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A COMPUTER PROGRAM TO DETERMINE
THE EFFECT OF CHARGED-PARTICLE IRRADIATION ON

SOLAR-CELL OUTPUT POWER

A. F. Obenschain
Space Power Technology Branch
Spacecraft Technology Division

ABSTRACT

A major consideration in designing a solar array is the charged particle
environment in which it will operate. The computer program described here,
developedto calculate the effects of charged-particle flux on the power output of
a single solar cell, will greatly reduce the lengthy and laborious hand calcula-
tions now necessary in designing an array. The program transforms the particle
environment of a given orbit into a 1-Mev equivalent electron flux, and degrades
an individual solar-cell I-V characteristic to account for the effect of this flux.
The output of the program is the value of the damage-equivalent normally inci-
dent (deni) 1-Mev electronflux and a series of current-voltage points represent-
ing the I-V characteristic of the degraded solar cell.
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A COMPUTER PROGRAM TO DETERMINE
THE EFFECT OF CHARGED-PARTICLE IRRADIATION ON
SOLAR-CELL OUTPUT POWER

I. INTRODUCTION

A FORTRAN computer program has been developed to account for the rffect
of charged-particle irradiation on the power output of a single solar cell. The
program converts the charged-particle environment of a given orbit to a damage-
equivalent normally incident (deni) 1-Mev electron flux, then degrades the I-V
(current/voltage) characteristic of a single solar cell to account for the effects
of the computed flux and prints out the degraded I-V curve. Cells of either 1 or
10 ohm-cm nominal base resistivity may be used in the program.

The program consists of three parts:

e MAIN-reads input data, prints output data, and calls the subroutines as
required.

e PHI-calculates the equivalent 1-Mev flux encountered by a solar cell
during its orbital lifetime as a function of the coverglass and the back-

shielding selected.

e DGRADE-degrades a solar cell I-V characteristic to account for the re-
ductions in power caused by the equivalent flux,

This program is based on a paper by R. Rasmussen of RCA/AED! and the
Manned Orbiting Power System (MOPS) Power Computer Programz; B. F. Poinsett
performed most of the actual programming. The program, written in the FOR-
TRAN TI computer language is compatible with the IBM 7094 computer.

II. CALCULATION OF 1-MEV ELECTRON FLUX (SUBROUTINE PHI)
Because the power output of a solar cell depends on the equivalent flux the
cell encounters during its orbit lifetime, an accurate method of determining the
effect of this flux is essential. Subroutine PHI converts to a deni 1-Mev electron
flux the known charged-particle spectrum  of the four types of particles that
damage solar cells most: trapped orbital electrons, trapped orbital protrons,
solar-flare protons, and solar-flare alpha particles. Solar-cell irradiation
degradation is usually defined in terms of this low-energy flux because the
damage equivalency of 1-Mev electrons for each type and energy range of space
particle has been defined.l Once calculated, the 1-Mev equivalent flux for each
type of particle is summed to determine the total 1-Mev flux the cell experiences.
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A flux table prepared for each type of particle contains the particle's flux
population through specific energy ranges on a daily basis. At GSFC, G. Stas-
sinopoulose of the Laboratory for Theoretical Studies usually makes flux tables
for a particular orbit. Tables 1 through 4 list the energy ranges for each type
of particle and give the population of each for a particular crbit. The electron
environment is broken into 11 ranges; the other particle environments are di-
vided into 18 ranges. The program will operate properly only when the particle
populations are divided into the energy ranges specified in Tables 1 through 4.

Table 1

Electron-Flux Format

Enersy- e ! .
Number (Mev) (Electrons/cm?2)
1 0-0.25 2,89 E13
2 0.25-0.50 2,35 E12
3 0.50-0.75 7.78 E11
4 0.75-1.0 2.5 E11
5 1.0 -2,0 1.06 E10
6 2.0 -3.0 4.09 E8
7 3.0 -4.0 3.89 E6
8 4.0 -5.0 2.95 E4
9 5.0 -6.0 3.1 E2
10 6.0 -7.0 1.8 E2
11 7.0 -8.0 1.0E1

The program converts the daily input flux tables into total flux population
tables by multiplying the population of each energy range by the number of days
in orbit. (The '"number of days in orbit," an input parameter specified by the
program user, is merely the time in orbit for which the equivalent flux is cal-
culated.) The program calculates the equivalent 1-Mev electron flux for each
type of particle by applying a damage factor (KD) to the population of each energy
range; damage factors depend on the effective coverglass and backshielding




Table 2

Proton-Flux Format

E;:;:z- (MAEV) (Proto?lg /em?)
Number

1 0.0-1,0 2,32 E11

2 1.0-2,0 3.56 ES

3 2.0-3.0 4,1 E7

4 3.0-4.0 2.19 E7

5 4.0-5.0 1.23 E7

6 5.0-6.0 6.84 E6

7 6.0-7.0 5.47 E6

8 7.0-8.0 3.0 E6

9 8.0-9.0 1.191 E6
10 9.0-10.0 1.23 E6
11 10,0-11.0 1.09 E6
12 11.0-12.0 1.09 E6
13 12,0-13.0 1.09 E6
14 13.0-14,0 4.1 E5
15 14.0-15,0 3.12 E5
16 15.0-30.0 2.46 E6
17 30.0-100.0 2.32 E6
18 >100.0 3.83 E5




Tabie 3

Solar-Flare-Proton-Flux Format

E;ergy- AE Ny,
Nu:,bg:r Mev) (Protons/cm ?)

