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1. INTRODUCTION
1.1 Overview

This report provides a summary of the geometrical factor results
for the GOES D, E & F Energetic Particle Sensor (EP5) DOME, This unit
measures protons and alpha particles from approximately 15 MeV/ nucleon
to 500 MeV and electrons above 2 MeV, Because GOES is a geosynchronous
orbit satellite, the particle flux congists essentially of that from solar pro-
ton events (in which the alpha particle intensity is generally 2 few percent
of the proton intensity), superimposed upon a lower level of outer radiation
belt trapped protons having insignificant intensity above a few MeV and
trapped electrons having a moderate intensity of up to a few MeV. The
DOME unit uses the same principle of shielding - determined energy thresh-
olds as was used for the previous GOES and SMS satellites but differs in
some significant design details. It was, therefore, decided that a program
of engineering model calibration using particle accelerators and radicactive
sources would be carried out in order to determine the variation of geo-
metrical factors with incident particle energy and angle for protons, and to
determine the effective threshold energy for electrons.

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 (essentially protons) that are capable
of penetrating the DOME shielding and producing spurious counts.

Most of the data were taken at the Harvard Cyclotron which provides
160 MeV protons. By the use of absorbers, the proton energy could be de-
graded to below 20 MeV. Some additional lower energy proton data were
taken at the Brookhaven National Laboratory on the Tandem Van de Graaff
facility.

This first section of the report contains a brief design description,
including 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 geometrical factor determinations, while the third gives de-
tails of spurious count results due to penetrating protons. The fourth
section containg a brief summary of all results and some conclusions.,
Acknowledgements conclude the report.

1,2 Design Description
A cross section of the DOME assembly showing the three separate

modules is given in Figure 1.1, The details of the detector assembly for
the D3 {lowest energy) module are shown in Figure 1, 2. The three DOME
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modules use a tungsten-base collimator to define the primary field-

of -view, 1600 along the spin axis andiSOo in the spin plane, The tung-
sten collimator shields the detectors from protons below ahout 120 MeV.
The detector modules consist of two 1500 um thick, 25 mm area, totaily
depleted Si surface barrier detectors, with a 0. 145 mil Al foil light shield.
The particle/energy bins are determined primarily by the moderator thick-
nesses and by energy thresholds for the detector pairs.

1.3 Energy Bin Definition

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

1

S(E) = -dE/ds =(?) E+e)™ (1.1)

This is similar to the simple power law expression often used to approxi-
mate the stopping power, except that the constant € is included. This
cauees S(E) to approach a constant, rather than infinity, as E 0. Ex-
perimentally, it is found that S(E) peaks at a very low energy {~100 keV},
but this is unimportant for present purposes because the range of protons
and alphas <100 keV is small (€1 pm 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 = (€® + s/ e (1.2)

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

E = E, ESE (1. 3)

dep

For energies E greater than E , there are two cases that must
be differentiated: small and large enel;-g)r deposition. K E is small,
it is appropriate to use (1.1) directly. Thus, we use for thggverage
energy deposition

E = s S(E), s S(E)/ E € .00l (1. 4)

dep
E > E
r



For larger energy deposition, we obtain by use of (1.1)

E, = (E+€)- [(E+e-s/x]/®  sSENVE >.00 (1.5)

dep
E> E
r

Equation (1. 5) goes over into (1. 4) in the case (E + € )n» s/k, which is
equivalent to s S{E)/ E << 1. The choice of . 001 as the dividing point
between use of (1. 4) and (1.5) is arbitrary. Equation (l1.5) is analytically
correct for all E > E_, of course. However, for small energy deposi-
tions, it requires the Eomputation of the difference between the two large
numbers in order to obtain a2 small one, In that instance, it is computa-
tionally more accurate to use (1. 4) directly. For particles incident at an

angle 8 from the normal to an absorber of thickness x, the pathlength s
is

8 = xfcos® (1. 6)

Thus, to find an energy deposition for a particle of energy E incident at
angle 8 on an absorber (detector or foil) of thickness x, first calculate
E from (1.2). If E < E_, then use (1. 3). Otherwise, calculate S(E)
from (1.1}, ¥ s S(E)/E rs . 001, use (1, 4); if not, use {(1.5L

The constants €, n and k depend upon the particle type, the ab-
sorber material, and the units used to describe particle energy and absorber
thickness. The values used for protons and alpha particles are listed in
Table 1.1. 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, it is 2 - 200 MeV. The fit on S(E)
is within about + 2% in all cases; over most of the range of validity it is
rmuch better. For copper and the second set of aluminum data, the range
of validity is 5 - 500 MeV and were used for the D4 and D5 calculations.

For electrons in the D3 DOME, the energy losses were calculated by inter-
polation from the Range/Energy tables in Ref. 1. 4 for aluminum and in
Ref. 1.5 for silicon,

The detector thicknesses were measured using an x-ray absorption
method developed at Panametrics (Ref. 1.6) and were all within 2% of the
nominal 1500 pm. A total silicon detector thickness of 3000 um was thus
used with the above procedure to calculate the energy deposition {loss) for
electrons, protons, and alpha particles, with the results plotted in Figures
1.3, 1.4, and 1.5 for the D3, D4, and D5 DOMES. As shown in the bottom
of Figure 1.5, the detector separation is 5,6 mm (outer face separation)
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TABLE 1.1

Energy Deposition Constants

Material Units for For protons For alphas

5 €* n k €% n k
Alumninum g/ a::rn2 0.257 1.781 0.002698 1.222 1.794  0.0002157
Silicon microns 0.353 1,795 10, 764 1. 766 1.802  0.8665
Copper g/t;rn2 -8.535 1.571 0.009737 -34.52 1.570 0.001114
Aluminum#** g/cm’ -8.871 1.582 0.007856 -0.436 1.762  0.0002581
Silicon¥* microns -8.830 1.582 32 840 -0.434 1,761 1.0901

%*E and € are in MeV

*%For E>50 MeV
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so the ma.xim%m path length occurs at 450, and the 60° patg Ie%gth is the
same as for 0 . Two sets of curves are thus shown for (0 , 60 ) and for
(45 ). The resulting energy detection ranges for the DOME are given
in Table 1. 2.

1.4 Experimental Observations Summary
1.4.1 Data Taking Periods

The primary data taking period for the DOME enginecring model
was July 18 to 21, 1978, at the Harvard Cyclotron. Some low energy
proton data were also taken at the Brookhaven National Laboratory Tan-
dem Van de Graaff during the telescope tests on July 25 to 27, 1978,

(Refs. 1.7 - 1.9). Additional data were acquired at the Harvard Cyclotron
with the Protoflight DOME on July 14 to 15, 1979, with the Flight One
DOME on January 26 to 27, 1980, and with the Flight Two DOME on

April 26, 1980.

1l.4.2 Energy/Angles Used

The calibration of the SMS A, B, C and GOES B and C DOME De-
tectors is described in Refs, 1.10 and 1.1]1. The earlier design consisted
of a 3 mm cubical lithium drifted silicon detector on a tungsten back shield,
covered with a hemispherical absorber., The present design using totally
depleted silicon surface barrier detectors is sufficiently different to warrant
a complete calibration. An engineering model was calibrated extensively
with the energy/angles covered being given in Table 1. 3 for the high energy
proton runs at the Harvard Cyclotron, and in Table 1. 4 for some lower
energy proton runs at the BNL Tandem Van de Graaff. Some minor changes
were made in the tungsten shield design for the Protoflight and two Flight
units; therefore, the Protoflight unit was rechecked with some detailed
angle scanning at one energy for each of the three DOME detectors as shown
in Table 1.5. All of the flight units (PF, F1l and F2) were calibrated over
a broad set of energies for (8/¢) = (0/0) as shown in Tables 1.5 and 1. 6,

The experimental setup at the Harvard Cyclotren is diagramed in
Figure 1. 6, while the setup at the BNL Tandem Van de Graaff is shown
in Figure 1.7. Some pictures of the experimental setups are shown in
Figure 1, 8 for Harvard and in Figure 1.9 for BNL. A detailed close-up
of the Telescope (Ref. 1. 9) mounted on the rotating table at Harvard is
shown in Figure 1.10.

