresholds (Ref. 1.9, p. 5),
we calculate that the upper limit of P3 should be about 16 and 13 MeV,
respectively, for B and C. Yet, the response curve in Figure 4.3 for
GOES C shows no sign of decreasing, even near the ~ 16 MeV maximum
proton energy. This, of course, could be the result of experimental
uncertainty associated with the monitor detector threshold; or it could

be associated with incorrect settings of the energy threshelds, In that con-
text, it should be noted that our calculations (referred to above) of energy
loss in {ront detecltor vs, energy loss in back detector, ncar the level 4
threshold, fall very substantially off of the curves given for GOES B and C
(Ref, 1.9, Figure 12}, In our judgment, if the upper limit value of Chan-
ncl P3 on GOES B and C is important, some eifort should he directed to
removing the sceming ambiguities.

In conclusion, the GOES D, E and F Telescope design presented a-
bove meets all design specifications, with some significant edge cffecls
problems having been totally climinated., As a result of the present cali-
bration work the geometricul factors are available, for both the primary
and spurious effects, in suificient detail to allow, for the first tirne, a de-
tailed analysis of solar particle energy spectra by use of the GOES Tcle-
scope data.
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