1 0.0-1.0 0

2 1.0-2.0 1.66 x 10®
3 2.0-3.0 41 x 10°
4 3.0-4.0 2.19 x 107
5 4,0-5.0 1.23 x 107
6 5.0-6.0 6.8 x 108
7 6.0-7.0 5.4 x 108
8 7.0-8.0 3.0 x 10°
9 8.0-9.0 1.91 x 106
10 9.0-10.0 1.23 x 10°
11 10.0-11,0 1.09 x 108
12 11.0-12.0 1.09 x 10°
13 12.0-13.0 1.09 x 108
14 13.0-14.0 8.2 x 105
15 14.0-15.0 6.8 x 10°
16 15.0-30.0 4.9 x 108
17 30.0-100.0 46x 108
18 >100.0 5.4 x 10%
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Table 4

Solar-Flare Alpha-Particle Flux For.nat

Energy- AR Nsa

Range (Alpha

Number (Mev) Particles/cm?)
1 16-18 1.09 x 10°
2 ‘ 18-20 8.2 x 10
3 20-22 8.5 x 104
4 | 22-25 8,2 x 104
5 { 25-30 1.09 x 105
6 ‘ 30-32 5.4 x 104
7 32-35 5.4 x 104
8 35-40 5.4 x 104
9 40-45 5.4 x 10
10 45-417 2.7 x 10
11 47-52 3.2 x 104
12 52-57 3.5 x 104
13 57-65 1.36 x 104
14 60-80 8,76 x 10%
15 80-100 5.4 x 104
16 100-200 6.1 x 10*
17 200-400 1.23 x 103
18 >400 2.7 x 103
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densities (gm/cm?) of the solar cell. Tables 5 and 6 iist damage factors for
orbital electrons and protons, based on data reported by Brown, Gabbe, and
Rosenzweig.3 Although previously trapped orbital protons were distinguished
from solar-flare protons because of the relative uncertainty associated with the
solar-flare proton model, both proton classifications will use the same damage
factor table. Damage factors for alpha particles, from the work of Smith and
Blue,4 are based on the relationship:

3.8¢, (E) = ¢, (4E)
This relationship states that an alpha particle of four times the energy of a pro-
ton does 3.8 times the damage of the proton. Table 7 lists damage factors for
alpha particles. The program user must specify an equivalent thickness of
backshielding and coverglass for each computation; Table 8 lists available shield-
ing densities, and equivalent thicknesses of fused silica coverglass and aluminum

Table 5

Damage Factors for Electrons (KDE)

Energy Shielding Number
Range No. 1.0 2.0 3.0 4.0 5.0
1 0 0 0 0 0
2 0.03 0.02 0 0 0
3 0.13 0.05 0.03 0 0
4 0.30 0.20 0.10 0.02 0
5 115 1.02 0.75 0.47 0.25
6 2.70 2.50 2.05 1.55 1.10
7 4,15 3.92 3.38 2.85 | 2.15
8 5.30 5.15 4,60 4,10 3.30
9 6.15 6.10 5.70 5.30 4.60
10 7.30 7.30 6.80 6.50 5.85
11 | 780 7.80 7.70 7.50 7.0
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Damage Factors for Protons (KDP)

Table 6

Energy Shielding Number
Range No. 1.0 2.0 3.0 | 40 5.0

1 0 0 0 0 0

2 0 0 0 0 0

3 0 0 0 0 0

4 0 0 0 0 0

5 3000 0 0 0 0

6 3700 2000 0 0 0

7 3500 3100 0 0 0

8 3100 3100 200 0 0

9 2800 2800 1400 0 0

10 2700 2700 2600 0 0

11 2660 2600 2100 0 0
12 2500 2500 2100 100 0

13 2500 2500 2100 1000 0 |
14 2500 2500 2000 1400 0 |
15 2500 2500 2000 1500 100 |
16 2500 2500 2000 1800 1500 f
17 2300 2300 2000 2000 2000
18 1000 1000 1000 1000 1000




Table 7

Damage Factors for Alpha Particles (KDA)

Energy Shielding Number

Range No. 1.0 2.0 3.0 4.0 5.0

1 10000 0 0 0 0

2 13000 0 0 0 0

3 14000 7000 0 0 0

4 13700 11000 0 0 0

5 12500 12000 0 0 0

6 11500 11500 2500 0 0

7 11000 11000 5200 0 0

8 10400 10400 7200 0 0

9 9800 9800 7900 0 0

10 9500 9500 3000 1700 0

11 9500 9500 7800 3650 0

12 9500 9500 7700 5300 0
13 9500 9500 7600 5700 1600
14 9400 9400 7600 6300 4000
15 9200 9200 7600 7000 6400
16 8600 8600 7700 7400 7100
17 7000 7000 7000 7000 7000
18 4000 4000 4000 4000 4000




Table 8

Shielding Numbers

Shielding Density

. 0. 0.1 . 0.
(gm Jem 2) 0,033 05 0.2 3
Equivalent mils of
fused silica cover- 6.0 9.0 18.0 36.0 54.0
glass
Equivalent mils 5.0 7.5 15.0 30.0 45.0

of aluminum

Shielding Number
for computer 1.0 2,0 3.0 4.0 5.0
look-up N '

backshielding, If coverglass and backshielding with the correct thicknesses are
not available for use in the program, the one nearest in thickness to the correct

one should be used.

Once the charged-particle population of each type of particle has been entered
into the computer, and the coverglass and backshielding thicknesses have been
selected, the computer can calculate the total equivalent 1-Mev electron flux

using the relationship:

b = b, * B * bp t b, (Ref. 1)

where
¢, = total 1-Mev equivalent flux
¢, = electron 1-Mev equivalent flux
¢p = proton 1-Mev equivalent flux

b, p solar-flare proton 1-Mev equivalent flux
¢,,= solar-flare alpha particle 1-Mev equivalent flux

The contribution of each particle to the total flux is calculated separately
by a summation process. For example, ¢p is calculated by multiplying the
population of each of the 18 proton energy ranges by the appropriate damage
factors for backshielding and coverglass, then summing each of these products.

I B
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The following expression demonstrates this summation process:

18 1

$o = Z [KOP NP ¢ + KDP x NP/ 5]
AE=1

where

KDP = proton damage factor for a given energy range
NP = number of protons in a particular energy range

The equivalent flux for each of the other types of particles is calculated similarly.
(The value of NP above is the total flux population of a given energy range and
not the input per-day population.)

In summary, the input to subroutine PHI is the charged-particle environment
of each of the four types of charged particles, flux damage factor tables, number
of days in orbit, and effective solar cell coverglass and backshielding thicknesses.
The population of each energy range of a given particle is multiplied by damage
factors for both coverglass and backshielding to determine the 1-Mev equivalent
electron flux. The individual fluxes are summed to calculate the total deni 1-Mev
electron flux.