All tests with the engineering model and Protoflight DOME units

were made with the setups shown in Figures 1. 6 and 1. 7 (engineering model
only}). For the Flight One and Flight Two units, a second monitor detector

10



Threshold Level

TABLE 1.2

DOME, Energy Bin Limits

Electron Range

DOME
Module No.
D3 Lé
D3 L7
D3 1.8
D4 L9
D4 L10
D5 L11
D5 L12
D5 L13
Energy Bin
El
P4
A4
P5
A5
Poé
P7
Ab

(MeV) (MeV) (0°,60") (45°) (0 ,60) {457)
1.77 2 - 9.6-380 9. 6- 37- 37-
105  eem-- 14,7-36.5 14.7-52  40-760 40-140C
40 0 emma - ——- 57-151 57216
5.6 = ece-- 36, 3-79 36.3-109 141-2700 141- o
30 -e--- -—- ---  146-252 146-342
1.6 ----e 80-500 80- @ 320- 0 320- ¢
3,5  ---e- 80-165 80-256 320- 320-
280 e---- .- ---  321-397 321-483
Logic Electron Range (MeV) Proton Range (MeV) Alpha Range (MeV)
6°7 2 - 9.6 - (380, ©) (-==-)

78 eema- 14.7 - (36.5,52) (----)

8  emee- ———- 57 - {151, 216)

.10  —cee- 36,3 - (79,109) (----)

14 I —— a——- 146 - (252, 342)
1213 aee- 80 - (165, 256) (=-=--)
1112 ceea- (165, 256)-(500, o) (--=-)

13 e ———- 321 - (397, 483)

Proton Range (MeV)

Alpha Range (MeV)

11
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Table

1.3

EPS DOME Dctector Runs Taken at the Harvard Cyclotron

E

p Front
{McV) | Rear | 8/¢ angles covered - D3 DOME Detector
144 F 0/0, 30,45, 60, 75, 90 15/0 30/0, 30 4570
R 0, 30, 60/180
108 F 0/0, 30, 45, (0, 75, 90 15/0 30/0, 30 45/0 60/0
R 0, 30, 60/180
94 R 0, 30, 60/180
79 F 0/0, 30,45,60,75,90{ 15/0 3070, 30 45/0
R 0, 30, 60/180
60 F 0/0, 30, 45, (0 1570 30/0, 30 4570 6070
45 F 0/0, 30, 45, 60 15/0 30/0,30. | 45/0 60/0
33 F 0/0, 30, 45, 60 15/0 30/0, 30 4570 60/0
F -15/0 -30/0
Front
{MeV]) Rear| 0 /¢ angles covered - D4 DOME Detector
1583 F 0/0
R 0, -30, -60/180
138 | R 0, -30, -60/180
119 F 0/0
R 0, -30, -60/180
106 F 6/0
R 0, -30, -60/180
96 | R 0, -30, -60/180
92 F 0/0
R 0, -30, -60/180
82 F 0/0
76 F 0/0
69 F 0/0
64 F 0/0
55 F 0, +15, +30, +45, 60/0
144 F 0/0,15,30,45,60,75,90 {-15/0,30 |-30/0,30 |[-45/0,30|-60/0,30
108 F 0/0,15,30,45,60,75,90 {-15/0,30 |-30/0,30 [-45/0,30|-60/30
133 F 0/0
9 F 0/0,15,30,45,60,75,90{-15/0,30 |-30/0,30 |- 15/0,30|-60/20
67 | T 00
|60 F 0/0,15,30,45, 60,75 |-15/0,30 |-30/0,30 !-15/0,301-60/30
. 45 ¥ 0/0,15,30,45, 60,75 |-15/0,30 | -30/0, 30 1-45/2,30
© 52 F 0/0 .-
i 33 P 0/0,15, 30, 45, 60 -15/0,30 | -30/u, 30 {-45/30
F

15, 30, 45, 60, /0

12




Table 1. 3 (cont'd)

g7y anples covered - DS DOMIZ Detector

Ep Front|
(I\"IEV} Rear
153 F 0/15, 30, 45, 00, 75, 90
R 0, -30, -60/180
138 F [ 0/15%, 30, 45, 60, 75,90
R 0, -30, -60/180
131 F 0/15
R
123 F 0/45, €0, 75
. R
119 F 0/15, 30, 45, 60, 75, 90
' R 0, - 30, -60/180
127 F 0/30, 90
R
106 F 0/15, 30, 45, 60, 75
R 0, -30, -60/180
97 F 0/15, 30, 45, 60
R 0/180
92 F 0/15730, 45, (0
R !0,-30,-6C/180
144 ' F | 0,+15,+30,445,+60/0
133} F 0, +15,+30,445,+60/0
1287 F 0,415,430,+15.460/0
121 F o/
108« F U, 415,430,445, -60/0
a4+ F G, +15,+30,+45/0
84, F |0,-15,-30,-45/0
79 ! F 0,-15,-30/0
8| F

0, -15,-30,-45/0

-15730,60

-15/30,60

-15/30,60
-15/30
-15/30,60
-15/30

-15/30

-30/30,60

-30/30,60

-30/30,60
-30/30
-30/30,60
-30/30

-30/30

-45/30,60

-45/30,60

-45/30,60
-45/30
-45730,00
-45/30

-45 /30

-60/30,60

-60/30,00

-60/30
-60/30

-60/30

13
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Table 1.4

DOME Detector D3 Runs with
Proutons at BNL (GOES-EPS)

Proton H anpgle renge
Encray (rdep! (mostly in 5 steps)
(MeV) {th )

32.0 =15 1t 150

29.0 -1 1o pd0)

25.0 -10 to 410

20.0 -10 1o +40)

15,0 -10

12. 0 -10 1o 440

14
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TABLE 1.5

EPS DOME Protoflight Unit Runs Taken at the Harvard Cyclotron

E (MeV)
S .

66,59, 51, 44, 38,
32,30,25,17,13
30
25
25

E (MeV)
N - IR

144
133,128,121,111,94, 84,79,
66,59, 51, 44, 38, 32, 30

44

51

51

E (MeV)
-

144
133,128,121,111, 94, 84,79
94
94

8 /¢ angles covered-PF S/N 001-D3 DOME Detector

0/0

0/45

0,15, 30/0,15, 30, 45, 60
45/0,15, 30

@ /¢ angles covered-PF S/N 001-D4 DOME Detector

0,+15,+ 30, 45/0

0/0

0/45

0,15, 30/0,15, 30, 45, 60
45/0,15, 30, 45

8 /¢ angles covered-PF S/N 001-D5 DOME Detector

0,+15,+30,+45/0

0/0

0,15, 30/0,15, 30, 45, 60
45/0,15, 30

15
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TABLE 1.6

EPS DOME Flight Unit Runs Taken at the Harvard Cyclotron

Flight-One S/N 002 and Flight-Two S/N 003 DOME data taken at 6/¢ = 0/0

D3 DOME Detector data taken at Ep {(MeV):

66,59, 51, 44, 38, 32, 30,25,17,13

D4 DOME Detector data taken at EP (MeV):

121,111, 94, 84,79, 66,59, 51, 44, 38, 32, 30

D5 DOME Detector data taken at Ep (MeV):

144,(S/N 003 only), 133,128,121,111, 94, 84,79

16
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Fig. 1.9 SET UP AT BNL
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was mounted on a linear scanning platform and used to check the proton
beam uniformity across the four inch diameter absorber area of the ro-
tating absorber wheel. These tests showed that for all beam energies

used, the lead {(Pb) absorber/spreaders (Figure 1. 6) provide a beam uni-
form to about 10% over the monitor detector/ DOME separation of Figure 1. 6.

The second monitor detector was used without any collimation but
had its sensitive area calibrated by the use of alpha sources and collimators
in a vacuum chamber. The first monitor detector, collimated as shown
in Figure 1.6, had an effective area which was different from the collimator
area and varied somewhat with energy. This was the result of the narrow
acceptance angle of the collimnator {about 10 maximum), the large beam
angular spread produced by the Pb absorber/scatters, and the AL/Cu ab-
sorbers on the absorber wheel. The second monitor detector responds to
the proton fluxes more nearly like the DOME detectors, which have large
acceptance angles, and was thus used to provide an absolute calibration
for the DOME unit detection areas and geometric factors. By cross-cali-
brating the first monitor detector to the second monitor detector, all
earlier runs made with only the first monitor detector were provided with
an absolute calibration,

2. PRIMARY GEOMETRICAL FACTOR DETERMINATION

2.1 Method of Approach

2.1.1 Basic Energy Dependent Geometrical Factor

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

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

2
where A(E,§2), ¢m, is the effective area of the acnsor in the direction of 2,
and Co' cps, is the count rate found by integrating over Q2

co(E) =f FE,) A(E, ) dQ (2.2)

For an isotropic angular flux, F can be removed {rom the integral, and

CO(E) = F(E)f A(E, Q) dQ {2.3)
= F(E) G(E) (2. 4)
where G(E) = f A(E, Q) a cm2 - sr (2.3
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is the isotropic 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, 1) as a function of F(E,2) and the deteclion system parametcers,
and then find A(E, 1) by use of (2, 1}:

A(E,Q) = C(E,Q)/F(E,Q) (2. 6)

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

Experimentally, the particle beam in Figure 1.3 is almost monodirce-
tional, so that the solid angle is quite small. In that case, it is convenient
to write A(E, Q) from (2.1) as
dC (E,Q) aC_ (E, Q)

= FE, Q) AL(E.Q)

where, in direction {2, ACO is the increment of count rate produced by a
measured increment of essentially monodirectional angular intensity

A(E,Q) 2.7

AL(E,Q) = F(E,Q)AQ  p/(cm” - sec) 2. 8)

Thus, in both the analytical and experimental cases, the isotropic geometrical
factor is found by use of Eq. (2.5).

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
approach. Furthermore, we note that there are variables upon which
the count rate depends that are not shown in (2. 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 Section 1, the approach is to ir-
radiate the DOME at different angles of incidence with a particle flux
of known intensity, 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 AI 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 Cm recorded in some time t by the monitor ditector,_l(Figure 1. 6)
whose area is A_ . The intensity is C_ /(A_t), (cm™ - sec) = at the moni-
tor detector, angli.f the corrected area is used {Section 4, 2), then this is
the same as the intensity at the DOME detector, Thus, the DOME intensity
is taken as

Al = cm/(Amt) (2. 9)
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During this time t the counts recorded in the DOME are C .. Hence, by
replacing the integral with a summation over the number df values of i
used, we obtain

G(E) = Amt E ..C;d(_.s}l_) AR (2.10)
: t Cm(gi) i -
i

Thus, C.(.Yand C (§).) are the values of those quantities recorded
while the DOIbIE is oﬁemeh at Q.(= 8, ¢, degrees)to the incident
particle direction. These can va.z}y w:.thlt:i.n%e. of course, but use of the
monitor in this way eliminates the temporal effects. Hence, t cancels in
{2.10) and the result is

G(E} = E N{Q,) G, (2.11)

where the number of DOME counts observed per monitor count, wh:.le the

DOME is oriented at angle £, i’ is « 15)
N(Q,) = C,(Q)/C_(Q) (2.12)
and a geometrical factor associated with the particular measurement at
angle Qi is .16)
G, = A_ AR, (2.13)
i m i

which, by integration over the polar angles becomes
= & - - -
G, = A A¢.(sin 6, -sin B ) (2.14)
Here ﬁél. radians, is the width of the ¢ bin centered on (b and the
range Bl to 62. is centered on 8. i

The procedure then is to measure C (Q ) and C . (£).) at a series
of values of §2.. N(£2.) is calculated fromnh 1 }» and since A is known,
the G are founé from (12 14). Then G(E} is calculated from (2. H).

2.1.3 Analytical Energy Dependent Geometrical Factor
The DOME detectors have a broad set of view angles, covermg

approximately + 30° in 8 and +60 in ¢, where 0O is the view angle
to the detector normal in the plane shown in Figure 1.1, and ¢ is the

.17}
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angle in the plane of Figure 1.2, This large fan-shaped acceptance

cone makes direct calculation of the DOME geometric factors more
difficult than for the simpler, smaller angle cylindrical symmetry of

the telescope (Ref. 1.9), The high particle energy i-ange of the DOME

unit also makes the collimator edge effects more Important because of

the large particle ranges in even high density materials such as tungsten,
The large range in ¢ &600) also means that detector edge effects (par-
ticles passing through the edge of a ¢ylinder rather than throught the entire
thickness) become important, particularly for the channels P4/El in D3
and the channels P6/P7 in D5.

The above factors mean that the experimentally measured G{E)
values (Eq. (2.11}) are always to be used for the DOME, with theoretical
values only providing some guidance as to the approximate values. A
theoretical G value, neglecting the above factors, can be derived by nu-
merically integrating over the (6, ¢ ) angles. For an interval (01. d)l) to
(92. ¢2), the solid angle increment is

A = - i - 81
le (¢2 ¢1)(sm 9, - sin 91) (2.15)
which is simllar to (2. 14).

The effective detector area at the angle (8, ¢) is

A(9,¢) = Ao cos § cos¢ {2.16)

where A = A(0,0) is the total detector sensitive area at normal incidence.
Equationo(Z. 16) is an approximation accounting for the effects of the tung-
sten collimator. As shown at the bottom of Figure 1.5, the two solid state
detectors in one DOME module are separated by their diameter, forming
a cylinder with a height equal to the diameter, The detectors are 1.5 mm
thick, so the gap between them is only 2. 6 mun; therefore, for angles up
to at least 60 , the area of the uncollimated detector pair is more nearly
constant, The tungsten collimator makes (2.16) a better approximation
for the DOME units, and from Figure 1.1, at ¢ = 60° it appears better to
reduce (2. 16)) by an additional factor of 2 to account for partial shadowing
of the front detector by the collimator edges.