III. CALCULATION OF SOLAR CELL I-V CURVE IRRADIATION
DEGRADATION (SUBROUTINE DGRADE)

Subroutine DGRADE degrades a single solar cell I-V characteristic to
compensate for the damage caused by an equivalent 1-Mev flux. The input to
this subroutine is either the output of PHI or a user specified 1-Mev flux; in the
latter case subroutine PHI is not called and the computer immediately enters
subroutine DGRADE to degrade the I-V curve for the given flux,

The undergraded solar-cell I-V curve is entered into the computer as a
series of voltage and current points (V, and I, ) at room temperature and nomi-
nal solar intensity (140 mev/cm?). The computer interpolates the original
points to arrive at 100 current and voltage pairs at 10-mv increments. These
interpolated points will then be shifted to account for the charged-particle ir-
radiation degradation. The following describes I-V characteristic modification
to account for the equivalent flux.

10
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A curve shape correction dependent on the equivalent 1-Mev flux effectively
sharpens the knee of the curve: the greater the flux, the sharper the knee. This
curve shape change is obtained by adding a negative '"radiaticn resistance' (RR)
correction to each voltage point of the curve:

v, = v, +1I xRR (Reference 1)

i i
corrected initial

where RR, in ohms, is defined as "'volts at short-circuit current (VISC) divided
by the initial, undegraded value of short-circuit current (ISCO)." The program
first calculates the value for VISC, based on the equivalent flux value and the
solar cell base resistivity, according to the following equations:

d)'l‘ 1.85
.005 10g10 (E—l—3>

for 1013 < ¢, < 3 x 10'*  (Ref. 1)

il

1 >hm-cm VISC

1l

VISC 0.01403 log, , ¢, - 0.1929

for ¢p 2 3 x 1014 (Ref. 1)

1

¢1‘ 1.43
10 ohm-cm VISC .0047 10810 (2 5 101_5)
. X

for 2.5 x 1013 < ¢ <2 x 1015 (Ref. 1)

i1

VISC = 0.0129 log, ¢, ~ 0.1852

for ¢p 2 2 x 1015 (Ref. 1)

Figure 1 shows the effect of the curve shape correction. Curve 1 is the original
I-V curve and curve 2 shows the sharpening of the knee of the curve caused by
changed-particle irradiation.

11
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Figure 1. Curve shape correction.

Next the program shifts the total IV curve parallel to the current axis an
amount AI to account for the reduction in short-circuit current caused by the
equivalent flux, The program calculates the relative short-circuit current
degradation factor (RI) by the following equations dependent on cell base resis-
tivity and flux level:

~a 0.
1 ohm-cm RI = 1-7.13x 107831 [ -4x1012] """

for 4 - 10'2 < ¢ < 10'5  (Ref. 1)

12
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RU = 3.3 - 0.167 log,, ¢,

for by > 1015 (Ref. 1)

10 ohm-em R = 1-2.78 x 107734 [, - 5 x 10'?]

for 5x 1012 < ¢, < 1015 (Ref. 1)

RI = 2.806 - 0.1325 log,, ¢;

for ¢, > 1013 (Ref. 1)

The current increment AI is calculated as ISCO (1 - RI). Curve 3 of Figure 2 is
determined by subtracting AI from each current point of curve 2: I, = I, - AI.
The point PZCD is not the actual degraded open-circuit voltage, but merely a
temporary value of the "point of zero current' of the cell.

A final characteristic correction is made to account for the reduction of

open-circuit voltage in the cell caused by the equivalent flux, The relative open-
circuit voltage degradation factor (RV) is calculated by the following equations:

b -]1.67
1 and 10 ohm-cm RV = 1-0.022 1oglo (mri)."
X

for 3 x 1012 < ¢_ < 104 (Reference 1)
T

R, = 1.779 - 0.0588 log,, ¢;

for by 2 1014 (Reference 1)

13
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Figure 2. Short-circuit current correction.

(unlike the previous degradation parameters, Rv does not depend on the solar-cell
base resistivity.) The degraded open-circuit voltage (VOCR) is calculated as
(PZCU xRv ). The curve is then shifted parallel to the voltage axis an amount
Av--defined as (PZCD-VOCR)--by subtracting Av from each voltage point (V, =
V,~Av). Curve 4 of Figure 3 shows the fully degraded solar-cell I-V

curve.

In addition to degrading the solar cell I-V characteristic, subroutine
DGRADE calculates the percentage of short-circuit current and maximum power
degradation. If this additional calculation is desired, the user must input the
initial I-V curve values of maximum power point current ard voltage. Because
the initial value of short-circuit current in the cell is already part of the input
data (the first current point of the input I-V curve), this parameter need not be
defined again.

14
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Figure 3. Open-circuit voltage correction.
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IV. PROGRAM USAGE

The following describes the mechanics of using the program in ''non-
programmer'' language.

The program is broken into two parts: a source deck and a data deck.
Appendix A contains a complete source deck listing, whereas Appendix B
shows a typical data deck setup. As the source deck (A) is merely read into
the computer each time without modification, the following paragraphs will de-
scribe only the contents and format of the data deck. (Refer also to

Appendix B.)

15




AR R ahta it bt LR A Lk b R AN

Asterisk Data

The initial data deck card is the asterisk data card., This card tells the
computer that data is to be read next, and has the following format:

* e Column 1
DATA .... Columns 7-10

The remainder of the card is blank.

Charged Particle Environment

This section of the data deck contains a portion of the information required
by subroutine PHI: the population, through the energy range, of each of the four
types of charged particles. Flux tables are entered in order for electrons, pro-
tons, solar-flare protons, and solar-flare alpha particles; a maximum energy
range card precedes each table. This card gives the number of energy ranges
of any particle population, and this number must agree with the number of ranges
for each particle as shown in Tables 1 through 4. The range-card rumber is an
integer, right-justified against the third column of the card. The remainder of
the card is blank. Following the maximum-energy-range card, the population of
the particle is read in a continuous format, with the energy ranges as stored
parameters. That is, the computer will automatically equate the first number
read with the population of tke first energy range of the particle, the second
number with the populaticn f second energy range, and so forth until the entire
flux table for the particle has been read. Erroneous results will be obtained if
the tables are not entered in the correct order or the particle environment is not
broken into the specified energy ranges.

Each particle population card contains eight 10-column fields; the population
of each range is right-justified against the tenth column of each field in "E"
notation. If a given particle type such as solar-flare alpha particles is not con-
sidered to exist for a given set of orbital conditions, the maximum range card
and corresponding population data cards with a zero in each field must be entered
into the computer.

16




Damage Factors

The next portion of the data deck contains the damage-factor tables. This
section is preceded by an NMAX card which gives the maximum number of
shielding densities—five, at present- the program can handle; NMAX is an integer
number, right-justified against the third column of the card, with the remainder
of the card blank. Following the NMAX card, damage factors for electrons are
read in a continuous format, with shielding density numbers and energy ranges
as stored factors. The first 11 numbers read give the damage factor of each of
the 11 electron ranges, assuming a shielding density of 1.0. The next 11 num-
bers correspond to the energy ranges with a shielding number of 2.0. There:ore,
the tirst 55 numbers entered after NMAX (5 shielding densities x 11 energy
ranges) give the entire electron damage factor table. In a similar maimer, the
next 90 numbers (5 shielding densities x 18 energy ranges) make up the proton
damage factor table, Trapped orbital and soiar-flare protons both use the same
damage factors. The last 90 numbers read make-up the alpha particle damage
factor table.

Each card in this portion of the data deck contains eight 10-column fields:
the damage factors are real numbers and are right-justified against the tenth
column of each field. As the program can only use the shielding densities of
Table 8, additional damage factor tables must be generated if other shielding
thicknesses are required. However, satisfactory results may cften be obtained
from use of one of the available shielding thicknesses.

Run Information

The last section of the data deck contains the run information. Each card
has the following format:

1. NRUN—run number, columns 1-3 (this number is an integer, right-
justified against the third column, and is used to identify a particular
run)

2. BS—backshielding thickness in rails, columns 4-13 (this real number is
right-justified against column 13)

3. CG~—coverglass thickness in mils, columns 14-23 (this real number is
right-justified against column 23)

4. RHO-—solar-cell base resistivity in ohm-em, coclumns 24-33 (this reai
number, either 1.0 or 10.0 ie righi-justified against column 33)

17
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5.

6.

90

10.

PHIT—total 1-Mev equivalent flux if read as data, columns 34-43 (a
real number in "E" notation is right-justified against column 43--these
columns are left blank if no flux is to be read)

NPHI—signals ccmputer that PHIT is read as input data, column 46
(the integer 1 is punched in column 46 whenever the total 1-Mev flux is
read into the computer rather than being calculated--subroutine PHI
will not be called)

NCELL—signais computer that a new solar cell I-V curve will be read
in, column 49 (the integer 1 is punched in column 49; if the same solar
cell I-V curve is to be used, column 49 is left blank)

DAYS—the actual number of days the solar cell is exposed to the
charged-particle environment--columns 50-56 (this real number is left
justified against column 50)

XPV—the sclar cell I-V curve initial, undegraded maximum power-
point voltage in volts--columns 60-69 (this real number is left-justified
against column 60}

XPI—the I-V curve's initial maximum power-point current in amperes--
columns 70-79 (a real number left-justified against column 70)
NOTE
If XPV and XPI are not entered as input data, the per-

centage degradation of maximum power and short-
circuit current is not calculated.

When a run-information card indicates that a new solar-cell I-V curve is to
be entered, the next card will be a solar-cell header card. This card contains
the following information:

1.

NTBL—the number of the I-V curve--columns 1-3 (this integer number
is right-justified against the third column of the card)

NDTS—the number of current-voltage pairs--columns 4-5 (a 2-digit
integer number)

DATE—a 6-digit date number (e.g. 020569 = February 5, 1969) columns
11-16

18




4. TITLE—descriptive title for solar cell--columns 21-80 (any alpha-
numeric combination may be used to describe the solar-cell I-V curve)

The cards containing the cell I-V points follow the header card. The data are
entered alternately--current value, voltage value, etc--starting with the short-
circuit current. One data point requires 10 columns; thus, all 80 columns of one
card will handle four I-V pairs. Each number is right-justified against the tenth
column of its field.

For additional runs, merely add more run-information cards; each card will
have the format explained in the foregoing. (The last portion of Appendix B
shows a typical three-run data deck. Most of the possible user options have
been demonstrated in this example.) The last card of the data deck contains the

integer number 999 in its first three columns; the remainder of the card is blank.

This card signifies that all data have been entered into the computer.

V. PROGRAM OUTPUT

The output of the computer prdgra.m can be divided into three basic parts:
input data, 1-Mev equivalent electron flux, and the irradiation-degraded I-V
curve. The first section, containing all pertinent input data, is printed out with
each run to give the user a quick and accurate tabulation of the data used by the
program,

Input data included in the printout are:

1. Run number

2, Number of days in space for which the calculation is being made

3. Backshielding thickness in mils of aluminum

4. Coverglass thickness in mils of fused silica.

5. The population of each energy range of the four types of particles

6. Damage factors for each type of particle

7. The original I-V curve, as a series of current-voltage pairs.

The second section of the program output contains the equivalent 1-Mev flux

for the four types of particles and the total 1-Mev equivalent electron flux ex- -
perienced by the solar cell during a given number of days in orbit. Section three
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is a printout of the solar cell's degraded I-V curve as a series of current-voltage
pairs and the cell's degraded values of open circuit voltage, short-circuit current,
and maximum power current and voltage. If the undegraded values of solar cell
maximum power current and voltage are given as input data, the percentage de-
crease in short circuit current and maximum power is also calculated and

printed out. ‘

The program can also plot the input and degraded I-V curves for each run.,
These plots will be made even if the same input I-V curves is used for several
consecutive runs. Although these plots are more of a qualitative than a quanti-
tative nature, they may prove helpful in a ""quick-look" analysis to determine the
relative decrcase in power or current caused by various flux environments.