The (6, ¢ ) angles were split up into 150 increments, centercd on
8= 0° 15°% and 30°, and ¢ = 0°, 15°, 30°, 45°, and 60°. Symmetry
was used to split the acceptance cone into four quarters, so only positive
(6,9) were used. . The resulting parameters are given in Table 2.1, with
A82; from (2.15), and the A /A values coming from (2.16). The additional
arela factor of 0.5 for ¢ = bo"was justified above. The result sums to
give

Gcalc = 1,96 AO {2.17)
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Ny

Central
8,9

(degrees)
0,0
0,15
0, 30
0,45
6,60
15,0
15,15
15,30
15,45
15, 60
30,0
30,15
30, 30
30,45
30,60

TABLE 2.1

Parameters for Calculating the DOME Geometric Factor

Range in
9,6
(degrees)
(-7.5,7.5),(-7.5,7.5)
" . (7.5,22.5)
" » (22,5, 37.5)
" »{37.5,52,5)
" »{52. 5, 67. 5)
(7.5,22.5),{-7.5,7.5)
" »(7.5,22.5)
" » (22. 5, 37. 5)
" »(37.5,52,5)
" ,(52.5,67.5)
(22.5, 37.5),(-7.5,7.5)
" »(7.5,22,5)
" »(22.5, 37.5)
" » (37.5,52.58)
" »(52.5,67.5)

Number a8l
of bins for bin A /A Additional
from {Eq. (2. 15)}) i o Area AG. /A
symmetry (sr)_ (Eq. {2.16)) _Factor (8r) °
1 0. 0683 1. 000 1.0 0, 0683
2 0, 0683 0. 969 1.0 0.1320
2 0. 0683 0. 866 1.0 0.1184
2 0. 0683 0. 707 1.0 0. 0967
2 0. 0683 0. 500 0.5 0, 0342
2 0. 0660 0. 966 1.0 0.1275
4 0. 0660 0.933 1.0 0. 2464
4 0. 0660 0. 837 1.0 0, 2209
4 0. 0660 0. 683 1.0 0. 1803
4 0, 0660 0. 483 0.5 0. 0638
2 0, 0592 0. 866 1.0 0.1025
4 0, 0592 0. 837 1.0 0.1981
4 0, 0592 0. 750 1.0 0.1776
4 0. 0592 0. 612 1.0 0.1450
4 0, 0592 0.433 0.5 0. 0513
G/Ao = 1.96

%*
See text for discussion.
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which normalizes G to the detector area. The result (2.17) is ex-
pected to be accuratcea%g better than 50% for the center energies of a
particular bin and may be somewhat too large since all the neglected
factors tend to decrease Gcalc'

2.1,4 Average Geometrical Factor

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

Here, we will present results for an isotropic_fifferential (in ener~
gy) angular flux spectrum f(E), (cm -sec-sr-MeV}) ~. The number of
particles between E and E + dE is then f(E)dE, and the count rate for a
specified G(E) is

c = f f(E) G(E) 4E (2.18)

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

defined by "limits" E_. and E__, then
1i 2i
f(E) ~ {(E)
where E = (EZi + Eli)lz (2.19)

is the average energy characterizing that region, and

c(E) ~ {(E) f G(E) dE

Now the integral can be written

G(E) AE = f G(E) dE

where AE = EZi - Eli (2. 20)

thus defining G (E) as

G(E) = 2= G(E) dE (2. 21)
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Hence, ¢{(E) can be expressed as

c(E) = {(E)G(E) AE (2. 22)
within the approximate range &E.

Given the count rate and a(E) AE, the average flux in the region is given
by:

F(E) = e(E)/(G(E) AE) (2. 23)

In the case of the primary geometrical factor determination, there
is generally only one value of G(E) of interest: that averaged over the chan-
nel limits and called the ""channel average geometrical factor'. However,
for spurious responses, there may be several energy regions which con-
tribute to a given energy channel; and those are called the "spurious average
geometrical factors' for a given energy channel. Effectively, the calculated
spurious counts in the channel of interest must be subtracted from observed
counts before the average flux in the channel can be defined by use of (2. 23).

The quantity f(E) determined from (2,,23) is then to be interpreted
as the approximate number of particles/{cm -sec-sr - MeV) in the region
E .toE_ .. Itis a relatively crude approximation, which can be improved
s:.glni.fica.n]tly by straightforward reiteration methods involving assumptions
about the dependence of {(E) on E, other than that f(E) is constant within
the region. The details of such approaches are beyond the scope of the
present effort, however, (See Ref. 2.1 for some examples),

2.2 Results

2.2.1 Experimental Energy Dependent Geometrical Factor

The experimental data are in the form of the number of counts, C ,
recorded in a given energy channel at angles { during the time t requirid
for the monitor detector to record a fixed number of counts, usually 10
for reasons of statistical accuracy. This allows a determination of N({2),
as defined in Eq. (2.12), which is the quantity of interest. From the
values of N({)) at the various values of {2, the energy dependent geomet-
rical factor, G(E), is determined by use of Eq. (2.11).

The particle energies and angles used at the Harvard Cyclotron
and the BNL Tandem Van de Graaff for the Engineering Model DOME are
given in Tables 1.3 and 1.4, Tables 1.5 and 1, 6 list the additional data
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acquired with the Protoflight, Flight One, and Flight 'I‘owo units. The
experimental geometric factors were sumxned over 15 angle mcre—
ments in (8, ¢ ), with @ going from 0° to 45° , and # from 0° to 60°.
The angular ranges, number of symmetry bins, and &Q values are
given in Table 2 2, which is snn:llaér to Ta.ble 2.1 except for the exten-
sion of 6 to 45°. The {6, o) =1(45", 60° } bin is not included since it is
generally negligible.

The only complete angle scans were made with the Protoflight
DOME, with 25 MeV {D3), 51 MeV {D4), and 94 MeV (D5} (Table 1. 5).
The angular scan data were reduced to responses relativeto A = A(0,0)
to allow calculation of the G/A ratio directly as in Table 2.1 for the
theoretical value, The results for D3(P4/El), D4{P5), and D5(P6/PT7)
are given in Table 2. 3 and correspond to the approximate central energies
of each primary proton bin, The results for P4 + El and P6 + P7 are
also shown since these correspond more closely to the conditions for
the theoretical G/Ao value in {2.17).

The average of the G/A value for (P4 + El1), P5, and (P6 + P7)
is 1. 26, which is about 36% les® than the theoretical value in Table 2. 1.
Comparison of the A, /A values in Table 2.1 with the relative area values
of Table 2, 3 shows that. Tost of the difference comes from a faster fall
at the large 8, ¢ values, which comes from collimator and detector edge
effects as discussed briefly in Section 2. 1. 3.

The engineering model DOME data in Tables 1.3 and 1. 4 do not
provide all of the angular measurement points listed in Table 2. 3 but
cover most of the places where significant change occurs. The energy/
angle response data for a given DOME channel were interpolated (or ex-
trapolated) in energy and/or angle to provide a full set of angular points
for each energy. These data were then used to obtain a numerical G/A
factor using the A{), and bin number values from Table 2.2, The re-
sulting G/Ao values are plotted in Figures 2.1, 2.2, and 2. 3. The three
figures also show the average A values for the three flight units (PF,
F-1, and F~2}, which were found to be nearly equal, By interpolation,
the G/A values were obtained for all energies where A values were mea-
sured, and the resulting G values are plotted in Flgures 2.4, 2.5, and
2,6. The G values correspond to that from the primary collimator cone
and do not include back entering particles through the copper plug (Figures
1.1 and 1. 2) (threshold about 80 MeV for protons) and from particles
penetrating the tungsten collimator (threshold about 120 MeV), The G
factors for these higher energy particles are discussad in Section 3,

In Figures 2.1, 2,2, and 2. 3, the G/A values are nearly constant
over the primary bin widths and peak at the h1gh energy tail where A
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TABLE 2.2

Angular Bins Used to Obtain Experimental DOME Geometric Factors

Central
8,9
{degrees)
0,0
0,15
0, 30
C, 45
0,60
15,0
15,15
15, 30
15,45
15, 60
30,0
30,15
30, 30
30, 45
30,60
45,0
45,15
45, 30
45, 45

L

Range in
9,9
{degrees)
(-7.5,7.5),(-7.5,7.5)
" ,(7.5,22.5)
" ,(22.5, 37.5)
" ,(37.5,52.5)
" ,(52.5,67.5)
(7.5,22.5),{-7.5, 7. 5)
" ,{7.5,22,5)
n ,(22.5,37,5)
" ,(37.5,52.5)
" ,(52.5,67.5)
(22.5,37.5),(-7.5,7.5)
r ,{7.5,22.5)
1 ,(22.5,37.5)
" ,(37.5,52.5)
" ,{52.5,67.5)
(37.5,52.5),(-7.5,7.5)
" . (7.5,22.5)
" , (22. 5, 37. 5)
" . (37.5,52.5)

Number of
bins from

symmetry

B B N R e R bk v R R R b N NN N

!SI‘!