Vi, SUMMARY

A computer program has been described which calculates a damage-equivalent,
normally incident, 1-Mev electron flux from a given charged particle environ-
ment, The program will degrade a single solar-cell I-V curve to account for
the equivalent flux, In addition, the program will permit the repetitive calcula-
tions necessary to determine the effect of different charged-particle environ-
ments and various coverglass and backshielding densities on the equivalent
1-Mev electron flux, This information is essential to the adequate design of a
solar array.
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GLOSSARY

AISC—interpolated current point of I-V curve
B—backshielding thickness in mils

C—coverglass thickness in mils

CISC—original input data current point of I-V curve

DA--solar flare alpha-particle damage factor; this parameter is called KDA
in program writeup

DATE-arbitrary 6-number figure, usually signifying the date on which a
solar-cell I-V curve table was made up

DAYS—number of days a solar cell is exposed to a given charged particle
environment

DE—Electron damage factor; parameter referred to as KDE in the program
writeup

DELTAI-I-V curve short-circuit current correction value, defined as
ISCO (I-RI)

DP—Proton damage factor; this parameter is called KDP in program writeup

E—number of electrons in an energy range; referred to as N_ in the program
writeup

FA—number of alpha particles in an energy range; referred to as N, in the
program writeup

FP—number of flare protons in an energy range; referred to as N, inthe
program writeup

I, —a current point on the solar-cell I-V curve
ISCO—initial, undegraded value of cell's short-circuit current
I-V—designation signifying current/voltage

KDA—damage factor for alpha particles; referred to as DA in the program
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KDE—damage factor for electrons; this parameter is called DE in the
program

KDP—damage factor for protons; referred to as DP in the program
LEVELE—number of electron energy ranges in the flux table

LEVELFA—number of solar-flare alpha-particle energy ranges in the flux
table

LEVELFP—number of solar-flare proton energy ranges in the flux table
LEVELP—number of proton ranges in the flux table
MOPS—Manned Orbiting Power System

NCELL-signifies that a new solar cell I-V curve is to be entered as input
data

NE—number of electrons in an energy range; referred to as E in the
program

NFA—number of flare alpha particles in an energy range; referred to as
FA in the program

NFP—number of flare protons in an energy range; referred to as FP in the
program

NMAX—the maximum number of shielding thicknesses the program can
handle

NP—number of protcns in an energy range; referred to as P in the program

NPHI—an integer which signifies that an equivalent 1-Mev flux will be
entered as input data

NPTS—number of input I-V curve voltage-current pairs
NRUNS—the number of computer runs for a given data-deck setup
NTBL—number of the I-V curve table

P—number of protons in an energy range; this parameter is called NP in
the program writeup
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PHIT—equivalent 1-Mev electron flux entered intvo computer as input data

PWMT—temporary trial value of the maximum power
PWR—maximum power of cegraded solar-cell I-V curve

PZCD—degraded point of zero current; a temporary parameter used in
Subroutine DGRADE

PZCU—point of zero current-the initial value of open-circuit voltage
RHO—solar-ce.l base resistivity

RI-relative short-circuit current degradation factor
RR—radiation resistance, defined as VISC/ISCO
Rv—relative open-circuit voltage degradation factor
TITLE—tile of I-V curve

v-—irradiation-degraded voltage point of I-V curve
VCC—original input-voltage point of I-V curve

V, —any particular voltage point on I-V curve

VISC—volts at zero current; an equation

VMP—maximum power point voltage of degraded I-V curve
VOC—interpolated voltage point of I-V curve
VOCR—degraded value of open-circuit voltage
Xl—irradiation-degraded current point of I-V curve
XIMP—maximum power point current of degraded I-V curve

XPI--maximum power point current of initial, undegraded solar-cell I-V
curve

XPv—maximum power point voltage of undegraded solar-cell I-V curve

24
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Al—decrease in short-circuit curreni caused by the equivalent flux; defined
as ISCO-ISCR

A v--decrease in open-circuit voltage caused by the equivalent flux; defined
as PZCD-VOCR

¢ —equivalent 1-Mev flux of electrons

¢, —equivalent 1-Mev flux of solar-flare alpha particles
¢¢, —equivalent 1-Mev flux of solar-flare protons

¢p —equivalent 1-Mev flux of protons

¢, —total Z-Mev equivalent flux
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115

118.

GO To 11l

IF(E85-30euU)Y9sl0Tsl

NBs=4

a0 TO 111

IF(E7-454019921099110

MBS=5

GO 'O 111

Y PRINT ¢1T1

FORMATI5X s41H BACKSHIELD TOO ThICK - WILL HSE 45.0MILS)

N3&=3

GO 7O 111

COVZIRGILASE INTEGER wUm

IF{CG-6eC) 112910351104

PRINT 2201

. .
FORMAT (59428 COVERGLASS IRCORKZCT-oUT WILL USE 64CMILS)

[F(CG-Fe.11119115,116
NCG=2

GO TO 2uu2
IF(Cu-184C)11115117,118

NCG=2Z

6o TO 2097

IFICG-364C)11151195120

.




; 119 NCG=4
G0 TQ 29¢2
120 IF(CG-5440111151215122
: 121 NC5=5
: 60 TO 2902
: 122 PRINT 2321 :
2301 FORNAT(5Xs40H COVER-GLASS TOO
; NCG=5 -
% GO TO 2002
2002 PHIEL=UW0 )

PHIE2=C40
PHIPL=0.0

PHIP2=040
PHIFP1=0a0

PHITP2204G
PHIFAl=0.0

PHIFAZ2=0.0

PHIFP=" 40
PRiFA=.C
' Pi4lT=-e2
K=CH
J=NES

THICK
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Ty 12 I=ialivild

3 li=l=11%L-VeLi+]
i
: FiriT] =S (1) #uayssn7 (1n) ) +PHIT
: Id={J=-1)"LEyeLs+1
S = (S IR0 AYIEDE (TJ) ) +PHIT2
Z FLUX= Piilie
Piili= PALIIL ¢ FeilfZ
5Oo126 0 IT=lsLEVILPD
: Tn= (1) #LEVELE+]

FOIPL =Ce D) EuaY SRoi (1A i) +PHIPL
1J=(J=1) ¥LUVELi+]

H SUIP2 (P RLAYSRLL LTI I+DHIP2

L 124 CONT e
C 1=02V SLbIVALEGT fieoTold FLUX —¢PHIP
FHIP= PHIPL + PeilP2
X 0125 1=1sLIVLFP

[J=(J-1)%LEVLFP+1
PHIFR2=(FP L) #DAYS#CP L) V+PHIFP2
125 LoNTINUE
< 1=4EV CUOIVALURT S0GLAN FLARE PROTON FLUX.

Prlrp= PHIFPL + PHIFP2
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B0 126 1=1sLEVLFA
IR=(R=1)Y#LEVLFA+]
- PHIFAL=(FAlI)RLAYSRIALLL) 1 +PHIFAL
X

[d=(J-1)%LEVLFA+]
PHIFAZ=(FA(I)*JAYSth(IJ))+PHIFAZ
126 CONTINUE
c 1-%v ZGUIVALENT SOLAR FLARE ALPHA PARTICLE FLUX.

PHIFA= PHIFAL + PHIFA

g C TOTAL 1-oEV EQUIVALENT OF ALL CHARCED PARTICLES.

% PrRIT= PHIE + PHIE + PHIFP + PrlFA

% SRITE QUTPUT TAPE 3s20G4s PHITs PHIEs PHIPy PHIFPs PHIFA

E

g <ETURN

g 2000 FLURAAT(26X 96 1H [CTAL EQUIVALENMT-1-iEV FLUX=E1063//

§ 120X 94 7H FQUIVALENRT 1 MEV FLECTRON FLUX=Z10.3//

% 220X 47T CQUIVALENT T 5LV CROTCM FLUX=ElQe2//
32X e4TH COUTVALEST L 2TV SCLAR FLARPE PROTOM FLUX=ELQe3//
420X e4TH 1 FEV O SOLAR FLARE ALPRE PARTICLE FLUX=E1043)

1707 FORVATIING 64 GIVEN AS INPUT ATA 1 NMEV EQUIVALENT FLUX=E10e3,//

NU

SUEROUTINE DGRADE(PHITIRHO9X T sV NCELL s XPVeXPD)

) DIMEHSTONVCC(LI01Y oCISCII01 ) sVOC(IN1) s AISCILINL) sXI(171) sV (1IC])
4 JIMENSION [7a0E(1717)s NSTALE(D)

[F{NCCLL Y29l
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1 LALL FooTlimaCaL o 10 ol 010 910 )

; REAL INPUT TAPE 2se1ufy niTuls NPTEy DATZs TITLE

% C PRINT OUT GF CURIGINAL DATA Pdihfs GFOTAE [=-V JUkvFa
g . CRITE GUTPUT TAPE e luovsoNTRLeMNMFTHsUATE»TITLE

; . 7 READ INPUT TAPE 25101 9{CTISCIIYeVIC(I)y =1 olPTE)

wRITE QUTPUT TAPE 3451C10
WRITE ZUTPUT TAPE 341725 (JISC(I) sy IC(I)sl=140PTE)

C THE ORIGINLAL wATA POLNTS ARE MO EXTHAFGLET:I D

ARG T

VOC (1) =0t
A1SCI1Y =060
DO 200 J=2s171

Al5CLJ)Y=CaU

IR SR e e

B4l

VOC(J)=VOC (J=1)+04010
200 CONTINUE
1= 1
50254219100
TF(VCCI1))2C29,203142029
2229 IF (VOC(JI-VCCID  )1202,20252040

Tol=1+1

[A¥]
LY

202 AISCIII=ATSCII=1)+(CISCUT)=CI3CITI=1) )/ (VCalT)=vCC(I-1; % {VaCiJ) -
1 vOC(J-11)
GO T 2520

2031 AISC(1)=Ci5C(1)

I=1+1
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:
GO TO 2u29
é 203 AISC(JI=CISCIT )
3 I=1+1
: 2020 N=J
1 IF(CISC(I)) 204220415205
- § 205 CONTINUE ’
204 PZCH =VOC (N=1)1+ATSCIN-1)% (v3C{A) =VTC (=111 / (AISC =11 =A1ST (1))
7 GO TO 2.42 -

2541 VOCIN)=VCC(I)
ATSCIN)=C et
PzCU=vOC{N}
NEN+]
UO 206 J=islGl
AISCIIY=AISCIN=1)+ (AILCIN)=A SCUM=111/7{VOC L) =VCTIN=1)1)=(VviC (i)
1-vOoC =11
206 CONTINUE

THIS COMPLETES 1=V CURVE EXTRAPOLATIGN.

(@]

CURVE 15 NOW UEGRADEDe 1CH =T mmTENIAL + 106000 =0 SATERTAL

[a)

~N
4
(A%

C 1 nHM=C FIRGT
2 YMX=VCC(NPTE)+e05

YiAx=CI5C({1)+aC2

CALL PLOT2 ( 1.AGE sXiX s Jel 2 Y0X 9 Tel )7
CALL PLUT3 1y sviLenlsCeittl )

K={tel
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KV ey

VIsl=Ceo

VLOG= e

VELOGI=0,.