0. 0683
0.0683
0. 0683
0. 0683
0. 0683
0. 0660
0. 0660
0. 0660
0. 0660
0. 0660
0. 0592
0. 0592
0. 0592
0. 0592
0. 0592
0. 0483
0. 0483
0. 0483
0. 0483
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TABLE 2.3

Measured Angular Responses and C—/Ao Values for the Protoflight DOME

at the Approximate Bin Center Energies for Protons

9,9 D3 at 25 MeV D4 at 51 MeV D5 at 94 MeV
(degrees) Rel (P4) Rel(El) Rel (P4+El) Rel (P5) Rel (P6) Rel (P7) Rel(P6+P7)
0,0 1,000 1. 000 1. 000 1. 000 1.000 1.000 1. 000
0,15 0. 878 1,115 0. 950 0. 884 0.894 1.384 0. 944
0, 30 0.591 1.177 0. 767 0. 697 0.656 1.372 0. 727
¢, 45 0. 409 0,834 0.537 0. 442 0.454 0,622 0. 471
0,60 0.173 0. 261 0. 200 0.162 0.218 0.297 0. 226
15,0 0, 866 0.912 0.881 0. 852 0.745 1.128 0. 766
15,15 0. 789 1,019 0. 859 0. 765 0.694 0.912 0. 715
15, 30 0. 569 1. 057 0.716 0. 608 0.570 0.810 0.594
15,45 0.393 6. 730 0. 495 0. 389 0.346 0.408 0. 352
15,60 0.127 0. 227 0.157 0.179 0.139 0,245 0.150
30,0 0. 317 0. 767 0. 451 0.503 0.349 0.534 0. 367
30,15 0. 252 0, 566 0. 346 0. 445 0.264 0,461 0. 284
30, 30 0.155 0. 496 0. 257 0. 317 0.200 0,239 0. 204
30,45 0. 057 0,160 0. 088 0.166 0,089 0.166 0. 097
30,60 0. 006 0. 020 0. 011 0.032 0.024 0. 065 0. 028
45,0 0. 002 0. 010 0. 004 0. 021 0.010 0,026 0.012
45,15 0. 000 0,017 0. 005 0.010 0.013 0.025 0.014
45, 30 0. 000 0. 000 0. 000 0. 007 0,004 0,000 0. 003
45, 45 -- -- .= 0. 004 -- -- --
Resulting
'C}/A;= 1.11 1,84 1.33 1.29 1.11 1.64 i.16

*
G/Ao calculated using the AQi and bin numbers from Table 2, 2.
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has decreased. The latter result comes from the high energy bin exten-
sion for non-normal entry particles. The central bin averages of G/A

are 1.55 for D3 (P4 + El1), 1.29 for D4 {P5), and 1. 35 for D5 (P6 + P'??,
giving an overall average of 1,40, This is slightly higher than the average
from Table 2. 3 and is about 30% less than the theoretical value of Eq. (2.17).

The G(E) values plotted in Figures 2. 4 and 2.5 are complete for
P4 and P5 and should be reasonably constant for El up to a few hundred
MeV for protons. The P6 and P7 results in Figure 2.6 show only the
rise in P7 and the start of the high energy fall-off for P6, Possible ex-
tensions are indicated by the dotted lines, with the nearly flat responses
being the more likely, Above 140 MeV, the response is more nearly iso-
tropic and is discussed more fully in Section 3.

The ¢ angle distribution, G(¢), is shown in Table 2.4 for the data
of Table 2. 3. These are typical angular sensitivities in the plane of
Figure 1. 2, above (and below) the satellite equatorial plane, for particles
near the central bin energies. For higher energies near the upper bin
edges, the distribution spreads out to larger angles, peaking near +15
to +30°. The summed response from the + 60" angles is about 30% of the
response at 0, so the DOME provides a good angular measure to +60
from the spin plane.

2.2.2 Channel Average Geometrical Factor

The G(E) plots in Figures 2.4, 2.5, and 2, 6 give the geometrical
factors for the primary bins for all three flight unit DOME sensors. The
G(E) curves can be used to obtain complete channel average geometrical
factors for P4 and P5 and reasonable extrapolated values for El, P6, and
P7. Since the alpha particle channels should behave similar to the proton
channels when compared on an energy/nucleon basis (see Figures 1.3, 1.4,
and 1.5), the calculated alpha particle channels of Table 1. 2 can be cor-
rected by the proton data, This is done by taking the corrected alpha bin
limit as equal to the calculated alpha bin limit muitiplied by the ratio of
measured/calculated bin limits for the proton bin of the same DOME,

The channel average geometrical factors were calculated using the
procedures of Section 2.1.4, The energy limits, E i and E_. were chosen
as the energies where G(E) falls to about half of the Central %m average,
The results are given in Table 2.5. For P4 and P5, the values are quite
accurate since the full energy range was measured (Figures 2.4 and 2,5).
The corresponding corrected alpha particle channels, A4 and A5, should
also be reasonably accurate. The P6 and P7 values for E_ ., should also
be accurate, but the E_. values are based primarily on the theoretical values.
The G values for P6 and P7 are based on the maxima of Figure 2. 6, The
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TABLE 2.4

G{¢) / Ao Measured Angular Responses for
the Proto-Flight Dome

é D3 at 25 MeV D4 at51MeV D5 at 94 MeV
{degree) P4 El P4+E] P5 Pé P7 P6+P7

0 0.220 0.280 0.238 0.242 0.209 0.283 0.214
+15 0.194 0.279 0.220 0.215 0.185 0.272 0.194
130 0.134 0.279 0.177 0.166 0.144 0.229 0.153
0
0

+45 0.087 0.172 0.112  0.102  0.087 0.116 0.090
+60 0.029 0.050 0.036  0.038  0.036 0.060 0.039
Sum = 1.11  1.84 1.33 1.28  1.11  1.64 1.17

Note: based on data of Table 2.3. Minor differences (+0.01) in the Sum
are from round-cffs at different stages of the calculation.

TABLE 2.5

Experimental/ Corrected Channel Average
Geometrical Factors

Ei Es AE E [
Channel vy (MeV) (Me V) MeV (cm>-sr)

P4 15 44 29 29.5 0.21
Ps5 39 82 43 60.5 0.36
Pé6 84 (200) 116 142 0.28
P7 110 (500) 390 305 0.16
Ad%x 60 180 120 120 0.21
AS%x 160 260 100 210 0.36
Ab* 330 (500) 170 415 0.28
E1T 32 (=500) (468) (266) 0. 46

#*Alpha particle bins are corrected values based on the proton
measurements,

TThis is for the E1 response to protons, Note that the response
has a two-step rise (see Fig.2.4).