JLOG/2=Caet

IFLRHDO=1040120T7 020869205

IFIPHIT -lelF1%) 20942129210
LFAPHIT= 4eCH12) 21192119212

RI={2e3 =L olO6TH¥LOUICFIFHITY)

6L T2 2217

nlElew=Tel2/{1Gel ) %5a L) *((PRIT

Gelil12)%#%04451)

SO A i 51 Nt DR



- 30 T0 2217
< 14 D=
206 1E(PHIT- 140F15121392149214
213 IF(PHIT=5.0F12121592155216
216 21=(74806 =241325 % LOGLIF(PHIT))
GO TO 2241
215 RI=1eC '
{ a0 Te 2221
4
: 216 Rlsle —2e78/((L0e™)¥8Te34)%((PHIT=540E12)%%0041)
% 60 TO 2221
< VALT. AT 15C 16 10w DETER“INEDe
z 1 SHV=Cil FIRSTe
2217 IF(PHIT-3eCEL4) 21752155218
207 IF(PHIT= leCElz2) 2Lus2ive2iv
218 VISCe(. e 14 3%LGEIVF (PHIT)=Ualz29)
GO Tu 223
219 VICziel
Gu To 225
27 VLOG=(PHIT/1e0712)
Ul El el tRE(LOALFE (VLUG) ) R#1e8n)
6o TS 225
' < 17 CHu=C
0271 IF(OHIT =relrl ) 22192629222

271 IF(DIilT=ceStlz)2z220dE 9445

it




228

229

230C

VI1LC=(uell2u® LCTLOFIPHIT)II=NG1832

VLEGL=(PHIT/245E13)

VIHC=( e luaTHILOGICF(VLUGL) ) %% 1aa3)

RELATIVE GREN-CIRCUIT vLLTAGL LEGRALATIONS

SeE EQUATICONS Udtu Fouk Bulh LuHn=C. AND
IF(PHIT- lelEla) 22852279227

TF(PHIT =2elE12) 22842289229
RV=(1e779-0eC588%LOGLIEF(PHITS)

50 TO 2230

Rv=1eC

GO TC 2250

VLOG2= (PHIT/240E12)

2V=(14v=0e0222% (LOGLICF(VLOG2) ) #%1467)

GO TO 2230

15 CHmi=Ci RESISTIVITIESS

I-v CURVES ARE NOW UEGRADUL USING ThHE FOLLOWING COVPUTED

VALUE OF RAGIATION RESISTANCE RRe
Rik= VISC/ATSCHL])
v023h J=lslCl

VId)y=vuCid)+ ATETHY) *PR

CONTINUE
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c SHORT CIRCUIT CURREMT CORRECTION 15 WOv MADE.
T DELTAL =AISC{1)*(1s0=-RI)
CIF(DELTAI-AISC(1))2201+23022302

2301 DO231 J=1,101 . X
X1(J)=AISC{J)- DELTAI
231 CONTINUE
60 TO 23112

2302 DO023111J51+101

renmrn

XI{Jr=ALISC(Y)
23111 CONTINUE
< DEGRADED SHORT CIRCUIT CURRENT.

23112 b0 2211J=1,101

= J
IF ¢ XI(J) ) 2332,23%392311

2311 CONTINUE

2232 DEL=(XI(J=11# (Vi) =V (=11 1)/ (XI(J=1)=x1(J))
CF2CD=V(Jd=1)+hiL
GO TO 2334

2333 PZCD=VI{J)

2334 SLOPE=(XI(N=1)-X1{N=2}}/7(VIN-11-V{-2))

<
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: CULIBEAULY TPL. CIRCULT VILTASE 19 PZCUs
“ UEORAUEL SEIIL CIRCUTT VOLTAGE 15 PZCU#nVe
YL = PZCUHRY

2421 ELTAV=PZCD=-VvOCR

z FINwaL MIPUATE OF VOLTAGES IMN THE ARRAY
4.5 LD ZH NJslelTl

YEJ)Y=V ) =DTLTAY
25 .. CONTIrUE .
CLLL PLOT20 1KDsVeX] o101
0330214101
IFr(VIJ)) 35952958
32 XI5C=X1(J}
GO T3 34
35 CONTILIE
34 Nz}
PwR= =1.00.0260
2332 PuRT= VIR HNTIN)
[F(P "T-PR)I234+2354236
236 N=N+1 .
PwR= PwrT
GO 70 2330
23% VP o=v(N)

XIHp=XT(8)
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2364 SLOPE=(XTIN=1)=-XIIN))I/{VIN)=VIN=-1))

237 e

VIN-1)+0.C0015

X11iP = XI{N=1)=SLOPE#*(VP =V(N=-1)}
PyIRT= VMP *XIMP

[E(PURT =PUR) 454454238

238 PUR=PURT.

()]

[

e}

.

G2 TO 237

FORMATS FOR PRINTING RESULTS,
45 “RITE QUTPUT TADF 3,200°

KRITE QUTPUT TAPE 3,2003s VOCR

WRITE QUTPUT TAPE 342004 X1SC

[RITE SUTPUT TAPE 2,2001s XIHP

GRITT AUTPUT TAPE 3,2002, VH'P

FAXe POWER DEARATATION,

IFINPVY) 4CT1 9420 1eh 00"

T Uy oyl

ORI AR SR EAVAM o S EXI LR IWAURN L. Falai ol
CUSRT CINCLIT ZuRREST RFGOARATION
100 =(CISC(1=XI77)/C1CC 11510040

TITE DUTPUT TAPE 2,27.10.07 P8 D15C

17 FOGETATIL Y271 RPERCENT CF AXINuY PUOUVER

LiaXe4hty PERICNT NF SHfRT CIRCUIT CURRL

C1 FORUATLLaH . 1 -7AX Pl Flets)
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FORMAT(14H  V-MAX PuR FTet)

DC 2312 J=151C1scC

URITT QUTPUT TAPFE 22,2805, Je(XI(J))

FORMAT{4HO T(I2,s81) FTeb)

WRITE QUTPUT TAPE 252036 Ja(VIU))

FORMAT{4aH  V(I2,84) F744)

CONT INUE

FORMAT(5CHC IRRADIATION DTCRADATION CF SCLAR CULL I-v TURVE )
FORMAT(3ZHC ORIGINAL -V CURVE DATA POINTS)

FORMAT(14H VOLTSC 2C FTe4)

o4 FORMAT(14H AMPS  §C F7 &)

» FORMATI(I3512,8Xs16+4X510A06)

FORMAT(4(2F10401)
FORMAT(I?HC CURREMNT IN AMPS=F10.4/18H VOLTAGE IN VCOLTS=F10.4/
CALL FPLCT4(23 »23H CURRERNT )
WRITE OUTPUT TAPE 2,104 :
FOMMAT ( 25Xs0HV A L T S /77 )

PETURN
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230

2032
202

1 CALL PLOTL{NSCALES»1C #1¢ 910 »1C )

READ INPUT TAPE 2s1uC» NTBLs NPTSs DATEs TITLE

PRINT QUT OF ORIGINAL DATA PQINT§ OF THE I-V CURVFE.
WRITE GUTPUT TAPE 35 1C0sNTRLINPTSIDATESTITLE

READ INPUT TAPE 2s101s{CISCUI}aVCCiIly I=14NPTS}
WRITE OQUTPUT TAPE 33,1010

WRITE OQUTPUT TAPE 3,102+(CISCUINsVCCIIN9I=1NPTS)

" THE ORIGINAL DATA POINTS ARE NOw EXTRAPOLATEC.

VOC(11=Cal

AISCl11=040
DO 26C J=2,1i01

AIS5C1J)=Cal

VOC(J)=VOC(J-1)f0.0lO
CONT INUE

=1
DozusJ=1.1oo
IFIVCC(T))20299203152629
IF (VOC{JI-VCCET  1)1202+203,2020
I=1+1

AISCUJ)=AISCUI-1 )+ {CISCUI) =CISCUI=1 ) )7 AVCC I Ty =vCC =1 ) 1% (VOC(Jd) -

1 vOC(J-1}))

GO TO 2520

2031 AISC(1)=CI5CH1)

I=1+1




GO TO 2020
203 A:sc«.n-ciscu )
!s!.-l,-l
2020 N=J
tmrscuu 204220415205

,,_GO TO 2’362

.»,.téltl voﬁm-vm “

 AISCINI=0.C







50 TO 2217

16 OHM=Ci4

IF(PHIT= 1.CE15)21352140216
IF(PHIT-540£12)215+215+21




222 W1uC=(well2Y% LURIJF(PHIT))I-041352

226 VLCGL=(PHIT/245E12)

VIsC=(.a s TH(LUGLICF(VLECL) ) %5 1ab43)

GC T5 125
< RELATIVE CRER-CIRCUIT VOLTAGE UEORAUATION.
< SaCI ESUATIONS USED Fuik Bulk luma—Coo AND 10 OHm=Cil RESISTIVIIIES.
£25 IF(PHIT— lelfld) 22542279227
226 IF(PRIT ~2e0C12) 22842289229
227 RV=(1le775=CeC588¥LOGICFIPHITY)

530 TO 223C

: 228 RV=1e0
% 6o TG 2250 ’
; 229 VLQGE;(PHfT/a.OElz) -
. RV=(1eu=0aC222% (LOGICFIVLOIG2) ) ¥#1067)
GO TO 2236
c [-V CURVES ARE MOw DEGRADEC USING THE FOLLOWING COVPUTED FACTOKS.

C VALUE OF RADIATION RESISTANCE RRe
2220 RR= VISC/AISCHLL)
UC230 J=1s10C1
VIJ)=VoCidr+ ATGTIJ)#PR

230 CORTINUE




~ SHORT CIRCUIT CURRENT CORRECTION 1S NOW MADEs
" DELTAI -nscum:.o-an .
mw.xn-auscu ) :2301szzcz.zacz




2423 CONTINUE
¢ UNDEGRADED OPEA CIRCUIT VOLTAGE IS PiCUs

= 1‘7 DEGRAUFD OPEH CIRCUIT VOLTAGE 15 PZCU%RVa

¥
=

~ voCR= PZCUsRV

2053 00 25%00s15101 = _
VU=V -DELTAY e | S

2550 CONTINUE . — =
—CALL PLDT3i 1na.v131;191: ' =
>] aossaﬁ;?LOI



GO TO 45

234 SLOPE=(XI(N=1)=XI(N))Z(VIN)=VIN=1)) | =
237 VMP = VIN=1)+0.00015 ",7 
XIMP = XI(N=1)=-SLOPE*(VMP  =V(N=1))

PWRT= VMP *XIMP

IF(PURT =PWR) 454459238 =
238 PUR=PURT . :
GO TO 237
c FORMATS FOR PRINTING RESULTS.
45 YRITE QUTPUT TAPE 3,20C) =
wRITE OUTPUT TAPE 3,20C3, VOCR
WRITE OUTPUT TAPE 3,2024s XISC
“RITE OUTPUT TAPE 352001y XIMP
URITE OUTPUT TAPE 342002y VMP
C MAXe POWER DFERAPATIONS
IF(XPV) 40C1+400194007
4720 UMP=XPV#*XP]
DMP= (UMP=VYMPEXIMP) /UMPR]10N 0
¢ SHORT CIACUIT CURRENMT DFGRADATION
C15C =(CISCI1)=X15C)/CISCI1)1#100,2
“RITE OUTPUT TAPE 3420010+0MPeDISC =——
27017 FORMAT(17¥s27H PERCENT OF MAXINUY POWER DEGRADATIONF&e1/
110Xs45H PERCENT OF SHORT CIRCUIT CURRENT DEGRADATIONF6el)

22C1 FORUMAT(14HT 1 -MAX PUR Fle4)

&




H

=

=
L3

2002

4001
2005

2006
2312
20¢0
1010

2003

2004

- 100

101

192

194

FORMAT(14H V-HAX PWR  F7.4)

DO 2312 J=151C1s2

WRITE OUTPUT TAPE 3520055 Js(XI(J))
FORMAT (4HO 1(13,8H) Fle4)
WRITE OUTPUT TAPE 3520063 Jy(V(J)®
FORMAT(4H V(13,8H) —— =

CONTIMNUE

'FORMAT (50HO IRRADIATION DSSRADATION OF SOLAR CELL I-v CURVE )

FORMAT(32HC ORIGINAL I-V CURVE DATA PRINTS)

FORMAT(14H VOLTS G2  F7.4)

FORMAT(14H AMPS SC F746)

FORMAT(1351255X31654Xs10A6)

FORMAT (4 (2F1040))

FORMAT(18HO CURRENT IN AMPS=F1C.4/18H VOLTAGE IN VOLTS=F10.4//)
CALL FPLOT4(23 23H CURRENT)
WRITE OUTPUT TAPE 3,104

FORMAT ( 25Xs9HV O L T S 777 ) -
RETURN

END
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