Note: Values in parentheses are based primarily on the theo-
retical estimates,
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Ab values are derived from the P6 values. For El, the E i value is
from Figure 2.4, but note that the rise consists of a double step while

only one-half height value is listed. The EZ' value for El is the approxi-
mate theoretical value. !

e calculated G for a DOME channel based on Table 2.1 and a
0. 25 cm’  detector set is 0,49 cm -sr. The value for El (0.46 cm -sr)
is close to this as is the P5 value (0. 36 cm -sr). Because of energy
loss straggling by the protons and detector edge effects {corners) at non-
normal incidence, the P4/El and P&/P7 channels tend to merge., For
P4, the El channel is just.as sensitive (Figure 2, 4), and this explains
the low G for P4 (0, 21 cm -sr, about half the theorectical value). Simi-

larly, P6 and P7 tend to merge (Figure 2. 6), and so both have 2 G lower
than the theoretical value.

The primary bin geometrical factors of Table 2.5 are reasonably
accurate and should be used for most data analysis. Note that all bins
have additional geometrical factors above 80 MeV and 120 MeV protons
from shielding penetration. These are discussed in Section 3.

2.3 Electron Channel Geometrical Factor

The calculated response of D3 to electrons in channel El is
shown in Figure 1. 3, where the electron energy losses in Al {(Ref. 1. 4)
and Si (Ref, 1.5) have been used, The penetration energy of electrons
for the D3 Al shield is about 0. 33 MeV, while for the D4 shield, it is
2.6 MeV and for the D5 shield 15 MeV, From Figure 1, 3, a threshold
of 1. 77 MeV of energy loss would give an effective threshold of 2 MeV
for electrons in El for total energy loss in the Si detectors., The theo-
retical G would be 0. 49 cm™ -sr corrected to about 0. 34 cmn -sr on the
basis of the proton scans.

Electrons undergo significant scattering so that the actual energy
loss is spread from the total loss curve of Figure 1.3 down to zero energy
loss. The detailed energy losgs spectra for monoenergetic electrons in
silicon detectors has been calculated and measured with extensive results
being presented in Ref, 2,2, The transmission of electrons through foils
has also been discussed extensively in Ref. 2. 3. The data in these two

references form the basis for theoretical calculations of the electron de-
tection efficiency of the El channel in the D3 DOME,

The theoretical detection efficiency of the El channel with a 1. 77 MeV
threshold depends on two factors: the penetration of electron through the
D3 shield; and the deposition of energy in the silicon detectors. Since the
D3 DOME shield is 0.125 g/cm of aluminum, it is the range thickness
for 0. 33 MeV electrons, and minimum ionizing electrons (the range of
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about 0.5 to 5 MeV) only lose about 0.19 MeV in penetrating the shield.
The data and calculations in Ref, 2. 3 show that for electrons of energy
> 2 MeV the transmission fraction for the D3 shield is nearly 100%, so

the shield slightly shifts the average electron energy but does not affect
the intensity.

The data and calculations in Ref. 2.2 can be used to calculate
the detection efficiency of a silicon detector for several electron energy/
detector thickness combinations and for any detector threshold between
0 MeV and the incident electron energy., This involves integration over
several spectral curves presented in Ref. 2.2 but yields a table of ef-
ficiencies for a number of values of Eth./E and z/ro, where E , is the
detector threshold (MeV),E _is the incident electron energy (L/ng), z is
the detector thickness (g/crg ), and r is the range of the electrons of
energy E_(in g/em®). Using this tabl® to interpolate for E_ = 1.77 MeV
andz = 0. 699 g/cm” (3000 pm of silicon), the resulting det?ection effi-
ciencies for 2 to 10 MeV electrons are given in Table 2,6, These theo-
retical detection efficiencies are likely tc be too high for two reasons.
First, the theoretical values are for a detector with a large horizontal
extent compared to the electron scattering paths, so that there are no
edge losses. This is clearly not the case for E1 where the full detector
area is irradiated by electrons. And second, the calculations are for a
single detector slab, whereas the D3 module contains two 1500 um detec-
tors separated by about 2,6 mm (2600 pm){exit face to entrance face).
The theoretical detection efficiencies of Table 2, 6 show an approximately
flat efficiency above 2 MeV, with 2 MeV being a sharp threshold. The
actual threshold is not likely to be too sharp but should be at about 2 MeV,
and the efficiency should be reasonably constant at higher energies.

The response of the Protoflight DOME E1 channel to 5r-Y-90
{2.27 MeV end point) and to Ru-Rh-106 (3. 54 MeV end point) beta sources
was measured to provide an experimental correction to the theoretical
electron detection efficiencies in Table 2. 6. Both beta sources have been
calibrated so that the forward beta intensity can be readily calculated.
The beta spectra shapes for the two sources are taken from Ref. 2. 4.
The sources were 45 cm from the D3 DOME and were collimated to re-
duce air-electron scattering effects. The net electron energy loss in the
air and the D3 shield is about 0. 25 MeV; therefore, the measured count
rates for a given threshold Et (MeV)} were compared with the calculated
source flux above Eth + 0,25 &/[eV). The results are shown in Table 2. 7,

The beta source results for Sr-Y-90 and Ru-Rh-106 are in good
agreement and show that for a thresheld of 1. 75 MeV the detector effi-
ciency is only about 10%. This is about a factor of three lower than the
calculated efficiency in Table 2. 6 but is not unreasonable considering the
differences between the theoretical conditions and the actual D3 detector
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Theoretical Detection Efficiencies of the E1 Channel for Electrons

TABLE 2.6

Incident Electron
Energy, Eo (MeV)

2
3
5
T

10

Calculated Detection Efficiency

for Et

= 1.77 MeV

h

0. 31
0. 25
0. 30
0,31
0. 27

TABLE 2.7

Measured Beta Source Responses of the E1 Channel

Detector Source Sr-Y-90 Results Ru-Rh-106 Results
threshold Spectrum Calculated Measured {Measured } Calculated Measured {Measured
energy, threshold Counts Counts \Calculated Counts Counts \Calculated
_}_E‘.th {(MeV) {MeV) (1 sec) (1 sec) (1 sec) (1 sec)
0.5 0.75 2220 1955 0. 88 658 586 0. 89
1.0 1. 25 1080 580 0.54 473 237 0.50
1.5 1.75 228 42, 3 0.186 2817 53.0 0.185
1.75 2. 00 51.4 3.55 0. 069 183 20, 0 0.109
2.0 2,25 0.0 0. 47 -- 129 6.52

0. 051

The Sr-Y-90 results for E h
able because of the closeness to the tbe

= 1,75 and 2. 00 MeV are question-
ta spectrum end-point energy, so

the efficiencies at these thresholds are better given by the Ru-Rh-106 re-
sults., The net conclusion is that the E1/D3 channel has a threshold of
2 MeV (half of pegk detection efficiency) and a detection efficiency of 0.10.

With the 0. 34 cm -sr geometric factor for unit detection efficiency,

e

El channel has a geometric factor for > 2 MeV electrons of 0. 034 ecm -sr,
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3. SPURIOUS GEOMETRICAL FACTOR DETERMINATION

3.1 Method of Approach

The DOME detectors are well shielded from protons below about
80 - 115 MeV for all directions outside the primary acceptance cone
discussgd in Section 2. Above 80 MeV, some protons can penetrate the
8 g/em™ copper plug behind the detectors, and aboye 115 MeV, some
can penetrate the tungsten shield of about 20 g/cm . For these high
energy protons, the detectors have a nfarby omnidirectional response
with a geometrical factor near 2.5 cry -sr. Since the primary geo-
metrical factors are near to 0. 30 cm -sr, the spurious (shielding-pene.
trating particle) geometrical factor will dominate at high energies. This
is especially true for P6é and P7 (and A6), the highest energy channels,

The spurious geometrical factors were calculated using detailed
response calculations for several particle arrival directions, allowing
for variations in shielding and in detector thickness. The calculated
energy-dependent geometrical factors were then compared to experimen-
tal values; and final experimentally corrected spurious geometrical fac-
tors derived. The method is discussed in more detail in the following
sections, which also give the final corrected spurious geometrical factors.

3.2 Results
3.2.1 Analytical

The basic DOME module construction is shown in Figure 1, 2,
where the detector volume, tungsten shielding, and rear copper plug
shielding are all illustrated. The spurious geometrical factors arise
from particles penetrating the tungsten and copper plug shielding. Most
of these particles have also penetrated various amounts of spacecraft
structure so that the actual shielding is somewhat variable, The DOME
structure also introduces some variability into the shielding thickness
for different directicns; therefore, the response calculation is not as
straightforward as for the primary geometrical factors in Section 2,

The basie components for the spurious geometrical factors are
given in Table 3,1, which provides the solid angle, area, shielding, and
detector thickness for a decomposition into five angular bins. The solid
angle is just 2w (cos 8 - cos 8_), while the detector area shows only small
changes with angle. The latter is because two 0,15 e¢m thick, 0.56 cm
diameter, stacked discs have 0. 25 cm ™ area for normal incidence and
0.17 cm Jarea edge on (6 = 900). The copper plug is used for shielding
from 135 to 180 and tungsten for the remaining angle ranges. The
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TABLE 3,1

Basic Components For Calculating the

S ious ors
) r i detector
2] a.ngle ’ AQ Shieldin& descrigtion - thicknesses
. area : T r , .

range solid angle Material Thicknesses (g /cm ) in microns *
(degrees) {sr) {em ) Average Range Average Range
165-180 0.214 0. 25 Cu 11 8-14 3000 1750-3000
135-165 1. 63 0. 25 Cu 11 8-14 3000 1750-3000
105-135 2.82 0. 20 w 20 18-25 3000 3000-4250

75-105 3,25 0.17 W 20 18-25 4250 3000-4250

45-75 2.82 0. 20 w 20 18-25 3000 3000-4250

*Ranges are approximate. In inost cases the minimum is Op for particles just

striking the detector edge.

range in shielding thicknesses are estimates for the effective thickness

range. In most cases, the actual range is somewhat larger, in particular

extending to 0 p for edge penetrating particles, The final thicknesses
have been rounded to 3000 + 1250 microns to provide a reduced set for
calculations, giving each angular range only two detector thicknesses.

The several absorber thickness/detector thickness combinations

in Table 3.1 were used with the procedure described in Section 1 to cal-

culate the proton energies corresponding to the various detector energy
thresholds. From this a table of proton energy detection ranges was
generated for each particle channel (El to P7) and each angular range
in Table 3.1. The two detector thicknesses for each angular range
were then combined with a relative weight based on the estimated frac-
tional areas effective for each thickness (the 165-180 degree bin had
given the 3000/1750 thicknesses a relative weight of 7/1 since at near
normal incidence few particles can pass through a detector edge). The
resulting detection ranges were smeared out over the energy range
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given by the absorber thickness range, broken into smaller energy
ranges, and then summed over angle, The resulting calculated
spurious geometrical factors are given in Table 3, 2,

3.2.2 Experimental

The spurious geometrical factors were meagured r.£>t::r a nu.rn%er
of proton energies by irradiations at § = 907, 120, 150, and 180
(rear irradiations - see Table 1.5). Using these data with the AQ values
of Table 3.1, and assuming 8 = 60° is the same as 6 = 120°, the
resulting measured geornetrical factors are given in Table 3. 3, along
with the calculated/measurcd ratios, The E1/P4 results at 79 MeV are
right at the threshold and so are quite sensitive to beam energy spread;
thus, they are not compared with a theoretical value. The P6 results
at 119 MeV have calculated much higher than measured, but this is just
past the large jump in the theoretical G at 110 MeV and so is excluded
from the second average ratio value, The two low energy P7 ratios are
quite low because of P7 sensitivity to lower energy protons. This factor
also shows up in the primary geometrical factor for P7 as shown in
Figure 2, 6. The second average ratio for P7 excludes the two low ener-
gy values.

The average ratios in Table 3. 2 are used to provide a corrected
estimate for the spurious G(E) values. These are then vsed to correct
the calculated values in Table 3, 2 and to provide the best estimate values
for the spurious G(E) as listed in Table 3. 4. The correction divisors
have been rounded off, and the P4 value has been reduced to 2. 0 to avoid
excessive weighting from the 94 MeV wvalue. The resulting G(E) values
are estimated to be accurate to + 50% on the average but may have larger
errors at isolated energies, especially at the breakpoint energies where
G({E) changes significantly, The low energy end has an additionzl uncer-
tainty introduced by the variable and largely unknown shielding of the
DOME by the spacecraft structure and other instruments. The lowest
energy range for P7 has been increased to be more in accord with the
rmmeasurements,

The spurious geometrical factors for the alpha particle channels
have been calculated from the proton results. The alpha particle/proton
energy ranges for the direct bins {Section 2) have heen used to normalize
the proton energy ranges in Table 3. 4 to obtain the G(E) for A4 from P4,
AS5 from P5, and A6 from P6. The lowest energies are four times the
lowest proton energies; the highest energies are four times (for A4/P4},
three times (for A5/P5), and two times (for A6/P6) the highest proton
energy with the other energies being linear interpolations,



TABLE 3.2

Uncorrected, Calculated Spurious Geormetrical Factors

Proton Energy Calculated Geometrical

Particle Range Factor, Gcaic
Channel {(MeV) {cm2-sr)

El 80-90 ¢.014
90-110 0.42
119-125 0.48
125-300 2,03
300-800 0. 56

P4 80-115 0,076
115-150 0.49
PS5 80-110 0.18
110-150 1.15
150-190 0.42
P6 80-110 0.29
110-130 1.69
130-200 1.61
200-300 0.52

P7 80-110 0.0031
110-170 0.15
170-250 1.48
250-500 1.90
500-900 0.56
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TABLE 3,3

Measured Spurious Geometrical Factors and
Ratios of Calculated to Measured

Particle Proton Energy Measured Geometrical Calculated
Channel (MeV) Factor (cm?-sr) ( Measured )
El 79 0. 062 -
94 0.098 4,27
108 0.170 2,46
144 0.672 3.02
Average = 3,25
P4 79 0.009 -
94 0.014 5.42
108 0.072 1.05
144 0.345 1.42
Average =2, 63
P5 92 0.084 2.15
96 0.133 1.36
106 0.076 2,38
144 0. 678 1.69
Average =1.90
P6 92 0.110 2.65
106 0.209 1.39
119 0.239 7.05
138 0.639 2.51
153 0.654 2.46
Average =3,21/2, 25%
P7 92 0.014 0.22
106 0.040 0.08
119 0.116 1.28
138 0.190 0.78
153 0. 302 0.49
Average =0.57/9.85%

*This average excludes the 7. 05 value,
+This average is only for the last three (3) values,
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TABLE 3,4

Corrected Spurious Geometrical Factors
for Protons

Particle Proton Energy Range Corrected Geometrical Correction Divisor

Channel {(MeV) Factor(crnz-sr) Used
El 80-90 0.005 3.0
90-110 0.14 3.0

110-125 0.16 3.0

125-300 0.68 3.0

300-800 0.19 3.0

P4 B0-~115 0.038 2.0
115-150 0.25 2.0

Ps5 80-110 0.091 2.0
110-150 0.57 2.0

150-190 0.21 2.0

Pb6 80-110 0.15 2.0
110-130 0.84 2.0

130-200 0. 80 2.0

200-300 0.26 2.0

P7 80-110 0.03 0.10
110-170 0.15 1.0

170-250 1.5 1.0

250-500 1.9 1.0

500-900 0.56 1.0
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The corrected spurious G{E) values in Tables 3,4 and 3.5 are
for particles which enter the DOME through the shielding. These are
in addition to the direct geometrical factors given in Section 2, and the
two must be added to give the total DOME response to high energy
particles.

The alpha particle channels also have a spurious response to
high energy protons caused by nuclear interactions in the silicon and/
or shielding. The results of several measurements at various energies
are summarized in Table 3. 6. The measurements are generally based
on only a few counts each, so the results are near the limits of the mea-
surements, Since the lower energy proton beams were generated by
absorbers (lead, copper, aluminurm, polyethylene), it is alsoc possible
that some of the measured resporlse is actually from contaminants in
the proton beam; and therefore, the results in Table 3.6 ahould be
taken as possibly only upper limits. The G(E) values for 150 MeV pro-
tons increase from A4 to A5 to A6, while the corresponding thresholds
{L8, L10, L13 = 40, 30, 28 MeV) decrease and thus behave as would
be expected. The response of A5 below 80 MeV is at the limit of detec-
tion and may well be due to proton beam contamination,

4, SUMMARY AND CONCLUSIONS

4.1 Summary

The new design DOME detector assemblies for the GOES D, E
and F satellites were calibrated with proton beams to provide experi-
mental energy dependent geometrical factors. Most of the data woere
taken at the Harvard Cyclotron, with some additional low energy data
being taken at the Brookhaven Naticnal Laboratory Van de Graaff Accel-
erator. Data for 12to 153 MeV protons were acquired, The data were
integrated over angle to obtain the primary geometrical factors in
Section 2. The spurious geometrical factors for high energy protons
penetrating the shielding were treated in Section 3.

The measured and calculated primary geometrical factors agree
to about 30%, which is well within the uncertainties of the calculation.
The general energy dependence of the G(E) factors is as expected. The
spurious geometrical factors for penetrating protons have the measured
values as about half of the calculated values, but this is also well within
the uncertainty in the calculations due to the complexity of including the
variations of shielding and detector thickness with angle. The response
of the E]l channel to electrons {(beta-particles) was measured to be about
10% efficiency for electrona above 2 MeV. This is about 1/3 the theo-
retical value for 'large area' detectors with no edge losses and is quite
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TABLE 3.5

Corrected Spurious Geometrical Factors for Alpha Particles

Particle Alpha Particle Energy Corrected Geometrical
Channel Range (MeV) Factor (cm2-sr)
Ad 320-460 0.038
460-600 0.25
A5 320-390 0.091
390-480 0.57
480-570 0.21
Ab 320-360 0.15
360-385 0.84
385-470 0.80
470-600 0.26
TABLE 3,6

Spurious Geometrical Factors of Alpha Particle Channels
for High Energy Protons

Alpha Particle Proton Energy Geometrical Factor
Channel (MeV}) (cmz’-sr)
Ad 150 1x1o'3

100 5x10-4

<80 <1x10-4

A5 150 5x10-3
100 1x10-3

80 3x10-4

<50 <ix10-%

Ab 150 8x10-3
110 1x10-3

90 5x10~4

<80 <5x10~4
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reasonable for DOME detector geometry where the edge losses for
electrons are expected to be large.

The primary geometrical factors for protons are given in
Figures 2.4, 2.5, and 2.6, with the channel average results for pro-
tons and alpha particles being given in Table 2. 5. The spurious geo-
metrical factors are given in Table 3. 4 for protons and Table 3.5 for

alpha particles. The El channel electron response is given in Section 2, 3.

4,2 Conclusions and Comparison with Previous GOES DOME

Proton calibration data for the SMS-A, B, C DOME units are
presented in Ref. 1.10, with a copy of the C DOME data being repro-
duced in Figure 4,1. Although not explicitly stated in Ref. 1.10, the
data in Figure 4.1 appear to be for near normal incidence on the DOME
and are thus best compared to the A{0, ) data in Figures 2.1, 2.2, and
2.3. The jmum counts in Figure 4.1 correspond to slightly less
than the 9 mm  area of one face of the cubical detectors used in these
early model DOMEs.

A more complete angular calibration of the GOES B, C DOMEs
is described in Ref, 1.11, with a copy of the surnmary figure being
shown in Figure 4. 2. The data in Figure 4. 2 ane effective DOME de-
tector area for an isotropic flux of 1_proton/ecm , corresponding to a
directional flux of 1/4 7 protonf{cm =-er). The magimum average
detector area is,about 0. 26 cm” for P6 and 0. 03 cm  for P7, giving a
sum of 0.29 cm™ at 120 MeV, The DOME units described in Ref, 1,11
used 50 mm , .3 mm thick Si{Li) detectors, which hazve a side \Eiew
area of 24 mm and an average area of about 37 mum"~ (0.37 c¢m ) in
reasonable agreement with the maximum effective areas in Figure 4. 2,

The P4 and El curves in Figure 4, 2 appear to be interchanged.
Comparison with the 40 - 70 MeV data in Figure 4.1 shows this most
clearly. Since P4 is nominally for 15 - 40 MeV protons, the P4/El
data of Figure 4.1 are more in accord with expectations, and so Figure
4, 2 most likely should have P4 and El labels interchanged.

The GOES D, E and F DOME data for the primary geometrical
factors in Figures 2.4, 2.5, and 2, 6 have been combined with the
spurious geometrical factors in Table 3, 4 to give the total geometrical
factors plotted in Figure 4. 3, The general shapes of the responses
are similar to those of Figures 4.1 and 4, 2 with the P4/E] interchange
in Figure 4, 2. The major difference is that the increase at about
80 MeV in Figures 4.1 and 4, 2, from protons penetrating the back
shielding plate, takes place at 80 - 90 MeV (penetration of the copper
plug behind the detectors - see Figure 1.2) and at 110 - 120 MeV
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(penetration of the tungsten shield) in Figure 4, 3. From Figure 4, 3,
it is seen that all DOME geometrical factors are at least 0.2 cm -sr
in the primary energy ranges for all channels, and thus meet that re-
quirement., The overall response of the new design DOME detectors
is similar to the response of the earlier design DOMEs, and within
the limitations afforded by a finite amount of shielding material, pro-
vides the energy bin response of the specifications.

The DOME proton channels all have a significant response to
high energy protons, in addition to the primary geometrical factor.
This is shown clearly in the response curves of Figures 4. 2 and 4. 3.
It is impossible to eliminate this high energy "spurious’ response
without the use of totally unacceptable amounts of shielding for satel-
lite-borne detectors, However, solar flare proton spectra generally
decrease rapidly with energy above a few MeV, so the effective re-
sponse of the DOME channels is more nearly equal to the primary
geometrical factor., The only exceptions are the high energy P6, P7
and A6 channels since for them the primary and spurious energy ranges
are quite close in energy, but because they are high energy channels,
there is no important shift in the effective channel response. The
DOME units will thus generally respond to the approximate primary
energy range for most of the duration of a solar proton event.
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